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Streszczenie 

Wiele substancji czynnych (ang. active pharmaceutical ingredient – API) 

wprowadzanych do lecznictwa charakteryzuje się nie w pełni korzystnymi własnościami 

fizykochemicznymi. Dla niektórych nowo syntetyzowanych API problem jest na tyle 

poważny, że wiele z nich nie zostało zarejestrowanych. Dodatkowo, wysokie koszty i długi 

czas opracowywania nowych API, a także ryzyko niepowodzenia w badaniach klinicznych 

powodują, że wiele uwagi poświęca się ulepszaniu już zatwierdzonych API poprzez tworzenie 

nowych form leku o poprawionych właściwościach fizykochemicznych. Jednym z wielu 

możliwych podejść do rozwiązania tego problemu jest otrzymywanie kompleksów API 

z cyklodekstrynami (CD). 

Celem niniejszej rozprawy doktorskiej jest opracowanie nowego systemu dostarczania 

leku dla modelowej substancji, która jest słabo rozpuszczalna w wodzie, amfoteryczna 

i stabilna w środowisku o odczynie kwasowym. Podstawę rozprawy stanowi cykl czterech 

spójnych tematycznie publikacji. 

Pierwszy etap badań obejmował przegląd literatury naukowej (Publikacja 1) 

omawiający otrzymywanie kompleksów CD z antybiotykami i chemioterapeutykami 

przeciwbakteryjnymi, należącymi do różnych grup terapeutycznych. Dokonano przeglądu 

ponad 200 artykułów naukowych i patentów opublikowanych do końca 2021 r. 

Skoncentrowano się na omówieniu korzyści, które uzyskano w wyniku utworzenia 

kompleksów inkluzyjnych badanych związków z CD, takich jak: poprawa rozpuszczalności, 

modyfikacja profilu uwalniania leku, spowolnienie degradacji API, poprawa przenikalności 

przez błony biologiczne czy zwiększenie aktywności przeciwdrobnoustrojowej. 

Na tym etapie dokonano również wyboru związku modelowego, dla którego nie 

znaleziono w literaturze naukowej żadnej próby poprawy jego właściwości 

fizykochemicznych. Jako przedmiot dalszych badań wskazano ceftobiprol, który jest 

antybiotykiem półsyntetycznym należącym do grupy cefalosporyn V generacji, 

charakteryzującym się zadowalającą aktywnością przeciwdrobnoustrojową, ale niekorzyst-

nymi parametrami fizykochemicznymi. Z uwagi na słabą rozpuszczalność w wodzie 

ceftobiprolu (ok. 0,05 mg/ml), komercyjnie dostępny produkt leczniczy Zevtera został 

zatwierdzony w postaci proleku z przyłączoną grupą medokarylową. W niniejszej rozprawie 

zaproponowano alternatywne podejście do poprawy rozpuszczalności ceftobiprolu, 

polegające na opracowaniu nowego systemu dostarczania leku w postaci kompleksu aktywnej 

formy ceftobiprolu z CD. 

Badania eksperymentalne rozpoczęto od opracowania selektywnej metody analitycz-

nej przy użyciu wysokosprawnej chromatografii cieczowej, pozwalającej na rozdzielenie 
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ceftobiprolu od jego substancji pokrewnych oraz szacowanie zawartości jego produktów 

degradacji i produktów ubocznych syntezy (Publikacja 2). Warunki chromatograficznego 

rozdzielenia optymalizowano, korzystając z roztworów poddanych warunkom stresowym 

w celu utworzenia prawdopodobnych produktów degradacji, które powstają w trakcie 

deklarowanego okresu przechowywania leku. Produkty degradacji zostały wygenerowane 

w reakcjach hydrolizy kwasowej i zasadowej, jak również utleniania, fotolizy i termolizy. 

Wykonane badania kinetyczne wykazały niską stabilność ceftobiprolu w roztworach 

alkalicznych, w obecności utleniacza i podczas napromieniowania próbek z użyciem bliskiego 

UV, a względnie wysoką stabilność w środowisku o odczynie kwasowym. Dzięki 

zastosowaniu tandemowej spektrometrii mas zaproponowano 13 nowych wzorów 

strukturalnych produktów ubocznych syntezy i produktów degradacji. 

W Publikacji 3 przedstawiono wyniki obliczeń teoretycznych wykonanych 

przy użyciu techniki dokowania oraz dynamiki molekularnej dla kompleksów ceftobiprolu 

w trzech różnych stanach sprotonowania z trzema różnymi CD w dwóch przeciwnych 

orientacjach cząsteczki ceftobiprolu względem CD. Na podstawie 18 przeprowadzonych 

symulacji stwierdzono, że z termodynamicznego punktu widzenia najbardziej stabilny 

kompleks tworzy się między anionowym sulfobutylowym eterem β-CD (SBE-β-CD) 

a kationowym, sprotonowanym ceftobiprolem w kwasowym środowisku o pH poniżej 3. 

W ramach Publikacji 4 opisano wyniki rozwojowe dla nowych systemów dostarczania 

ceftobiprolu w postaci stałej, wytworzonych w wyniku liofilizacji z dodatkiem SBE-β-CD 

w obecności wybranych kwasów, różniących się mocą i stanem skupienia. Opracowaną 

i opisaną w Publikacji 2 metodę chromatograficzną wykorzystano do badania rozpuszczalno-

ści ceftobiprolu w otrzymywanych układach, ustalania profilu zanieczyszczeń 

oraz do weryfikacji stabilności chemicznej przygotowanych próbek podczas ich długo-

terminowego przechowywania. Do badania stabilności fizycznej oraz potwierdzenia 

otrzymania kompleksu z CD zastosowano również techniki spektroskopii magnetycznego 

rezonansu jądrowego, spektroskopii w podczerwieni oraz rentgenowskiej dyfraktometrii 

proszkowej. Optymalnym rozwiązaniem okazało się użycie kwasu maleinowego, który łączył 

wysoką poprawę rozpuszczalności ceftobiprolu (do 14 mg/ml dla układu ceftobiprol/kwas 

maleinowy/SBE-β-CD w stosunku molowym 1:25:4) z odpowiednią stabilnością 

fizykochemiczną. Po podniesieniu pH do ponad 4,5 przy użyciu wodorowęglanu sodu 

otrzymany system dostarczania ceftobiprolu w jego aktywnej postaci oferuje podobną 

rozpuszczalność i pH co komercyjnie dostępny preparat Zevtera, zawierający prolek 

ceftobiprolu w formie soli sodowej medokarylu. 
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Abstract 

 Many active pharmaceutical ingredients (APIs) introduced into medicine are 

characterized by less than optimal physicochemical properties. For some newly synthesized 

APIs, this problem is so serious that many of them remain unapproved. Furthermore, because 

of the high costs and long development time of new APIs, and the risk of failure in clinical 

trials, significant efforts are directed toward improving the properties of already approved 

APIs by designing new dosage forms with improved physicochemical properties. A possible 

approach to address this problem is the formation of API complexes with cyclodextrins 

(CDs). 

The aim of this doctoral thesis is to develop a novel drug delivery system for a model 

substance that is poorly water-soluble, amphoteric, and stable in acidic environment. 

The thesis consists of four scientific articles that form a coherent thematic series. 

The first step of the research was to make a review of the scientific literature (Article 

1), discussing the preparation of CD complexes with antibiotics and antibacterial agents 

belonging to various therapeutic groups. Over 200 scientific articles and patents published by 

the end of 2021 were discussed. The review focused on benefits that were obtained as a result 

of inclusion complex formation between the tested compounds and CDs: improved solubility, 

modified drug release profile, slowed API degradation, improved permeability through 

biological membranes, and increased antimicrobial activity. 

A model compound was then selected, for which no attempts to improve 

its physicochemical properties were found in the scientific literature. Namely, ceftobiprole 

was chosen as the subject of further study. It is a semi-synthetic antibiotic belonging 

to the fifth generation of cephalosporins, characterized with satisfactory antimicrobial activity 

but unfavorable physicochemical parameters. Due to the poor aqueous solubility 

of ceftobiprole (approximately 0.05 mg/mL), the commercially available drug product 

Zevtera was approved as a prodrug with an attached medocaril group. This thesis proposes an 

alternative approach to improving ceftobiprole solubility which relies on developing a new 

drug delivery system by complexing the active form of ceftobiprole with a CD. 

Experimental research started with the development of a selective analytical method 

utilizing high performance liquid chromatography to separate ceftobiprole from its related 

substances and estimate the content of its degradation products and synthesis by-products 

(Article 2). To optimize the conditions of chromatographic separation, solutions of 

ceftobiprole were subjected to stress testing in order to generate the degradation products 

representative of those expected over the declared shelf life of the drug. Degradation products 

were formed by acidic and alkaline hydrolysis, as well as oxidation, photolysis, and 
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thermolysis. Kinetic studies demonstrated low stability of ceftobiprole in alkaline solutions, in 

the presence of an oxidizing agent, and as a result of near-UV sample irradiation, but 

relatively high stability in an acidic environment. Thanks to the use of tandem mass 

spectrometry, 13 new structural formulas for synthesis by-products and degradation products 

were proposed. 

Article 3 presents the results of theoretical calculations performed using the docking 

technique and molecular dynamics for complexes of ceftobiprole in three different 

protonation states with three different CDs in two opposite orientations of the ceftobiprole 

molecule relative to the CD. Based on 18 simulations, it was found that from 

a thermodynamic point of view, the most stable complex is formed between anionic 

sulfobutyl ether β-CD (SBE-β-CD) and cationic, protonated ceftobiprole in an acidic 

environment at pH below 3. 

Article 4 describes the development results for new solid-state ceftobiprole delivery 

systems, prepared by lyophilization with the addition of SBE-β-CD in the presence of selected 

acids varying in strength and state of matter. The chromatographic method developed and 

described in Article 2 was used to study the solubility of ceftobiprole in the resulting systems, 

determine the impurity profile, and verify the chemical stability of the prepared samples 

during long-term storage. Moreover, nuclear magnetic resonance spectroscopy, infrared 

spectroscopy, and X-ray powder diffraction were used to study the physical stability 

and to confirm the formation of the complex with CD. The optimal approach involved the use 

of maleic acid, which combined a significant improvement in ceftobiprole solubility 

(up to 14 mg/mL for a ceftobiprole/maleic acid/SBE-β-CD system at a molar ratio of 1:25:4) 

with adequate physicochemical stability. After raising the pH to above 4.5 with sodium 

hydrogencarbonate, the resulting delivery system for ceftobiprole in its active form offered 

similar solubility and pH to the commercially available Zevtera drug product, which contains 

the ceftobiprole in the form of medocaril sodium salt prodrug. 
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Wykaz skrótów 

ADP produkt degradacji kwasowej (ang. acidic degradation product) 

API substancja czynna (ang. active pharmaceutical ingredient) 

ATR-FTIR spektroskopia osłabionego całkowitego odbicia w podczerwieni 

z transformacją Fouriera (ang. attenuated total reflectance Fourier 

transform infared spectroscopy) 

BDP produkt degradacji zasadowej (ang. basic degradation product) 

CCDC baza danych krystalograficznych Cambridge (ang. Cambridge Crystallogra-

phic Data Centre) 

CD cyklodekstryna 

DMSO dimetylosulfotlenek 

DOSY dwuwymiarowa technika w spektroskopii magnetycznego rezonansu 

jądrowego, pozwalająca określić współczynniki dyfuzji dla poszczególnych 

indywiduów w rozpuszczalniku (ang. Diffusion-Ordered SpectroscopY) 

DP produkt degradacji (ang. degradation product) 

DS stopień podstawienia (ang. degree of substitution) 

Ea energia aktywacji 

EMA Europejska Agencja Leków (ang. European Medicines Agency) 

ESI jonizacja przez elektrorozpylanie (ang. electrospray ionization) 

FDA amerykańska Agencja ds. Żywności i Leków (ang. Food and Drug 

Administration) 

ΔG entalpia swobodna Gibbsa tworzenia kompleksu 

GAFF ogólne pole siłowe AMBER (ang. general AMBER force field) 

HP-β-CD hydroksypropylo-β-cyklodekstryna 

HPLC wysokosprawna chromatografia cieczowa (ang. high performance liquid 

chromatography) 

ICH Międzynarodowa Konferencja ds. Harmonizacji Wymagań Technicznych 

dla Rejestracji Produktów Leczniczych Stosowanych u Ludzi 

(ang. International Conference on Harmonisation of Technical 
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Requirements for Registration of Pharmaceuticals for Human Use) 

𝑘  stała szybkości reakcji 

K stała równowagi 

LC-MS/MS chromatografia cieczowa sprzężona z tandemową spektrometrią mas 

(ang. liquid chromatography – mass spectrometry/mass spectrometry) 

MD dynamika molekularna (ang. molecular dynamics) 

MM-GBSA metoda obliczania entalpii swobodnej Gibbsa tworzenia kompleksu 

(ang. molecular mechanics – genral Born surface area) 

MRSA Staphylococcus aureus oporny na metycylinę (ang. methicillin-resistant 

S. aureus) 

MS spektrometria mas, spektrometr masowy (ang. mass spectrometry, mass 

spectrometer) 

MS/MS tandemowa spektrometria mas 

NMR magnetyczny rezonans jądrowy (ang. nuclear magnetic resonance) 

m/z stosunek masy do ładunku jonu 

ODP produkt utleniania (ang. oxidative degradation product) 

PDP produkt fotolizy (ang. photolytic degradation product) 

PRP pneumokoki oporne na penicylinę (ang. penicillin-resistant pneumococci) 

RM-β-CD losowo metylowana β-CD (ang. randomly-methylated β-CD) 

RRF względny współczynnik odpowiedzi (ang. relative response factor) 

SBE-β-CD sulfobutylowy eter β-cyklodekstryny 

SBP produkt uboczny syntezy (ang. synthesis by-product) 

TDP produkt termolizy (ang. thermolytic degradation product) 

TLC chromatografia cienkowarstwowa (ang. thin-layer chromatography) 

UPLC ultrasprawna chromatografia cieczowa (ang. ultra-high performance liquid 

chromatography) 

XRPD rentgenowska dyfraktometria proszkowa (ang. X-ray powder diffraction) 
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1. Wprowadzenie 

1.1. Cyklodekstryny (CD) jako nośniki leku 

Wprowadzone do lecznictwa substancje czynne (ang. active pharmaceutical ingredient 

– API) cechują się udokumentowaną aktywnością biologiczną, poznaną farmakodynamiką 

i farmakokinetyką, jak również udokumentowanym profilem bezpieczeństwa i toksycznością. 

Jednak wiele z nich charakteryzuje się właściwościami fizykochemicznymi, które nie są 

w pełni korzystne, na przykład słabą rozpuszczalnością, niską stabilnością chemiczną 

lub niewłaściwą lipofilowością, co utrudnia uzyskanie odpowiedniej biodostępności API. 

Z tego powodu wiele uwagi poświęca się tworzeniu nowych form leku dla zatwierdzonych 

API w celu poprawy ich własności fizykochemicznych [1]. Podejście to pozwala uniknąć 

znaczących kosztów i długotrwałych prac niezbędnych do opracowania nowej API, 

jednocześnie skracając i uproszczając procedury regulacyjne związane z rejestracją nowego 

produktu leczniczego. Jednym z najbardziej intensywnie rozwijanych kierunków badań 

nad nowymi formami leku z udziałem substancji pomocniczych jest tworzenie kompleksów 

z cyklodekstrynami (CD) [2-9]. Świadczy o tym między innymi fakt, że od odkrycia CD 

zostało już opublikowane około 61 tysięcy recenzowanych artykułów naukowych i około 

32 tysięcy patentów dotyczących CD (według danych z lutego 2023 r.) [10]. 

Z chemicznego punktu widzenia CD są makrocyklicznymi oligosacharydami 

złożonymi z określonej liczby jednostek glukozowych: sześciu dla α-CD, siedmiu dla β-CD 

i ośmiu dla γ-CD (Rys. 1). Ich trójwymiarowa struktura przypomina torus lub pierścień 

o kształcie zbliżonym do stożka ściętego, charakteryzujący się obecnością węższej i szerszej 

obręczy. W zależności od rodzaju CD (α-, β-, γ-) wąska obręcz zawiera sześć, siedem 

lub osiem pierwszorzędowych grup hydroksylowych połączonych z atomami C6 jednostek 

glukopiranozowych (szczegółowe oznakowanie atomów przedstawiono na Rys. 2). Z kolei 

szeroka obręcz obejmuje odpowiednio 12, 14 lub 16 drugorzędowych grup hydroksylowych 

przyłączonych do atomów węgla C2 i C3. Grupy hydroksylowe znajdują się na zewnętrznej 

powierzchni CD, co sprzyja korzystnym oddziaływaniom CD z wodą i przyczynia się 

do dobrej rozpuszczalności CD w wodzie. Z drugiej strony, wewnętrzna powierzchnia CD jest 

hydrofobowa, co sprawia, że silniej oddziałuje ona ze związkami niepolarnymi, które są słabo 

rozpuszczalne w wodzie. Ta niezwykła właściwość strukturalna CD umożliwia tworzenie 

kompleksów inkluzyjnych (typu gospodarz-gość). Z termodynamicznego punktu widzenia 

korzystniejsze jest, aby niepolarna, hydrofobowa substancja wniknęła i pozostawała 
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w hydrofobowej wnęce CD, niż aby była narażona na niepożądany kontakt z wodą. Zatem, 

ze względu na hydrofilowy charakter zewnętrznej powierzchni CD kompleks inkluzyjny CD-

gość może rozpuszczać się w wodzie w łatwiejszy sposób niż sama API. 
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Rysunek 1. Wzory strukturalne (a) α-CD, (b) β-CD, (c) γ-CD; oraz (d) 3D struktura kom-

pleksu inkluzyjnego β-CD z flurbiprofenem na podstawie dostępnych danych krystalograficz-

nych [11,12] (cząsteczka flurbiprofenu jest pokazana na zielono). 
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Rysunek 2. Wzory strukturalne HP-β-CD, SBE-β-CD i RM-β-CD wraz z oznakowaniem 

wybranych atomów węgla w rdzeniu CD [12]. 

Oprócz trzech natywnych CD (α-, β-, γ-CD) zostały zsyntetyzowane również ich 

pochodne, w  których niektóre grupy −OH zostały zastąpione podstawnikami, takimi jak 

grupa hydroksypropylowa (HP), sulfobutyleterowa (SBE) czy metylowa (Rys. 2). Europejska 

Agencja Leków (ang. European Medicines Agency – EMA) zatwierdziła stosowanie sześciu 

CD jako substancji pomocniczych do stosowania w przemyśle farmaceutycznym: α-CD, β-

CD, γ-CD, HP-β-CD, SBE-β-CD, jak również losowo metylowaną (ang. randomly-

methylated, RM-) β-CD [13]. Przemysłowy proces otrzymywania wyżej wymienionych 

podstawionych CD odbywa się w niekontrolowany sposób, co skutkuje powstawaniem 

mieszaniny pochodnych różniących się miejscem i liczbą wprowadzonych podstawników 

(mówimy o nich, że są losowo podstawione). Można je scharakteryzować przy użyciu 

średniego stopnia podstawienia (ang. degree of substitution – DS) wskazującego, ile grup 

hydroksylowych uległo reakcji podstawienia. Konsekwencją losowego podstawienia tych CD 

jest brak struktury krystalicznej. 

W farmacji CD są stosowane jako substancje pomocnicze na etapie preformulacji 

w celu utworzenia kompleksu API z odpowiednim gospodarzem, co polepsza właściwości 

API. Wśród licznych korzyści wynikających z tworzenia kompleksów CD z cząsteczkami 

leków można wymienić: zwiększenie rozpuszczalności [14], spowolnienie degradacji API [15], 

poprawę przepuszczalności przez błony biologiczne [16], modyfikację profilu uwalniania leku 

– natychmiastowego (ang. immediate release), przedłużonego (ang. sustained/prolonged 

release) lub ukierunkowanego (ang. targeted release) [17,18] oraz maskowanie gorzkiego 

smaku. CD w połączeniu z lekami z różnych grup terapeutycznych mogą polepszać 

aktywność farmakologiczną API w leczeniu infekcji bakteryjnych i wirusowych [19], stanów 
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zapalnych [20], zaburzeń lipidowych [6] oraz chorób nowotworowych [6]. Na rynku 

odnotowano co najmniej 130 dostępnych produktów leczniczych zawierających w swoim 

składzie CD (według najnowszego dostępnego statystycznego zestawienia z 2023 r. [10,21,22]). 

 

1.2. Ceftobiprol, przedstawiciel cefalosporyn V generacji jako substancja 

modelowa 

Leki o działaniu przeciwbakteryjnym stanowią istotny przedmiot badań naukowych, 

jednak rozwój nowych antybiotyków napotyka liczne ograniczenia. W praktyce firmy 

farmaceutyczne częściej inwestują w opracowywanie leków stosowanych w terapii chorób 

przewlekłych, co zapewnia szybszy zwrot poniesionych nakładów finansowych 

niż w przypadku wprowadzania nowych antybiotyków, przyjmowanych zazwyczaj krótko-

trwale. Dodatkowo, stosowanie antybiotyków wiąże się z ryzykiem rozwoju lekooporności, 

które ma miejsce zwłaszcza w przypadku przyjmowania przez pacjentów dawek 

subinhibicyjnych, nadużywania tych leków, jak również stosowania ich poza przepisanymi 

wskazaniami. Właśnie z powodu wysokich kosztów badań rozwojowych oraz rosnącej 

oporności drobnoustrojów wprowadzanie na rynek nowych antybiotyków i chemioterapeuty-

ków przeciwbakteryjnych napotyka trudności. Po fluorowanych chinolonach, opracowywa-

nych w latach 60. XX wieku, kolejną syntetyczną grupę antybiotyków – oksazolidynony – 

wprowadzono do lecznictwa dopiero pod koniec XX wieku. W efekcie, pomimo rosnącego 

zapotrzebowania, dostępna pula leków o działaniu przeciwbakteryjnym pozostaje 

ograniczona, co uzasadnia potrzebę poprawy właściwości fizykochemicznych zatwierdzonych 

już API o udowodnionym klinicznie działaniu. W tym celu stosuje się różne strategie, takie 

jak tworzenie kompleksów z substancjami pomocniczymi, wykorzystanie nośników 

polimerowych czy technik mikronizacji, co umożliwia polepszenie rozpuszczalności, 

stabilności chemicznej i farmakokinetyki leków, a w efekcie zwiększa ich skuteczność 

kliniczną i bezpieczeństwo stosowania. 

Historycznie pierwszą i najliczniejszą grupę antybiotyków stanowią β-laktamy, 

zawierające w swojej strukturze pierścień β-laktamowy i działające poprzez hamowanie 

biosyntezy ściany komórkowej bakterii. Cefalosporyny, będące pochodnymi kwasu 7-

aminocefalosporanowego, stanowią główną podgrupę półsyntetycznych β-laktamów. Można 

je podzielić na pięć generacji, uwzględniając kolejność wprowadzania ich do terapii 

oraz aktywność wobec bakterii Gram-dodatnich i Gram-ujemnych [23]. Ceftobiprol 
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(C20H22N8O6S2, Rys. 3A), półsyntetyczny antybiotyk należący do grupy cefalosporyn 

najnowszej, piątej generacji, jest interesującym przedmiotem badań ze względu na szerokie 

spektrum działania obejmujące zarówno bakterie Gram-dodatnie, w tym szczepy 

Staphylococcus aureus oporne na metycylinę (ang. methicillin-resistant S. aureus – MRSA) 

i pneumokoki oporne na penicylinę (penicillin-resistant pneumococci – PRP) [24,25], 

jak również bakterie Gram-ujemne. Dodatkowo cechuje go stabilność wobec β-laktamaz 

oraz korzystne właściwości farmakokinetyczne, co może być korzystne w terapii infekcji 

trudnych do leczenia standardowymi lekami. Szerokie spektrum działania ceftobiprolu 

wynika z jego wysokiego powinowactwa do białek wiążących penicylinę bakterii Gram-

dodatnich dzięki obecności fragmentu winylopirolidonu (podstawnik w pozycji C3) oraz z 

jego oporności na wiele różnych β-laktamaz patogenów Gram-ujemnych ze względu na 

podstawnik oksyiminoaminotiazolowy przyłączony do ugrupowania cefemu w pozycji C7 

[26,27]. 
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Rysunek 3. Wzór strukturalny ceftobiprolu (A) oraz ceftobiprolu medokarylu sodowego (B). 

Na schemacie (A) dodatkowo oznakowano: nazwy poszczególnych grup wchodzących 

w skład cząsteczki, numerację atomów w grupie cefemu zgodnie z ogólnie przyjętą 
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konwencją, graficzne wyróżnienie atomu H1’ (omawianego w kontekście uzyskanych 

wyników), a pogrubioną czcionką zaznaczono grupy funkcyjne, które ulegają jonizacji. 

Ceftobiprol jest zatwierdzonym lekiem zarówno w Stanach Zjednoczonych, 

jak i w krajach europejskich, ale wskazania co do jego stosowania różnią się w poszczegól-

nych państwach. W Stanach Zjednoczonych Agencja ds. Żywności i Leków (ang. Food 

and Drug Administration – FDA) w 2024 r. zatwierdziła ceftobiprol w leczeniu trzech 

następujących rodzajów zakażeń: zakażeń krwi wywołanych przez S. aureus (w tym 

prawostronnego infekcyjnego zapalenia wsierdzia wywołanego przez szczepy zarówno 

wrażliwe, jak i oporne na metycylinę), ostrych bakteryjnych zakażeń skóry i tkanek miękkich 

u dorosłych, jak również pozaszpitalnego zapalenia płuc u dorosłych i dzieci w wieku 

od 3 miesięcy do 18 lat [28]. Wskazania te opierają się na niedawnych badaniach klinicznych 

fazy III, które potwierdziły skuteczność i bezpieczeństwo stosowania leku w badanych 

grupach pacjentów [28]. Z kolei w Europie ceftobiprol jest zatwierdzony głównie do leczenia 

szpitalnego zapalenia płuc u dorosłych, z wyjątkiem respiratorowego zapalenia płuc, 

a w niektórych krajach również do leczenia pozaszpitalnego zapalenia płuc u dorosłych [29-

31]. Nie jest on zatwierdzony w Europie do leczenia zakażeń krwi, skóry czy tkanek miękkich, 

ponieważ wcześniejsze wnioski o dopuszczenie do obrotu w tych wskazaniach nie były, 

zgodnie z opinią europejskich organów regulacyjnych, poparte wystarczającymi dowodami 

klinicznymi [32,33]. 

Możliwości stosowania ceftobiprolu w jego natywnej postaci są jednak ograniczone 

ze względu na jego niską rozpuszczalność, a co za tym idzie – słabą biodostępność. Z tego 

powodu dostępny na rynku produkt leczniczy został wprowadzony w formie proleku, soli 

sodowej medokarylu ceftobiprolu (Rys. 3B; w Polsce produkt leczniczy Zevtera został 

dopuszczony do obrotu w 2018 r., numer pozwolenia 24526 [29]). Prolek ten cechuje się 

znacznie wyższą rozpuszczalnością w porównaniu do natywnego ceftobiprolu, co umożliwia 

infuzję roztworu o stężeniu 2 mg/ml. Po podaniu pozajelitowym ceftobiprolu medokaryl 

ulega enzymatycznej biotransformacji in vivo do właściwego leku za pośrednictwem 

enzymów esterazy obecnych w osoczu. Należy jednak podkreślić, że wydajność reakcji 

metabolicznych może być różna u różnych osób, zależy od stanu zdrowia pacjenta i może się 

zmniejszać wraz z wiekiem [34]. 
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1.3. Zastosowanie chromatografii cieczowej i spektrometrii mas w analizie 

farmaceutycznej 

Aby ocenić rozpuszczalność badanej API oraz stabilność chemiczną nowo 

opracowanej formy leku, należy zastosować metodę analityczną o udowodnionej 

selektywności. W badaniach kontroli jakości API oraz produktów leczniczych ogromnym 

zainteresowaniem cieszy się wysokosprawna chromatografia cieczowa (ang. high 

performance liquid chromatography – HPLC), pozwalająca na rozdzielenie API od jej 

substancji pokrewnych. 

Opracowanie nowej metody chromatograficznej dla wybranej API obejmuje 

znalezienie optymalnych warunków chromatograficznego rozdzielenia, do których należą: typ 

wypełnienia oraz wymiary kolumny chromatograficznej, skład i pH fazy ruchomej, przebieg 

gradientu, temperatura kolumny i temperatura przechowywania próbek oraz objętość próbki 

wprowadzanej na kolumnę. Metoda powinna charakteryzować się selektywnością, 

umożliwiając całkowite rozdzielenie pików substancji chromatografowanych, jak również 

odpowiednią czułością, dokładnością, precyzją, szerokim zakresem liniowości 

oraz odpornością na niewielkie zmiany warunków chromatograficznych (ang. robustness). 

Selektywność metody można optymalizować, wykorzystując produkty wymuszonej 

degradacji, powstałe w wyniku poddania roztworów API działaniu warunków stresowych: 

kwasowych, zasadowych i utleniających, a także fotolizie i termolizie. Poddanie API tym 

procesom pozwala uzyskać prawdopodobne produkty degradacji, które powstają w trakcie 

deklarowanego okresu przechowywania leku. Wytyczne i zalecenia dotyczące metody 

badania stabilności API są zawarte w dokumentach Międzynarodowej Konferencji 

ds. Harmonizacji (ang. International Conference on Harmonization – ICH) Q1A(R2) [35] 

oraz rekomendacjach Baertschi’ego i współpracowników [36]. 

Zoptymalizowana metoda analityczna służy do określenia stabilności chemicznej 

badanego związku poprzez wyznaczanie kinetyki jego degradacji. Polega to na rejestrowaniu 

w ustalonych odstępach czasu stężenia API oraz zawartości powstających produktów 

degradacji, a na tej podstawie oblicza się stałe szybkości reakcji w różnych warunkach 

oraz wyznacza energię aktywacji dla reakcji termolitycznych. Jeżeli stężenie czynników 

wywołujących degradację (jony H
+
 i OH

−
, rodniki 

·
OH) jest znacznie wyższe od stężenia API 

lub jeśli te indywidua nie zużywają się w trakcie procesu, to przyjmuje się ich stężenie jako 

niezmienne w czasie badania. Rozkład API spełnia zazwyczaj założenia modelu kinetyki 
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pseudo-pierwszego rzędu mówiące, że szybkość ubywania tego związku jest wprost 

proporcjonalna do jego stężenia. Stała proporcjonalności 𝑘, czyli stała szybkości reakcji, 

wyznaczana jest wówczas na podstawie współczynnika nachylenia prostej dopasowanej 

do danych eksperymentalnych, odczytanych z chromatogramów, zgodnie z równaniem: 

gdzie 𝑎0 oznacza początkowe pole powierzchni piku API, natomiast 𝑎 odpowiada polu 

powierzchni piku API po czasie 𝑡. Znajomość stałej szybkości reakcji pozwala na ilościowe 

porównanie podatności API na degradację w różnych warunkach stresowych, co można 

równoważnie wyrazić w formie czasu 𝑡90, po którym w próbce pozostanie 90% pierwotnej 

zawartości API: 

Znanych jest również wiele innych modeli opisujących kinetykę procesów 

chemicznych. W przypadku prostej, jednoetapowej reakcji, w której uczestniczą jednocześnie 

dwie lub trzy cząsteczki API, reakcja zachodzi zgodnie z kinetyką drugiego lub trzeciego 

rzędu, gdzie szybkość reakcji jest wprost proporcjonalna odpowiednio do kwadratu 

lub trzeciej potęgi stężenia. Jeżeli reakcja obejmuje wiele etapów i powstawanie produktów 

przejściowych, wówczas opis takiego procesu staje się dużo bardziej złożony, a zależność 

szybkości reakcji od czasu jest opisywana bardziej skomplikowanymi równaniami. Czasem 

okazuje się jednak, że można takie wieloetapowe reakcje opisać w dobrym przybliżeniu także 

z użyciem omawianego wcześniej modelu kinetyki pseudo-pierwszego rzędu. 

Prowadzenie reakcji wymuszonej degradacji w kilku różnych temperaturach 𝑇 

umożliwia znalezienie wartości energii aktywacji 𝐸𝑎 przy użyciu równania Arrheniusa: 

W powyższym równaniu stała R oznacza uniwersalną stałą gazową, natomiast wyraz wolny 

dopasowanej krzywej pozwala wyznaczyć wartość czynnika przedwykładniczego 𝐴, mówiącą  

o częstości zderzeń między cząsteczkami. 

Wartość 𝐸𝑎 jest interpretowana jako wielkość bariery energetycznej rozdzielającej 

minima energii potencjalnej odpowiadające początkowemu i końcowemu stanowi 

ln (
𝑎

𝑎0
) =  −𝑘𝑡 (1) 

𝑡90 =  −
ln 0,9

𝑘
 (2) 

ln 𝑘 =  
−𝐸𝑎

𝑅𝑇
+ ln 𝐴 (3) 
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termodynamicznemu. Aby reakcja chemiczna przebiegała z rozsądną szybkością, temperatura 

układu powinna być odpowiednio wysoka, aby wystarczająco duża liczba cząsteczek 

charakteryzowała się energią kinetyczną nie mniejszą niż wartość 𝐸𝑎. Innymi słowy, wartość 

𝐸𝑎 mówi o wrażliwości szybkości reakcji na zmianę temperatury. Znajomość 𝐴 i 𝐸𝑎 pozwala 

z użyciem równania (3) oszacować szybkość reakcji w innej temperaturze niż te temperatury, 

w których prowadzone były eksperymenty, co stanowi istotny element badania stabilności 

chemicznej API. Na przykład, można w ten sposób dokonać ekstrapolacji uzyskanych danych 

do temperatury pokojowej i oszacować w ten sposób czas 𝑡90 w 25 
o
C. 

Badania HPLC w sprzężeniu z tandemową spektrometrią mas (MS/MS) umożliwiają 

zaproponowanie wzorów strukturalnych produktów degradacji i produktów ubocznych 

syntezy. W badaniach tych substancje opuszczające kolumnę są jonizowane, a następnie 

dla każdej z nich mierzony jest stosunek masy do ładunku (m/z), co pozwala otrzymywać 

widma masowe w ustalonych interwałach czasowych przez cały okres chromatograficznego 

rozdzielania składników mieszaniny. Na podstawie widma masowego o wysokiej 

rozdzielczości ustalana jest masa monoizotopowa analizowanej substancji z dokładnością 

do co najmniej czterech miejsc po przecinku. Masa monoizotopowa to masa jonu składają-

cego się z atomów reprezentujących tylko jeden najbardziej rozpowszechniony w przyrodzie 

izotop każdego pierwiastka wchodzącego w skład analizowanej cząsteczki: 
1
H, 

12
C, 

14
N,

 16
O, 

32
S. Znając masę monoizotopową jonu z odpowiednią precyzją, można z dużym 

prawdopodobieństwem zaproponować dla niego wzór sumaryczny. Przyjmuje się wówczas 

pewną maksymalną dopuszczalną rozbieżność (np. 5 ppm) między eksperymentalnie ustaloną 

masą monoizotopową a masą teoretyczną, obliczoną na podstawie zaproponowanego wzoru 

sumarycznego. 

W tandemowej technice MS jony rozdzielone w pierwszym analizatorze mas są 

następnie poddawane zderzeniom, co prowadzi do powstawania jonów fragmentacyjnych. 

Docierają one do kolejnego analizatora, który pozwala ustalić dla nich wartości m/z, tworząc 

w ten sposób widmo fragmentacyjne. W przypadku macierzystej API interpretacja jej widma 

fragmentacyjnego polega na ustaleniu struktur fragmentów, które powstają w wyniku zderzeń. 

Ta wiedza ułatwia następnie interpretację widm fragmentacyjnych substancji pokrewnych – 

dzięki analizie podobieństw i różnic na widmach fragmentacyjnych API oraz analizowanej 

substancji pokrewnej można zaproponować dla niej wzór strukturalny. Dowodem 

na zasadność zaproponowanej struktury jest zilustrowanie ścieżki fragmentacji związku, czyli 
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zaprezentowanie struktur jonów fragmentacyjnych odpowiadających głównym pikom 

obecnym na widmie. 

 

1.4. Znajdowanie najkorzystniejszych warunków tworzenia kompleksu 

z CD przy użyciu technik obliczeniowych 

Użycie technik obliczeniowych pozwala zaproponować optymalną CD dla badanej 

API, uzyskując wgląd w najbardziej prawdopodobną trójwymiarową geometrię kompleksów 

tworzących się w roztworach o różnym pH. Wśród tych technik dynamika molekularna 

(ang. molecular dynamics – MD) jest metodą o ugruntowanej pozycji w badaniach 

kompleksów z CD [37]. Symulacja MD polega na obliczaniu sił działających na wszystkie 

atomy układu z uwzględnieniem wpływu sąsiednich atomów, a następnie ustalaniu na tej 

podstawie przyspieszeń i prędkości poszczególnych atomów. W ramach tego badania 

analizowane są fizyczne oddziaływania międzycząsteczkowe, co czyni MD odpowiednią 

techniką do szacowania powinowactwa gościa do gospodarza, które jest wyrażone 

jako entalpia swobodna Gibbsa (ΔG) tworzenia kompleksu [37]. 

Zjawiska inkluzji mogą zachodzić w rozmaity sposób przy różnych wartościach pH, 

zwłaszcza gdy cząsteczka jest obdarzona grupami funkcyjnymi ulegającymi jonizacji [38]. 

Tymczasem symulacja MD wymaga, żeby struktura każdego pojedynczego związku była 

dokładnie znana przed rozpoczęciem badania – wiązania kowalencyjne nie mogą tworzyć się 

ani pękać podczas symulacji MD, co oznacza, że analizowana cząsteczka API nie może sama 

dostosować swojego stanu sprotonowania do pH, przy którym chcielibyśmy prowadzić 

symulację. Oznacza to, że stan sprotonowania analizowanego związku przy zadanym pH 

powinien być ustalony przed rozpoczęciem symulacji. Okazuje się jednak, że wielu badaczy 

wykonuje swoje badania MD tylko dla obojętnej, niezjonizowanej formy leku, co 

w konsekwencji ogranicza stosowalność uzyskanych przez nich wyników jedynie do czysto 

wodnych, niebuforowanych roztworów. Z drugiej strony, w przypadku niektórych API brak 

jest publicznie dostępnych danych na temat możliwych stanów sprotonowania i wartości pKa 

poszczególnych grup funkcyjnych. Wówczas zaplanowane symulacje MD dla kompleksów 

takich API z CD należy poprzedzić przewidywaniem pKa przy użyciu specjalistycznego 

oprogramowania, by móc analizować tworzenie kompleksu w zależności od pH roztworu. 

Badania obliczeniowe wykonywane przy użyciu techniki dokowania [39] często 

poprzedzają właściwe symulacje MD i umożliwiają wstępne znalezienie najkorzystniejszej 
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energetycznie konformacji gościa wewnątrz cząsteczki CD. Dokowanie, podobnie jak MD, 

wykorzystuje koncepcję pola siłowego, definiującego sposób obliczania sił między atomami 

oraz odpowiadającej im energii potencjalnej. Aby znaleźć termodynamicznie preferowaną 

strukturę kompleksu, program zmienia konformację ligandu (API) względem receptora (CD) 

i każdorazowo oblicza energię ich oddziaływania przy użyciu funkcji oceniającej 

(ang. scoring function). Takie podejście pozwala na bardzo szybkie wstępne określenie 

najbardziej prawdopodobnej struktury kompleksu. Technika dokowania ma jednak istotne 

ograniczenia – nie uwzględnia ciągłego ruchu poszczególnych cząsteczek, a konformacja 

receptora (CD) jest sztywna i niezmienna w trakcie badania. Ponadto, uzyskane wartości 

powinowactwa można uznać za niedokładne również ze względu na prostotę samej funkcji 

oceniającej. 

Powyższe ograniczenia sprawiają, że w przypadku podstawionych CD technika 

dokowania może służyć jedynie do wygenerowania wstępnej geometrii kompleksu, 

stanowiącej początkową strukturę dla symulacji MD. Spośród energetycznie najkorzystniej-

szych konformacji liganda względem receptora warto wybrać dwie struktury o przeciwstaw-

nych orientacjach API względem CD, różniące się tym, który koniec cząsteczki API jest bliżej 

węższej obręczy CD, a który jest bliżej szerszej obręczy. Ta rekomendacja dotycząca wyboru 

dwóch niezależnych wyjściowych struktur wynika z faktu, że jest mało prawdopodobne, by 

w trakcie trwania symulacji MD cząsteczka gościa zdążyła opuścić wnękę CD i wniknąć 

do niej z powrotem przeciwnym końcem [37]. 

Zatem, aby przy użyciu metod obliczeniowych znaleźć najbardziej korzystne warunki 

tworzenia kompleksu dla ustalonej API, symulacje MD należy przeprowadzić dla kilku 

interesujących nas CD, biorąc pod uwagę możliwe stany sprotonowania API, a dla każdej 

z ich kombinacji uwzględnić dwie przeciwstawne orientacje gościa wewnątrz CD. W ramach 

symulacji MD, do wstępnie otrzymanego (poprzez dokowanie) modelu kompleksu dodawane 

są cząsteczki wody, by uwzględnić wpływ wodnego rozpuszczalnika, a następnie wszystkie 

atomy uzyskują losowe prędkości początkowe zgodnie z rozkładem Maxwella-Boltzmanna 

dla ustalonej temperatury. W ustalonych interwałach czasowych (zazwyczaj co 2 fs = 

2∙10
−15

 s) obliczane są siły działające na każdy atom, co – zgodnie z II zasadą dynamiki 

Newtona – pozwala wyznaczyć przyspieszenia, a w konsekwencji nowe, aktualne prędkości 

wszystkich atomów w układzie. W wyniku częstych zderzeń z cząsteczkami wody, elastyczne 

grupy w podstawionych CD łatwo zmieniają swoje konformacje. 
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Symulacja MD pozwala uzyskać wiele ważnych informacji, charakteryzujących 

badany kompleks. Wiedząc, jak geometria układu zmienia się wraz z czasem trwania 

symulacji, można zaproponować dla niego jedną, najbardziej reprezentatywną strukturę. 

Analiza trajektorii pozwala również zbadać kinetykę tworzenia i zrywania się wiązań 

wodorowych, wykorzystując powszechnie przyjęte kryterium geometryczne, zgodnie 

z którym wiązanie wodorowe jest wykryte, jeśli odległość między donorem a akceptorem jest 

nie większa niż 0,35 nm, a ponadto kąt tworzony przez donor, atom wodoru i akceptor jest 

równy co najmniej 150
o
. W ten sposób ustala się, przez jaką część czasu trwania symulacji 

występowało wiązanie wodorowe między API a CD. 

Spośród wielu dostępnych metod obliczania ΔG tworzenia kompleksu satysfakcjonu-

jącą efektywność obliczeniową zapewnia technika MM-GBSA [40], której nazwa bierze się 

od poszczególnych wkładów uwzględnianych w obliczeniach ΔG. Akronim „MM” (ang. 

molecular mechanics) symbolizuje bezpośrednie oddziaływania między gościem 

a gospodarzem – zarówno elektrostatyczne, jak i van der Waalsa – obliczone z użyciem 

parametrów pola siłowego, ale nie biorące pod uwagę wpływu rozpuszczalnika. „GB” (ang. 

generalised Born) oznacza elektrostatyczny wkład do ΔG spowodowany solwatacją 

i wyznaczany z użyciem uogólnionego równania Borna, natomiast człon „SA” (ang. surface 

area) uwzględnia wkłady nieelektrostatyczne. Oprócz tego, w ramach obliczeń metodą MM-

GBSA wyznaczany jest także czynnik entropowy, który wynika ze zmiany translacyjnych, 

rotacyjnych i oscylacyjnych stopni swobody poszczególnych indywiduów, zachodzącej 

podczas tworzenia kompleksu. 

Wiedza o tym, kiedy ΔG tworzenia kompleksu, obliczona z użyciem metody MM-

GBSA, jest najbardziej ujemna, umożliwia znalezienie optymalnych warunków 

do otrzymywania kompleksu na drodze eksperymentalnej. 

 

1.5. Otrzymywanie i badania kompleksów z CD technikami 

chromatograficznymi, spektralnymi i dyfrakcyjnymi 

Omawiane badania HPLC, MS/MS oraz obliczenia teoretyczne mają na celu zdobycie 

szerokiej wiedzy na temat właściwości fizykochemicznych badanej API – o jej 

rozpuszczalności, podatności na degradację w różnych warunkach stresowych, strukturach 

powstających produktów rozkładu oraz najbardziej korzystnych warunkach tworzenia 
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kompleksu z CD. Pozwala to na rozsądne zaplanowanie odpowiednich eksperymentów 

mających na celu otrzymanie pożądanego systemu dostarczania leku. 

W literaturze naukowej opisano wiele różnych metod otrzymywania kompleksów 

z CD w postaci ciała stałego. Zaliczamy do nich między innymi metody: ugniatania 

(ang. kneading), współstrącania (ang. co-precipitation), suszenia rozpyłowego (ang. spray-

drying), odparowania rozpuszczalnika oraz ogrzewania w zamkniętym naczyniu [41]. 

Dla labilnych API technika liofilizacji (ang. freeze-drying, lyophilization) wydaje się 

najbardziej odpowiednia, ponieważ pozwala uniknąć narażenia API na degradację w trakcie 

ogrzewania, długotrwałego odparowywania rozpuszczalnika czy przedłużonego kontaktu 

roztworu z tlenem z powietrza. Otrzymywanie kompleksu techniką liofilizacji rozpoczyna się 

mieszaniem roztworu API i wybranej CD przez odpowiednio długi czas, potrzebny 

do osiągnięcia równowagi kompleksowania. Następnie cała objętość roztworu jest zamrażana. 

W aparaturze panuje ciśnienie na tyle niskie, że – zgodnie z diagramem fazowym wody – lód 

nie topi się pod wpływem ciepła dostarczonego z otoczenia, ale sublimuje, tworząc parę 

wodną. Para ta resublimuje z kolei na powierzchni kolektora, który jest schłodzony 

do temperatury poniżej −40 
o
C. Po zakończeniu sublimacji rozpuszczalnika w próbce 

powinny pozostać jedynie nielotne składniki. 

Jeśli termodynamiczna stabilność powstającego kompleksu, wynikająca z ujemnej 

wartości ΔG (siły napędowej tworzenia kompleksu), zależy w znacznym stopniu od pH 

roztworu, wówczas liofilizację warto prowadzić w roztworze z dodatkiem kwasu albo zasady. 

W przypadku prowadzenia liofilizacji w środowisku kwasowym, szczególne znaczenie ma 

temperatura topnienia kwasu, przekładająca się na jego stan skupienia, oraz jego wartość pKa, 

wskazująca, ile kwasu należy dodać do układu, by osiągnąć pożądane wartości pH. Kwas 

lotny, będący cieczą w temperaturze pokojowej, powinien charakteryzować się własnościami 

termodynamicznymi zbliżonymi do wody, a zatem powinien wraz z nią opuścić próbkę 

w wyniku sublimacji zachodzącej pod wpływem odpowiednio obniżonego ciśnienia. 

Obecność lotnego kwasu umożliwia osiągnięcie korzystnego termodynamicznie stanu 

równowagi podczas mieszania, a powstający po liofilizacji proszek powinien być pozbawiony 

tego kwasu całkowicie lub w znacznym stopniu. Tymczasem nielotny kwas, będący ciałem 

stałym, nie powinien ulec sublimacji, pozostając w liofilizowanej próbce, a zatem produkt 

uzyskany z jego użyciem będzie układem trójskładnikowym.  

Wśród technik pomiarowych umożliwiających badanie kompleksów z CD bardzo 

ważną rolę pełni technika HPLC, pozwalająca na prowadzenie badań kinetyki degradacji API 



26 

 

w różnych warunkach, w tym także w środowisku kwasowym. Ponadto, dysponując 

zoptymalizowaną, selektywną metodą oznaczania API oraz jej substancji pokrewnych, można 

wyznaczyć rozpuszczalność API w jej kompleksie, znaleźć profil zanieczyszczeń, a także 

weryfikować stabilność chemiczną podczas długoterminowego przechowywania próbek. 

 Ważne znaczenie w przypadku badań roztworów ma spektroskopia jądrowego 

rezonansu magnetycznego (ang. nuclear magnetic resonance – NMR) [42]. Na jednowymiaro-

wym widmie protonowym (
1
H NMR) każdy sygnał pochodzi od grupy równocennych 

protonów i charakteryzuje się unikalną wartością przesunięcia chemicznego δ, wynikającą 

z ich chemicznego otoczenia. Sąsiedztwo elektronów i innych atomów zmienia wartość 

lokalnego pola magnetycznego wokół każdego protonu, jednocześnie powodując zmianę jego 

częstości rezonansowej i – w konsekwencji – różnice w wartości δ. Gdy porówna się ze sobą 

widma 
1
H NMR API i CD oraz widmo 

1
H NMR ich połączenia, wówczas zaobserwowanie 

istotnej zmiany δ dla któregoś z protonów świadczy o tym, że w tym rejonie cząsteczki, 

w którym znajduje się ten proton, zaszła istotna zmiana otoczenia chemicznego, 

i prawdopodobnie jest ona spowodowana utworzeniem kompleksu między API i CD [42]. Inną 

ważną cechą widma 
1
H NMR jest fakt, że intensywność każdego sygnału, odczytywana jako 

pole powierzchni pod pikiem, jest proporcjonalna do stężenia molowego odpowiadających 

mu równocennych protonów, co w przypadku badanych próbek po liofilizacji pozwala 

zweryfikować stosunek molowy pozostającego w nich kwasu do API. 

Innym znanym podejściem do badania kompleksów z CD za pomocą NMR jest 

wykorzystanie techniki DOSY (ang. Diffusion-Ordered SpectroscopY). Na uzyskanym 

tą metodą dwuwymiarowym widmie każdy sygnał można przypisać na podstawie jego δ 

do odpowiedniego indywiduum (API, CD, kwas, woda) obecnego w analizowanym roztworze 

próbki, co pozwala z kolei na określenie współczynników dyfuzji 𝐷 poszczególnych 

składników. Wartość 𝐷 zależy od promienia hydrodynamicznego 𝑟 analizowanego 

indywiduum, temperatury 𝑇 oraz od lepkości dynamicznej η roztworu: 

𝐷 =  
𝑘𝐵𝑇

6𝜋 𝜂 𝑟
 (4) 

gdzie 𝑘𝐵 oznacza stałą Boltzmanna. Aby prawidłowo porównywać widma DOSY uzyskane 

dla próbek z CD i bez niej, należy upewnić się, że lepkości roztworów tych próbek są 

podobne. Następnie, widmo DOSY zarejestrowane dla układu bez CD pozwala odczytać 𝐷𝐿 – 

współczynnik dyfuzji nieskompleksowanego API, natomiast widmo DOSY próbki kompleksu 
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dostarczy nam dwie wartości 𝐷 – dla skompleksowanego API (𝐷𝐶𝐷−𝐿) oraz dla CD 

w kompleksie (𝐷𝐶𝐷). Powszechnie przyjętą praktyką jest przybliżenie, że 𝐷 jest takie samo 

dla wolnej CD, jak dla CD w kompleksie. W celu wyznaczenia ułamka molowego 𝑀𝐹𝐿 

cząsteczek API tworzących kompleks w odniesieniu do wszystkich cząsteczek API obecnych 

w badanym roztworze wykorzystywane jest równanie opisującego 𝐷𝐶𝐷−𝐿 jako średnią ważoną 

𝐷𝐿 i 𝐷𝐶𝐷: 

𝐷𝐶𝐷−𝐿 = 𝑀𝐹𝐿 𝐷𝐿 + (1 − 𝑀𝐹𝐿) 𝐷𝐶𝐷 (5) 

Gdy API nie jest skompleksowana, dyfunduje szybciej, jak wskazuje wysoka wartość 

współczynnika 𝐷𝐿, ale gdy znajduje się wewnątrz wnęki CD, dyfuzja tego 

supramolekularnego układu jest niższa, opisana współczynnikiem 𝐷𝐶𝐷. Równowaga 

kompleksowania jest dynamiczna, co oznacza, że statystyczna cząsteczka API spędza ułamek 

𝑀𝐹𝐿 czasu w kompleksie i (1 − 𝑀𝐹𝐿) czasu samodzielnie, co powoduje, że wypadkowy 

współczynnik 𝐷𝐶𝐷−𝐿 jest opisywany jako średnia ważona wartości 𝐷𝐶𝐷 i 𝐷𝐿. Na podstawie 

tych danych wartość stałej równowagi 𝐾 tworzenia kompleksu szacuje się w następujący 

sposób: 

𝐾 =  
[𝐶𝐷: 𝐿]

[𝐶𝐷][𝐿]
=  

𝑀𝐹𝐿

(𝑐𝐶𝐷 −  𝑀𝐹𝐿𝑐𝐿)(1 − 𝑀𝐹𝐿)
 (6) 

W powyższym równaniu nieznane równowagowe stężenia: [𝐶𝐷: 𝐿] – kompleksu, [𝐶𝐷] – 

wolnej CD i [𝐿] – nieskompleksowanej API, można wyrazić przy użyciu wartości znanych: 

𝑀𝐹𝐿, wyznaczonego za pomocą eksperymentu DOSY, oraz 𝑐𝐿 i 𝑐𝐶𝐷 – analitycznych stężeń 

składników badanego roztworu. 

Otrzymana w ten sposób wartość 𝐾 może być obarczona znacznym błędem 

ze względu na dużą niepewność odczytu współczynników dyfuzji z widm DOSY 

oraz z uwagi na zastosowanie w obliczeniach upraszczających założeń. Niemniej jednak, 

znajomość 𝐾 pozwala oszacować, jak zmieniłby się ułamek molowy przy innym stężeniu 

roztworu badanego kompleksu lub w przypadku zastosowania innego molowego stosunku 

API do CD w początkowym roztworze do liofilizacji. Jest to bardzo przydatne, ponieważ 

roztwory używane w pomiarach DOSY powinny być znacznie rozcieńczone, aby uniknąć 

nadmiernej lepkości próbki, a wyznaczenie wielkości 𝐾 pozwala na oszacowanie 𝑀𝐹𝐿 

dla roztworów o stężeniach znacznie wyższych, w tym także dla roztworu nasyconego. 



28 

 

Ugruntowaną pozycję w badaniach kompleksów z CD mają techniki pomiarowe 

umożliwiające analizę w ciele stałym [43]. Wśród nich bardzo ważną rolę pełni spektroskopia 

osłabionego całkowitego odbicia w podczerwieni z transformacją Fouriera (ang. attenuated 

total reflectance Fourier transform infared spectroscopy – ATR-FTIR). Widmo 

w podczerwieni zawiera informację o częstotliwościach (wyrażonych w postaci liczby 

falowej) oraz odpowiadającym im intensywnościach poszczególnych drgań atomów 

w badanych cząsteczkach. Tworzenie kompleksu między API a CD może prowadzić 

do zaburzenia niektórych drgań, co przejawia się na widmie jako zanik, poszerzenie 

czy zmiany intensywności pików odpowiadających zmodyfikowanym drganiom; możliwe są 

również zmiany liczby falowej odpowiadającej maksimum tych pików [43]. Zastosowanie 

techniki ATR pozwala na bezpośredni pomiar widm w podczerwieni dla stałych próbek 

bez konieczności przygotowywania pastylki z KBr lub inną solą. Zaleca się, by rejestrować 

widma w podczerwieni nie tylko dla pojedynczych składników, ale również dla ich 

mieszaniny fizycznej, przygotowanej w takich samych proporcjach, w jakich te składniki 

występują w próbce badanego kompleksu [43]. Ponadto byłoby wskazane, żeby pojedyncze 

składniki tej mieszaniny (API, CD) zostały niezależnie od siebie poddane tym samym 

procesom, jakie zastosowano podczas otrzymywania kompleksu (na przykład procesowi 

liofilizacji) [43]. Zaobserwowanie znaczących różnic między widmem kompleksu a widmem 

mieszaniny fizycznej, takich jak przesunięcie pasm, zmiana intensywności, pojawienie się 

lub zniknięcie wybranego pasma, może stanowić dowód na tworzenie się kompleksu między 

API a CD. 

Inną znaną techniką służącą do badania kompleksów z CD w ciele stałym jest 

rentgenowska dyfraktometria proszkowa (ang. X-ray powder diffraction – XRPD). 

Periodyczne ułożenie atomów w substancji o budowie krystalicznej przyczynia się do ugięcia 

(dyfrakcji) promieniowania X pod ściśle określonymi kątami, co pozwala na zarejestrowanie 

dyfraktogramu proszkowego składającego się z ostrych pików. Jeżeli zarówno CD jak i jej 

kompleks z API cechują się strukturą krystaliczną, to ich komórki elementarne różnią się 

jednak wymiarami (stałymi sieciowymi), co przekłada się na obserwowane różnice dotyczące 

kątów i intensywności zarejestrowanych refleksów na dyfraktogramach proszkowych. 

Jednakże w przypadku losowo podstawionych CD (HP-β-CD, SBE-β-CD) sytuacja jest 

całkowicie odmienna. Jako mieszaniny wielu izomerów, tworzących frakcje o różnym stopniu 

podstawienia, losowo podstawione CD są z natury bezpostaciowe (amorficzne), co 

uniemożliwia dyfrakcję promieniowania rentgenowskiego pod ściśle wybranymi kątami, 
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a zatem skutkuje brakiem ostrych pików na dyfraktogramie proszkowym. Można zatem 

oczekiwać, że kompleks tworzony przez amorficzną CD również będzie charakteryzował się 

bezpostaciowością. Warto też zaznaczyć, że niektóre techniki stosowane do otrzymywania 

kompleksów w ciele stałym, takie jak między innymi liofilizacja, mogą doprowadzić 

do amorfizacji dowolnej próbki, nawet pierwotnie krystalicznej. Z tego powodu metoda 

XRPD nie pozwala udowodnić powstania kompleksu API z losowo podstawioną CD, 

zwłaszcza jeśli był on otrzymywany z wykorzystaniem techniki liofilizacji.  

Bezpostaciowość, która utrudnia prowadzenie wielu badań podstawowych, często jest 

zjawiskiem korzystnym z punktu widzenia zastosowań farmaceutycznych. Jest tak dlatego, że 

rozpuszczalność leku, która wpływa także na jego biodostępność, różni się w zależności 

od odmiany polimorficznej API, a często jest najwyższa właśnie dla formy bezpostaciowej. 

Z tego powodu ważną rolę w badaniach nowych form leku odgrywają badania stabilności 

fizycznej, pozwalające zweryfikować, czy nowa, pierwotnie amorficzna postać leku nie ulega 

rekrystalizacji podczas długoterminowego przechowywania. Badania stabilności fizycznej 

przygotowanych próbek można prowadzić właśnie przy użyciu XRPD. Niepożądane zjawisko 

rekrystalizacji może bowiem doprowadzić do powstania formy krystalicznej API, która  

charakteryzuje się już niższą rozpuszczalnością, a to z kolei skutkowałoby obniżeniem 

biodostępności leku.  
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2. Cel pracy 

Celem niniejszej rozprawy jest opracowanie nowej formy leku dla ceftobiprolu 

jako substancji modelowej, która jest słabo rozpuszczalna w wodzie, amfoteryczna 

i chemicznie stabilna w środowisku kwasowym. 

Aby osiągnąć główny cel rozprawy, zrealizowano następujące cele szczegółowe: 

Publikacja 1: 

→ przegląd literatury naukowej, dotyczącej otrzymanych dotychczas kompleksów CD 

z antybiotykami i chemioterapeutykami przeciwbakteryjnymi, w kontekście zastosowań 

związanych z dostarczaniem leków, takich jak: poprawa rozpuszczalności, modyfikacja 

profilu uwalniania leku, spowolnienie degradacji API, poprawa przenikalności 

przez błony biologiczne, a także zwiększenie aktywności przeciwdrobnoustrojowej; 

→ wybór związku modelowego do dalszych badań, dla którego nie znaleziono w literaturze 

żadnych prób poprawy jego właściwości fizykochemicznych; 

Publikacja 2: 

→ opracowanie (w oparciu o produkty degradacji wygenerowane w warunkach stresowych) 

nowej, selektywnej metody HPLC/UV, pozwalającej na rozdzielenie ceftobiprolu od jego 

produktów degradacji i produktów ubocznych syntezy; 

→ wykorzystanie opracowanej metody do ustalenia stabilności chemicznej ceftobiprolu 

poprzez badanie kinetyki degradacji, określenie stałych szybkości reakcji w różnych 

warunkach oraz wyznaczenie energii aktywacji dla reakcji termolitycznych; 

→ zaproponowanie struktur produktów degradacji i produktów ubocznych syntezy 

w oparciu o tandemową spektrometrię mas (LC-MS/MS). 

Publikacja 3: 

→ oszacowanie wartości pKa grup funkcyjnych w cząsteczce ceftobiprolu i zaproponowanie 

dominujących stanów sprotonowania przy różnych wartościach pH; 

→ wykonanie symulacji dynamiki molekularnej dla kompleksów ceftobiprolu w trzech 

różnych stanach sprotonowania, z trzema różnymi CD (β-CD, HP-β-CD, SBE-β-CD), 

dla dwóch przeciwstawnych orientacji ceftobiprolu względem CD; 

→ ustalenie geometrii symulowanych kompleksów (przestrzenny układ ceftobiprolu i CD), 

analiza wiązań wodorowych i obliczenie ΔG tworzenia kompleksu; 
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→ znalezienie najbardziej korzystnych z termodynamicznego punktu widzenia warunków 

tworzenia kompleksu. 

Publikacja 4: 

→ otrzymanie nowych systemów dostarczania dla ceftobiprolu z zastosowaniem techniki 

liofilizacji, przy użyciu kilku modelowych kwasów, różniących się stanem skupienia 

oraz mocą; 

→ sprawdzenie rozpuszczalności, profilu zanieczyszczeń oraz stabilności chemicznej 

podczas długoterminowego przechowywania przy użyciu opracowanej metody HPLC; 

→ badanie stabilności fizycznej próbek badanych za pomocą XRPD; 

→ potwierdzenie otrzymania kompleksu z wykorzystaniem NMR oraz ATR-FTIR; 

→ przystosowanie otrzymanej formy leku do możliwości podania pozajelitowego. 
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3. Materiały i metody 

3.1. Badania eksperymentalne 

3.1.1. Materiały 

W badaniach wykorzystano ceftobiprol przekazany nieodpłatnie przez firmę Basilea 

Pharmaceutica (Bazylea, Szwajcaria) oraz zakupiony od BenchChem (Austin, TX, USA). 

W badaniach wykorzystano następujące CD wyprodukowane przez CycloLab (Budapeszt, 

Węgry): HP-β-CD (DS 4,2) i SBE-β-CD (DS 6,5). 

Wodę dejonizowaną otrzymywano przy użyciu systemu Labconco firmy Millipore 

(Bedford, MA, USA) oraz Direct-Q 3 UV Millipore firmy Merck (Darmstadt, Niemcy). 

W badaniach wykorzystywano następujące odczynniki: kwas maleinowy (do syntezy, 99,9%, 

Merck Darmstadt, Niemcy), kwas cytrynowy (monohydrat, puriss p.a., ≥99,5%, Sigma-

Aldrich, St. Louis, MO, USA), kwas p-toluenosulfonowy (monohydrat, ReagentPlus, ≥98%, 

Sigma-Aldrich, St. Louis, MO, USA), kwas mrówkowy (≥98%, Merck, Darmstadt, Niemcy), 

kwas solny (35–38%, POCH, Gliwice, Polska), octan amonu (reag. Ph. Eur. do badań 

HPLC/UV lub LiChropour do spektrometrii mas, oba z Merck, Darmstadt, Niemcy), kwas 

octowy (czystość farmaceutyczna, 99,9%, AppliChem, Darmstadt, Niemcy, do badań 

HPLC/UV lub 100% LiChropour do LC-MS, Merck, Darmstadt, Niemcy), acetonitryl 

(gradient grade firmy Honeywell, Seelze, Niemcy, do badań HPLC/UV lub hypergrade 

do LC-MS firmy Merck, Darmstadt, Niemcy), dimetylosulfotlenek (99,7%, Honeywell, 

Seelze, Niemcy), wodorotlenek sodu (≥ 98,8%, Chempur, Piekary Śląskie, Polska) 

oraz nadtlenek wodoru (30%, POCH, Gliwice, Polska). 

Do optymalizacji metody chromatograficznej wykorzystano następujące kolumny: 

Kinetex C18 (150 × 3 mm, 2,6 μm), Kinetex PS C18 (150 × 2,1 mm, 2,6 μm) i Kinetex 

Biphenyl (150 × 2,1 mm; 1,7 μm) firmy Phenomenex (Torrance, Kalifornia, USA), a także 

Accucore AQ C18 (150 × 4,6 mm, 2,6 μm) firmy Thermo Fisher Scientific (Waltham, 

Massachusetts, USA). 

 

3.1.2. Badania degradacji ceftobiprolu w roztworze wodnym (Publikacja 2) 

W celu przeprowadzenia ilościowych badań kinetyki degradacji ceftobiprolu w różnych 

warunkach stresowych przeprowadzono następujące eksperymenty wymuszonej degradacji: 
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 hydroliza kwasowa: 1 mg ceftobiprolu rozpuszczono w 1 ml 0,1 M HCl, roztwór 

przechowywano w fiolce HPLC w temperaturze 25 
o
C i wprowadzano na kolumnę 

chromatograficzną po 1 µl roztworu reakcyjnego w określonych odstępach czasu (0, 3, 

6, 12 i 24 h). W celu uzyskania wyższych stężeń produktów degradacji kwasowej 

zastosowano następującą procedurę: 3 mg ceftobiprolu rozpuszczono w 3 ml 1 M 

HCl; hydrolizę prowadzono w zamkniętym naczyniu w łaźni wodnej o temperaturze 

50 
o
C, 60 

o
C lub 70 

o
C, a próbki pobierano po 90, 180, 270 oraz 360 minutach 

i analizowano; 

 hydroliza zasadowa: 1 mg ceftobiprolu rozpuszczono w 1 ml 0,01 M NaOH w fiolce 

HPLC, po czym natychmiast umieszczono próbkę badaną w autosamplerze HPLC 

w temperaturze 25 
o
C; wprowadzano na kolumnę chromatograficzną po 1 µl roztworu 

reakcyjnego w określonych odstępach czasu (45 minut lub wielokrotność) 

przez 720 minut; 

 utlenianie: 1 mg ceftobiprolu rozpuszczono w 0,1 ml DMSO lub 0,1 ml 1 M HCl, 

a następnie poddano działaniu ultradźwięków przez 15 min. Dodano 0,8 ml wody 

i 0,1 ml 30% roztworu H2O2, uzyskując w ten sposób roztwory ceftobiprolu o stężeniu 

1 mg/ml w 3% H2O2 w 10% DMSO lub 0,1 M HCl. Próbki umieszczono 

w autosamplerze w temperaturze 25 
o
C na 1080 min, naprzemiennie wprowadzając 

na kolumnę chromatograficzną po 1 µl każdego roztworu; 

 fotoliza: 3 mg ceftobiprolu rozpuszczono w 0,3 ml DMSO lub 0,3 ml 1 M HCl, 

próbkę wytrząsano lub poddawano działaniu ultradźwięków przez 15 min, a następnie 

dodano 2,7 ml wody. Roztwór poddano działaniu promieniowania UV o długości fali 

366 nm albo 254 nm w temperaturze pokojowej w otwartym naczyniu; próbki 

analizowano po 90, 180, 270, 360 i 1410 minutach; 

 termoliza: 3 mg ceftobiprolu rozpuszczono w 0,3 ml DMSO, poddano działaniu 

ultradźwięków do rozpuszczenia ceftobiprolu, a następnie dodano 2,7 ml wody. 

Roztwór ogrzewano w zakorkowanym naczyniu w łaźni wodnej w temperaturach 

50 
o
C, 60 

o
C lub 70 

o
C, a próbki analizowano po 90, 180, 270, 360 i 1410 minutach. 

 

3.1.3. Badanie wpływu rodzaju CD na rozpuszczalność ceftobiprolu (Publikacja 3) 

W celu ustalenia wpływu rozpuszczalnika i rodzaju CD na rozpuszczalność 

ceftobiprolu wykonano badania kinetyczne. Sporządzono następujące przesycone zawiesiny 
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ceftobiprolu: 0,25 mg/ml w wodzie, 0,5 mg/ml w 0,1 M HCOOH i 2,0 mg/ml w 0,1 M HCl, 

przygotowano po trzy naczynia dla każdej zawiesin, po czym do pierwszego z nich odważano 

odpowiednią ilość HP-β-CD, a do drugiego SBE-β-CD. Trzecie naczynie z każdego zestawu 

nie zawierało CD i służyło jako odniesienie. Do każdej kolby dodano objętość 6,5 ml 

odpowiedniej zawiesiny ceftobiprolu, a w ten sposób stężenia CD wynosiły za każdym razem 

10 mM. Kolby wytrząsano z szybkością 750 obr./min i pobierano z nich po 1 ml próbki 

w odstępach 15, 150 i 300 minut, a następnie 24 i 48 godzin. Nierozpuszczony nadmiar 

ceftobiprolu odwirowywano z szybkością 14000 obr./min przez 10 minut, a następnie 

klarowny roztwór znad osadu analizowano metodą HPLC. Dla porównania przygotowano 

roztwory wzorcowe ceftobiprolu w każdym z analizowanych rozpuszczalników, o stężeniu 

ceftobiprolu poniżej jego granicy rozpuszczalności w każdym z tych rozpuszczalników. 

 

3.1.4. Badanie rozpuszczalności ceftobiprolu oraz stabilności chemicznej liofilizowanych 

systemów dostarczania leku (Publikacja 4) 

Liofilizację próbek prowadzono przy użyciu dwóch urządzeń: Alpha 1-2 LDplus 

(Martin Christ, Osterode am Harz, Niemcy) oraz FreeZone 2,5 L (Labconco, Kansas City, 

MO, USA). W eksperymentach mających na celu otrzymanie systemu dostarczania leku 

rozpuszczano 0,1 mmol (53,5 mg) ceftobiprolu w 600 ml rozpuszczalnika, podczas gdy inne 

substancje ważono zgodnie z przyjętym stosunkiem molowym (szczegółowe omówienie 

przeprowadzonych eksperymentów znajduje się w opisie wyników uzyskanych w Publikacji 

4). Każdy przygotowany roztwór poddawano działaniu ultradźwięków przez 15 min 

i mieszano przez 3 godziny. Proces liofilizacji kontynuowano aż do zniknięcia ostatniej bryłki 

lodu w kolbach z próbką (24 – 40 h). 

W celu wyznaczenia rozpuszczalności ceftobiprolu w każdym badanym układzie 

odważano odpowiednią ilość liofilizatu zawierającą 1 mg ceftobiprolu, a następnie stopniowo 

dodawano niewielkie znane objętości wody aż do całkowitego rozpuszczenia się proszku. 

Uzyskiwano w ten sposób przybliżoną wartość rozpuszczalności ceftobiprolu, którą następnie 

weryfikowano przy użyciu HPLC. Przyczyną zastosowania takiej właśnie procedury jest fakt, 

że poszczególne składniki tych układów różnią się swoją rozpuszczalnością w wodzie, 

a zatem odwirowywanie nierozpuszczonego osadu zaburzyłoby ich molowy stosunek.  

Przygotowane próbki przechowywano w zamrażarce i weryfikowano ich stabilność 

w określonych odstępach czasu, stosując tę samą metodologię co w początkowym badaniu. 
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Aby ocenić potencjalne zmiany rozpuszczalności spowodowane przemianami fizycznymi, 

takimi jak przejścia fazowe lub rekrystalizacja, dodawano każdorazowo taką samą objętość 

wody jak w początkowym teście rozpuszczalności. Następnie analizowano uzyskane roztwory 

metodą HPLC w celu dokładnego określenia rozpuszczalności i monitorowania ewentualnego 

wzrostu stężenia produktów degradacji, oceniając w ten sposób zarówno stabilność fizyczną, 

jak i chemiczną. 

 

3.1.5. Badania HPLC/UV (Publikacje 2-4) 

Badania HPLC wykonywano przy użyciu chromatografów cieczowych Shimadzu 

Nexera-i LC-2040C (Plus) z detektorem UV-VIS, wyposażonych w oprogramowanie 

do przetwarzania danych LabSolutions (Shimadzu, Kioto, Japonia). Zoptymalizowane 

warunki chromatograficzne podsumowano w Tabeli 1. 

Tabela 1. Zestaw optymalnych warunków chromatograficznych do rozdzielenia ceftobiprolu 

i substancji pokrewnych (na podstawie Tableli 1 w Publikacji 2). 

Kolumna 
Kinetex Biphenyl 

150 × 2,1 mm; 1,7 μm 

Temperatura kolumny 40 
o
C 

Temperatura autosamplera  
4 

o
C – podczas opracowywania metody 

25 
o
C – do badań kinetycznych 

Faza ruchoma 
A: 20 mM bufor octanu amonu, doprowadzony do pH = 5,8 

B: acetonitryl 

Przepływ 0,3 ml/min 

Przebieg gradientu 

czas [min] % fazy ruchomej B 

0 0 

15 10 

28 90 

33 90 

33,1 0 

45 0 
 

Objętość wprowadzana 

 na kolumnę 

1 μL – do badań kinetycznych 

20 µL – do badań LC-MS 

Długość fali detekcji 320 nm 

 

Stężenie ceftobiprolu w roztworze próbki po liofilizacji określano w odniesieniu 

do roztworu wzorca, tj. wodnego roztworu ceftobiprolu w stężeniu 0,04 mg/ml, niepoddanego 

żadnym dodatkowym procesom. Zawartość każdego produktu degradacji szacowano, dzieląc 

pole powierzchni piku zanieczyszczenia przez pole powierzchni piku ceftobiprolu. 
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Ta procedura pozwoliła jednak uzyskać jedynie przybliżone oszacowanie rzeczywistych 

zawartości, ponieważ względne współczynniki odpowiedzi (ang. relative response factors – 

RRF) każdej z analizowanych substancji pozostają nieznane. Podczas prowadzonych badań 

nie dysponowano materiałami odniesienia dla zidentyfikowanych produktów degradacji, ale 

z uwagi na strukturalne podobieństwo substancji pokrewnych do macierzystego ceftobiprolu 

zastosowano przybliżenie, że ich odpowiedzi w UV są takie same, tzn. wartości RRF 

dla substancji pokrewnych ceftobiprolu wynoszą 1. Monografia Farmakopei Europejskiej 

(Ph.Eur. 2.2.46) dotycząca prowadzenia badań HPLC pozwala zastosować RRF równy 1 

w obliczeniach zawartości substancji pokrewnych wówczas, gdy RRF podany w monografii 

szczegółowej dla badanych substancji mieści się w zakresie 0,8 – 1,2 [44]. 

 

3.1.6. Badania LC-MS/MS (Publikacja 2 i 4) 

Badania LC-MS/MS prowadzono przy użyciu systemu UPLC (ang. ultra-high 

performance liquid chromatography) Dionex UltiMate 3000 (Thermo Fisher Scientific, USA) 

sprzężonego z detektorem masowym maXis 4G Q-TOF o wysokiej rozdzielczości (Bruker 

Daltonik, Niemcy) i sterowanym przez oprogramowanie Bruker HyStar. Detektor masowy 

został wyposażony w źródło jonów ESI (ang. electrospray ionization – jonizacja 

przez elektrorozpylanie) i pracował w trybie jonów dodatnich, w zakresie skanowania m/z 

od 100 do 1500 (przy czym dla pomiarów SBE-β-CD zakres ten rozszerzono do 2500) 

z fragmentacją pięciu najbardziej intensywnych sygnałów. W trybie MS/MS ustawiona 

energia kolizyjna narastała liniowo w zależności od wartości m/z. Detektor masowy 

kalibrowano przy użyciu roztworu mrówczanu sodu przed każdym nastrzykiem. Uzyskane 

dane przetwarzano przy użyciu oprogramowania Bruker DataAnalysis. Przyjęto maksymalną 

względną rozbieżność między eksperymentalną i obliczoną wartością m/z na poziomie 5 ppm. 

Ponadto, weryfikowano zgodność teoretycznego i zarejestrowanego profilu izotopowego 

analizowanych pików wewnątrz oprogramowania DataAnalysis  z użyciem wartości mSigma 

(milliSigma). W niniejszych badaniach przyjęto maksymalną dopuszczalną wartość mSigma 

równą 30. 

 

3.1.7. Badania NMR (Publikacja 4) 

Eksperymenty NMR prowadzono z wykorzystaniem spektrometru Varian vnmrs 

600 MHz (Agilent Technologies, Santa Clara, CA, USA) oraz sondy Auto XID z użyciem 
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częstotliwości rezonansowych 599,8 MHz dla 
1
H i 150,8 MHz w przypadku pomiarów 

13
C. 

Wszystkie widma wykonywano w roztworach D2O w temperaturze pokojowej (25 °C). 

Przesunięcia chemiczne na widmach 
1
H NMR oraz w wymiarze 

1
H z wykorzystaniem 

dwuwymiarowych (2D) technik heterojądrowych odniesiono do sygnału rozpuszczalnika. 

Zastosowano standardowe parametry i procedury zarówno w procesie rejestracji, jak 

i przetwarzania danych.  

Jednowymiarowe widma 
1
H NMR uzyskano z użyciem impulsu o czasie trwania 

2,5 μs, co odpowiada kątowi odchylenia wektora magnetyzacji ok. 32,6
o
. W prowadzonych 

eksperymentach rejestrowano po 32 skany, z czego każdy zawierał 16384 punktów 

pomiarowych w postaci liczb zespolonych. Tworzenie kompleksu między ceftobiprolem 

i SBE-β-CD zostało potwierdzone na podstawie współczynników dyfuzji wyznaczonych 

w ramach eksperymentów DOSY przy użyciu sekwencji ONESHOT [45]. W tych badaniach 

wykonywano 16 przyrostów składających się z 64 skanów. Zastosowano czas relaksacji 2 s, 

czas dyfuzji 200 ms, całkowity czas trwania impulsu 2 ms oraz 16 wartości gradientu 

zwiększanych od 3 do 25 G/cm. Przetwarzanie danych przeprowadzono przy użyciu 

oprogramowania OpenVnmrJ 3.1 A [46]. 

 

3.1.8. Badania ATR-FTIR (Publikacja 4) 

Do zebrania widm w zakresie od 4000 cm
−1

 do 400 cm
−1

 użyto spektrometru Nicolet 

iS5 z przystawką do całkowitego odbicia (ATR) z kryształem diamentowym (Thermo 

Scientific, Waltham, MA, USA). Widma rejestrowano korzystając z 32 skanów o rozdzielczo-

ści 4 cm
−1

, a dane zebrano przy użyciu oprogramowania OMNIC 9.8. 

 

3.1.9. Badania XRPD (Publikacja 4) 

Badania XRPD przeprowadzono przy użyciu dyfraktometru D8 Advance (Bruker, 

Billerica, MA, USA) z użyciem lampy miedziowej jako źródła promieni rentgenowskich 

oraz z wykorzystaniem detektora scyntylacyjnego. Próbki badane analizowano w standardo-

wym zakresie kątowym 3° < 2θ < 60°. Pomiary dyfrakcyjne przeprowadzono metodą Bragga-

Brentano z krokiem 0,021° (2,5 s na krok). 

 



38 

 

3.2. Badania obliczeniowe 

Trójwymiarową strukturę cząsteczki ceftobiprolu uzyskano z bazy danych PubChem 

(Chemical ID 135413542 [47]). Wartości pKa grup funkcyjnych przewidywano przy użyciu 

różnych programów, w tym Chemicalize, opracowanego przez firmę ChemAxon [48], 

oraz Epik 7, będącego częścią pakietu Schrödinger 2023-2 [49]. Strukturę β-CD pobrano 

z Cambridge Crystallographic Data Centre (CCDC, numer depozytu 2236679 [11]). Struktury 

podstawionych CD (HP- i SBE-β-CD) stworzono ręcznie, w oparciu o strukturę 

krystalograficzną natywnej β-CD. W przypadku HP-β-CD przyłączono grupy HP do czterech 

wybranych pierwszorzędowych grup hydroksylowych (w pierwszej, trzeciej, piątej i siódmej 

jednostce glukozowej), natomiast w przypadku SBE-β-CD zastąpiono podstawnikiem SBE 

wszystkie pierwszorzędowe grupy hydroksylowe (tzn. we wszystkich siedmiu jednostkach 

glukozy). 

 

3.2.1. Technika dokowania (Publikacja 3) 

Badania dokowania prowadzono z użyciem programu AutoDock Vina 1.2.3 [50,51], 

wykorzystując pole siłowe AutoDock 4 i funkcję oceniającą AD4. W rezultacie 

oprogramowanie zaproponowało dziewięć struktur kompleksów charakteryzujących się 

najbardziej ujemnym (czyli najkorzystniejszym) powinowactwem. Do badań MD wybrano 

spośród nich dwie konformacje: jedną o najbardziej ujemnej wartości powinowactwa spośród 

wszystkich zaproponowanych struktur, oraz drugą, odpowiadającą termodynamicznie 

najbardziej preferowanej konformacji kompleksu z ceftobiprolem ustawionym w przeciwnym 

kierunku względem CD. 

 

3.2.2. Symulacje MD (Publikacja 3) 

Symulacje MD prowadzono przy pomocy programu GROMACS 2022.5 [52] 

z użyciem ogólnego pola siłowego AMBER (ang. general AMBER force field – GAFF). 

Symulacje prowadzono w sześciennych pudełkach symulacyjnych z periodycznymi 

warunkami brzegowymi, wypełnionych cząsteczkami wody opisanymi modelem TIP3P. 

W przypadku pierwszego testowanego układu z SBE-β-CD, która jest jednocześnie 

największą CD w prowadzonych obliczeniach, wymiary pudełka dobrano tak, aby odległość 

od brzegu kompleksu do każdej ścianki pudełka wynosiła co najmniej 1,2 nm, 
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co odpowiadało krawędzi pudełka równej 5,293 nm. W kolejnych badaniach z SBE-β-CD 

przyjęto początkową długość krawędzi pudełka wynoszącą również 5,293 nm, podczas gdy 

w przypadku kompleksów z mniejszymi CD (β-CD i HP-β-CD) rozmiary ustawiono 

na 5,270 nm. Dzięki temu liczba cząsteczek rozpuszczalnika była bardzo zbliżona (4701 – 

4723) dla wszystkich 18 symulowanych układów. Do rozpuszczalnika jako przeciwjony 

dodano odpowiednią liczbę kationów sodu lub anionów chlorkowych w celu zneutralizowania 

ładunku układu. 

Dla każdego z rozważanych układów prowadzono symulację trwającą 100 ns 

w temperaturze 298,15 K i pod ciśnieniem 1 bar. Szczegółowe omówienie zastosowanych 

w symulacji parametrów można odnaleźć w publikacji [53] oraz opisie oprogramowania 

GROMACS [54]. Równania ruchu rozwiązano za pomocą integratora typu leap-frog 

z krokiem czasowym 2 fs i z użyciem algorytmu więzów holonomicznych LINCS, który 

zastosowano do wiązań z atomami wodoru. Oddziaływania van der Waalsa obliczano 

bez stosowania poprawek aż do odległości 0,9 nm, podczas gdy w zakresie 0,9 – 1,1 nm 

wartości tych sił były w ciągły sposób zmniejszane do zera, a dla odległości powyżej 1,1 nm 

zostały całkowicie pominięte. Do obliczenia sił elektrostatycznych dalekiego zasięgu 

zastosowano metodę PME (ang. Particle Mesh Ewald). Informacje obejmujące dotyczące 

położeń wszystkich atomów w układzie (ang. snapshots) zapisywano na dysk w interwałach 

10 ps. 

Wartość ΔG tworzenia kompleksu oszacowano przy użyciu metody MM-GBSA 

z wykorzystaniem pakietu gmx_MMPBSA 1.6.1 [55], który jest oparty na MMPBSA.py 16.0 

firmy AMBER [56]. Obliczenia wykonano przy domyślnych parametrach gmx_MMPBSA 

1.6.1, z wyjątkiem stężenia jonów (saltcon i nmode_istrng), które ustawiono na 0,1 M 

dla układów, w których ceftobiprol był obdarzony ładunkiem. Użyto zmodyfikowanego 

modelu opracowanego przez Onufrieva i in. (igb = 5) z zestawem promieni mbondi2 

(PBRadii = 3) [57]. Wkład entropowy oszacowano za pomocą analizy drgań normalnych 

(ang. normal mode analysis). 
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4. Omówienie i dyskusja wyników 

Podstawę rozprawy doktorskiej stanowi cykl czterech spójnych tematycznie artykułów 

naukowych. Poniżej omówiono najistotniejsze osiągnięcia opisane w tych publikacjach. 

 

Publikacja 1 

Znaczna i stale powiększająca się liczba doniesień literaturowych dotyczących 

kompleksów leków z CD sprawia, że konieczne jest systematyczne porządkowanie tej 

wiedzy. Takie  zestawienia ułatwiają wyciąganie ogólnych wniosków, szybkie odnajdywanie 

istotnych informacji, porównywanie różnych strategii tworzenia kompleksów, a także 

wskazują potencjalne kierunki przyszłych badań. Co więcej, stanowią one cenne wsparcie 

przy projektowaniu nowych form leków oraz planowaniu badań przedklinicznych. 

Publikacja 1 to obszerna praca przeglądowa, podsumowująca ponad 200 doniesień 

(zarówno publikacji, jak i patentów), omawiająca istotne artykuły opublikowane do końca 

2021 r. Składa się ona z dziewięciu rozdziałów systematycznie przedstawiających kompleksy 

z lekami należącymi do strukturalnie różnych grup antybiotyków i chemioterapeutyków 

przeciwbakteryjnych: β-laktamów, tetracyklin, chinolonów, makrolidów, aminoglikozydów, 

glikopeptydów, polipeptydów, nitroimidazoli i oksazolidynonów. Przegląd koncentruje się 

na związanych z dostarczaniem leków zastosowaniach kompleksów z CD, takich jak: 

poprawa rozpuszczalności, modyfikacja profilu uwalniania leku, spowolnienie degradacji 

API, poprawa przenikalności przez błony biologiczne czy zwiększenie aktywności 

przeciwdrobnoustrojowej. W pracy uwzględniono również artykuły poświęcone wyłącznie 

analizie przestrzennych struktur kompleksów, ponieważ znajomość struktury może pomóc 

w zrozumieniu właściwości makroskopowych układów na poziomie molekularnym. Każdy 

z rozdziałów opatrzony jest tabelą, gdzie w poszczególnych kolumnach przedstawiono: skład 

opracowanego układu, metodę otrzymania kompleksu, techniki pomiarowe służące badaniu 

jego właściwości, stałą tworzenia kompleksu 𝐾 oraz współczynnik poprawy rozpuszczalności 

API (gdy te wartości były dostępne). 

Ze względu na dużą liczbę doniesień omawianych w Publikacji 1, na potrzeby 

niniejszego opisu zostaną przytoczone jedynie ogólne statystyki, uzyskane w oparciu 

o analizę dostępnych danych literaturowych. W przypadku antybiotyków β-laktamowych 

głównym celem otrzymywania kompleksów CD była chęć poprawy ich stabilności 
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chemicznej, ponieważ naprężony pierścień β-laktamowy jest podatny na reakcje degradacji, 

takie jak hydroliza wiązania amidowego. Problem niestabilności chemicznej dotyczy również 

grupy tetracyklin, gdzie trzeciorzędowa grupa aminowa oraz grupa metylowa są nietrwałymi 

fragmentami tych cząsteczek, a zastosowanie CD okazało się być obiecującym rozwiązaniem 

tego problemu. Z klinicznego punktu widzenia istotną zaletą otrzymywania kompleksów 

doksycykliny z CD jest zwiększona skuteczność tego antybiotyku w eliminacji biofilmów 

bakteryjnych. W przypadku chloramfenikolu istotnym celem otrzymywania kompleksów 

z CD była nie tylko poprawa jego niskiej rozpuszczalności w wodzie, ale również 

zmniejszenie jego toksyczności.  

Wśród leków o aktywności przeciwbakteryjnej największym zainteresowaniem 

pod względem otrzymywania kompleksów z CD cieszyły się chinolony, z łączną liczbą 74 

prac, skupiających się głównie na wieloskładnikowych systemach dostarczania leku. Jeśli 

chodzi o antybiotyki będące makrocząsteczkami (makrolidy, aminoglikozydy i glikopeptydy) 

– to biorąc pod uwagę ich rozmiar, wnikanie tych API do wnęki CD wydaje się być mniej 

prawdopodobne. W literaturze istnieją jednak rozbieżne doniesienia dotyczące tworzenia 

przez nie kompleksu inkluzyjnego z CD – niektórzy autorzy to potwierdzają, inni nie 

obserwują jego powstawania. W pracy wskazano również, że jedna trzecia z cytowanych 

artykułów opisywała badania wpływu kompleksowania z CD na aktywność przeciwbakte-

ryjną. Jednak jedynie dziesięć spośród cytowanych prac dotyczyło zwiększenia 

przenikalności przez błony biologiczne. 

Oprócz prostych połączeń API z CD, w Publikacji 1 omówiono również układy 

trójskładnikowe z dodatkowymi substancjami pomocniczymi, a także bardziej zaawansowane 

układy dostarczania leków, takie jak nanogąbki, nanowłókna, nanocząstki, mikrocząstki, 

liposomy, hydrożele i makrocząstki. Wskazano, że łączenie CD z antybiotykami 

lub chemioterapeutykami przeciwbakteryjnymi w zaawansowanych systemach dostarczania 

leku pozwala przede wszystkim na uzyskanie zarówno przyspieszonego, jak i przedłużonego 

profilu uwalniania, w zależności od pożądanych właściwości produktu leczniczego. 

Otrzymywanie form leku o przedłużonym uwalnianiu pozwala uzyskać kontrolowane 

i długotrwałe uwalnianie antybiotyku oraz wydłużyć jego krążenie ogólnoustrojowe, co ma 

istotne znaczenie w rozwoju kolejnej generacji spersonalizowanych terapii. 

Zainteresowanie CD stale rośnie i ten trend będzie się utrzymywał w nadchodzących 

latach ze względu na ich wszechstronność i fascynującą zdolność do poprawy właściwości 

fizykochemicznych API, co wspiera rozwój innowacyjnych terapii. Wykonany przegląd 
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literatury umożliwił wytypowanie modelowej substancji cechującej się słabą rozpuszczalno-

ścią w wodzie, dla której nie znaleziono w literaturze żadnej próby podjęcia badań w kierunku 

poprawy jej właściwości fizykochemicznych. Wybrano  na tej podstawie ceftobiprol, będący 

półsyntetycznym antybiotykiem należącym do grupy cefalosporyn najnowszej, piątej 

generacji, który jest bardzo istotny z klinicznego punktu widzenia. 

 

Publikacja 2 

Badania eksperymentalne rozpoczęto od opracowania selektywnej metody HPLC/UV, 

pozwalającej na wiarygodne ustalenie rozpuszczalności ceftobiprolu oraz weryfikację 

stabilności chemicznej dla opracowywanych systemów dostarczania. Metoda ta umożliwiła 

prowadzenie badań kinetyki degradacji ceftobiprolu, a dzięki sprzężeniu technik HPLC 

i MS/MS zaproponowano wzory strukturalne lub sumaryczne substancji pokrewnych 

ceftobiprolu, w tym produktów degradacji, które mogą powstawać w trakcie 

długoterminowego przechowywania leku. 

Przegląd literatury naukowej prowadzony w momencie rozpoczęcia badań wskazał, że 

brakuje metody analitycznej do oznaczania ceftobiprolu, charakteryzującej się udowodnioną 

selektywnością względem produktów degradacji i produktów ubocznych syntezy. Wcześniej-

sze badania obejmowały pomiary densytometryczne przy użyciu chromatografii 

cienkowarstwowej (ang. thin-layer chromatography – TLC) [58,59]. Stabilność ceftobiprolu 

badano wówczas w roztworach o różnym pH (1 – 13) w temperaturach 40 i 60 
o
C, wykazując, 

że szybkość degradacji wzrasta wraz ze wzrostem pH. Degradacja okazała się najwolniejsza 

w 0,1 M HCl (stała szybkości 𝑘 = 9,21∙10
−3

 h
−1

 w 40 °C) i najszybsza w 0,1 M NaOH (𝑘 = 

0,43 h
−1

 w tej samej temperaturze). Nie zostały jednak wówczas zaproponowane wzory 

strukturalne powstających produktów degradacji [58]. W innych pracach wykorzystano 

technikę HPLC z detekcją diodową [60] albo w połączeniu ze spektrometrem mas [61] 

do oznaczania ceftobiprolu w ludzkim osoczu w celu monitorowania stężenia leku 

i prowadzenia badań farmakokinetycznych. Jednakże selektywność tych metod nie została 

udowodniona w odniesieniu do produktów degradacji wygenerowanych w warunkach 

stresowych, nie zostały także przeprowadzone badania kinetyki degradacji, a struktury 

produktów rozkładu wciąż pozostawały nieznane. Stąd właśnie konieczność 

zoptymalizowania selektywnej metody analitycznej, która będzie stanowiła kluczowe 
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narzędzie do badania nowo uzyskanych form leku pod względem rozpuszczalności 

i stabilności chemicznej ceftobiprolu. 

Optymalizacja warunków chromatograficznych wiązała się z licznymi wyzwaniami. 

Po pierwsze, aby opóźnić elucję głównego piku i tym samym umożliwić rozdzielenie 

substancji pokrewnych bardziej polarnych od macierzystego ceftobiprolu, konieczne okazało 

się zastosowanie kolumny o złożu kompatybilnym ze 100%-wodnymi fazami ruchomymi. 

Kolejnym zadaniem stała się poprawa symetrii pików produktów degradacji zasadowej, 

których nie udało się całkowicie rozdzielić ze względu na rozmycie przedniej części piku 

(ang. fronting). Używając kolumn o wypełnieniu typu C18, nie osiągnięto poprawy symetrii 

przy żadnej z testowanych wartości pH fazy ruchomej, ani też poprzez zmianę programu 

przebiegu gradientu (zmniejszenie nachylenia lub zastąpienie go etapem izokratycznym), ani 

poprzez podwyższenie temperatury kolumny, ani też poprzez zastąpienie acetonitrylu (faza B) 

metanolem. Dopiero zastosowanie kolumny o wypełnieniu bifenylowym oraz temperatury 

kolumny 40 
o
C okazało się kluczowe dla uzyskania symetrycznych kształtów omawianych 

pików. 

Ceftobiprol jest cząsteczką obdarzoną grupami funkcyjnymi ulegającymi jonizacji, 

co oznacza, że może on występować w różnych stopniach sprotonowania w zależności 

od wartości pH. To samo dotyczy również jego produktów degradacji, ale z uwagi 

na nieznajomość ich struktur na tym etapie badań, trudno było teoretycznie przewidzieć 

optymalne pH fazy ruchomej. Z tego powodu dla badanego wypełnienia kolumny (C18 

oraz bifenylowego) przeprowadzano systematyczną serię pomiarów, testując fazy ruchome 

o pH w zakresie od 2,8 do 7,8 z przyrostami co jedną jednostkę. Konieczność wykorzystania 

opracowywanej metody do badań analizy strukturalnej z użyciem LC-MS wymusiła 

stosowanie lotnych buforów ze względu na ochronę źródła jonów aparatury MS 

przed zanieczyszczeniem. Mając na celu uzyskanie optymalnej selektywności metody 

służącej do weryfikacji stabilności chemicznej ceftobiprolu, wykorzystywano roztwory 

zawierające produkty degradacji, które mogą powstawać w trakcie deklarowanego okresu 

przechowywania tego leku. Przy każdym badanym pH fazy ruchomej rejestrowano 

chromatogramy roztworów ceftobiprolu i jego produktów degradacji, uzyskanych w wyniku 

hydrolizy, fotolizy, termolizy i utleniania, co pozwoliło znaleźć optymalne warunki 

chromatograficznego rozdzielenia, zestawione w Tabeli 1. 

Wyzwanie stanowiła również niska rozpuszczalność ceftobiprolu w wodzie. 

Bezpieczne stężenie, przy którym ceftobiprol nie będzie się wytrącał z wodnego roztworu, 
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wynosi ok. 0,05 mg/ml, ale w dalszym toku badań okazało się ono niewystarczające 

do uzyskania wysokiej jakości widm masowych i fragmentacyjnych. Aby zwiększyć 

rozpuszczalność ceftobiprolu na tym etapie badań, zasadne było użycie dodatkowego 

rozpuszczalnika. W wyniku prowadzonych eksperymentów stwierdzono, że ceftobiprol 

dobrze rozpuszcza się w dimetylosulfotlenku (DMSO), który jest bierny chemicznie, 

całkowicie miesza się z wodą, a zgodnie z doniesieniami literaturowymi jest odpowiednim 

rozpuszczalnikiem zarówno w warunkach kwasowych, jak i zasadowych [36]. Inny sposób 

polepszenia rozpuszczalności ceftobiprolu polega na rozpuszczeniu go w roztworze 

o kwasowym pH. W tym zakresie wzięto pod uwagę wyniki Binert-Kusztal i in. [58] 

wskazujące, że w niskim pH stabilność chemiczna ceftobiprolu jest większa niż w roztworach 

o odczynie obojętnym i zasadowym. Dlatego też w prowadzonych badaniach wykorzysty-

wano dwa różne rozpuszczalniki, tj. 10% roztwór DMSO w wodzie oraz 0,1 M wodny 

roztwór HCl, oba umożliwiające osiągnięcie stężenia ceftobiprolu na poziomie 1 mg/ml. 

Zweryfikowano przy tym stabilność ceftobiprolu w tych rozpuszczalnikach oraz ich wpływ 

na przebieg degradacji ceftobiprolu w różnych warunkach stresowych. 

Wykonane badania kinetyczne pozwoliły uszeregować zastosowane warunki stresowe 

zgodnie z rosnącą podatnością ceftobiprolu na degradację (w nawiasach podano wartość 

czasu 𝑡90, po którym 10% początkowej zawartości ceftobiprolu ulega degradacji): 0,1 M HCl 

(22 h), fotoliza w 10% DMSO przy 254 nm (7 h) i przy 366 nm (1 h), 3% wodny roztwór 

H2O2 (25 min), 0,01 M wodny roztwór NaOH (10 min). Degradacja ceftobiprolu w 0,1 M 

NaOH okazała się zbyt szybka, aby móc określić dokładną wartość stałej szybkości reakcji. 

Szczegółowe dane z eksperymentów kinetycznych prowadzonych w roztworach, obejmujące 

również oszacowanie ilości produktów degradacji tworzących się w różnych warunkach 

stresowych, zostały zebrane w Tabeli 3 w Publikacji 2. 

Prowadzenie degradacji w kilku różnych temperaturach umożliwia sporządzenie 

wykresu Arrheniusa, który następnie pozwala na oszacowanie szybkości termolizy w innej 

temperaturze niż te, w których wykonywano eksperymenty. Dla degradacji termolitycznych 

przeprowadzonych w 10% DMSO w temperaturach 50 
o
C, 60 

o
C i 70 

o
C obliczono energię 

aktywacji na podstawie współczynnika nachylenia dopasowanej prostej, co umożliwiło 

wyznaczenie stałej szybkości reakcji w temperaturze pokojowej poprzez ekstrapolację. Stała 

szybkości degradacji ceftobiprolu w 10% DMSO w temperaturze 25 
o
C została oszacowana 

na 9,74∙10
−8

 s
−1

, co oznacza, że 10% początkowej zawartości API ulegnie degradacji w ciągu 
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12,5 dnia. Wyznaczanie w bezpośredni sposób stałej szybkości dla tej stosunkowo powolnej 

reakcji degradacji byłoby z pewnością obarczone dużym błędem. 

Wykonane badania kinetyki wymuszonej degradacji w różnych warunkach stresowych 

umożliwiły także znalezienie odpowiednich warunków (rozpuszczalnik, temperatura, czas 

degradacji), przy których powstają największe ilości głównych produktów degradacji, co 

pozwala uzyskać możliwie dobrą jakość widm masowych w badaniach strukturalnych. Dzięki 

analizie MS/MS udało się zaproponować łącznie 13 nowych wzorów strukturalnych 

substancji pokrewnych ceftobiprolu (Rys. 4), a ich widma fragmentacyjne wraz 

z naszkicowanymi ścieżkami fragmentacji są dostępne w materiale uzupełniającym Publikacji 

2. Większość zaproponowanych ścieżek kończy się jonami fragmentacyjnymi zawierającymi 

układ dwóch pierścieni – 2-pirolidonu i pirolidyny (Rys. 3A), co oznacza, że przyłączenie 

protonu zachodzące podczas jonizacji analitów przez elektrorozpylanie zachodzi właśnie 

w tym obrębie badanych związków. Ponadto, określono wzory sumaryczne dla trzech innych 

związków otrzymanych podczas degradacji ceftobiprolu w roztworze, a także czterech 

produktów utleniania, charakterystycznych jedynie dla degradacji w stanie stałym. 
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Rysunek 4. Wzory strukturalne produktów degradacji i produktów ubocznych syntezy, 

zaproponowane na podstawie wyników LC-MS (na podstawie Schematu 1 w Publikacji 2). 
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Posiłkując się schematem syntezy ceftobiprolu [62], opatentowanym przez firmę 

Basilea Pharmacutica, zaproponowano cztery nowe wzory strukturalne dla produktów 

ubocznych syntezy (ang. synthesis by-products – SBPs). W odniesieniu do przedstawionej 

ścieżki syntezy, powstawanie wykrytych produktów ubocznych syntezy może być efektem 

reakcji ubocznych, zachodzących podczas zdejmowania grup ochronnych z grupy 

karboksylowej i oksymowej.  

Nazwy poszczególnych produktów degradacji (ang. degradation products – DPs) 

utworzono od rodzaju warunków stresowych, w których te produkty powstają w największym 

stężeniu. Stwierdzono zatem powstawanie produktów degradacji kwasowej (ang. acidic 

degradation product – ADP), zasadowej (ang. basic degradation product – BDP), utleniania 

(ang. oxidative degradation product – ODP) oraz fotolizy (ang. photolytic degradation 

product – PDP). Podczas hydrolizy zasadowej w największych ilościach powstawały dwa 

izomery ceftobiprolu z otwartym pierścieniem (BDP-1); stwierdzono również obecność 

zanieczyszczenia w postaci laktonu (BDP-2). W reakcji ceftobiprolu z 3% H2O2 dwa 

dominujące produkty degradacji to sulfotlenek ceftobiprolu (ODP-1) oraz pochodna 

z otwartym pierścieniem o nieco bardziej skomplikowanej strukturze (ODP-2). 

Promieniowanie UV spowodowało natomiast izomeryzację ceftobiprolu, ale z uwagi 

na ograniczenia techniki MS nie było możliwe określenie dokładnych struktur trzech 

powstałych izomerów PDP-1. 

Wiedza o procesach degradacji zachodzących w środowisku o odczynie kwasowym 

ma szczególne znaczenie z punktu widzenia ogólnego celu niniejszej rozprawy, ponieważ 

właśnie w tych warunkach prowadzona jest liofilizacja w celu otrzymania nowej formy leku 

o polepszonych właściwościach fizykochemicznych. W środowisku o odczynie kwasowym 

ceftobiprol jest względnie stabilny (w porównaniu z innymi warunkami stresowymi 

wykorzystanymi w badaniach kinetycznych), co wiąże się z powstawaniem małych ilości 

produktów degradacji, niewystarczających do uzyskania w badaniach MS/MS widm 

fragmentacyjnych o zadowalającej jakości. W 0,1 M HCl w temperaturze pokojowej 

wytworzył się głównie produkt degradacji ADP-0, dla którego zaproponowano strukturę diolu 

geminalnego. Aby analiza strukturalna innych powstających produktów degradacji kwasowej 

była możliwa z użyciem detektora MS/MS, wygenerowano znacznie większe ilości tych 

substancji z wykorzystaniem HCl o stężeniu 1 M oraz zastosowaniem wyższych temperatur. 

Dla niektórych powstających ADP (oznaczonych jako 3, 4, 5 i 6) możliwe stało się 

zaproponowanie wzorów strukturalnych, ale dla dwóch pozostałych ADP (oznakowanych 
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numerami 1 i 2) udało się zaproponować jedynie wzór sumaryczny, co było spowodowane 

między innymi niewielką liczbą wykrytych jonów fragmentacyjnych zawierających 

podstawnik w pozycji C7. Na podstawie zaproponowanych struktur cząsteczek ADP 

sformułowano ogólną hipotezę, że HCl atakuje głównie atomy siarki i azotu cząsteczki 

ceftobiprolu, skupiając się przede wszystkim na pierścieniu aminotiadiazolowym i grupie 

cefemu. Na podstawie zaproponowanych wzorów strukturalnych zidentyfikowanych ADP 

naszkicowano ścieżkę degradacji ceftobiprolu w środowisku o odczynie kwasowym (Rys. 5). 
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Rysunek 5. Zaproponowana ścieżka fragmentacji ceftobiprolu w środowisku kwasowym 

(na podstawie Schematu 2 w Publikacji 2). 
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Publikacja 3 

W kolejnym etapie badań skorzystano z metod obliczeniowych w celu znalezienia 

optymalnych warunków tworzenia kompleksu ceftobiprolu z CD, wizualizacji 

prawdopodobnej struktury powstającego kompleksu oraz oszacowania entalpii swobodnej 

Gibbsa (ΔG) jego tworzenia. 

W zależności od drogi podania leku (doustne, pozajelitowe, miejscowe) EMA 

rekomenduje użycie jedynie niektórych CD, biorąc pod uwagę ich profil bezpieczeństwa [13]. 

W przypadku leków podawanych pozajelitowo (tak jak produkt leczniczy Zevtera zawierający 

ceftobiprol w postaci proleku [29]) zalecane jest użycie α-CD, HP-β-CD i SBE-β-CD. 

Dla większości cząsteczek leków, zwłaszcza antybiotyków, szerokość obręczy β-CD jest 

odpowiednia, by cząsteczka API mogła wniknąć do jej wnętrza [37]. Można więc ograniczyć 

uwagę do dwóch pochodnych β-CD dozwolonych przez EMA w tym przypadku – HP-β-CD 

oraz SBE-β-CD. Na podstawie dokonanego przeglądu literatury ustalono, że w okresie 

do końca 2021 r. pojawiły się 34 doniesienia dotyczące otrzymywania kompleksów 

antybiotyków cefalosporynowych z różnymi CD, w tym β-CD, HP-β-CD i SBE-β-CD. 

Znaczący wzrost rozpuszczalności stwierdzono w przypadku czterech cefalosporyn: 

cefuroksymu aksetylu, cefiksymu, cefpodoksymu proksetylu oraz cefdiniru. 

Pierwszą część badań teoretycznych stanowiły przewidywania, które grupy funkcyjne 

cząsteczki ceftobiprolu ulegają jonizacji (protonowanie, dysocjacja). Za pomocą 

specjalistycznego oprogramowania ustalono, że drugorzędowa grupa aminowa w pierścieniu 

pirolidynowym (graficznie wyróżniona na Rys. 3A w niniejszym opisie)  jest sprotonowana 

w szerokim zakresie wartości pH, obejmującym odczyn kwasowy i obojętny, natomiast pKa 

grupy karboksylowej wynosi około 3 (3,00 według Chemicalize [48] lub 3,24 zgodnie 

z przewidywaniami Epik 7 [49]). Na tej podstawie wyciągnięto wniosek, że ceftobiprol 

powinien występować głównie jako jon obojnaczy przy pH > 3, ze zdysocjowaną grupą 

karboksylową i sprotonowaną drugorzędową grupą aminową, lub ewentualnie jako 

niezjonizowana neutralna cząsteczka. Natomiast przy pH poniżej wartości pKa grupy 

karboksylowej ceftobiprolu dysocjacja tej grupy nie powinna zachodzić w znaczącym 

stopniu, a zatem ceftobiprol powinien występować w postaci sprotonowanej jako kation. 

Innym ważnym wnioskiem z obliczeń pKa jest obserwacja, że pierwszorzędowa grupa 

aminowa przyłączona do pierścienia tiadiazolowego wbrew oczekiwaniom nie jest sprotono-

wana nawet w niskim pH. To zachowanie podstawnika –NH2, które na pierwszy rzut oka 
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wydaje się zaskakujące, można wyjaśnić odciąganiem elektronów przez aromatyczny 

pierścienia tiadiazolu, które destabilizuje sprotonowaną formę aminy i w konsekwencji 

zmniejsza zasadowość grupy –NH2. Uzyskane wyniki są spójne z obserwacjami dotyczącymi 

jonizacji i fragmentacji ceftobiprolu oraz jego substancji pokrewnych w badaniach LC-

MS/MS (Publikacja 2). Stwierdzono wówczas, że jeden z najmniejszych rejestrowanych 

jonów, kończący większość ścieżek fragmentacyjnych, zawiera pierścień pirolidyny. W skład 

tego pierścienia wchodzi omawiana wyżej drugorzędowa grupa aminowa, charakteryzująca 

się wysoką skłonnością do przyłączenia protonu, dlatego właśnie tam mogła preferencyjnie 

zachodzić jonizacja związków w trybie jonów dodatnich. Postawiono także hipotezę, że 

niskie powinowactwo jonów H
+
 do grupy −NH2 sąsiadującej z pierścieniem tiadiazolowym 

stanowi przyczynę małej liczby powstających jonów fragmentacyjnych zawierających grupę 

oksyiminotiadiazolową (podstawnik w pozycji C7), co stanowi źródło trudności w ustalaniu 

struktur cząsteczek produktów degradacji kwasowej, zwłaszcza ADP-1 i ADP-2. 

Następną kwestią do rozwiązania było stworzenie reprezentatywnych modeli struktur 

losowo podstawionych CD, będących w rzeczywistości mieszaninami frakcji różniących się 

liczbą wprowadzonych podstawników oraz miejscem, w których zostały one przyłączone 

(grupy OH przy atomach C2, C3 lub C6 – Rys. 2). W literaturze naukowej najczęściej 

spotykane jest podejście, w którym budowany jest jeden, reprezentacyjny model podstawionej 

CD, oraz zakłada się, że substytucji uległy jedynie pierwszorzędowe (najbardziej reaktywne) 

grupy OH. W omawianej pracy zbudowano dla SBE-β-CD o DS = 6,5 jeden izomer, 

w którym wszystkie siedem pierwszorzędowych grup OH w pozycji C6 uległo podstawieniu 

grupą SBE. W przypadku HP-β-CD, opisanej przez DS = 4,2, stworzono model struktury 

z czterema podstawnikami HP przyłączonymi do co drugiej jednostki glukozowej, chcąc 

w ten sposób zminimalizować ewentualną zawadę steryczną dla cząsteczki gościa wnikającej 

do wnętrza HP-β-CD. 

Kolejny etap badań, mający na celu znalezienie najbardziej odpowiednich warunków 

tworzenia kompleksu ceftobiprolu z CD, obejmował obliczenia techniką dokowania. Jako 

receptor wybierano każdą z następujących trzech CD: β-CD, HP-β-CD, SBE-β-CD, a ligand 

stanowił ceftobiprol w trzech zidentyfikowanych wcześniej możliwych stanach 

sprotonowania (niezjonizowany, sprotonowany, jon obojnaczy). Obliczenia wykonano 

dla wszystkich dziewięciu możliwych kombinacji rodzaju CD i stanu sprotonowania 

ceftobiprolu. Za każdym razem otrzymywano ranking najbardziej korzystnych 

z termodynamicznego punktu widzenia konformacji liganda względem receptora. 
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Spośród nich wybierano wówczas dwie, różniące się przeciwstawną orientacją ceftobiprolu 

względem CD. Orientacja, w której grupa aminotiadiazolowa ceftobiprolu jest po tej samej 

stronie co szeroka obręcz CD, została oznaczona jako „1”, natomiast orientacja przeciwna, 

gdzie szeroka obręcz CD jest skierowana ku pierścieniowi pirolidynowemu ceftobiprolu, 

została przedstawiona jako „2”. Następnie, symulacje MD zostały przeprowadzone 

dla wszystkich 18 uzyskanych w ten sposób kombinacji rodzaju CD, stanu sprotonowania 

ceftobiprolu oraz ich wzajemnego ułożenia. 

Korzystając z uzyskanych trajektorii MD, zastosowanie polecenia gmx cluster 

oprogramowania GROMACS umożliwiło zaproponowanie jednej, najbardziej reprezentatyw-

nej struktury dla każdego badanego układu. Uzyskane w ten sposób geometrie zostały 

zwizualizowane w Publikacji 3 na Rysunkach 1 (dla kompleksów z β-CD), 2 (dla HP-β-CD) 

oraz 3 (dla SBE-β-CD). Natomiast przeprowadzona analiza wiązań wodorowych między 

ceftobiprolem a CD wykazała, że tworzą się one i dynamicznie zrywają w trakcie 100 ns 

symulacji, a średnia ich liczba mieści się w zakresie od 0,9 do 2,5 w zależności od badanego 

układu (szczegółowe dane zostały zawarte w Tabeli 2 w Publikacji 3). 

Dla każdego z 18 symulowanych układów obliczono ΔG tworzenia kompleksu 

przy użyciu metody MM-GBSA. Wykazano, że tworzenie kompleksu inkluzyjnego 

ceftobiprolu ze wszystkimi testowanymi CD jest procesem spontanicznym (ΔG < 0). 

Zarówno wkłady pochodzące od sił van der Waalsa, jak i oddziaływań elektrostatycznych, 

były w obliczeniach MM-GBSA ujemne, co oznacza, że te oddziaływania miały korzystny 

wpływ na tworzenie się kompleksu. Różnice dotyczące zmiany entropii wynikały natomiast 

z różnej wartości wkładu oscylacyjnego, który okazywał się być dodatni lub ujemny 

w zależności od ładunków i orientacji ceftobiprolu. Ze względu na wysoką elastyczność 

łańcuchów bocznych HP i SBE w podstawionych CD, wartość ΔG obliczona na podstawie 

symulacji MD obejmującej wiele konformerów jest znacznie lepszą miarą interakcji między 

ceftobiprolem i CD w roztworze wodnym niż wartość powinowactwa uzyskana w wyniku 

dokowania do sztywnej struktury pojedynczego konformera CD. We wszystkich 18 

wykonanych symulacjach orientacja „1” miała bardziej ujemną ΔG niż orientacja „2”, co 

oznacza, że prawdopodobieństwo znalezienia kompleksu w orientacji „1” było znacznie 

wyższe niż w orientacji „2”. Znaczenie poszczególnych elementów składowych („MM”, 

„GB” oraz „SA”, omawianych we wprowadzeniu) w odniesieniu do całkowitej wartości ΔG 

zostało zilustrowane tabelarycznie dla każdego z badanych układów (Tabele 3–5 w Publikacji 

3). 
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Na podstawie obliczonych wartości ΔG (podsumowanych w Tabeli 1 w Publikacji 3) 

stwierdzono, że najstabilniejszy termodynamicznie jest kompleks tworzony przez sprotono-

wany ceftobiprol i SBE-β-CD, co wytłumaczono korzystnymi oddziaływaniami 

elektrostatycznymi pomiędzy anionowym gospodarzem i kationowym gościem. Rys. 6 

przedstawia wizualizację modelu najbardziej prawdopodobnej struktury tego kompleksu, 

uzyskaną w wyniku analizy klasterów w oprogramowaniu GROMACS. Jest to bardzo istotny 

rezultat, ponieważ w przypadku badanego kompleksu techniki obliczeniowe stanowią jedyne 

dostępne narzędzie do ustalenia jego prawdopodobnego kształtu. Ze względu na losowe 

podstawienie grup hydroksylowych, skutkujące amorficznością SBE-β-CD, nie jest możliwe 

otrzymanie monokryształów kompleksów inkluzyjnych tworzonych przez tę CD, a co za tym 

idzie – określenie struktury układu za pomocą technik dyfrakcyjnych. 

 

Rysunek 6. Wizualizacja najbardziej prawdopodobnej struktury kompleksu tworzonego 

między sprotonowanym ceftobiprolem a SBE-β-CD (na podstawie Rysunku 3 w Publikacji 3). 

Otrzymane wyniki teoretyczne zostały wstępnie zweryfikowane eksperymentalnie 

przy użyciu opracowanej metody HPLC, opisanej w Publikacji 2. Prowadzono badania 

kinetyczne, polegające na mieszaniu przesyconej zawiesiny ceftobiprolu w obecności 

około 100-krotnego molowego nadmiaru HP-β-CD lub SBE-β-CD (o stężeniu 10 mM) 

oraz bez dodatku CD, a dla każdej z tych zawiesin ustalano uzyskaną w tych warunkach 

rozpuszczalność ceftobiprolu (Tabela 6 w Publikacji 3). W badaniu porównano wpływ trzech 

rozpuszczalników: wody, roztworu słabego kwasu (0,1 M HCOOH, pH ≈ 2,3) oraz roztworu 
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kwasu mocnego (0,1 M HCl, pH ≈ 1,0). Ponieważ pH wymienionych roztworów kwasów jest 

znacznie niższe niż obliczona wartość pKa grupy karboksylowej ceftobiprolu (ok. 3,0), to 

w tych roztworach ceftobiprol powinien występować głównie w formie sprotonowanej. 

Zgodnie z oczekiwaniami, najwyższy (1,5 krotny) wzrost rozpuszczalności 

ceftobiprolu zaobserwowano w środowisku kwasowym w obecności SBE-β-CD. Obserwację 

tę można wyjaśnić, odnosząc się do przedstawionej na Rys. 6 najbardziej reprezentatywnej 

struktury kompleksu inkluzyjnego tworzonego przez sprotonowany ceftobiprol i SBE-β-CD. 

Na zaprezentowanym modelu widać, że rdzeń CD otacza ceftobiprol w rejonie podstawnika 

w pozycji C7, natomiast część łańcuchów SBE układa się równolegle do osi ceftobiprolu. 

Takie ułożenie jest korzystne z termodynamicznego punktu widzenia, ponieważ sprzyja 

elektrostatycznym oddziaływaniom przyciągającym między ładunkiem dodatnim, 

zlokalizowanym na sprotonowanej drugorzędowej grupie aminowej, a ładunkami ujemnymi 

grup −SO3
−
 zlokalizowanych na końcach łańcuchów SBE. Te łańcuchy, które są ułożone 

równolegle do osi kationu ceftobiprolu, zaczynając się w okolicach grupy cefemu, a kończąc 

przy ostatnim jego pierścieniu, tj. sprotonowanej grupie pirolidynowej ceftobiprolu, mogą 

dzięki swojemu ustawieniu skutecznie osłaniać cząsteczkę ceftobiprolu od niepożądanego 

kontaktu z otoczeniem, a co za tym idzie – poprawiać jego rozpuszczalność. 

Wstępne badania kinetyczne prowadzone w 0,1 M HCl wskazały, że obecność 10 mM 

SBE-β-CD zmniejszyła stałą szybkości degradacji kwasowej ceftobiprolu 2,5-krotnie (Tabela 

7 w Publikacji 3). W celu wyjaśnienia tej obserwacji powiązano ze sobą model powstającego 

kompleksu sprotonowanego ceftobiprolu z SBE-β-CD (Rys. 6) i zaproponowaną wcześniej 

ścieżkę degradacji ceftobiprolu w środowisku kwasowym (Rys. 5). Stwierdzono, że pierwszy 

etap degradacji ma miejsce w obrębie podstawnika w pozycji C7 (hydroliza grupy oksymowej 

lub rozpad pierścienia tiadiazolowego), ale równocześnie dostęp do tej części cząsteczki może 

być utrudniony z uwagi na obecność rdzenia CD. Mniejsze prawdopodobieństwo dotarcia 

jonów H
+
 do newralgicznego rejonu cząsteczki i zainicjowania tam reakcji degradacji 

przekłada się zatem na spowolnienie tego niekorzystnego procesu. 

W Publikacji 3 udało się zatem wykazać zarówno na drodze teoretycznej, 

jak i eksperymentalnej, że zapewnienie odpowiednio niskiego pH oraz obecność SBE-β-CD 

stanowią najbardziej obiecujące warunki do uzyskania nowego systemu dostarczania 

dla ceftobiprolu. Ten rezultat stał się podstawą do planowania dalszych badań 

eksperymentalnych.  
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Publikacja 4 

Choć ceftobiprol w swojej natywnej formie cechuje się rozpuszczalnością 

niewystarczającą do bezpośredniego zastosowania go w preparatach podawanych 

pozajelitowo, to jednak w literaturze naukowej brak jest doniesień dotyczących poprawy 

niekorzystnych właściwości fizykochemicznych tej API w jej niezmodyfikowanej formie. 

Dlatego też za cel Publikacji 4 postawiono wykorzystanie techniki liofilizacji 

do otrzymywania nowych systemów dostarczania dla aktywnej formy ceftobiprolu w postaci 

stałej. Skupiono się na otrzymywaniu kompleksów ceftobiprolu jedynie z SBE-β-CD i tylko 

w środowisku o kwasowym odczynie z następujących powodów: (1) obliczenia teoretyczne 

wskazały, że z termodynamicznego punktu widzenia są to warunki najkorzystniejsze 

do stworzenia kompleksu inkluzyjnego; (2) w środowisku kwasowym ceftobiprol cechuje się 

lepszą rozpuszczalnością niż w środowisku obojętnym; (3) w tych warunkach ceftobiprol 

ulega względnie nieznacznej degradacji chemicznej; (4) w środowisku kwasowym obecność 

SBE-β-CD dodatkowo poprawia rozpuszczalność ceftobiprolu, jednocześnie zmniejszając 

szybkość jego degradacji. Postawiony cel badań można jednak potraktować w ogólniejszy 

sposób – niniejsza rozprawa prezentuje mianowicie metodologię pozwalającą na otrzymywa-

nie systemu dostarczania o poprawionej rozpuszczalności dla dowolnego leku, który jest 

amfoteryczny lub zasadowy, a jednocześnie stabilny chemicznie w środowisku kwasowym. 

Zoptymalizowana, selektywna metoda HPLC, opisana w Publikacji 2, pozwoliła 

na określenie rozpuszczalności ceftobiprolu we wszystkich przygotowanych układach, 

oszacowanie zawartości powstałych produktów degradacji oraz weryfikację stabilności 

chemicznej podczas kilkumiesięcznego przechowywania próbek badanych. Tożsamość 

poszczególnych produktów degradacji potwierdzono poprzez porównanie czasów retencji 

z chromatogramami próbek poddanych degradacji w warunkach stresowych (Publikacja 2), 

a także poprzez wykonanie analizy LC-MS/MS. Wykonane z użyciem HPLC badania 

stabilności chemicznej umożliwiły wyselekcjonowanie najbardziej obiecującego układu. 

Następnie, przy użyciu technik NMR oraz ATR-FTIR potwierdzono dla wybranych układów 

utworzenie kompleksu między ceftobiprolem a SBE-β-CD. Wykonano również pomiary 

z wykorzystaniem XRPD mające na celu określenie fizycznego stanu powstałych układów 

(krystaliczny, amorficzny) w trakcie ich wielomiesięcznego przechowywania. Ostatni etap 

badań stanowiło dostosowanie najbardziej obiecującego układu do wymagań stawianym 

preparatom do podawania pozajelitowego. 
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Aby zapewnić występowanie znacznej części cząsteczek ceftobiprolu w swojej 

sprotonowanej, kationowej postaci, wartość pH roztworu powinna być znacznie niższa 

od wartości pKa grupy karboksylowej ceftobiprolu, wnoszącej około 3,0. Pożądany odczyn 

był osiągany z wykorzystaniem kilku modelowych kwasów, różniących się lotnością (ciekłe 

lub stałe w temperaturze pokojowej) oraz mocą. W Tabeli 2 przedstawiono wzory strukturalne 

użytych kwasów wraz z ich kluczowymi właściwościami fizykochemicznymi. Pierwszym 

rozpuszczalnikiem użytym do liofilizacji, zawierającym lotny kwas, był 0,1 M wodny roztwór 

kwasu mrówkowego (pH ≈ 2,3), czyli najprostszego ciekłego kwasu organicznego, 

rozpoczynającego szereg homologiczny kwasów monokarboksylowych. Ceftobiprol i SBE-β-

CD odważono w stosunku molowym równym 1:2, czyli zastosowano molowy nadmiar SBE-

β-CD, aby przesunąć równowagę dynamiczną w stronę tworzenia kompleksu. Kolejnym 

lotnym kwasem użytym w tych badaniach był HCl (dysocjujący w 100%), będący małą 

cząsteczką, nie konkurującą z ceftobiprolem o wniknięcie do wnęki CD. Mieszaninę 

ceftobiprolu i SBE-β-CD w stosunku molowym 1:2 liofilizowano w 0,01 M HCl, którego pH 

wynosiło około 2,0. 

Tabela 2. Kwasy użyte do osiągnięcia odpowiedniego pH podczas opracowywania nowej 

formy leku dla ceftobiprolu. 
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ClH  

kwas mrówkowy 

pKa 3,7 

46,0 g/mol 

kwas chlorowodorowy 

mocny kwas 

36,5 g/mol 
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OHOH
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OH
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OH OH

O

 

 

S

O

O

OHCH3

 

kwas cytrynowy 

pKa: 3,1, 4,8, 6,4 

210,1 g/mol (monohydrat) 

kwas maleinowy 

pKa: 1,9, 6,1 

116,1 g/mol 

kwas tosylowy 

mocny kwas 

190,2 g/mol (monohydrat) 

 

W toku badań HPLC opisanych w Publikacji 3 stwierdzono, że rozpuszczalność 

ceftobiprolu w 0,1 M HCOOH wynosiła około 0,14 mg/ml. Natomiast poddanie ceftobiprolu 

liofilizacji w tym samym rozpuszczalniku (Publikacja 4) pozwoliło osiągnąć rozpuszczalność 

15-krotnie wyższą, równą 2,1 mg/ml. Można zatem stwierdzić, że prowadzenie liofilizacji 

w środowisku o pH < 3 umożliwiło pokonanie przyciągających oddziaływań między 
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cząsteczkami ceftobiprolu, hamując w ten sposób ich agregację i poprawiając 

rozpuszczalność tego związku. Liofilizacja ceftobiprolu prowadzona w obecności SBE-β-CD 

(w stosunku molowym 1:2) pozwoliła na uzyskanie produktu o jeszcze wyższej 

rozpuszczalności ceftobiprolu, wynoszącej 3,4 mg/ml, co można wytłumaczyć w oparciu 

o zaproponowany model cząsteczkowy powstającego kompleksu (Rys. 6). Mianowicie, część 

łańcuchów eteru sulfobutylowego układa się równolegle do cząsteczki ceftobiprolu, chroniąc 

go w ten sposób przed niepożądanym kontaktem z otoczeniem, polepszając w ten sposób jego 

rozpuszczalność. 

W przypadku proszku otrzymanego po liofilizacji w 0,01 M HCl okazało się jednak, 

że cechowało go intensywnie żółte zabarwienie, istotnie odmienne od lekko żółtego koloru 

proszku po liofilizacji w 0,1 M HCOOH. Sugeruje to, że znacząca degradacja chemiczna 

ceftobiprolu mogła mieć miejsce w trakcie lub po zakończeniu około 40-godzinnego procesu 

liofilizacji. Chociaż stężenie ceftobiprolu oznaczone na podstawie badania HPLC wynosiło 

1 mg/ml, oszacowanie grawimetryczne wskazywało wynik na poziomie 10 mg/ml. 

Ta rozbieżność, a także obecność licznych pików produktów degradacji na chromatogramie 

tej próbki badanej (Rys. 7-g), potwierdza hipotezę o znacznej degradacji chemicznej 

ceftobiprolu. Po rozpuszczeniu proszku roztwór cechował się wartością pH około 1,0, 

znacznie niższą niż pH przed rozpoczęciem liofilizacji (ok. 2,0), co oznacza, że w próbce 

stałej pozostała pewna ilość HCl. Ponadto, po kilku miesiącach przechowywania 

w zamrażarce próbka liofilizowana w 0,01 M HCl stała się brązowa i bardzo lepka. Wyniki te 

wskazują na niepełne pozbycie się HCl z układu i postępującą degradację w stanie stałym. 

W związku z tym wykluczono HCl jako rozpuszczalnik z dalszych badań. 
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Rysunek 7. Chromatogramy zarejestrowane przy λ = 320 nm dla wodnych roztworów: (a) 

roztwór wzorcowy ceftobiprolu; oraz układy dostarczania ceftobiprolu otrzymane w procesie 

liofilizacji, uporządkowane wraz z rosnącą zawartością produktów degradacji: (b) ceftobiprol 

w 0,1 M HCOOH; (c) ceftobiprol/SBE-β-CD 1:2 w 0,1 M HCOOH; (d) ceftobiprol/kwas 

maleinowy/SBE-β-CD 1:25:4 w H2O; (e) ceftobiprol/kwas cytrynowy/SBE-β-CD 1:100:1 

w H2O; (f) ceftobiprol/kwas tosylowy/SBE-β-CD 1:25:2 w H2O; (g) ceftobiprol/SBE-β-CD 

1:2 w 0,01 M HCl. Zaproponowane wzory strukturalne większości powstających produktów 

degradcji zostały przedstawione na Rys. 4. 

W badaniach wykorzystywano również nielotne kwasy, będące ciałami stałymi 

w temperaturze pokojowej. Ponieważ nie sublimują w trakcie liofilizacji, pozostają 

w układzie sprawiając, że API występuje wówczas w postaci soli. Spośród anionów 

występujących w zatwierdzonych przez FDA produktach leczniczych [63,64], do badań 

wybrano cytrynian, maleinian i tosylan. Kwas cytrynowy (trzyprotonowy o najniższym pKa 

wynoszącym 3,1, będący przedstawicielem kwasów słabych) jest szeroko stosowany jako 

regulator kwasowości i stanowi substancję pomocniczą w produkcie leczniczym Zevtera [29]. 

W celu osiągnięcia wartości pH roztworu około 2,5 należało wykorzystać 100-krotny molowy 

nadmiar tego kwasu względem ceftobiprolu, a zatem przygotowano układ w stosunku 

molowym 1:100:1 (ceftobiprol:kwas cytrynowy:SBE-β-CD). Kwas maleinowy jest natomiast 

dwuprotonowym kwasem o wartościach pKa wynoszących odpowiednio 1,9 i 6,1. 
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Stosunkowo niska wartość pierwszego pKa (1,9) wskazuje, że jest to kwas średniej mocy, 

ulegający dysocjacji w znacznym stopniu. Przeprowadzono serię eksperymentów ze zmien-

nym stosunkiem molowym ceftobiprolu do kwasu maleinowego, aby określić jego wpływ 

na rozpuszczalność ceftobiprolu: 1:5, 1:15, 1:20 i 1:25. Innym stałym kwasem użytym w tym 

badaniu był kwas p-toluenosulfonowy, zwany dalej kwasem tosylowym, który jest mocny 

i jednoprotonowy. Początkowy roztwór zawierający ceftobiprol, kwas tosylowy i SBE-β-CD 

w proporcjach 1:25:2 charakteryzował się wartością pH około 2,4, wystarczającą 

do uzyskania pożądanego stopnia sprotonowania ceftobiprolu. 

Wstępne badanie układu ceftobiprol/kwas cytrynowy/SBE-β-CD (1:100:1) wskazało 

rozpuszczalność ceftobiprolu na poziomie 8,6 mg/ml. W porównaniu z gruboziarnistą próbką 

liofilizowaną w 0,1 M HCOOH, układ z kwasem cytrynowym okazał się być bardzo 

plastycznym ciałem stałym, co wynika prawdopodobnie z jego silnej higroskopijności. 

W badaniach długoterminowej stabilności chemicznej oznaczone stężenie ceftobiprolu spadło 

do 7,3 mg/ml po 6 miesiącach i 5,1 mg/ml po 9 miesiącach przechowywania. Obserwowany 

spadek stężenia ceftobiprolu w badanym roztworze wynika z najprawdopodobniej z powodu 

intensywnej absorpcji wilgoci z powietrza przez układ, w związku z czym uznano kwas 

cytrynowy za nieodpowiedni składnik do uzyskania formulacji dla natywnego ceftobiprolu. 

Z kolei, w przypadku układu ceftobiprol/kwas tosylowy/SBE-β-CD 1:25:2, jego 

dojmującą wadą jest zbyt szybka degradacja chemiczna ceftobiprolu w stanie stałym. Chociaż 

konsystencja proszku pozostała gruboziarnista, to jednak stawał się on z czasem coraz 

bardziej żółty, a nawet pomarańczowy. W przeprowadzonych testach długoterminowej 

stabilności chemicznej stężenie określone metodą HPLC szybko malało z czasem – spadło 

z początkowego 21,3 mg/ml do 4,5 mg/ml po 9 miesiącach. Profil zanieczyszczeń ujawnił 

obecność produktów degradacji zarówno znanych, jak i nieznanych, charakterystycznych 

dla tego układu (Rys. 7-f). Wykryto znaczne ilości zanieczyszczeń ADP-5 i ADP-6, co 

wskazuje na zaawansowany postęp degradacji kwasowej. Ze względu na brak długotermino-

wej stabilności układu z kwasem tosylowym nie kontynuowano dalszych badań z jego 

użyciem. 

Najbardziej obiecujące wyniki uzyskano z kwasem maleinowym. Aby ocenić jego 

wpływ na rozpuszczalność ceftobiprolu, przeprowadzono eksperymenty przy stałym stosunku 

molowym ceftobiprolu do SBE-β-CD wynoszącym 1:4, z różnym nadmiarem kwasu 

maleinowego (1:5, 1:15, 1:20, 1:25). Jako odniesienie przygotowano analogi tych układów 

bez SBE-β-CD. Wyższa zawartość kwasu maleinowego powodowała niższe pH roztworu 
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przed liofilizacją, co przełożyło się na zwiększoną rozpuszczalność ceftobiprolu 

po rekonstytucji. Duży wpływ na poprawę rozpuszczalności ceftobiprolu przypisano również 

wartości pH roztworów próbek badanych po rozpuszczeniu, które okazało się być niższe 

(pH ≈ 1,5) od pH wyjściowych roztworów w przed liofilizacją (pH ≈ 2,5) ze względu 

na zatężanie się stałego kwasu. Pozwoliło to na osiągnięcie stężeń ceftobiprolu 

przekraczających 10 mg/ml. Spośród przeprowadzonych eksperymentów, najwyższą 

rozpuszczalność ceftobiprolu uzyskano dla stosunku molowego ceftobiprol:kwas malei-

nowy:SBE-β-CD równego 1:25:4 – wynosiła ona 14 mg/ml w początkowym badaniu. Nie 

podjęto się dalszego zwiększania zawartości kwasu maleinowego, aby uniknąć  nadmiernego 

zakwaszenia próbki. 

Wykazano, że osiągnięcie tak wysokiej poprawy rozpuszczalności ceftobiprolu było 

możliwe dzięki jednoczesnemu: (1) zastosowaniu techniki liofilizacji, (2) obniżeniu pH 

znacznie poniżej 3, oraz (3) obecności SBE-β-CD. Wpływ liofilizacji zweryfikowano, badając 

rozpuszczalność mieszaniny fizycznej tych samych składników – ceftobiprolu, kwasu 

maleinowego i SBE-β-CD – w tym samym stosunku molowym 1:25:4. Uzyskane w ten 

sposób stężenie ceftobiprolu 1,3 mg/ml oznacza, że zastosowanie techniki liofilizacji 

pozwoliło na osiągnięcie 10-krotnie lepszej rozpuszczalności ceftobiprolu w porównaniu 

z prostym zmieszaniem składników. Rola kwasowego odczynu okazała się być jeszcze 

istotniejsza. Liofilizacja wodnego roztworu ceftobiprolu i SBE-β-CD w stosunku molowym 

1:4 pozwoliła uzyskać rozpuszczalność ceftobiprolu na poziomie jedynie 0,15 mg/ml. Można 

zatem stwierdzić, że podobnie jak w przypadku HCOOH, działanie kwasu maleinowego 

przejawia się poprzez zmniejszenie stopnia aglomeracji cząsteczek ceftobiprolu. Z drugiej 

strony, użycie czystej wody jako rozpuszczalnika w procesie liofilizacji nie zapobiega 

tworzeniu agregatów ceftobiprolu, niwelując tym samym korzyści płynące z wykorzystania 

tego procesu. Trzecią istotną składową jest obecność SBE-β-CD, która umożliwia kilkukrotny 

wzrost rozpuszczalności w porównaniu z analogicznym układem bez CD (na przykład, 

liofilizowany układ ceftobiprolu i kwasu maleinowego w stosunku molowym 1:25 bez SBE-

β-CD cechuje się rozpuszczalnością ceftobiprolu wynoszącą 3,7 mg/ml). 

Przez okres ośmiomiesięcznego badania stabilności w stanie stałym suma zawartości 

wykrytych produktów degradacji w omawianym układzie z kwasem maleinowym (1:25:4) 

wzrosła tylko o 0,5%, ale jednocześnie zaobserwowano spadek stężenia ceftobiprolu z 14,0 

do 11,3 mg/ml. Tę obserwację można wytłumaczyć niedoszacowaniem zawartości produktów 

degradacji, wynikającą z nieznajomości rzeczywistych współczynników RRF, 
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lub higroskopijnością badanej próbki, która objawia się absorpcją wody z powietrza w celu 

powrotu próbki do jej pierwotnego stanu uwodnienia. Proces liofilizacji jest nazywany 

w literaturze naukowej również suszeniem sublimacyjnym (ang. freeze drying) z tego 

powodu, że powinien prowadzić do usunięcia wody z próbki. Gdy natomiast wysuszony 

produkt chłonie wilgoć, to w rezultacie masa próbki wzrasta o masę zaabsorbowanej wody, 

a zatem oznaczana zawartość ceftobiprolu zmniejsza się. W przypadku badań laboratoryjnych 

w małej skali wielokrotnie powtarzane cykle obejmujące ogrzewanie próbki (od −20 
o
C 

do temperatury pokojowej), otwieranie, zamykanie i zamrażanie substancji higroskopijnej 

mogą przyczyniać się do niekontrolowanej absorpcji wody, wskutek czego obserwuje się 

niższe stężenie ceftobiprolu. Ten proces może również powodować wzrost zawartości 

zanieczyszczeń w badanej próbce. 

Znaczna poprawa rozpuszczalności ceftobiprolu, uzyskana poprzez liofilizację 

w środowisku o odczynie kwasowym, pozwoliła na przeprowadzenie badań NMR próbek 

rozpuszczonych w wodzie. Weryfikowano otrzymanie kompleksu ceftobiprolu z SBE-β-CD 

przy pomocy widm 
1
H NMR zarejestrowanych tylko dla dwóch wyselekcjonowanych, 

obiecujących układów – z kwasem mrówkowym i maleinowym. Diagnostyczne znaczenie 

miał sygnał rejestrowany przy δ ≈ 7 ppm, który odpowiada protonowi H1′ ceftobiprolu 

z grupy CH łączącej grupę cefemu z pierścieniem 2-pirolidonu, a jednocześnie należy 

do układu czterech sprzężonych wiązań podwójnych (Rys. 3A). W przypadku próbek 

liofilizowanych w 0,1 M HCOOH zaobserwowano, że δ zmieniło się z 6,91 ppm (dla układu 

bez SBE-β-CD) do 6,99 ppm (dla układu z SBE-β-CD), a sygnał uległ poszerzeniu. Wartość δ 

wynika z chemicznego otoczenia analizowanego protonu [42], zatem zaobserwowana zmiana 

dla protonu H1’, gdy próbka zawiera SBE-β-CD, sugeruje oddziaływanie z innym 

indywiduum znajdującym się w bliskim sąsiedztwie tego protonu, co prowadzi do zmiany 

rozkładu ładunku w układzie wiązań sprzężonych lub, co jest mniej prawdopodobne, 

do znaczącej zmiany lokalnej geometrii cząsteczki ceftobiprolu. Może to stanowić 

potwierdzenie utworzenia kompleksu między ceftobiprolem a CD. 

W przypadku pomiarów 
1
H NMR dla próbki ceftobiprol/kwas maleinowy/SBE-β-CD 

w stosunku molowym 1:25:4, a także jej odpowiednika niezawierającego CD 

(ceftobiprol/kwas maleinowy 1:25), zaobserwowano zmianę δ protonu H1′ ceftobiprolu 

z 7,07 ppm (bez SBE-β-CD) do 7,22 ppm (1:25:4 z SBE-β-CD), co sugeruje powstanie 

kompleksu między ceftobiprolem a SBE-β-CD. Interesujący jest fakt, że wartość δ = 

7,07 ppm, charakteryzująca układ z kwasem maleinowym, jest znacznie wyższa niż wcześniej 
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omawiane δ = 6,91 ppm, wyznaczone dla ceftobiprolu liofilizowanego w 0,1 M HCOOH. 

Ta różnica wynika najprawdopodobniej z różnych wartościo pH porównywanych roztworów. 

Cofnięcie dysocjacji kwasowej grupy karboksylowej wywołuje deformację układu 

sprzężonych wiązań podwójnych, w którym ta grupa uczestniczy, powodując tym samym 

zmianę δ dla protonu H1’ należącego do tego właśnie układu. 

 Dla najbardziej rokującego układu (ceftobiprol/kwas maleinowy/SBE-β-CD 1:25:4) 

wykonano z użyciem spektroskopii NMR również eksperymenty DOSY. Ustalono, że 

w przypadku próbki niezawierającej SBE-β-CD (ceftobiprol/kwas maleinowy 1:25) 

współczynnik dyfuzji ceftobiprolu wynosi 𝐷 = 3,16·10
−10

 m
2
/s, natomiast widmo DOSY 

próbki zawierającej SBE-β-CD pozwoliło odczytać wartości 𝐷 dla tej CD (1,79·10
−10

 m
2
/s) 

oraz dla ceftobiprolu (2,68·10
−10

 m
2
/s). Wynika stąd, że wyznaczona wartość 𝐷 

dla ceftobiprolu jest znacznie niższa w roztworze zawierającym SBE-β-CD niż w roztworze 

bez CD (odpowiednio 3,16·10
−10

 i 2,68·10
−10

 m
2
/s). Pozwala to sądzić, że zaobserwowane 

spowolnienie dyfuzji ceftobiprolu jest spowodowane tworzeniem jego kompleksu z SBE-β-

CD, który dyfunduje znacznie wolniej niż nieskompleksowany ceftobiprol z uwagi na swoje 

duże rozmiary. Zgodnie z równaniem (5), wprowadzonym w rozdziale 1.5, wypadkowa 

wartość 𝐷 obserwowana dla próbek kompleksów z CD jest średnią ważoną wartości 𝐷 

dla badanej API w formie skompleksowanej i nieskompleksowanej, co pozwoliło wyznaczyć, 

że w analizowanym rozcieńczonym roztworze o stężeniu 1 mg/ml ceftobiprol spędzał 35% 

czasu w kompleksie, a pozostałe 65% samodzielnie. 

Korzystając z równania (6), przedstawionego w rozdziale 1.5, oraz wartości 𝑀𝐹𝐿 = 

0,35, uzyskanej z eksperymentów DOSY, obliczono, że wartość stałej równowagi tworzenia 

kompleksu miedzy ceftobiprolem a SBE-β-CD w obecności kwasu maleinowego wynosi 

w przybliżeniu 77 M
−1

. Znajomość tej wartości pozwala na oszacowanie ułamka molowego 

ceftobiprolu w kompleksie dla roztworów o innych stężeniach. Przyjmując stężenie 

ceftobiprolu na poziomie 12 mg/ml, dla kompleksu 1:25:4 ułamek molowy ceftobiprolu 

w kompleksie wyniósłby ok. 85%, natomiast przy założeniu stosunku molowego 1:25:2 

uzyskalibyśmy jedynie 69%. Oznacza to, że zwiększenie zawartości SBE-β-CD w próbce 

skutkuje wyższą wydajnością tworzenia kompleksu, co dowodzi, że przyjęcie stosunku 

molowego ceftobiprolu do SBE-β-CD równego 1:4 w przypadku próbek z kwasem 

maleinowym było właściwym podejściem. 
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Dowód na obecność kompleksu tworzonego między ceftobiprolem a SBE-β-CD 

w zliofilizowanym proszku stanowią widma w podczerwieni zarejestrowane przy użyciu 

techniki ATR-FTIR (Rysunek 4 w Publikacji 4). W przypadku liofilizacji prowadzonej 

w 0,1 M HCOOH zaobserwowano w zakresie 1800 – 400 cm
−1

 następujące różnice między 

kompleksem a odpowiadającą mu mieszaniną fizyczną: znaczący spadek intensywności piku 

przy 1765 cm
−1

, przesunięcie maksimum piku z 1528 cm
−1

 (dla ceftobiprolu i mieszaniny 

fizycznej) do 1521 cm
−1

 (dla kompleksu), a także wzrost intensywności przy 1408 cm
−1

, 1375 

cm
−1

 i 1287 cm
−1

. Wymienione zmiany w intensywności piku lub liczbie falowej 

odpowiadającej maksimum mogą wynikać z tworzenia kompleksu inkluzyjnego między 

gościem a CD [43]. Z kolei próbki liofilizowane w obecności kwasu maleinowego zawierają 

jego 25-krotny nadmiar, co powoduje, że piki tego kwasu na widmie IR zakrywają piki 

ceftobiprolu, uniemożliwiając w ten sposób potwierdzenie utworzenia kompleksu 

między ceftobiprolem a SBE-β-CD dla najbardziej obiecującej próbki. 

Dyfraktogramy proszkowe liofilizowanych próbek (zarówno z kwasem mrówkowym, 

jak i maleinowym; z SBE-β-CD jak i bez niej) nie zawierały żadnych ostrych pików, co 

wskazuje na amorficzność próbek badanych, pomimo że ceftobiprol stosowany w badaniach 

był początkowo krystaliczny (Rysunek 5 w Publikacji 4). Oznacza to, że w następstwie 

procesu liofilizacji poszczególne składniki nie występują już w postaci krystalicznej, co 

prawdopodobnie jest spowodowane przezwyciężeniem oddziaływań przyciągających między 

cząsteczkami tego samego związku. Zastosowanie techniki XRPD do pomiarów próbek 

badanych w określonych przedziałach czasowych pozwoliło ustalić, że amorficzna natura 

próbek została zachowana podczas ich kilkumiesięcznego przechowywania, a zatem nie 

nastąpił w wykrywalnym stopniu niepożądany proces rekrystalizacji. 

Wysoka masa cząsteczkowa ceftobiprolu i jego struktura (obecność grup funkcyjnych 

ulegających jonizacji, a także wielu donorów i akceptorów wiązania wodorowego) powodują, 

że nie może on podany doustnie, a jedynie pozajelitowo [65]. Z drugiej strony, niskie pH 

stężonego roztworu opracowanego układu ceftobiprol/kwas maleinowy/SBE-β-CD 1:25:4, 

wynoszące około 1,5, sprawia, że układ ten nie jest odpowiedni do podawania pozajelitowego 

bezpośrednio po rozpuszczeniu proszku w wodzie. Ze względu na wartość pH osocza krwi 

wynoszącą około 7,4, roztwory do infuzji powinny mieć pH w zakresie 4,0 – 7,5 [66]. Chcąc 

podnieść pH roztworu do poziomu umożliwiającego jego podanie pozajelitowe, 

wykorzystano fakt, że kwas maleinowy jest dwuprotonowy (druga wartość pKa wynosi około 
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6,1), co sprawia, że proces jego neutralizacji jest mniej podatny na niewielkie wahania ilości 

dodanej zasady. 

W celu podniesienia pH roztworu próbki badanej początkowo zastosowano roztwór 

NaOH, jednak okazało się, że kontakt ceftobiprolu z wprowadzonymi jonami OH
−
 był 

wystarczająco długi, aby spowodować wygenerowanie znaczącej ilości produktów degradacji 

zasadowej (BDP-1 i BDP-2). Natomiast użycie wodorowęglanu sodu (NaHCO3) pozwoliło 

na bezpieczne zobojętnienie roztworu bez wprowadzania jonów OH
−
: 

H+ + HCO3
− → H2O + CO2 ↑ (7) 

W celu uzyskania optymalnego roztworu systemu dostarczania ceftobiprolu, 

przygotowano 20% (w/w) wodny roztwór omawianego układu, a następnie dodano 1 M 

NaHCO3, aby osiągnąć pH z zakresu między 4,5 – 5,0. Na podstawie zarejestrowanych 

chromatogramów stwierdzono, że stężenie ceftobiprolu wynosiło 6,0 mg/ml bezpośrednio 

po przygotowaniu próbki badanej i pozostało stabilne w czasie, zmniejszając się w roztworze 

o 3% w ciągu 20 godzin w temperaturze 25°C. Warto przy tym zaznaczyć, że roztwory 

do podania pozajelitowego zazwyczaj przygotowuje się ex tempore, aby zapewnić 

maksymalną stabilność chemiczną i mikrobiologiczną oraz pełną aktywność farmakologiczną 

substancji czynnej. 

Zaproponowany układ, otrzymany z użyciem ceftobiprolu w jego aktywnej postaci, 

oferuje więc podobne stężenie ceftobiprolu oraz pH co dostępny komercyjnie preparat 

Zevtera, zawierający ceftobiprol w postaci medokarylu. 
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5. Podsumowanie cyklu publikacji 

Podstawę pracy doktorskiej stanowi cykl czterech spójnych tematycznie artykułów, 

które zostały zamieszczone w dalszej części niniejszej rozprawy. 

W Publikacji 1 podsumowano stan wiedzy dotyczącej otrzymywania kompleksów 

antybiotyków i chemioterapeutyków przeciwbakteryjnych z CD do końca 2021 r. 

Tabelaryczne zestawienie danych uzyskanych z omawianych prac pomaga błyskawicznie 

zorientować się, którym antybiotykom poświęcono do tej pory bardzo dużo uwagi, które 

związki wymagają kontynuacji badań, a które zostały całkowicie pominięte w kontekście 

otrzymywania kompleksów z CD. Łatwo też znaleźć informacje, jakie techniki otrzymywania 

kompleksów i jakie metody badawcze stosowano dotychczas w odniesieniu do tej grupy 

terapeutycznej leków. Zebrane w tabelach eksperymentalne wartości stałych tworzenia 

kompleksu mogą w przyszłości przydać się innym badaczom, konstruującym zbiory danych 

pomocne w opracowywaniu modeli uczenia maszynowego. Ważnym rezultatem z tej 

publikacji przeglądowej jest również rozdział omawiający przedstawione w literaturze 

naukowej zaawansowane systemy dostarczania leku, bazujące na kompleksach z CD. 

Sugeruje on dalsze kierunki rozwoju opracowywanych układów, które można rozważyć w 

zależności od drogi podania badanego leku przeciwbakteryjnego. Opublikowana praca 

przeglądowa cieszy się dużym zainteresowaniem w środowisku naukowym, osiągając 

w momencie pisania niniejszej rozprawy ponad 80 cytowań. 

W ramach Publikacji 2 opracowano nową, selektywną metodę oznaczania ceftobiprolu 

i jego substancji pokrewnych, która posłużyła jako ważne narzędzie badawcze w dalszej 

części badań (Publikacje 3 i 4). Wykazano, że środowisko o odczynie kwasowym nie 

powoduje drastycznej degradacji ceftobiprolu, co stanowiło bardzo istotny wniosek 

w kontekście wyboru warunków otrzymywania systemu dostarczania leku. Co więcej, 

identyfikacja struktur produktów degradacji tworzących się w różnych warunkach stresowych 

ułatwiła późniejsze ustalenie profilu zanieczyszczeń przygotowanych układów dwu- 

i trójskładnikowych. Opracowana metoda z pewnością będzie stanowiła skuteczne narzędzie 

do precyzyjnego oznaczania stężenia natywnego ceftobiprolu  w różnych zastosowaniach, nie 

ograniczających się jedynie do badań nad nowymi systemami dostarczania leku. 

Publikacja 3 jest poświęcona obliczeniom teoretycznym, które pomogły lepiej 

zrozumieć właściwości kwasowo-zasadowe badanej API oraz przewidzieć najbardziej 

korzystne warunki tworzenia jej kompleksu z CD. Do badań dokowania i MD użyto 
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oprogramowania dostępnego bezpłatnie, a w materiale dodatkowym zamieszczono wiele 

źródłowych plików. Miało to na celu zwiększenia transparentności wykonanych badań, 

umożliwienie pełnego odtworzenia zastosowanej procedury przez innych badaczy, jak 

również ułatwienie środowisku naukowemu wykorzystania przedstawionej metodologii 

w odniesieniu do innych API. Natomiast, w odniesieniu do niniejszej rozprawy, wykonanie 

18 symulacji MD ułatwiło planowanie badań eksperymentalnych, gdyż zawęziło zakres 

poszukiwań do tworzenia kompleksu z SBE-β-CD z ceftobiporolem w postaci sprotonowanej, 

czyli w pH poniżej 3. 

Ważnym zadaniem, zrealizowanym w Publikacji 4, było przedyskutowanie wpływu 

mocy i stanu skupienia kwasu na właściwości fizykochemiczne systemu dostarczania leku 

otrzymywanego techniką liofilizacji. Wśród zastosowanych lotnych kwasów, HCOOH miał 

przewagę nad HCl w tym aspekcie, że jego użycie nie doprowadziło do znaczącej degradacji 

chemicznej próbki w trakcie jej przygotowywania. Najlepszy pod względem właściwości 

fizykochemicznych okazał się układ ceftobiprol/kwas maleinowy/SBE-β-CD w stosunku 

molowym 1:25:4, umożliwiający uzyskanie rozpuszczalności ceftobiprolu w czasie „0” 

na poziomie 14 mg/ml i oferujący akceptowalną długoterminową stabilność. Dwa inne 

zastosowane modelowe kwasy stałe nie pozwoliły na uzyskanie w pełni satysfakcjonujących 

wyników – słaby kwas cytrynowy przyczynił się do bardzo wysokiej higroskopijności próbki, 

podczas gdy mocny kwas tosylowy powodował silną degradację chemiczną ceftobiprolu 

podczas jego długoterminowego przechowywania. Dzięki możliwości bezpiecznego 

podniesienia pH przy użyciu wodorowęglanu sodu, udało się uzyskać nową formę natywnego 

ceftobiprolu o właściwościami fizykochemicznych zbliżonych do komercyjnie dostępnego 

preparatu Zevtera, dostępnego w postaci soli sodowej medokarylu. 

Prezentowaną metodologię można zastosować do innych zasadowych 

lub amfoterycznych związków, które są termicznie nietrwałe, ale stabilne chemicznie 

w roztworach o kwasowym odczynie. Zaproponowany algorytm postępowania jest 

następujący: (1) obliczenia teoretyczne, mające na celu wybór CD o najbardziej ujemnej ΔG 

tworzenia kompleksu inkluzyjnego z badanym związkiem, (2) jonizacja związku: 

zastosowanie odpowiednich lotnych i nielotnych kwasów w celu sprotonowania badanego 

związku, (3) optymalizacja warunków otrzymywania kompleksu, (4) weryfikacja 

rozpuszczalności otrzymanych kompleksów w funkcji czasu, (5) zastosowanie technik 

spektroskopowych i rentgenowskich do potwierdzenia utworzenia kompleksu 
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oraz amorfizacji próbki, (6) ocena fizycznej i chemicznej stabilności otrzymywanych 

kompleksów. 
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Abstract: Cyclodextrins (CDs) are a family of cyclic oligosaccharides, consisting of a macrocyclic
ring of glucose subunits linked by α-1,4 glycosidic bonds. The shape of CD molecules is similar to a
truncated cone with a hydrophobic inner cavity and a hydrophilic surface, which allows the formation
of inclusion complexes with various molecules. This review article summarises over 200 reports
published by the end of 2021 that discuss the complexation of CDs with antibiotics and antibacterial
agents, including beta-lactams, tetracyclines, quinolones, macrolides, aminoglycosides, glycopeptides,
polypeptides, nitroimidazoles, and oxazolidinones. The review focuses on drug-delivery applications
such as improving solubility, modifying the drug-release profile, slowing down the degradation of
the drug, improving biological membrane permeability, and enhancing antimicrobial activity. In
addition to simple drug/CD combinations, ternary systems with additional auxiliary substances
have been described, as well as more sophisticated drug-delivery systems including nanosponges,
nanofibres, nanoparticles, microparticles, liposomes, hydrogels, and macromolecules. Depending on
the desired properties of the drug product, an accelerated or prolonged dissolution profile can be
achieved when combining CD with antibiotics or antimicrobial agents.

Keywords: cyclodextrins; drugs; antibiotics; antibacterial agents; inclusion complex; host–guest complex

1. Introduction

Due to the high costs associated with the development of innovative drugs, a very
long time to introduce them to the market, and a huge risk of failure in clinical trials,
more and more work is focused on the development of new drug-delivery systems [1]
based on existing active pharmaceutical ingredients (APIs) with a known safety profile and
physicochemical properties. Currently, one of the directions of intensive research in the
field of designing new forms of drugs is the development of new delivery systems using
auxiliary substances to modify the unfavourable physicochemical properties of known
APIs, and thus obtain a better therapeutic effect. In this respect, cyclodextrins (CDs) have
undoubtedly been successful.

CDs are a valuable subject of research in many areas, including pharmacy [2], food
chemistry, cosmetics, solar energy utilisation, and environmental applications [3,4], as
well as separation of enantiomers in analytical chemistry [5]. The global technological
landscape of CDs for pharmaceutical applications and the evolution of those technologies
over time was presented by Rincón-López et al., using patents as the technical source [6].
Currently, there are over 50 CD-based formulations on the market for a variety of therapeu-
tic purposes, including four containing antibiotics and antibacterial agents such as cefotiam,
cefditoren pivoxil, chloramphenicol, and norfloxacin [7]. To date, there are many excellent
review articles available on native CDs and their derivatives, their well-known structural
features, physicochemical properties, and their possible applications [8,9]. We will therefore
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characterise these topics in a very limited scope and direct readers to numerous reviews in
this field.

Native CDs consist of 6, 7, or 8 glucopyranose units, referred to as α, β, and γ, forming
a macrocyclic ring. One of their most important properties is that their shape is similar to a
truncated cone, with a hydrophobic inner cavity and hydrophilic surface. This enables them
to form inclusion complexes (ICs) with different molecules using non-covalent interactions,
such as the host–guest interaction and hydrogen bonding. Many derivatives of CDs
have been synthesised but only three (hydroxypropyl, sulfobuthyl ether, and randomly
methylated β-CD derivatives—HP-β-CD, SBE-β-CD, and RM-β-CD, respectively) are
frequently used as excipients due to their proven non-toxicity [10]. Depending on the type
of CD, there are different allowable routes of administration of the complex, such as oral,
nasal, rectal, dermal, ocular, or parenteral [10]. Hence, the complexes can be prepared
in a solid form, in solution, or by grafting the CDs onto various surfaces. In this article,
we will look at combinations of CDs with antibiotics or antibacterial agents, wishing to
emphasise that such combinations play a key role in improving already approved drugs.
This trend is expected to continue in the coming years due to the versatility of drug-delivery
systems and the fascinating ability to improve the properties of APIs as well as to develop
pharmaceutical formulations in the design of innovative therapies. We expect that such an
approach will be desirable in the context of antibiotics, as approved antibiotics gradually
lose their activity as a result of an increase in the number of drug-resistant bacteria, and
simultaneously a small number of new drugs enter clinical practice. To the best of our
knowledge, no comprehensive summary of antibacterial drug complexation with CDs has
been published so far and only selected examples of antibacterial drug/CD complexes are
provided in the available review articles [11,12]. Reports of CD complexes of antibiotics
from nearly all classes are discussed in this article, ranging from pioneering works to
significant articles published online by the end of 2021.

Our review focuses on drug-delivery applications such as improving solubility, mod-
ifying the drug-release profile, slowing down the degradation of the active substance,
improving biological membrane permeability, enhancing antimicrobial activity, and mask-
ing the bitter taste. Works that only deal with the structures of the complexes are also
included, as knowledge of the structure can aid in understanding macroscopic properties at
the molecular level. Some antibiotic molecules are too large to be included in the CD cavity;
however, due to the improvement of pharmaceutical properties, they are also presented
in this article. On the other hand, our study omits reports in which CDs were used as
constituents of a pharmaceutical formulation but their influence on the system’s properties
was not investigated.

1.1. The Use of CDs and Their Derivatives as Drug Carriers

The particular interest in CDs in the field of pharmaceutical applications results from
their ability to modulate several properties that influence the action and therapeutic profiles
of drugs. The main purpose of utilising CDs and their derivatives as drug carriers is to
increase the solubility of drugs belonging to Class 2 (low solubility, high permeability)
or Class 4 (low solubility, low permeability) of the Biopharmaceuticals Classification Sys-
tem (BCS) [13], ultimately increasing the bioavailability of poorly water-soluble drugs by
improving their release profile [14]. Interestingly, Carrier et al. attempted to answer the
question regarding the properties of compounds whose bioavailability is increased using
CDs [15]. The authors conducted a critical review of the literature, looking for a correlation
between the physical and chemical properties of a drug and the possibility of increasing
bioavailability using CDs, mainly focusing on the solubilising capabilities of CDs for small
molecular weight compounds. The obvious requirement for increasing bioavailability is
the formation of a complex between the drug and CDs. The parameters that were critically
assessed during the review, which may or may not lead to an increase in the bioavailability
of the drug when complexed with CD, were: hydrophobicity, solubility, drug charge during
gastrointestinal transit, and factors such as the magnitude of binding constant, dissolu-
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tion kinetics of the compound, drug dose, interaction with other components, method of
complex formation, type of CD used, and the resulting molar ratio. The authors provided
general guidelines but postulated that a more comprehensive theoretical analysis of the
effect of CDs on kinetics was needed to distinguish between test parameters that showed
success or those that showed no enhancement in the bioavailability.

In some cases, the complexation of a drug with a CD can also increase the permeability
through biological membranes and the effects of the type and concentration of the CD
on the interactions with different types of cell membranes and biological barriers have
been extensively described [16]. Given the hydrophilic nature, high molecular weight,
low octanol/water partition coefficient of CD, as well as the number of hydrogen bond
donors and acceptors, CD-drug complexes mainly enter cells by endocytosis (e.g., in the
form of nanoparticles). Therefore, the development of new CD-based carriers targeting the
endocytic pathway could help improve drug penetration through biological barriers [16].
However, according to in silico simulations [17], β-CD and its assemblies can often improve
the water solubility of lipophilic drugs, enhancing the bioavailability of the guest molecule
by transporting it directly to the barrier membrane, where the complex dissociates and
the free drug can be absorbed [18]. This is the case when the binding forces between the
CD and the complexed drug are not very strong, otherwise complex dissociation cannot
take place. The tests assessing the ability of medicinal substances to penetrate through
biological membranes use both the non-cell-based parallel artificial membrane permeability
assay (PAMPA) and cell-based (e.g., Caco-2 and mucus-producing Caco-2 co-culture cell
model) permeability models. There are several possible mechanisms of CD-mediated
drug permeability, depending on the hydrophobicity of CD. Lipophilic CDs such as the
methylated derivatives are thought to increase drug flux by altering the barrier properties
of the membrane through component extraction or fluidisation. The hydrophilic CDs also
modulate drug flux through membranes, but via different mechanisms. The first relates
to increasing the total amount of dissolved API molecules in the aqueous donor phase,
thereby increasing the concentration gradient and the availability of free molecules on
the membrane surface, leading to faster penetration of these molecules into the acceptor
phase (lipophilic membrane surface). Second, by preventing the interactions between API
and glycoproteins such as mucin (rheologically important water-soluble biopolymer), CDs
increase the overall delivery rate of the drug substance to the membrane surface. Finally,
CDs behaving like chaotropes at relatively low concentrations disrupt the network of
hydrogen bonds between water molecules, which may facilitate the availability of CD/API
complexes on the membrane surface [19].

1.2. New Possibilities of Using CDs

Formulations based solely on CDs do not have any intrinsic mechanism to control
the release of the drug (most such systems are immediate-release dosage forms); therefore,
smart nanosystems have been created in combination with various nanomaterials to control
the drug release. These systems are very frequently designed to release at a specific site,
through the use of internal (pH, reductant environments, enzymes) and external (light,
magnetic field, ultrasound) stimuli, which have been discussed in detail in the reviews of
Haimhoffer et al. [16] and Real et al. [20].

The release of API from the polymeric delivery systems can be governed by diffusion
or the processes of swelling or relaxation of the polymeric chain [21]. To determine which of
them is slower and therefore determines the rate of the drug release, the curve obtained from
one of the possible kinetic models can be fitted to the experimentally obtained dissolution
profile. The so-called power laws, also referred to as Ritger–Peppas or Korsmeyer–Peppas
models, can be described by the general formula:

Mt

M∞
= Ktn (1)



Pharmaceutics 2022, 14, 1389 4 of 71

where Mt is the amount of drug released at time t, M∞ is the amount of the drug at
the equilibrium, K is the constant which incorporates the structural modifications and
geometrical characteristics of the system, and n is the exponent. Depending on the value
of n that better adjusts to the release profile, the classification can be established. For
n = 0.5, the drug release is governed by diffusion (Fickian model), and Equation (1) is called
a Higuchi model. When n = 1, the drug-release rate corresponds to zero-order kinetics
and the mechanism driving the process is the swelling or relaxation of polymer chains
(a so-called Case II transport). When 0.5 < n < 1, the model is non-Fickian or anomalous
transport, and then both diffusion and swelling determine the overall rate [21].

Moreover, despite the many advantages of CDs, there is one disadvantage that limits
their use in solid dosage forms, which relates to large amounts of CDs that are required
to solubilise a drug, thus increasing the formulation bulk. To overcome this obstacle,
multicomponent complexes have been developed.

Ternary complexes with the addition of auxiliary substances such as (i) amino acids,
(ii) organic acids and bases, and (iii) water-soluble polymers have been extensively ex-
plored to increase complexation efficiency, and to stabilise or prevent aggregation of the
complexes [22]. The water-soluble polymers include polyvinylpyrrolidone (PVP), hydrox-
ypropylmethylcellulose (HPMC), poloxamers, chitosan, hyaluronic acid, polyethylene
glycol (PEG), Aerosil®®®, and carboxymethyl cellulose (CMC). Other multicomponent
complexes with organic acids such as citric, gluconic, tartaric, lactic, and malic acids, or
with organic bases such as three mono-, di-, and tri-ethanolamines or amino acids (glycine,
cysteine, proline, arginine, lysine, aspartic acid, and glutamic acid), have already been
described [22]. The use of amino acids in combination with CD and an antibiotic appears
to be of particular interest, due to the documented increase in antimicrobial activity and
the decrease in the toxicity of the drugs [23].

Another modern approach in the use of CDs is the development of CD-modified
nanomaterials for drug delivery. Systems consisting of CDs, drugs, and lipid-based poly-
merics or surface-modified nanocarriers have been described by Real et al. [20]. Recently,
an excellent overview of nanomaterials for antimicrobial applications in terms of types,
mechanism of action, antibiotic therapeutic uses, and toxicity considerations has been
discussed by Ndayishimiye et al. [24]. The authors note that, in the case of nanoparticles
(NPs), bacteria may not be able to rapidly develop resistance to NPs because the necessary
resistance mechanisms are no longer found in the natural offensive/defensive arsenal of
bacteria. Interestingly, NPs, due to their propensity to enter the bilayers of the bacterial
cell membrane, allow them to reach the cytoplasm while disrupting membrane function
and integrity, thus acting as inherent antimicrobial agents. The readers interested in this
topic are referred to [24]. Nanoparticles generally vary in size from 10 to 1000 nm, which
makes it easier for them to pass through cell barriers to reach their target. In drug-delivery
systems, NPs should be mucoadhesive, biocompatible, non-toxic, and biodegradable. They
can be synthesised by various techniques such as ion gelation, emulsification-cross-linking,
coacervation, and solvent evaporation.

Hydrogels are another approach [25]. The use of hydrogels as components of medical
devices and drug-device combination products is becoming more and more popular. Hy-
drogels are mainly made of biopolymers and/or polyelectrolytes. They can be divided into
two types: those made of natural polymers (agar, carrageenan, sodium alginate, collagen,
chitosan, cellulose, starch, and gums) and those made of synthetic polymers, such as poly-
caprolactone (PCL), poly(vinyl alcohol) (PVA), PEG, PVP, and poly(lactic acid). Hydrogels
synthesised from natural polymers are delicate, hence the natural polymers are cross-linked,
grafted with monomers, or blended with synthetic polymers to improve their mechanical
properties. Another classification of hydrogels depends on the ionic charges on the groups
bound, introducing cationic, anionic, or neutral hydrogels. The classification criteria can
also relate to the types of cross-linking method or their response to stimuli. Hydrogels
can be formed through physical, chemical, and hybrid bonding. Due to non-covalent
forces, physical gels can change from liquid to gel in response to changing environmental



Pharmaceutics 2022, 14, 1389 5 of 71

conditions such as temperature, ion concentration, pH, or other conditions. On the other
hand, a covalent bond between the polymer chains is used in chemical gels, introducing
mechanical integrity and resistance to degradation compared to other weak materials.
Chemical cross-linking occurs by various means, utilising small molecules (formaldehyde,
glutaraldehyde, genipin, diglycidyl ether, and N,N′-methylenebisacrylamide). The basic
concepts of hydrogels, in terms of their synthesis, properties, and applications, have been
extensively described in an excellent review by Bashir et al. [25]. Nevertheless, the inher-
ently high water content, necessary for biocompatibility, limits the success of hydrogels as
drug-delivery systems. Only polar drugs can be efficiently introduced into the water phase
of hydrogels, and when administered to the body, release is usually too fast for therapeutic
purposes. For this reason, the formation of a CD IC with various drugs gives hydrogels a
unique mechanism to control drug loading and delivery. To do this, CDs have to be fixed
to the network cross-linked by condensation [26].

1.3. Expectations for the Drug-Delivery Systems Containing Antibiotics and Antibacterial Agents

Antibiotics are very diverse in terms of their antibacterial activity, physicochemical
properties, polarity, target point, side effects, and chemical stability. For example, fluo-
roquinolones and tetracyclines suffer from photodegradation, whereas beta-lactams and
tetracyclines are unstable in aqueous solution. It is therefore particularly important to sta-
bilise such sensitive drugs, especially when administered parenterally [11]. There are many
reported examples showing how CDs can inhibit the degradation of different drugs [27];
however, some reports also highlight situations in which the presence of CDs led to the
acceleration of antibiotic degradation [28,29].

Antimicrobial activity is expressed as a function of time or concentration [30]. An-
tibiotics such as beta-lactams, macrolides, and glycopeptides are time-dependent, which
means that the duration of a sufficiently high concentration is crucial for their efficacy,
while aminoglycosides and fluoroquinolones are concentration-dependent drugs, meaning
that the maximum concentration is the most important, and their duration has a limited
impact on antibacterial efficacy. For this reason, the combination of CDs with antibiotics
or antibacterial agents meets different expectations, namely, an accelerated or prolonged
dissolution profile, depending on the desired properties of the drug product [31].

Due to the growing drug resistance among bacteria, it is very important to increase an-
timicrobial efficacy, which can occur through the spontaneous formation of hydrogen bonds
between CDs and several components of the bacterial cell membrane [32]. Hence, complex-
ation with CDs enables antibiotics to be used in much lower concentrations, thus reducing
exposure to the antibiotic, which in turn delays the onset of antibiotic resistance [12,33,34].
A recent study correlated antimicrobial activity with the hydrophobicity/hydrophilicity
balance of polyalkylamino CDs [35]. Relatively hydrophilic CDs (log p <−0.1) may interact
with the bacterial cell membrane’s anionic surface but cannot penetrate into the lipid bilayer
membrane’s apolar hydrocarbon core, while relatively hydrophobic CDs (log p > 0.1) may
disturb the surface interaction. The authors concluded that only balanced derivatives
can disrupt the bacterial membrane [35]. The study suggested that the differences in the
cell membrane and lipid molecules of Gram-positive and Gram-negative bacteria may
contribute to the varied antimicrobial activities of CDs.

2. Beta-Lactam Antibiotics

Beta-lactam antibiotics include numerous compounds characterised by the presence of
a beta-lactam ring in the molecule, which is responsible for the antibacterial activity. This
group includes penicillins, cephalosporins, carbapenems, and monobactams, as well as
beta-lactamase inhibitors [36]. The physiochemical properties of such a chemically diverse
set of APIs can be discerned by the route of administration, taking into account the distinct
solubility and permeability requirements of intravenous and oral drugs [37]. Antibiotics
of this group are rather polar and hydrophilic [37], and hence they hardly cross biological
barriers, including the blood–brain barrier. As mentioned in the Introduction Section, the
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action of beta-lactam antibiotics is time-dependent, and thus the measure of efficacy is the
time period in which the concentration of the drug remains above the minimum inhibitory
concentration (MIC) [30]. Hence, there is a need to administer beta-lactam antibiotics
several times a day, and the tendency to reduce the number of doses per day therefore
emerges, which is usually justified by a better patient compliance. Thus, complexes of
beta-lactam antibiotics with CDs are desirable to allow the safe use of the sustained-release
pharmaceutical form in a single daily dose.

2.1. Penicillins

Penicillins, historically the first antibiotics to be discovered, contain a so-called penam
moiety, i.e., fused beta-lactam and thiazolidone rings (Scheme 1). Some penicillins can be
obtained by biosynthesis, and a much more numerous group is compounds obtained by
semi-synthesis from 6-aminopenicillanic acid (6-APA), which is the starting compound for
the preparation of further derivatives. Penicillin obtained by biosynthesis is sensitive to
digestive juices, which makes it impossible to administer orally, and it is also characterised
by a narrow range of action and sensitivity to beta-lactamases. Only some penicillins are
suitable for oral administration, but (with the exception of amoxicillin), their absorption is
not perfect. The malabsorption of most penicillins is partly related to their low lipophilicity.
Penicillin is not very stable in solution, resulting in the formation of not fully defined
degradation products, and this could be responsible for the occurrence of allergic reactions,
which are often very violent.

Detailed information on the types of CDs used, the methods of complex preparation,
and the techniques used to characterise the obtained products in each indicated article are
summarised in Table 1. Both binary, ternary, and new drug-delivery systems are listed in
the table to provide a comprehensive view of the individual compounds.

Benzylpenicillin (BP) (known as penicillin G) undergoes hydrolysis of the beta-
lactam ring in aqueous solution and has a short biological half-life as well as low oral
bioavailability, which makes its use difficult. Therefore, the main goal of complexation
with CDs is to prevent its degradation. Pop et al. [38] improved the stability of BP by
complexing with HP-β-CD to create a delivery system that is stable to oxidation, acid-
catalysed hydration, and hydrolysis, which occurs mainly at alkaline pH. Kinetic studies
were continued by Ong et al. [39], who investigated the influence of the drug:HP-β-CD
ratio on the stability of penicillin G and determined thermodynamic parameters, such
as activation energy, enthalpy, and entropy, while Hada et al. [40] extended the scope
of the study to α-, β-, and γ-CD. The degradation of BP complexed with HP-β-CD was
about nine times slower than that of un-complexed BP [39]. Aki et al. [41] investigated the
structure of the complexes of BP with HP-β-CD using microcalorimetry, nuclear magnetic
resonance (NMR) spectroscopy, and molecular modelling. Two different types of IC with a
1:1 stoichiometry ratio were formed in a strong acid solution: Complex I with the phenyl
ring of BP penetrated into the HP-β-CD cavity, and Complex II with the penam moiety
included in the cavity by hydrophobic interaction.

Popielec et al. [42] investigated the effect of 13 different neutral, positively, and neg-
atively charged CDs, finding that HP-β-CD and RM-β-CD had a stabilising effect on the
beta-lactam ring in aqueous acidic solution but generally accelerated the hydrolytic de-
composition of this ring in neutral and basic conditions. Another study investigated the
effect of methylation of CD on the chemical stability of a complex with BP prepared in the
solid state using the freeze-drying method [43], demonstrating that fully methylated β-CD
stabilised BP, while the partial methylation of β-CD only reduced the catalytic effect of
native β-CD to some extent.
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Scheme 1. Structural formulas of classes of antibiotics and antibacterial agents described in this paper.
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Table 1. Detailed information of penicillin complexes on the types of CDs used, methods of complex preparation, and techniques used to characterise the
obtained products *.

API CD API:CD Ratio System Addition Preparation Characterisation Stability Constant Kc
(M−1)

Solubility
Improvement Ref.

BP

HP-β-CD n/a binary dihydropyridine in solution HPLC (stability study) 727–937 (pH-dependent) n/a [38]
HP-β-CD n/a binary — in solution HPLC (stability study) temperature-dependent n/a [39]

α-, β-, γ-CD n/a binary — in solution HPLC (stability study) dependent on the type
of CD n/a [40]

HP-β-CD 1:1 binary — in solution NMR, IMC, MM n/a n/a [41]

13 different CDs 1:1 binary — in solution HPLC (stability study) dependent on the type of
CD n/a [42]

β-CD, RM-β-CD, γ-CD,
RM-γ-CD, Dimeb, Trimeb,

Trimeg
1:1 binary — freeze-drying HPLC (stability study),

DSC, FT-IR, NMR n/a n/a [43]

α-, β-, γ-CD 1:1 binary — in solution ITC 1025 (α-CD), 1001 (β-CD),
1297 (γ-CD) n/a [44]

PMP β-CD n/a binary — saturated aqueous
solution method UV-VIS, DSC, XRPD n/a n/a [45]

ampicillin

β-CD 1:1 n/a n/a n/a fast atom bombardment MS,
circular dichroism spectroscopy n/a n/a [46]

β-CD 2:1 n/a n/a n/a UV-VIS, vapour pressure
osmometric methods n/a n/a [47]

β-CD, HP-β-CD 1:1 binary — in solution microcalorimetry, NMR, MM dependent on the type of
CD, stoichiometry, and pH n/a [48]

β-CD, γ-CD, heptakis
[6-(2-carboxyethyl)thio-6-

deoxy]-β-CD, octakis
[6-(2-carboxyethyl)thio-6-

deoxy]-γ-CD, octakis
(6-amino-6-deoxy)-β-CD

usually 1:1 binary — in solution NMR, MS

19 (γ-CD)
17 (octakis

[6-(2-carboxyethyl)thio-6-
deoxy]-γ-CD)

n/a [34]

β-CD 1:1 binary — in solution NMR n/a n/a [49]
β-CD,

telechelic polymer of
β-CD-PEG-β-CD

dependent on the
system prodrug PEG as described 4 FT-IR, NMR, UV-VIS, DSC n/a dependent on the

system [50]

ampicillin

β- and γ-CD connected
with D-mannose and

D-N-acetylglucosamine
n/a binary — in solution NMR, white light reflectance

spectroscopy
dependent on the type

of CD n/a [51]

α-, β- and γ-CD 1:1 binary — in solution ITC 1400 (α-CD), 1047 (β-CD),
1023 (γ-CD) n/a [44]

β-CD n/a NPs ZnO as described 4
UV-VIS, FT-IR, AFM,

particle size analysis, zeta
potential

n/a n/a [52]
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Table 1. Cont.

API CD API:CD Ratio System Addition Preparation Characterisation Stability Constant Kc
(M−1)

Solubility
Improvement Ref.

pivampicillin α-, β-, γ-, HP-α-, HP-β-,
HP-γ-, M-β-CD 1:1 binary — co-precipitation DSC, FT-IR, MM, machine

learning n/a n/a [53]

amoxicillin

β-CD n/a binary — in solution PSS, NMR, HPLC 10.72 5.88→ 7.09 mM
(in 20 mM β-CD) [54]

β-CD 1:1 binary — freeze-drying FT-IR, NMR, TGA, DSC, HPLC 1878 n/a [55]

HP-β-CD 1:1, 1:2 binary — in solution IMC, MM, HPLC (stability) dependent on the mode
of complex formation n/a [56]

α-, β-, γ-CD n/a binary — in solution IMC, petri-dish bioassay method n/a n/a [57]
β-CD,

telechelic polymer of
β-CD-PEG-β-CD

dependent on the
system prodrug PEG as described 4 FT-IR, NMR, UV-VIS, DSC n/a dependent on the

system [50]

β-CD 1:1 NPs
chitosan/sodium

alginate/
graphene oxide

kneading,
microwave-

assisted,
co-precipitation

PSS, UV-VIS, NMR, XRPD, DSC,
SEM 219.5 PSS 6 [58]

dicloxacillin

β-CD, γ-CD, heptakis
[6-(2-carboxyethyl)thio-6-

deoxy]-β-CD, octakis
[6-(2-carboxyethyl)thio-6-

deoxy]-γ-CD, octakis
(6-amino-6-deoxy)-β-CD

usually 1:1 binary — in solution NMR, MS
622 (octakis

[6-(2-carboxyethyl)thio-6-
deoxy]-γ-CD)

n/a [34]

α-, β-, γ-, and HP-β-CD 1:1 binary — in solution PSS, NMR,
MM, UV-VIS (stability)

dependent on
stoichiometry and pH PSS 6 [59]

cloxacillin
sodium β-CD 1:1 binary — co-precipitation NMR, FL, FT-IR 1.73 × 103 n/a [60]

methicillin per-6-(4-methoxylbenzyl)-
amino-6-deoxy-β-CD 1:1 binary — in solution NMR, antibacterial activity n/a n/a [61]

oxacillin
anionic and cationic

thioether-substituted β-
and γ-CD derivatives

1:1 binary — in solution NMR, ITC,
biological experiments

up to 1700 (with octakis
(6-(2-aminoethylthio)-6-

deoxy)-γ-CD)
n/a [62]

* Comments: Abbreviations used in the tables are expanded in the section “List of abbreviations”. If the appropriate information could not be found in the text, it is marked with
abbreviation “n/a”—not available. API:CD ratio could be either determined in the cited study or taken for granted by the authors from previous reports and thus not determined again.
4 Preparation: if there is no simple name for the method of preparation, the reader is referred to the experimental part of the cited paper for details. Stability constant—there are many
different methods to determine this value, as summarised in [63], and therefore it is sometimes difficult to compare results obtained with different techniques. If there are too many
values to report in the table (too many variables studied), the reader is referred to the cited paper for the obtained results. 6 Solubility can be determined either as a measured solubility
of a solid complex or by means of a phase solubility study (by mixing API and CD in solution). However, in the latter case, numerical data are rarely reported, the data are generally
presented in the graph, and therefore it is difficult to read the exact value of solubility improvement, especially if the slope of the fitted straight line is not provided. In such cases, the
reader is referred to the cited paper for the visual analysis of the graph.
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Phenoxymethylpenicillin (PMP) (also known as penicillin V) was combined with
β-CD by a saturated aqueous solution method to mask the unpleasant smell of this phar-
maceutical raw material [45].

Ampicillin is one of the best-studied beta-lactam antibiotics with regard to the forma-
tion of CD complexes, due to its low bioavailability. Like BP, ampicillin is hydrolysed in
aqueous solution to form polymers with strong antigenic properties. Meanwhile, many
bacterial strains produce beta-lactamases, i.e., enzymes that hydrolyse the beta-lactam ring,
causing its inactivation and the formation of degradation products. Accordingly, the forma-
tion of an IC with CD can directly limit the development of bacterial drug resistance by
inhibiting the degradation of ampicillin. The inhibitory effect of β-CD on ampicillin poly-
merisation in aqueous solutions was found by fast-atom bombardment mass spectrometry
(MS) and circular dichroism spectroscopy [46], whereas spectrophotometric and vapour
pressure osmometric methods were used to demonstrate that β-CD improved the solubil-
ity, dissolution rate, and bioavailability of the drug [47]. Aki et al. [48] investigated the
inhibitory effect of pH and the CD type (β-CD, HP-β-CD) on the stability of ampicillin and
analysed the structures of the resultant complexes. In a strong acid solution, cationic ampi-
cillin and CDs formed two different types of ICs with a 1:1 stoichiometry: one including the
penam moiety of ampicillin in the CD cavity (Mode I), and the other including the phenyl
group. The zwitterion and anion of ampicillin only formed one type of IC with CD, which
included the phenyl and the penam group, respectively. Maffeo et al. [34] conducted an
NMR and MS study of the interaction between beta-lactam antibiotics, including ampicillin
and dicloxacillin, and neutral (β-CD, γ-CD) or carboxylated, negatively charged CDs, to
better define host–guest interactions and evaluate the effect of the CD on the rate of hydrol-
ysis. Upadhyay and Ali [49] conducted 2D COSY (COrrelation SpectroscopY) and ROESY
(Rotation Frame Nuclear Overhauser Effect SpectroscopY) NMR studies, which confirmed
that the phenyl moiety of ampicillin is included inside the hydrophobic cavity of the β-CD,
and determined the mode and depth of inclusion. Namazi and Kanani [50] synthesised a
telechelic polymer of β-CD-poly(ethylene glycol) to attach three beta-lactam antibiotics,
including ampicillin, amoxicillin, and cefalexin, thereby forming new prodrugs. The disso-
lution profiles indicated that the isolated prodrugs could have potential applications for
controlled drug release as oral drug-delivery systems. Lampropolou et al. [51] suggested
a new approach, namely the inclusion of ampicillin into β- and γ-CD connected on their
narrow side with monosaccharides such as D-mannose and D-N-acetylglucosamine. These
monosaccharides are recognised by bacterial lectins, i.e., carbohydrate-binding proteins
which are highly specific for sugar groups, and the resulting complexes therefore interacted
more strongly with lectins immobilised on the surface.

Pivampicillin, a prodrug of ampicillin, was one of the three test beta-lactam antibiotics
(in addition to cefuroxime axetil and cefetamet pivoxil) selected by Mizera et al. [53] to
develop a new machine learning algorithm. Based on the infrared spectra of the test sample
and the pure ingredients, the model would predict whether an IC (with α-CD, β-CD, γ-CD,
or their hydroxypropyl derivatives) or a physical mixture was formed. The analysis of
the contribution of spectral bands to the model showed the interactions of the ester group
of the beta-lactam antibiotics and the penam moiety of pivampicillin with the CDs. The
machine learning model adequately separated the samples of pivampicllin that formed the
IC from those that did not.

Amoxicillin complexes with CDs have been studied by many research groups, mainly
to propose a delivery system that will help stabilise amoxicillin in an acidic environment
and support the more effective use of amoxicillin to eradicate Helicobacter pylori in the
treatment of gastric and duodenal ulcers. NMR spectroscopy confirmed the complexation
of amoxicillin with β-CD and γ-CD, while α-CD only had a very small effect on the
chemical shifts of amoxicillin [54]. Aki et al. [56] investigated the inhibition of the acidic
degradation of amoxicillin induced by HP-β-CD. Since amoxicillin, like ampicillin, exists
as a cation, zwitterion, or anion, the formation of an IC in aqueous solution is influenced
by the pH of the solution. In strong acid solution, cationic amoxicillin and CD formed two
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different types of ICs with 1:1 stoichiometry, similar to penicillin G: one containing the
penam moiety of amoxicillin in the CD cavity (Mode I), and the other containing a phenyl
group. A complex with a stoichiometry of 1:2 (amoxicillin:CD) was also formed. Since
the beta-lactam ring of amoxicillin was protected by the inclusion into HP-β-CD, drug
degradation was approximately four times slower than for amoxicillin alone at acidic pH,
effectively increasing the stability of amoxicillin from the acidic degradation. In another
study, isothermal titration microcalorimetry and a petri dish bioassay method were used to
demonstrate that the antibacterial activity of the amoxicillin complexes can be arranged
in the following order: amoxicillin/β-CD > amoxicillin/γ-CD ≈ amoxicillin/α-CD >
amoxicillin [57]. As β-CD protects the penam ring from degradation, the antibacterial
activity of amoxicillin/β-CD complex was mainly related to the increased chemical stability
of the antibiotic in the strongly acidic solution.

Solubilisation and stabilisation of dicloxacillin complexes with α-, β-, γ-, and HP-β-
CD were also studied at different pH levels [59]. The IC with γ-CD had the highest stability
constants at pH 1 and 2, while HP-β-CD at pH 3. To comprehensively understand the
effects of the inclusion of cloxacillin sodium into β-CD, the complex was examined in solu-
tion by NMR and fluorescence and then obtained in the solid state by the co-precipitation
method [60]. The results confirmed the existence of 1:1 stoichiometry and the inclusion
of a chlorophenyl group into the inner cavity of the β-CD. Methicillin in combination
with a specially designed β-CD derivative, namely per-6-(4-methoxylbenzyl)-amino-6-
deoxy-β-CD HCl salt, showed an increased affinity for a resistant target such as altered
penicillin-binding protein (PBP) 2a, which resulted in the recovery and enhancement
of its antibacterial activity against methicillin-resistant strains of Staphylococcus aureus
(MRSA) [61]. Since the efficacy of beta-lactam antibiotics relies on their ability to reach and
bind the PBPs, MIC values of 2.0~4.0 mg/L were obtained against two MRSA strains for the
methicillin/per-6-(4-methoxylbenzyl)-amino-6-deoxy-β-CD, compared to more than 128
mg/L for methicillin alone and more than 64 mg/L for the commercial methicillin/HP-β-
CD combination. Oxacillin, which is anionic at physiological pH, was combined with spe-
cially designed cationic CD derivatives [62]. Isothermal titration calorimetry (ITC), NMR,
and in vitro tests were performed, with the positively charged octakis-(6-(2-aminoethylthio)-
6-deoxy)-γ-CD forming the most stable IC with oxacillin, which can be considered as a
promising vehicle for the protection and delivery of this antibiotic.

2.2. Cephalosporins

Cephalosporins constitute a subgroup of beta-lactam antibiotics in which the beta-
lactam ring is fused with a dihydrothiazine ring, thereby forming a so-called cephem
moiety (Scheme 1). This large class of drugs is divided into several generations, depending
on the attached substituents and the spectrum of activity against Gram-positive and Gram-
negative bacteria. A summary of the experimental details of the combinations with CDs is
presented in Table 2.

To understand the basic aspects of the cefalexin (the first generation of cephalosporins)
binding mechanism to the β-CD cavity, structural characterisation was performed by NMR,
molecular mechanics, quantum mechanical calculations, and molecular docking [64].
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Table 2. Detailed information of cephalosporin complexes on the types of CDs used, methods of complex preparation, and techniques used to characterise the
obtained products *.

API CD API:CD Ratio System Addition Preparation Characterisation Stability Constant Kc
(M−1)

Solubility
Improvement Ref.

cefalexin

β-CD 1:1 binary — in solution FL, UV-VIS 533 (pH 5.0) n/a [64]
β-CD,

telechelic polymer of
β-CD-PEG-β-CD

dependent on the
system prodrug PEG as described 4 FT-IR, NMR, UV-VIS, DSC n/a dependent on the

system [50]

cefadroxil β-CD 1:4 by weight nanosponges diphenylcarbonate as described 4

FT-IR, DSC, SEM, size,
polydispersity index, zeta

potential, optical microscopy,
in vivo studies

n/a n/a [65]

cefradine β-CD as described 4
a medusa-

like
drug

1-methyl-2-(2′-
carboxyethyl) maleic

anhydride, carboxylate
dimethyl maleic anhydride

as described 4
HPLC, NMR, fluorescence
correlation spectroscopy,

cytotoxicity
n/a n/a [66]

cefuroxime
axetil

β-CD 1:1 binary — kneading PSS, UV-VIS, XRPD, FT-IR,
dissolution 3037 PSS 6 [67]

α-, β-, γ-, HP-α-,
HP-β-, HP-γ-,

M-β-CD
1:1 binary — co-precipitation DSC, FT-IR, MM, machine

learning n/a n/a [53]

HP-β-CD 1:1 binary — co-precipitation DSC, FT-IR, XRPD, MM,
dissolution, antibacterial activity n/a PSS 6 [68]

α-, β-, γ-, HP-β-CD 1:2 by weight binary — grinding + tablet
press

Raman spectroscopy and
imaging, MM n/a n/a [69]

HP-β-CD 1:1 ternary
PVP K30, HPMC,

poloxamer 188, PEG 4000,
Aerosil®®® 200

spray-drying
PSS, UV-VIS, FT-IR, XRPD, DSC,

SEM, particle size analysis,
dissolution

382.7 PSS 6 [70]

β-CD 1:1 ternary L-arginine spray-drying
PSS, saturation solubility study,

dissolution, UV-VIS, XRPD, DSC,
SEM, MM

339.7 (binary),
491.0 (ternary)

24.4 (binary),
47.5 (ternary) [71]

β-CD n/a ternary PVP K-30 kneading PSS, UV-VIS, FT-IR, DSC, XRPD,
dissolution, taste evaluation n/a PSS 6 [72]

cefaclor β-CD 1:2 binary — grinding + tablet
press TLC-densitometry, NMR n/a n/a [73]
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Table 2. Cont.

API CD API:CD Ratio System Addition Preparation Characterisation Stability Constant Kc
(M−1)

Solubility
Improvement Ref.

ceftazidime

HP-γ-CD 1:1 binary — freeze-drying UV-VIS, FT-IR, NMR, MM 1500 n/a [74]

β-CD, HP-β-CD n/a formulation poloxamer 127,
cremophore RH

solvent evaporation,
kneading,

micromicellisation

HPLC, UV-VIS, FT-IR, XRPD,
NMR n/a n/a [75]

HP-β-CD n/a liposome phosphatidylcholine as described 4 FT-IR, NMR n/a n/a [76]
ceftazidime

+ van-
comycin

HP-β-CD, HP-γ-CD 1:1 drugs +
CD — in solution

HPLC, NMR, UV-VIS,
solubility, turbidimetry,
microbiological studies

n/a PSS 6 [77]

ceftriaxone β-CD n/a NPs ZnO as described 4 UV-VIS, FT-IR, AFM, particle
size analysis, zeta potential n/a n/a [52]

cefixime

Captisol (SBE-β-CD) 1:1 ternary
hypromellose E5,

povidone K30, macrogol
4000 (PEG 4000)

kneading PSS, HPLC, FT-IR 11.5 PSS 6 [78]

β-CD 1:2 binary — freeze-drying,
kneading

FT-IR, XRPD, SEM,
HPLC (stability) n/a n/a [79]

β-CD n/a binary —

kneading, solvent
evaporation,

freeze-drying,
microwave
irradiation,

spray-drying

saturation solubility studies,
HPLC, DSC, XRPD, SEM,

dissolution, ex vivo
permeability, in vivo study

n/a up to 6.5-fold [80]

HP-β-CD 1:1 binary —

kneading, solvent
evaporation,
spray-drying,
freeze-drying,

solvent evaporation,
microwave
irradiation

PSS, HPLC, ATR, NMR, XRPD,
SEM, DSC, dissolution,

antimicrobial studies, MM
73.9 up to 8.2-fold

(spray-drying) [81]

β-CD 1:1 ternary PVP K-30, HPMC K4 freeze-drying PSS, UV-VIS, DSC, XRPD,
FT-IR, dissolution

138.9 (binary),
305.2 (with PVP),

460.0 (with HPMC)
PSS 6 [82]

β-CD, HP-β-CD 1:1 ternary L-arginine spray-drying

PSS, UV-VIS, FT-IR, XRPD,
DSC, SEM, particle size

analysis,
dissolution, MM

β-CD: 300 (binary),
2835 (ternary),

HP-β-CD: 440 (binary),
1257 (ternary)

PSS 6 [83]

HP-β-CD, SBE-β-CD
(Captisol), γ-CD 1:1, 1:2 ternary different amino acids in solution PSS, UV-VIS, NMR, MM,

microbiological studies 20 (with SBE-β-CD) up to 1.5
(SBE-β-CD) [84]
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Table 2. Cont.

API CD API:CD Ratio System Addition Preparation Characterisation Stability Constant Kc
(M−1)

Solubility
Improvement Ref.

cefetamet
pivoxil

α-, β-, γ-, HP-α-,
HP-β-, HP-γ-,

M-β-CD
1:1 binary — co-precipitation DSC, FT-IR, MM, machine

learning n/a n/a [53]

cefpodoxime
proxetil

β-CD 1:2 binary — solvent evaporation,
freeze-drying

PSS, UV-VIS, FT-IR, DSC,
XRPD, SEM, dissolution,

antimicrobial studies, HPLC
n/a PSS 6 [85]

β-CD, HP-β-CD,
M-β-CD 1:1 binary — spray-drying

PSS, saturated aqueous
solubility, particle size analysis,

zeta potential, HPLC, SEM,
DSC, FT-IR, NMR,

antibacterial activity

134.9 (β-CD),
267.9 (HP-β-CD), 267.3

(M-β-CD)

0.241→ 0.637
(β-CD), 1.201

(HP-β-CD), 1.340
(M-β-CD) mg/mL

[86]

HP-β-CD 1:1 ternary CMC sodium kneading
PSS, FT-IR, DSC, SEM, HPLC,
permeability studies (Caco-2

cells)

430.8 (binary),
730.4 (ternary) PSS 6 [87]

HP-β-CD 1:1 ternary CMC sodium kneading PSS, FT-IR, DSC, SEM, HPLC,
antimicrobial activity

430.8 (binary),
730.4 (ternary) PSS 6 [88]

cefdinir

β-CD, HP-β-CD 1:1 binary — kneading
PSS, UV-VIS, XRPD, FT-IR,
dissolution, antimicrobial

studies

120.4 (β-CD),
58.6 (HP-β-CD)

by 101% (β-CD),
by 23.4%

(HP-β-CD)
[89]

β-CD 1:1 binary —

kneading,
co-evaporation,
spray-drying,

microwave
irradiation

PSS, UV-VIS, DSC, FT-IR, SEM,
NMR, dissolution 119.8 PSS 6 [90]

HP-β-CD 1:1 binary —

kneading,
co-evaporation,
spray-drying,

microwave
irradiation

PSS, UV-VIS, DSC, FT-IR, SEM,
NMR, XRPD, dissolution 53.7 PSS 6 [91]

HP-β-CD 1:1 binary — freeze-drying
PSS, saturation solubility study,

SEM, XRPD, DSC, FT-IR,
dissolution

65.3 2.36-fold [92]

β-CD, γ-CD,
HP-β-CD, SBE7-β-CD 1:1 binary — freeze-drying PSS, HPLC, DSC, FT-IR, XRPD,

SEM, antimicrobial activity

100.3 (β-CD),
186.6 (γ-CD),

114.1 (HP-β-CD),
986.5 (SBE7-β-CD)

PSS 6 [93]

ceftiofur HP-β-CD n/a formulation sodium alginate
poloxamer 407, 188

as described in the
patent HPLC n/a 72.7 times (0.03→

2.18 mg/mL) [94]

* Abbreviations used in the tables are expanded in the section “List of abbreviations”, and additional explanations are provided below Table 1.
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Cefuroxime axetil (a representative of the second generation of cephalosporin) is a
prodrug of cefuroxime that belongs to BCS Class II with a bioavailability of 37% after oral
administration on an empty stomach [95]. Cefuroxime axetil was complexed with β-CD
by the kneading method, leading to 9.3-fold increase in the dissolution rate compared
to the parent drug [67]. Mizera et al. [53] obtained cefuroxime axetil ICs with α-, β-, γ-,
HP-β-, HP-γ-, and methyl-β-CD (M-β-CD) by the co-precipitation method, while only
a physical mixture was obtained in the case of HP-α-CD. Spectral analysis showed that
this antibiotic bound mostly with the axetil group, where interactions of carbonyl groups
in the (acetyloxy)ethyl group and ((aminocarbonyl)oxy)methyl group were observed. A
machine learning algorithm was developed, relying on infrared spectra of the pure in-
gredients and their combinations, to determine whether a complex or a physical mixture
was formed. However, the system predicted a false-negative result for the cefuroxime
axetil/HP-β-CD complex, which may suggest that the system under consideration has a
unique binding mode across the dataset, which cannot be predicted based on other exam-
ples. In a subsequent report, a theoretical model based on docking and molecular modelling
was developed, which predicted that HP-β-CD would form the most thermodynamically
preferred system with cefuroxime axetil [68]. Indeed, the complexation with HP-β-CD was
shown to significantly improve dissolution profiles compared to the parent cefuroxime
axetil and with antimicrobial efficacy increased up to 4-fold.

Another study showed the affinity order of four CDs for cefuroxime axetils as follows:
HP-β-CD ~ γ-CD > β-CD ~ α-CD [69]. Raman spectroscopy and mapping, along with a
molecular dynamics simulation, showed that α- and β-CD interact with the furanyl and
methoxy moieties of cefuroxime axetil, and γ-CD creates a more diverse interaction pattern
with the parent drug, while HP-β-CD binds cefuroxime axetil with the contribution of
hydrogen bonding. Shah et al. [70] compared binary complexes of HP-β-CD/cefuroxime
axetil with ternary ones, in the presence of certain auxiliary substances such as PVP K-
30, HPMC, poloxamer 188, and/or PEG 4000, along with Aerosil®®® 200. The ternary
systems performed better than the binary systems due to the synergistic effect of ternary
complexation and the particle size reduction achieved by the spray-drying technology.
The stability constant for the combination of HP-β-CD/cefuroxime axetil with or without
the addition of polymer can be set in the following order: PEG 4000 > poloxamer 188 >
HPMC > PVP K-30 > binary system. A similar attempt to include cefuroxime axetil in β-CD
with and without L-arginine showed that the ternary system performed better than the
binary system, offering much better solubility and dissolution rate than cefuroxime axetil
alone [71]. The ternary system was also investigated as a combination of cefuroxime axetil,
β-CD, and PVP K-30, and showed the best properties compared to the binary complex and
the pure drug substance, with in vitro release tests >85% dissolution within 30 min [72].

Complexes of cefaclor with β-CD were prepared and their stability was compared to
a parent drug by means of the thin-layer chromatographic (TLC) densitometric method,
using such parameters as the rate constant and activation energy [73]. β-CD showed
the strongest effect on stability of cefaclor in 0.5 mol/L of HCl, while both higher and
lower acid concentrations decreased the influence of β-CD on the amount of cefaclor in the
examined samples.

Ceftazidime (a representative of the third generation of cephalosporin) was included
into HP-γ-CD by the freeze-drying method [74]. In another study, β-CD or HP-β-CD
complexes of ceftazidime were prepared by solvent evaporation, the kneading method, or
a physical mixture to prevent hydrolytic degradation upon reconstitution with water [75].
Better results were obtained with HP-β-CD complexes prepared by the kneading method,
which were then used to create a stable ceftazidime formulation with poloxamer 127 and
cremophore RH, allowing for a lower hydrolysis rate constant, improved shelf life (about
33 days in pH 5.5 and pH 7.4), and good antimicrobial activity.

Cefixime (BCS class IV) was combined with Captisol®®®, which is a patent-protected
variation of SBE-β-CD whose chemical structure is designed to enable the creation of
new products by significantly improving the solubility, stability, and bioavailability. The
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addition of hypromellose had a stabilising effect on the cefixime-Captisol®®® complexation,
reducing the degradation rate by approximately 1.5 times (in the range of 303–353 K), while
povidone K-30 and macrogol (PEG) 4000 had an unfavourable effect due to steric hindrance,
preventing the guest from entering the CD cavity [78]. Pamudji et al. [79] applied high-
performance liquid chromatography (HPLC) to perform a stability study at 40 ◦C and 75%
RH in a liquid suspension. The authors showed that the best cefixime:β-CD ratio was
1:2, and the kneading method proved to be more suitable than freeze-drying, as the latter
decreased the stability of cefixime. A further study compared two different approaches
to increase the solubility of cefixime, namely a solid dispersion using Pluronic, which is
an inhibitor of P-glycoprotein, important in inhibiting intestinal drug efflux, and β-CD
inclusion complexation [80]. Both were found to increase solubility, but the use of Pluronic
with the spray-drying method was best-suited to achieve enhanced dissolution. However,
drug permeation using the rat non-everted intestinal sac method (ex vivo) showed that
Pluronic was not involved in permeability enhancement of cefixime. The magnitude of
the difference between the two approaches (Pluronic—solid dispersion and β-CD—IC)
was not due to the ability of the Pluronic to enhance permeation, but only to its ability
to improve solubility [80]. Another study found that the spray-drying method achieved
the greatest solubility improvement of the cefixime complex with HP-β-CD compared to
other methods, including solvent evaporation, co-grinding, microwave irradiation, and
freeze-drying [81]. These studies showed that the binary system of cefixime showed greater
antimicrobial activity against S. aureus and E. coli than cefixime alone.

A different approach to improve the solubility and dissolution rate of cefixime was the
preparation of binary and ternary systems by the freeze-drying method [82]. The results
confirmed that the combined use of β-CD and hydrophilic polymers (PVP K-30 at 0.25%
w/v, HPMC K4 at 0.1% w/v) significantly improved the drug solubility and dissolution rate,
due to the increased efficiency of CD complexation. The increase in the dissolution rate was
found to be higher for the ternary systems than for the corresponding binary compositions,
and the ternary systems with HPMC were found to exhibit a faster dissolution profile
compared to other systems. The apparent stability constants of cefixime with binary and
ternary systems were ranked as follows: cefixime-β-CD-HPMC > cefixime-β-CD-PVP >
cefixime-β-CD. Similarly, a synergistic effect of L-arginine in combination with cefixime
and β-CD or HP-β-CD resulted in the ternary system being most effective, resulting in a
tremendous improvement in physicochemical properties (which was better for the HP-β-
CD) compared to the pure drug [83]. In addition, molecular modelling studies confirmed
the stoichiometry, stability, and geometry of the cefixime/β-CD complex with the inclusion
of the cephem moiety inside the cavity from the wide rim in the binary complex, and the
thiazolyl ring embedded in the CD cavity through the narrow rim in the ternary system.
Recently, Cirri et al. [84] investigated the effect of 3 different CDs (γ-CD, HP-β-CD, and SBE-
β-CD) and 11 amino acids on the solubility and taste of cefixime formulations. Solubility
studies showed that SBE-β-CD and histidine were the most effective combination for an
oral cefixime solution for use in children, although no synergistic effect was found that
would improve the solubility of cefixime when these excipients were used together. The
solubility of cefixime increased from 0.76 to 17.5 mg/mL. Antimicrobial activity was almost
unchanged, with a slight increase of MIC values over time. NMR spectroscopy was used to
gain insight into the interactions between components in the binary or ternary systems.

Cefetamet pivoxil was analysed as one of three model beta-lactam antibiotics to
develop a machine learning algorithm [53]. The most likely binding mode involved
interactions of the pivoxil group and some interaction between the thiazole ring and the
cephem group with polar, hydroxypropyl-rich moieties located on the outer side of the
CD. The algorithm predicted one false-negative and one false-positive result for systems
containing cefetamet pivoxil.

Cefpodoxime proxetil (CPP) (BCS Class II/IV) was complexed with β-CD in a 1:2
molar ratio. The freeze-dried product exhibited the highest dissolution rate at almost 90%
after 30 min compared to 34% and 42% for the physical mixture and solvent evaporation,
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respectively [85]. In vitro studies against Neisseria gonorrhoeae strains showed an enhanced
therapeutic efficacy of the prepared freeze-dried complexes. Recently, a spray-drying
technique was proposed instead of kneading to obtain CPP complexes with β-CD, HP-β-
CD, and M-β-CD with a better release profile and enhanced antibacterial activity [86]. The
solubility of ICs increased from 3 to 5 times. The interactions for CPP, arranged in order
from strongest to weakest, are as follows: HP-β-CD > M-β-CD > β-CD. The MIC values for
the E. coli and Klebsiella pneumoniae of binary systems were found to be two to four times
lower than that of CPP. Meanwhile, the MIC values for S. aureus of the complexes with
HP-β-CD and M-β-CD were two times lower than that of pure API, while the complex
with β-CD displayed the same MIC value as the pure CPP.

Another study proposed the complexation of CPP with HP-β-CD with the addition
of a soluble polymer, sodium CMC, to form a ternary system [87,88]. Not only was the
solubility of the drug increased, but also the permeability through biological membranes
(study on Caco-2 cells’ monolayers). The permeability studies showed that the complex
of CPP with HP-β-CD in the presence of polymer has a higher permeability compared to
CPP alone and the complex of CPP with HP-β-CD in the absence of a polymer [87]. The
complex tablets were prepared by direct compression, showing the increased solubility,
dissolution rate, and antimicrobial activity compared to commercial tablets [88].

Cefdinir (oral bioavailability of 21–25%) was kneaded with β-CD and HP-β-CD in a
1:1 molar ratio, showing that β-CD had a greater effect on solubility enhancement (101%
for β-CD versus 23% for HP-β-CD), while HP-β-CD allowed for better antimicrobial
activity [89]. In other studies, the kneading method was used alongside other methods,
namely co-evaporation, spray-drying, and microwave irradiation, to obtain β-CD [90] and
HP-β-CD [91] complexes in the solid state. It was demonstrated that spray-drying and
microwave irradiation resulted in the formation of a true complex, with the complexes
prepared by the microwave irradiation method being obtained with the best yield and the
highest dissolution rate. Another article reported on a complex with HP-β-CD prepared
by the freeze-drying technique, which improved the solubility of cefdinir 2.36 times [92].
Recently, Morina et al. [93] showed increasing solubility of cefdinir/CD complexes, as
indicated by phase solubility studies (PSS), in the following order: β-CD < HP-β-CD <
γ-CD < SBE7-β-CD. The MIC results against S. aureus and E. coli showed that the formation
of ICs, especially with HP-β-CD, enhanced the antimicrobial activity of the drug, which is
consistent with the results [89]. Subsequently, an oral tablet with cefdinir/HP-β-CD was
prepared using Avicel PH 102 or Ludipress as a direct compression agent and magnesium
stearate as a lubricant, achieving a better solubility, stability, and dissolution rate.

2.3. Carbapenems

The following description of three carbapenem antibiotics is accompanied by Table 3,
summarising the experimental data.

Meropenem is characterised by good solubility in water, but also high instability in
aqueous solutions due to the hydrolysis of the amide bond in the beta-lactam ring and
intermolecular aminolysis resulting in a dimeric product.

Inclusion of meropenem in the β-CD cavity only slightly increased its solubility
(by approximately 15%) [96]. However, Paczkowska et al. showed that a meropenem
complex with β-CD can serve as a valuable delivery system, significantly contributing to the
increased stability of meropenem in aqueous solutions and in the solid phase, keeping the
desired meropenem concentration constant over a period of 20 h. The meropenem/β-CD
complex exhibited greater bactericidal potency than free meropenem toward Pseudomonas
aeruginosa, Rhodococcus equi, and Listeria ivanovii [96].
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Table 3. Detailed information of carbapenem complexes on the types of CDs used, methods of complex preparation, and techniques used to characterise the
obtained products *.

API CD API:CD Ratio System Addition Preparation Characterisation
Stability
Constant
Kc (M−1)

Solubility
Improvement Ref.

meropenem

β-CD 1:1 binary — kneading
PSS, UV-VIS, FT-IR, DSC,

HPLC (stability), dissolution, MM,
antimicrobial activity

n/a ~15% [96]

(2-hydroxy-3-N,N,N-
trimethylamino)propyl-

β-CD
1:1 NPs CMC as described 4

HPLC, UV-VIS, NMR, particle size
measurements, zeta potential,

permeation studies
n/a n/a [97]

γ-CD 1:1 NPs PLGA liquid CO2
method

UV-VIS, TGA, DSC, XRPD, FT-IR,
SEM, NMR, MM, HPLC, in vitro

release, permeability (Caco-2 cells),
laser scanning confocal microscopy,

antibacterial assay

n/a n/a [98]

ertapenem HP-β-CD n/a binary — freeze-drying HPLC n/a n/a [99]

tebipenem
pivoxil β-CD 1:1 binary — grinding

PSS, HPLC, FT-IR, DSC, Raman,
dissolution, MM, antibacterial

activity, permeability (Caco-2 cells)
0.1539 n/a [100]

* Abbreviations used in the tables are expanded in the section “List of abbreviations”, and additional explanations are provided below Table 1.
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Ertapanem is unstable at room and refrigerated temperatures and is thus prone to
degradation with the formation of dimer and open-ring degradation products. To overcome
these drawbacks, HP-β-CD was used as an additive in a lyophilised formulation, acting
both as a cryoprotective and a stabilising agent [99].

Tebipenem pivoxil is the first oral antibiotic in the class of carbapenems. It was
complexed with β-CD in a 1:1 molar ratio by the dry mixing method, and characterised by
spectroscopic (Fourier-transform infrared spectroscopy (FT-IR) and Raman) and thermal
(differential scanning calorimetry (DSC)) methods [100]. As a result, solid-state chemical
stability and antibacterial activity against bacterial strains such as S. aureus, P. aeruginosa,
Enterococcus faecalis, and Proteus mirabilis were increased, but permeability through the
Caco-2 cell monolayers was decreased.

3. Tetracyclines

Tetracyclines are antibiotics with a very similar structure, theoretically with a wide
range of antibacterial activity. Currently, they are significantly limited due to the growing
bacterial resistance to antibiotics from this group. Doxycycline is characterised by higher
lipophilicity compared to tetracycline, and consequently is better absorbed from the gas-
trointestinal tract and achieves a higher concentration in many tissues [101]. For details of
tetracycline complexation with CD, the reader is referred to Table 4.

An advantage of doxycycline/HP-β-CD complexes is increased efficacy against bacte-
rial biofilms, which shows promise in the treatment of aggressive and unresponsive forms
of periodontitis [102]. The doxycycline/HP-β-CD decreased the MIC against Aggregatibac-
ter actinomycetemcomitans suspension and biofilms 8–16-fold and improved the bactericidal
efficacy in comparison with free doxycycline and HP-β-CD complexes at different stoi-
chiometric ratios (1:1, 2:1). In another study, focusing on the adhesion of β-CD to the S.
aureus cell membrane through hydrogen bonding, a synergistic effect was obtained with
the ionic interactions that may arise between the cationic drug and the anionic cell surface,
which in turn was responsible for the higher activity of doxycycline/β-CD complex against
S. aureus compared to pure doxycycline [32]. An in vitro antimicrobial susceptibility test
against S. aureus revealed a 135-fold decrease in MIC and an 8-fold decrease in minimal
bacterial concentration (MBC). Kogawa et al. [103] observed a significant decrease in the
rate of photodegradation in aqueous solution after complexation with β-CD: 97% of the
doxycycline in complex was unchanged after 6 h exposure to UV radiation, compared with
68% for the pure drug.

On the other hand, complexes of doxycycline hyclate (C22H24N2O8·HCl· 12 H2O· 12
C2H5OH) with different CDs [104] revealed that the photostability of the aqueous solutions
of doxycycline/CD complexes can be arranged in the following order: γ-CD > RM-β-CD
> HP-β-CD > α-CD, with the best performance shown by doxycycline/γ-CD (1:20 molar
ratio) complex. The permeability increased as the inclusions increased. Permeation studies
have been performed to investigate the effect of the complexes on biological membrane
permeation since doxycycline itself belongs to BCS Class I [104]. NMR studies and molecu-
lar modelling allowed to propose a three-dimensional structure of the complex with the
phenyl ring included in the CD cavity. Based on 2D-ROESY NMR data, two different
arrangements of doxycycline in the cavity of β-CD were proposed, namely the so-called
head and tail orientations [105].
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Table 4. Detailed information of tetracycline complexes on the types of CDs used, methods of complex preparation, and techniques used to characterise the
obtained products *.

API CD API:CD Ratio System Addition Preparation Characterisation
Stability

Constant Kc
(M−1)

Solubility
Improvement Ref.

do
xy

cy
cl

in
e

HP-β-CD 1:2 binary — freeze-drying
FT-IR, NMR, IMC, SEM, DLS, zeta

potential,
microbiological studies

n/a n/a [102]

β-CD 1:1 binary — freeze-drying
TGA, DTA, FT-IR, NMR, ITC, DLS, zeta

potential,
antimicrobial tests, cytotoxicity assay

503 n/a [32]

β-CD 1:1 binary — freeze-drying
NMR, MM, FT-IR, DSC, TGA,

photostability (HPLC),
microbiological studies

n/a n/a [103]

α-, γ-, HP-β-CD,
RM-β-CD n/a binary — freeze-drying

UV-VIS, SEM, XRPD, photostability
(UV-VIS),

permeation studies
n/a n/a [104]

β-CD 1:1 binary — in silico only DFT n/a n/a [105]

HP-β-CD 1:1 hydrogel
MgCl2,

poloxamer P407
and P188

as described 4

PSS, TGA, XRPD, FT-IR, measurement of
gelation

temperature, in vitro release, stability
(HPLC)

31.2 (in water)
120.8 (in MgCl2) PSS 6 [106]

HP-β-CD n/a ternary MgCl2 freeze-drying
SEM, UV-VIS, NMR, MM, stability

(HPLC),
antibacterial activity

n/a n/a [107]

HP-β-CD 1:4 ternary MgCl2 freeze-drying HPLC (assay, stability studies), optical
microscopy, NMR n/a n/a [108]

α-CD 1:1
in situ

forming
implant

PLGA freeze-drying
FT-IR, XRPD, DSC, stability (UV-VIS),

in vitro release (HPLC), SEM, MM,
cytotoxicity

n/a n/a [109]

HP-β-CD n/a microparticles PVP, HPMC vacuum drying
SEM, UV-VIS, HPLC, particle size analysis,
stability, in vitro release, pharmacokinetic

study, antibacterial activity
n/a n/a [110]
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Table 4. Cont.

API CD API:CD Ratio System Addition Preparation Characterisation
Stability

Constant Kc
(M−1)

Solubility
Improvement Ref.

te
tr

ac
yc

lin
e

β-, γ-CD 1:1 binary — in silico semi-empirical and DFT calculations n/a n/a [111]

maleated β-CD n/a hydrogel

3-
methylacryloxy-
propyltrimethoxy
silylated mont-

morillonite

as described 4

SEM, FT-IR, XRPD, elemental analysis,
UV-VIS,

in vitro release, in vitro
biocompatibility test

n/a n/a [112]

β-CD 1:1 NFs PCL freeze-drying +
electrospinning

thermal analysis, XRPD, FT-IR, SEM,
electrical conductivity, viscosity, in vitro

release, microbiological test
n/a n/a [113]

HP-β-CD 1:2 NFs pullulan electrospinning

PSS, UV-VIS, conductivity and viscosity
measurements, SEM, FT-IR, XRPD, TGA,

dissolution, in vitro release, disintegration,
antibacterial test, DFT

21 ~2.1-fold [114]

tigecycline SBE-β-CD n/a formulation HCl freeze-drying n/a n/a n/a [115]

* Abbreviations used in the table are expanded in the section “List of abbreviations”, and additional explanations are provided under Table 1.
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For tetracycline, the structures and stabilisation energies of β- and γ-CD complexes
were calculated using semi-empirical methods (parametrised model 3) and density func-
tional theory (DFT) [111]. A qualitative structure–property relationship was established
with two main structural features important for the stabilisation of the IC: (i) inclusion depth,
which promotes the hydrophobic contact inside the CD cavity, and (ii) hydrogen bonds
established between the guest and the host molecules. In the case of the tetracycline/γ-CD
complex, where there is a deeper inclusion than in the case of β-CD, five strong hydrogen
bonds can be observed, which increase the stability of this complex.

Tigecycline was described in a patent WO 2017/118994, where SBE-β-CD was used
as a stabilising agent for a freeze-dried pharmaceutical composition for parenteral adminis-
tration [115].

4. Chloramphenicol and Florfenicol

The experimental conditions and selected results of the cited reports are summarised
in Table 5.

Chloramphenicol (Scheme 1) was introduced into medicine in 1949. Chloramphenicol
has a broad spectrum of antibacterial activity and high clinical efficacy; however, it causes
severe bone marrow suppression by idiosyncrasy (reaction that occurs at the first contact
with the substance that is unpredictable, irreversible, and frequently fatal) with an incidence
of 1 case in 24,000 to 40,000 courses of therapy [23]. However, the most common symptom is
a predictable dose-dependent toxicity, which usually occurs when the serum concentration
of chloramphenicol exceeds 25 mg/L for prolonged periods of time [116].

Chloramphenicol is only used in the cases of severe, life-threatening conditions where
there is no alternative to its use. In many countries, chloramphenicol has been withdrawn
from systemic preparations and remained in topical formulations only. Chloramphenicol is
a lipophilic antibiotic, well-absorbed from the gastrointestinal tract, with a bioavailability
of 90–100%, but with poor water solubility due to the presence of the nitrobenzene moiety,
and is characterised with a bitter taste. As a result, hydrophilic prodrugs (chloramphenicol
sodium succinate or chloramphenicol palmitate) are generally used for the preparation
of pharmaceutical compositions. The inclusion into the cavity of the CD molecule can
reduce the toxicological properties of chloramphenicol [23]. Chloramphenicol palmitate is
sparingly soluble in water (<4.3 × 10−8 M) and has several polymorphic forms (A—stable,
B and C—metastable) [117]. In the absence of additives, the spray-dried chloramphenicol
palmitate was mainly converted to Form subB, which was easily and quickly transformed
to metastable Form B. On the other hand, in the presence of HP-β-CD, chloramphenicol
palmitate was converted by spray-drying to a stable amorphous complex, which trans-
formed to Form B only in small amounts under severe storage conditions. Dissolution in
aqueous medium indicated that the amount of chloramphenicol palmitate released from
the chloramphenicol palmitate/HP-β-CD complex was significantly greater than that of
the polymorphs (rate and amount: complex >> Form B > Form subB > Form A) [117].

Ali et al. [118] conducted a NMR spectroscopic study of mixtures of β-CD with
D-(-)-chloramphenicol, present in two tautomeric forms in solution, and revealed the
formation of a 1:1 IC, with the aromatic ring of the guest tightly held by the host cavity.
Fatiha et al. [119] carried out computational studies, using semi-empirical methods, to
investigate the structures and properties of the ICs of chloramphenicol tautomers with
β-CD at 1:1 stoichiometry. Two possible orientations in the host cavity were considered for
both enol and keto chloramphenicol. The NMR chemical shifts (in ppm) of the free and
complexed chloramphenicol were calculated at the B3LYP/6-31G(d) level of theory and
compared with experimental data taken from the literature.
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Table 5. Detailed information of chloramphenicol and florfenicol complexes on the types of CDs used, methods of complex preparation, and characterisa-
tion techniques *.

API CD API:CD Ratio System Addition Preparation Characterisation Stability Constant
Kc (M−1)

Solubility
Improvement Ref.

ch
lo

ra
m

pe
hn

ic
ol

β-CD,
HP-β-CD 1:1, 1:2 binary — spray-drying PSS, dissolution, HPLC, UV-VIS, DSC, XRPD,

NMR, in vivo studies
120 (HP-β-CD),

170 (β-CD) PSS 6 [117]

β-CD 1:1 binary — in solution NMR n/a n/a [118]
β-CD 1:1 binary — in silico quantum mechanical calculations n/a n/a [119]

β-CD 1:1 binary — in solution resonance Rayleigh scattering, UV-VIS dependent on the
method and temp. n/a [120]

HP-β-CD,
M-β-CD 1:1 binary — kneading PSS, DSC, UV-VIS, antimicrobial activity 86.3 (HP-β-CD),

259.5 (M-β-CD)
4.4→ 30.7 (HP-β-CD),

42.0 g/L (M-β-CD) [121]

Dimeb 1:1 binary — co-evaporation PSS, UV-VIS, circular dichroism spectroscopy,
FT-IR, NMR 493 2.24-fold (in 20 mM

Dimeb solution) [122]

β-CD, Trimeb 1:1 binary — co-dissolution,
co-grinding

single-crystal X-ray diffraction, XRPD, TGA,
FT-IR, solid-state NMR, SEM, DFT,

antibacterial activity
n/a n/a [123]

β-CD 1:1 ternary glycine,
cysteine freeze-drying

PSS, HPLC, NMR, FT-IR, DSC, TGA, XRPD,
SEM, antimicrobial activity,

chemiluminescence

180 (binary),
107 (with glycine),
101 (with cysteine)

1.5-fold [23]

β-CD 1:1 ternary NAC freeze-drying PSS, HPLC, NMR, XRPD, SEM, FL,
chemiluminescence, microbiological studies 75 1.5-fold [124]

γ-CD 1:1 ternary NAC freeze-drying
PSS, ITC, NMR, SEM, DSC, TGA, XRPD, MM,

FL, electron probe microanalysis,
antibacterial activity

68 (without NAC),
165 (with NAC)

2.8→ 7.6 (binary),
14.4 mg/mL (with

NAC)
[125]

γ-CD 1:1 NPs silver NPs freeze-drying

XRPD
, FT-IR,
DSC,
TGA,

SEM, EDX,
TEM,
NMR,

UV-VIS, SERS, MM,
zeta potential,

antibacterial activity

n/a n/a [126]

SBE-β-CD 1:1 eye drop
formulation

PVP, PVA,
PVP,

HPMC
freeze-drying

PSS, UV-VIS, DSC, XRPD, MM, NMR, SEM,
EDS, HPLC-MS/MS, in vitro release,

in vitro permeabilization tests, in vivo studies
n/a PSS 6 [127]
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Table 5. Cont.

API CD API:CD Ratio System Addition Preparation Characterisation Stability Constant
Kc (M−1)

Solubility
Improvement Ref.

flo
rf

en
ic

ol

HP-β-CD n/a binary — freeze-drying SEM, DSC, XRPD, FT-IR, NMR, muscle
irritation test, in vivo pharmacokinetic studies n/a 2.23→ 78.9 mg/mL [128]

β-, HP-β-,
γ-CD, Captisol n/a ternary PEG-300 freeze-drying PSS, HPLC

1430 (β-CD),
612 (γ-CD),

817 (HP-β-CD),
1021 (Captisol)

PSS 6 [129]

HP-β-CD 1:1 microparticles chitosan
evaporation,

freeze-drying,
spray-drying

PSS, HPLC, DSC, SEM, dissolution 181.4 (without
addit.) PSS 6 [130]

HP-β-CD n/a microparticles PVP,
HPMC as described 4

SEM, UV-VIS, HPLC, particle size analysis,
stability, in vitro release, pharmacokinetic

study
antibacterial activity

n/a n/a [110]

γ-CD n/a MOF KOH,
CH3OH as described 4 SEM, XRPD, UV-VIS, FL, HPLC, in vitro

release, antibacterial activity n/a 9.12→ 76.11 mg/L [131]

* Abbreviations used in the table are expanded in the section “List of abbreviations”, and additional explanations are provided below Table 1.
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Li et al. [120] applied the resonance Rayleigh scattering technique to determine the
inclusion constant of chloramphenicol into β-CD, and compared the results with the
data obtained using UV-VIS spectroscopy. Based on the temperature-dependence of the
stability constant, the thermodynamic parameters (∆H, ∆S, and ∆G) related to the in-
clusion process were calculated, revealing that the process is exothermic and enthalpy-
driven (|∆H| > T|∆S|). Zuorro et al. [121] studied the enhancement of the solubility
and antibacterial activity of chloramphenicol after complexation with HP-β-CD and M-
β-CD in eye drop formulations. There are no significant differences in the behaviour of
chloramphenicol/HP-β-CD and chloramphenicol/M-β-CD, suggesting that the chemical
nature of the substituents in the β-CD ring has a limited effect on antimicrobial activity,
despite the observed differences in the stability constants (259.5 M−1 for M-β-CD versus
86.3 M−1 for HP-β-CD). Shi et al. [122] showed that the solubility of chloramphenicol in
the presence of heptakis-(2,6-di-O-methyl)-β-CD (Dimeb) increased 2.2-fold, and is greater
than in the presence of β-CD, HP-β-CD, and M-β-CD, similar to the complex stability
constant. The results obtained by spectroscopic methods showed that the nitrophenyl
moiety of chloramphenicol was deeply inserted into the cavity of Dimeb from the narrow
rim of Dimeb, which differs from the complex with β-CD.

Three different procedures were applied to prepare ICs of chloramphenicol in the
solid state: (i) co-crystallisation with β-CD from aqueous solution, (ii) the solvent-free
co-grinding with β-CD, and (iii) co-dissolution in ethanol with heptakis-2,3,6-tris-O-methyl-
β-CD (Trimeb) [123]. The co-crystallisation procedure was optimal for preparing chloram-
phenicol complexes with β-CD (1:1) and resulted in the formation of microcrystals showing
polymorphism. Only the crystals of the latter were suitable for the single-crystal diffraction
experiment. However, the data for the guest atoms comprised of a smeared-out electron
cloud, so theoretical calculations were applied to propose a reliable geometry and the
location inside the host molecule. The co-grinding procedure with β-CD and co-dissolution
with Trimeb (1:1) led to obtaining an amorphous material. Both the complexes with β-
CD and Trimeb demonstrated selective action against E. faecalis strains and a remarkable
ten-fold MIC reduction against Listeria monocytogenes.

Aiassa et al. [23] improved the solubility of chloramphenicol and reduced the drug-
induced production of reactive oxygen species (ROS) in leukocytes, using β-CD complexa-
tion with the addition of auxiliary substances, glycine or cysteine. ROS are responsible for
damage to the blood-forming organs, which may be related to the potential of chloram-
phenicol for nitro-reduction and subsequent production of nitric acid, which in turn may
cause haematotoxicity in susceptible people [132]. Moreover, it has been shown that the
antimicrobial activity of complexed chloramphenicol is retained against S. aureus, E. coli,
and P. aeruginosa when tested by agar diffusion methods [23]. Further ternary complexes
consisting of chloramphenicol, N-acetylcysteine (NAC), β-CD [124], and γ-CD to improve
the solubility, antibiofilm activity, and safety profile of chloramphenicol [125] were pre-
pared. It was shown that complexation [124] decreased the biomass and cellular activity
of Staphylococcus spp., as assessed by the crystal violet and XTT assays. The complexation
also resulted in the reduced leukocyte toxicity. One way to induce the resistance to an-
tibiotics is through the formation of a bacterial biofilm [133]. In this context, there is an
urgent need to prepare drug-delivery systems responsible for the enhanced inhibition of
bacterial biofilm production. NAC as an acetyl derivative of cysteine was investigated as
a protective antibiofilm and antioxidant agent [125]. The solubility of chloramphenicol
increased 2.7-fold for the binary complex and 5.1-fold for the ternary system. The XTT
reduction assay demonstrated a 1.9-fold decrease in the metabolic activity in the case of
methicillin-sensitive S. aureus and a 1.3-fold decrease in the case of MRSA.

Florfenicol (FF) is approved for veterinary use only. Fan et al. [128] conducted physic-
ochemical and in vivo pharmacokinetic studies of FF/HP-β-CD complexes in a water-
soluble injection. Compared to the commercial injection of FF, the HP-β-CD complex
increased the solubility (35.4-fold compared to FF alone), elimination half-life, transport
rate constant, and peak concentration after an intramuscular injection in beagle dogs, as



Pharmaceutics 2022, 14, 1389 26 of 71

well as shortened the distribution half-life, absorption rate constant, apparent volume of
distribution, and peak time. The patent WO 2008/133901 A1 [129] described PSS of FF with
the use of α-, β-, γ-, HP-β-CD, Captisol, and PEG-300. It was shown that the synergism of
CD solutions with PEG-300 reduced the amount of solvent (PEG) necessary to obtain the
required concentration.

5. Quinolones

This section discusses the CD complexes of the next generations of quinolone antibac-
terial agents: the “old” quinolones (first generation) and fluoroquinolones (second–fourth
generations). The experimental details are summarised in Table 6.

5.1. First-Generation Quinolones

First-generation quinolones were introduced for the treatment of urinary tract infec-
tions. Attempts to use them in other infections have failed because these compounds are
unlikely to generate adequate concentrations in body fluids other than urine [134]. The side
effects and the easy spread of resistance mean that these compounds are not recommended
today; therefore, the scope of the available articles was limited.

Shehatta et al. [135] studied the inclusion of nalidixic acid into α- and β-CD cavities
using UV-VIS spectroscopy and electrochemical methods such as differential pulse strip-
ping voltammetry and cyclic voltammetry. The logarithms of the binding constants were
calculated from voltammetric data, indicating that nalidixic acid was bound more strongly
to β-CD, with a more apolar cavity, than to α-CD. A combination of the experimental results
and molecular modelling studies allowed the structure of the complexes to be proposed,
with the 2-methylpyridine group inside the CD cavity and the carboxyl group of the drug
remaining outside the β-CD cavity, forming an additional hydrogen bond with the OH
group of β-CD. In another study, β-CD/nalidixic acid solid dispersions were prepared, thus
achieving an enhanced dissolution rate for these systems compared to solid dispersions
with PVP (obtained by solvent evaporation) or sodium starch glycolate (SSG) [136]. The
relative potency of the carriers to enhance the dissolution rate of nalidixic acid was in
the following order: β-CD > PVP > SSG. Levya et al. [137] used UV-VIS spectroscopy to
determine binding constants of γ-CD complexes with nalidixic acid and oxolinic acid under
acidic and basic conditions, demonstrating drug penetration into the CD cavity by NMR.
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Table 6. Detailed information of quinolone complexes on the types of CDs used, methods of complex preparation, and techniques used to characterise the
obtained products *.

API CD API:CD
Ratio System Addition Preparation Characterisation Stability Constant

Kc (M−1)
Solubility

Improvement Ref.

nalidixic acid

α-, β-CD 1:1 binary — in solution

PSS, UV-VIS, MM,
electrochemistry:

differential pulse stripping
voltammetry,

cyclic voltammetry

398 (α-CD),
1585 (β-CD) n/a [135]

β-CD n/a binary — kneading SEM, XRPD, dissolution n/a n/a [136]

γ-CD 1:1 binary — in solution UV-VIS, NMR 3480 (in 0.03 M HCl),
3760 (in 0.03 M NaOH) n/a [137]

piromidic acid
DM-β-CD 1:2 binary — neutralisation

method
PSS, UV-VIS, DSC, NMR,

dissolution 244 PSS 6 [138]

β-CD,
DM-β-CD 1:2 binary — neutralisation,

co-precipitation
PSS, UV-VIS, DSC, NMR, XRPD,

dissolution
77.5 (β-CD),

244 (DM-β-CD) PSS 6 [139]

pipemidic acid β-CD 1:1 binary — kneading PSS, UV-VIS, FT-IR, NMR, MM,
bioactivity evaluation

250.8 (pH 4.6), 88.5 (pH
6.8), 86.7 (pH 8.6) PSS 6 [140]

oxolinic acid
HP-β-CD 1:1 binary — in solution UV-VIS, HPLC

(photodegradation), NMR 2.65 × 103 n/a [141]

γ-CD 1:1 binary — in solution UV-VIS, NMR 1616 (in 0.03 M HCl),
1765 (in 0.03 M NaOH) n/a [137]

ofloxacin

β-CD n/a binary — in solution
solubility studies, DSC, NMR,

HPLC
(photostability), MM

152 (pH 8.3) n/a [142]

β-CD,
HP-β-CD 1:1 binary — in solution UV-VIS, FL, NMR dependent on the type

of CD and pH n/a [143]

β-CD,
HP-β-CD 1:1 binary — freeze-drying

FT-IR, TGA, DTA, NMR, ITC,
DLS,

antitumour and antibacterial
activity

880 (β-CD),
65.2 (HP-β-CD) n/a [144]

HP-β-CD 1:1 binary — kneading PSS, UV-VIS, FT-IR, MM 1.28 × 103 0.3→ 1.1
mg/mL [145]

α-, β-CD 1:1 binary — as described 4 UV-VIS, FT-IR, NMR, SEM, MM,
time-resolved fluorescence as described 4 n/a [146]
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Table 6. Cont.

API CD API:CD
Ratio System Addition Preparation Characterisation Stability Constant

Kc (M−1)
Solubility

Improvement Ref.

β-CD 1:1 binary — in solution fluorescence quenching method 1.02 × 106 (neutral pH),
0.99 × 106 (acidic pH)

n/a [147]

M-β-CD 1:1 binary — co-precipitation UV-VIS, FL, FT-IR 7.8 × 103 n/a [148]

M-β-CD 1:1 binary — solid-state solubility studies, FL, FT-IR,
SEM, NMR, MM

167 (pH 3.05), 1000 (pH
7.53), 200 (pH 10.53)

1.28→ 4.26
mg/mL [149]

α-CD 1:1 NFs PEG, PVA as described 4 FT-IR, NMR, SEM, EDX, UV-VIS,
antibacterial activity n/a n/a [150]

ciprofloxacin

β-CD 1:1 binary — co-precipitation NMR, FL, IR, DSC, SEM 278 n/a [151]
HP-β-CD 1:1 binary — co-precipitation NMR, FL, IR, DSC, SEM 343 n/a [152]

α-, β-CD 1:1 binary — precipitation UV-VIS, FT-IR, NMR, SEM, MM,
time-resolved fluorescence as described 4 n/a [146]

HP-β-CD,
M-β-CD n/a hydrogel agar, ethyleneglycol

diglycidylether as described 4 FT-IR, UV-VIS, drug release,
microbiological tests n/a n/a [153]

β-CD n/a hydrogel

sterculia gum,
carbopol 940,

N,N′-
methylenebisacrylamide
ammoniumpersulphate

as described 4

cryo-SEM, FT-IR, solid-state
NMR, drug release, UV-VIS,

biomedical properties of
hydrogels

n/a n/a [154]

poly(cyclodextrin
citrate) n/a hydrogel chitosan as described 4

SEM, rheological parameters,
degradation studies, drug

release, HPLC, antibacterial
activity, cytotoxicity

n/a n/a [26]

α-CD n/a hydrogel poloxamer 407 as described 4
rheological parameters, in vitro

release, HPLC, permeation,
antibacterial studies

n/a n/a [155]
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Table 6. Cont.

API CD API:CD
Ratio System Addition Preparation Characterisation Stability Constant

Kc (M−1)
Solubility

Improvement Ref.

HP-β-CD 1:1 eye drop
formulation HPMC, PVP as described 4 PSS, UV-VIS, stability, drug

release
175 (pH 5.5),
83 (pH 7.4)

3-fold (pH 5.5),
2-fold (pH 7.4) [156]

HP-β-CD 1:1 eye drop
formulation

Carbopol 934 and 940,
Poloxamer 407 and 188,

HPMC
as described 4 FT-IR, DSC, NMR n/a n/a [157]

β-CD n/a polyurethane
composite

poly(butyleneadipate),
4,4′-diphenylmethane-

diisocyanate
as described 4

FT-IR, NMR, wide-angle XRD,
TGA, DSC, SEM, EDX,
antimicrobial activity

n/a n/a [158]

β-CD n/a polyurethane
composite

HDI,
calcium

β-glycerophosphate
kneading FT-IR, XRPD, TGA, UV-VIS,

solid-state NMR n/a n/a [159]

α-, β-CD 1:1 NFs PCL
solvent

evaporation,
ultrasonic

solubility study, solid-state NMR,
FT-IR, XRPD, SEM, UV-VIS n/a PSS 6 [160]

β-CD 1:1 NFs gelatine freeze-drying PSS, UV-VIS, NMR, FT-IR, XRPD,
TGA, SEM, MM, dissolution n/a PSS 6 [161]

β-CD n/a NFs polylactic acid co-precipitation solid-state NMR, SEM, TGA,
Raman spectroscopy, UV-VIS n/a n/a [162]

mono-6-prop-
argylamino-

6-deoxy-β-CD
n/a NFs azidated cellulose fibres as described 4

FT-IR, SEM, XPS, XRPD,
drug-release study, antibacterial

assay
n/a n/a [163]

ci
pr

ofl
ox

ac
in β-, γ-CD n/a macromolecule chloroacetyl chloride as described 4

NMR, FT-IR, MS, UV-VIS, drug
release,

antibacterial activity (MTT assay)
n/a n/a [164]

O-p-toluene-
sulfonyl-β-CD n/a NPs

chitosan, 3-chloro-2-
hydroxypropyl trimethyl

ammonium chloride
as described 4

solubility studies, UV-VIS, DLS,
FT-IR, XRPD, SEM, EDX, NMR,

antibacterial and anti-fungal
activity, in vitro release

n/a PSS 6 [165]
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Table 6. Cont.

API CD API:CD
Ratio System Addition Preparation Characterisation Stability Constant

Kc (M−1)
Solubility

Improvement Ref.

M-β-CD,
poly-M-β-CD 1:1 vascular

grafts PET, citric acid as described 4 solubility study, UV-VIS, NMR,
in vitro release

55.9 (M-β-CD),
793.8 (poly-M-β-CD) PSS 6 [166]

HP-γ-CD n/a vascular
prosthesis PET, citric acid as described 4

UV-VIS, SEM, microbiological
tests,

in vitro cell proliferation
38 n/a [167]

pefloxacin α-, β-,
HP-β-CD 1:1 binary — co-precipitation NMR, FL

730 (α-CD), 140
(β-CD), 760
(HP-β-CD)

n/a [168]

lomefloxacin HP-β-CD 1:1 binary — solvent
evaporation

FT-IR, XRPD, UV-VIS, in vitro
dissolution, in vivo absorption

studies, stability
n/a n/a [169]

rufloxacin
β-CD,

HP-β-CD,
γ-CD

1:1 ternary HPMC in solution PSS, UV-VIS, HPLC,
bioavailability studies

139 (β-CD), 95
(HP-β-CD), 48 (γ-CD),

111 (HP-β-CD,
HPMC, pH 7.4)

PSS 6 [170]

norfloxacin BI
and C β-CD 1:1 binary — kneading solid-state NMR, XRPD, FT-IR n/a n/a [171]

norfloxacin A β-CD 1:1 binary — kneading,
freeze-drying

PSS, DSC, TGA, FT-IR, XRPD,
solid-state NMR, in vitro

dissolution,
microbiological studies

14 (in water)
58 (pH 6.0)
72 (pH 8.0)

1.2-fold (in
water)

1.9-fold (pH 6.0)
2.4-fold (pH 8.0)

[172]

norfloxacin BI β-CD 1:1 binary — kneading,
freeze-drying

PSS, HPLC (stability),
dissolution,

microbiological studies

n/a (in water)
40 (pH 6.0)
33 (pH 8.0)

1.2-fold (in
water)

1.5-fold (pH 6.0)
1.3-fold (pH 8.0)

[173]

norfloxacin C β-CD 1:1 binary — kneading

PSS, HPLC (stability),
dissolution,

solid-state NMR, FT-IR, XRPD,
SEM

n/a

0.29→ 0.34
mg/mL (in

water), decrease
at pH 6.0 and 8.0

[174]
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Table 6. Cont.

API CD API:CD
Ratio System Addition Preparation Characterisation Stability Constant

Kc (M−1)
Solubility

Improvement Ref.

no
rfl

ox
ac

in

β-CD,
HP-β-CD n/a binary — freeze-drying PSS, UV-VIS, XRPD, DSC,

dissolution n/a PSS 6 [175]

β-CD,
HP-β-CD n/a binary —

physical
trituration,

kneading, solvent
evaporation

PSS, UV-VIS, in vitro dissolution,
SEM, FT-IR, DSC, XRPD

103.5 (β-CD)
642.7 (HP-β-CD)

0.39→ 10.90
mg/mL [176]

β-CD 1:1 binary — in silico DFT n/a n/a [177]

2-methyl-β-
CD 1:1 binary — in solution UV-VIS, FL, NMR

2.075 × 104 (pH 3.05)
1.315 × 104 (pH 6.53)
1.425 × 103 (pH 10.53)

n/a [178]

β-CD,
HP-β-CD,
γ-CD

1:1 binary —

solvent
evaporation,

co-evaporation,
kneading,

freeze-drying,
spray-drying

PSS, potentiometric titration,
DSC, FT-IR, XRPD, SEM,

hot-stage microscopy,
in vitro dissolution,
antimicrobial assay

121.1 (β-CD)
65.9 (HP-β-CD)

84.6 (γ-CD)
up to 2.4-fold [179]

β-CD 1:1 binary —

co-evaporation,
kneading

followed by
freeze-drying

potentiometric titrations, NMR,
HPLC (stability), DSC, TGA,

FT-IR, XRPD,
antimicrobial assay

n/a up to 2.4-fold [180]

β-CD n/a ternary HPMC solvent
evaporation

PSS, UV-VIS, SEM, DSC, FT-IR,
XRPD, in vitro dissolution

103.5 (binary system)
253.3 (2.5% w/v

HPMC)
307.5 (5% w/v

HPMC)

0.39→ 4.23 (1:1),
up to 6.92
mg/mL

(1:1, 5% w/w
HPMC)

[181]

β-CD n/a ternary citric acid, ascorbic acid
kneading,

solvent
evaporation

PSS, UV-VIS, IR, DSC,
particle size analysis, in vitro

dissolution,
microbiological studies

22.4 PSS 6 [182]

HP-β-CD 1:1 ternary glutamic acid, proline,
lysine

kneading,
freeze-drying

PSS, UV-VIS, NMR, DSC, TGA,
in vitro release n/a as described 4 [183]

β-CD 1:1 liposome soybean phospholipids
and cholesterol freeze-drying FT-IR, XRPD, NMR, MM, TEM 11 n/a [184]
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Table 6. Cont.

API CD API:CD
Ratio System Addition Preparation Characterisation Stability Constant

Kc (M−1)
Solubility

Improvement Ref.

β-CD n/a nanosponges diphenyl carbonate as described 4

HPLC, DLS, DSC, FT-IR, TEM,
zeta potential, permeability

(Ussing chamber experiments),
in vitro release, antimicrobial

in vivo experiments

n/a n/a [185]

β-CD n/a tablet for-
mulation PVP, HPMC kneading PSS, UV-VIS, in vitro dissolution 333 PSS 6 [186]

enrofloxacin

α-, β-, γ-,
HP-β-CD 1:1 ternary citric acid kneading PSS, UV-VIS, DSC, TGA

20.5 (α-CD), 35.6
(β-CD), 14.0 (γ-CD),

29.5 (HP-β-CD)

255% (α-CD),
38% (β-CD),
232% (γ-CD),

1258%
(HP-β-CD)

[187]

HP-β-CD 1:1 binary — as described 4

UV-VIS, NMR, FT-IR, HPLC,
SEM,

dissolution, pharmacokinetic
studies

n/a 916-fold [188]

γ-CD n/a MOF KOH, CH3OH as described 4
SEM, XRPD, UV-VIS, FL, HPLC,

in vitro release, antibacterial
activity

n/a 158.45→ 372.14
mg/L [131]

β-CD n/a

covalent
organic
frame-
work

tetraphtaladehyde as described 4

SEM, TEM, FT-IR, HPLC, drug
release,

cytotoxicity test, antibacterial
ability

n/a n/a [189]

sparfloxacin

HP-β-CD 1:1 binary — as described 4
PSS, UV-VIS, FL, FT-IR,

potentiometric
titration, dissolution

248.8 PSS 6 [190]

α-, β-CD 1:1 binary — as described 4 UV-VIS, FT-IR, NMR, SEM, MM,
time-resolved fluorescence as described 4 n/a [146]

β-CD 1:1 binary — co-precipitation FL, NMR, FT-IR, DSC, SEM 0.5 × 102 n/a [191]

levofloxacin HP-β-CD n/a NPs chitosan,
tripolyphosphate co-precipitation

PSS, in vitro release, UV-VIS,
SEM particle size analysis, zeta
potential, accelerated stability

studies

n/a n/a [192]
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Table 6. Cont.

API CD API:CD
Ratio System Addition Preparation Characterisation Stability Constant

Kc (M−1)
Solubility

Improvement Ref.

SBE-β-CD 1:1 NPs chitosan ionotropic
gelation method

UV-VIS, NMR, HPLC (stability),
in vitro release, antibacterial

activity
n/a n/a [193]

β-CD 1:1 NPs curdlan, epi-
chlorohydrin freeze-drying

SEM, FT-IR, DLS, in vitro release,
antibacterial activity, cell culture

studies
n/a n/a [194]

β-CD n/a dendrimers polyamidoamine as described 4 NMR, FT-IR, FL, MM, dialysis
experiments n/a n/a [195]

β-CD n/a
polypropylene

mesh
devices

HDI as described 4 SEM, EDX, FT-IR, antibacterial
activity, drug release n/a n/a [196]

tosufloxacin
tosylate

HP-β-CD 1:1 binary — solvent
evaporation

PSS, UV-VIS, in vitro dissolution,
XRPD, SEM, DSC, FT-IR, NMR 2461

42 times (0.246
→ 10.368
mg/mL)

[197]

HP-β-CD 1:1 binary —
supercritical
antisolvent

method

UV-VIS, FT-IR, XRPD, SEM, EDX,
dissolution n/a n/a [198]

HP-β-CD n/a binary —

solution-
enhanced

dispersion with
supercritical CO2

UV-VIS, SEM, particle size
analysis, DSC, TGA, XRPD,
FT-IR, NMR, MM, solubility,

in vitro dissolution, antibacterial
activity

n/a 6.6 times (up to
489.87 µg/mL) [199]

moxifloxacin

β-CD 1:1 binary — freeze-drying FL, UV-VIS, FT-IR, SEM, NMR 395 n/a [200]

β-CD 1:1 binary — freeze-drying
NMR, capillary electrophoresis,

MS, FT-IR, DSC, MM,
antibacterial activity

324 n/a [201]

M-β-CD n/a binary — in solution UV-VIS, FT-IR, MM, drug release 2.5 × 104 n/a [202]

HP-β-CD 1:1 binary —

rapid expansion
of

supercritical
solutions

SEM, IR, XRPD, circular
dichroism,

equilibrium dialysis
n/a n/a [203]

SBE-β-CD and
its oligomer n/a NPs HDI freeze-drying UV-VIS, FT-IR, NP tracking

analysis

104 (SBE-β-CD)
2 × 105 (SBE-β-CD

oligomer)
n/a [204]



Pharmaceutics 2022, 14, 1389 34 of 71

Table 6. Cont.

API CD API:CD
Ratio System Addition Preparation Characterisation Stability Constant

Kc (M−1)
Solubility

Improvement Ref.

HP-β-CD,
M-β-CD,

SBE-β-CD
oligomers

n/a NPs HDI freeze-drying

UV-VIS, NMR, FT-IR, DLS,
equilibrium dialysis, circular

dichroism,
antibacterial activity, NP tracking

analysis

dependent on the
type of CD and molar

excess of the
cross-linking agent

n/a [205]

SBE-β-CD 1:1 NPs HDI freeze-drying

UV-VIS, NMR, FT-IR, DLS, TEM,
equilibrium dialysis, circular

dichroism,
antibacterial activity, NP tracking

analysis

n/a n/a [206]

gemifloxacin HP-β-CD 1:1 binary — freeze-drying FL, UV-VIS, FT-IR, NMR,
HPLC/MS, MM 2.7 × 102 n/a [207]

* Abbreviations used in the table are expanded in the section “List of abbreviations”, and additional explanations are provided below Table 1.
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A kneading method was used to prepare β-CD complexes with pipemidic acid (1:1)
in the solid state [140]. The results showed that the antibacterial activity of this complex
against E. coli and S. aureus was higher than that of the pure drug. Furthermore, tests on
human hepatoblastoma HepG2 and MCF-7 cell lines using the MTT assay revealed that the
complex exhibited a higher antitumor activity than sole pipemidic acid.

Oxolinic acid was studied in combination with HP-β-CD to improve the photostability
of this drug [141], demonstrating a 13-fold decrease in the photodegradation rate constant
when complexed with HP-β-CD.

5.2. Fluoroquinolones

Attaching a fluorine atom in the C6 position of the 1,4-dihydroquinoline ring (Scheme 1)
results in the formation of the so-called fluoroquinolones. Experimental and computational
attempts to classify individual fluoroquinolone drugs into BCS Classes I–IV have been
frequently reported [208–210].

Ofloxacin is characterised by photochemical instability, and hence many articles are
concerned with improving drug stability when complexed with CDs. In fact, CD can cover
some parts of ofloxacin, which show light sensitivity and are degraded by contact with
light, thereby significantly reducing the degradation rate. Koester et al. [142] demonstrated
a 2.6-fold enhancement in aqueous solubility upon complexation with β-CD; however, the
photodegradation of ofloxacin was not reduced. The authors associated this with the fact
that there was only a partial inclusion of the N-methylpiperazinyl moiety in the CD cavity,
which was confirmed by NMR studies. The piperazinyl ring is probably one of the groups
responsible for ofloxacin photodegradation.

Different forms of ofloxacin are known to exist as a function of pH, namely proto-
nated (predominant in acidic media), anionic (predominant in alkaline media), and neutral
species. Some studies have suggested that CDs have a different inclusive capacity to dif-
ferent forms of ofloxacin in solutions of different pH levels, namely β-CD is most suitable
for the inclusion of the neutral form and HP-β-CD is suitable for the acidic form [143].
The biological activity of β-CD/ofloxacin and HP-β-CD/ofloxacin complexes was pre-
sented [144], with particular emphasis on their multifunctional potential as antimicrobial
agents against E. coli and S. aureus, and at the same time as antitumor agents, similar to
pipemidic acid [140].

The fluorescence decay curves of ofloxacin, ciprofloxacin, and sparfloxacin with and
without CD allowed the lifetimes to be arranged in the following order: ofloxacin/β-CD
> ofloxacin/α-CD > ofloxacin > sparfloxacin/β-CD > sparfloxacin/α-CD > sparfloxacin
> ciprofloxacin/β-CD > ciprofloxacin/α-CD > ciprofloxacin [146]. The ofloxacin/β-CD
complex had the highest binding constant compared to the other compounds tested, sug-
gesting that ofloxacin binds strongly to the β-CD cavity. The interactions of ofloxacin
with β-CD were also investigated by the fluorescence quenching method at various tem-
peratures in acidic and neutral medium using copper as a quencher [147]. The effect of
temperature on the Stern–Volmer quenching constant and binding constant was analysed,
leading to the determination of thermodynamic parameters such as ∆H, ∆S, and ∆G. The
negative ∆G value suggested that the binding process is spontaneous in nature due to
hydrophobic interactions.

The formation of a complex of M-β-CD with ofloxacin in a 1:1 molar ratio was con-
firmed by UV-VIS, FT-IR, fluorescence spectroscopy [148], and the NMR method [149].
M-β-CD was more suitable for the inclusion of neutral ofloxacin and the major inclusion
interactions between the guest and the M-β-CD cavity were hydrophobic.

Ciprofloxacin is one of the best-studied antibacterial drugs in terms of inclusion
complexation with CDs. In most cases, the combination of ciprofloxacin with CD is part of
a modern form of drug-delivery system, such as a hydrogel, nanofibres, or NPs (described
in Section 8). Chao et al. synthesised solid ICs of ciprofloxacin with β-CD [151] and HP-
β-CD [152] by the co-precipitation method and proposed their structure on the basis of
NMR data.
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Pefloxacin mesylate was complexed with α-, β-, and HP-β-CD by the co-precipitation
method [168]. Based on the 2D NMR spectra, one structure model was proposed for the
complexes with α-CD and HP-β-CD, where the bicyclic moiety was deeply included in the
CD cavity through the narrow rim, and another model was proposed for the complex with
β-CD, involving the shallow inclusion through the wide rim.

An IC of lomefloxacin HCl with HP-β-CD (1:1) was obtained by the solvent evap-
oration method to obtain fast-dissolving tablets to increase patient compliance, increase
solubility, and mask the bitter taste [169]. The prepared complex was further compressed
into tablets by direct compression using different disintegrants. The best drug release was
found in a formulation that additionally contained 1.5% sodium croscarmellose, achieving
100% in 45 min.

Rufloxacin was used in combination with CDs and HPMC in the formulation of
ophthalmic solutions [170]. The addition of 0.25% (w/v) HPMC to solutions containing
rufloxacin/HP-β-CD complexes increased the solubilising effect of this CD, thus reducing
the amount of CD necessary for solubilisation of 0.3% (w/v) rufloxacin. Preliminary
pharmacokinetic data in rabbits indicated that the ocular bioavailability of 0.3% (w/v)
rufloxacin solubilised by HP-β-CD was higher than the 0.3% (w/v) rufloxacin suspension
used as a reference.

Norfloxacin is another extensively studied fluoroquinolone drug. Guyot et al. pre-
pared complexes with β-CD and HP-β-CD by the freeze-drying method, which significantly
improved the solubility and dissolution rate of the drug [175]. In another study, solvent
evaporation was found to be better than physical trituration and kneading in terms of
norfloxacin solubilisation, and the HP-β-CD IC with norfloxacin had higher solubility than
the β-CD complex when prepared using the same procedure [176]. The dissolution of
norfloxacin was below 50%, while the dissolution of norfloxacin/β-CD and norfloxacin/HP-
β-CD was more than 80% after 60 min. Norfloxacin was converted from the crystalline to
the amorphous form by inclusion complexation.

Mendes et al. [179,180] analysed different techniques of the preparation of norfloxacin
ICs with β-CD, HP-β-CD, and γ-CD. The complex of norfloxacin and β-CD (1:1) obtained by
kneading followed by freeze-drying led to increased drug solubility, as a result of the amor-
phous state attributed to the freeze-drying process and the inclusion of norfloxacin into the
hydrophobic cavity. The product obtained by the co-precipitation method showed complex
formation, although dissolution was slower than that observed with other products due to
the formation of a new highly crystalline structure with a larger particle size (confirmed
by scanning electron microscopy (SEM) and X-ray powder diffractometry (XRPD)). This
method was effective in protecting the drug from photodegradation as well as avoiding
hydrolysis. Moreover, the microbiological activity measured by the microorganism growth
inhibition zone was enhanced by approximately 23% for the freeze-dried complex [179].
Based on the NMR spectra, the geometric structure of the complex was proposed with the
bicyclic moiety inserted into the CD through the wide rim. Norfloxacin/β-CD complex ob-
tained by kneading followed by freeze-drying or spray-drying preserved the antibacterial
activity of norfloxacin, as the drug was incorporated into the β-CD cavity, thus protecting
it from humidity-induced or thermal degradation to the decarboxylated derivative of no
pharmacological action [180].

Several articles describe the complexes of individual polymorphs of norfloxacin with
β-CD, obtained by the kneading and freeze-drying methods [171–174]. Norfloxacin exists
in several solid forms: three anhydrous polymorphs (Forms A, B, and C), an amorphous
form, a methanol solvate, and several hydrate forms, as well as salts and co-crystals [171].
Norfloxacin A [172], BI (B hydrate) [173], and C [174] were tested separately for com-
plexation with β-CD and their antimicrobial activity, revealing that all forms exhibited
microbiological activity, among which the BI form had the most potent activity. This poly-
morph was found to be the best candidate for the preparation of alternative matrices using
β-CD to enhance the biopharmaceutical properties.
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Maia et al. [177] performed DFT calculations of the structure and stabilisation energy of
the norfloxacin/β-CD complex, thereby revealing that the complex formation was enthalpy-
driven and that hydrogen bonds formed between norfloxacin and β-CD played a major
role in the complex stabilisation. In addition, theoretical calculations of 1H NMR chemical
shifts were shown to be an additional procedure to adequately predict the way in which
the norfloxacin molecule is incorporated into β-CD. Another study suggested that the main
factors affecting molecular recognition were the size match between M-β-CD and the guest,
as well as the hydrophobic properties of the guest molecule [178]. The obtained ICs were
more stable under acidic conditions, which can be attributed to the hydrophobic effect.

The ternary system showed that the addition of up to 5% (w/w) of the hydrophilic
polymer HPMC improved the solubility of the norfloxacin/β-CD complex (1:1), but a
further addition above 5% (w/w) reduced the solubility of norfloxacin [181]. The solvent
evaporation method was used to prepare an IC of norfloxacin/β-CD/HPMC. The complex-
ation with β-CD was shown to significantly improve the dissolution rate of norfloxacin
compared to that of norfloxacin alone, with 50% of the drug being released in a quarter
of the time. The addition of HPMC did not appear to drastically increase the release of
norfloxacin [181]. Dua et al. [182] developed complexes of norfloxacin with β-CD with
the addition of ascorbic acid (AA) or citric acid (CA) to lower the pH below 4, where the
solubility of norfloxacin improves. The complexes were prepared in 1:1 and 1:2 molar
ratios (norfloxacin:β-CD) and with CA or AA in a 1:1:0.5 molar ratio, using the kneading
and solvent evaporation method. The results showed an increased dissolution rate at both
pH 1.2 and 7.4, with the highest values of 79% and 70%, respectively, being achieved after
120 min for norfloxacin:β-CD:AA complex prepared by solvent evaporation. The results
obtained for the in vitro antimicrobial activity of norfloxacin:β-CD:AA against Bacillus
subtilis, S. aureus, and E. coli also showed better antimicrobial activity as compared to the
pure drug. Other ternary complexes of norfloxacin with HP-β-CD were prepared, using
glutamic acid, proline, or lysine as the third component [183]. The highest dissolution rate
was obtained with glutamic acid, a negatively charged amino acid. NMR studies showed a
partial interaction in the norfloxacin-proline system and the inclusion of lysine inside the
HP-β-CD cavity. The latter may suggest that lysine competes with norfloxacin, and hence a
lower solubility of the norfloxacin/HP-β-CD/lysine complex was observed.

Enrofloxacin is a fluroroquinolone drug approved for veterinary use only. ICs of
enrofloxacin with α-, β-, γ-, and HP-β-CD at a 1:1 molar ratio were prepared by the
kneading method [187]. The inclusion complex of enrofloxacin with β-CD showed the
highest stability constant, but the greatest increase in solubility was obtained using HP-β-
CD (HP-β-CD > α-CD > γ-CD > β-CD), namely 1258% [187], or even 916-fold [188]. It was
concluded that slight changes in the reaction conditions of the enrofloxacin/HP-β-CD IC
formation may be important for its water solubility, and thus for in vivo pharmacokinetic
properties such as absorption and bioavailability [188].

Sparfloxacin (third-generation fluoroquinolone) is rarely prescribed due to a high in-
cidence of phototoxicity [211]. Mourya et al. [190] determined the influence of temperature
on the stability constant of a sparfloxacin/β-CD complex, allowing for the determination
of thermodynamic parameters of the inclusion process. The prepared solid-state complex
displayed enhanced aqueous solubility and dissolution rate, with 82% drug release from
the complex in 20 min, compared with 15% for pure sparfloxacin. In contrast, the measure-
ments of time-resolved fluorescence showed a longer lifetime of sparfloxacin complexes
with β-CD than with α-CD [146]. Chao et al. [191] prepared a solid-state sparfloxacin
complex with β-CD and proposed its spatial configuration based on 2D NMR studies.

Tosufloxacin tosylate was complexed to HP-β-CD by three different methods. The sol-
vent evaporation technique allowed for a 42-fold increase in water solubility, and improved
the stability and dissolution of the drug [197]. In the supercritical antisolvent method,
the solute was first dissolved in an organic solvent, and then supercritical carbon dioxide
was sprayed at high speed and instantaneously diffused into the inside of the solution,
resulting in supersaturation of the liquid solution and precipitation of the solute [198]. In
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phosphate buffer pH 6.8, the dissolution of tosufloxacin tosylate after 105 min was up to
19% for pure API, 35% for the physical mixture with HP-β-CD, and in the range of 52–68%
for ICs prepared with different experimental conditions. The method of solution-enhanced
dispersion with supercritical CO2 utilises the special properties of the supercritical fluid to
combine the solubility of the liquid and the diffusion ability of the gas, thereby controlling
the speed of supersaturation and consequently the particle size as well as the morphology
of the product [199]. Results confirmed the formation of an amorphous IC, resulting in an
increase in solubility compared to the pure drug, an enhancement of the dissolution rate
from 14% to 61%, and a maintained antibacterial effect of tosufloxacin tosylate against E.
coli and S. aureus.

A complex of moxifloxacin (the fourth generation of fluoroquinolones) with β-CD in
1:1 stoichiometry was prepared using the freeze-drying method, and the thermodynamic pa-
rameters (∆H◦, ∆S◦, and ∆G◦) associated with the inclusion process were determined [200].
Szabó et al. [201] continued to investigate the structural properties and antibacterial activity
of a moxifloxacin complex with β-CD obtained by the lyophilisation method. The NMR
Job plot showed a 1:1 stoichiometry in the liquid state, while 1H NMR titrations revealed
that the stabilities of the ICs were pH-dependent. The most stable complex was obtained at
the pH at which moxifloxacin is present as a neutral molecule (beside monocationic and
monoanionic), with the tricyclic moiety entering the host cavity. Studies have shown that
supramolecular interactions do not significantly affect the antibacterial activity of the drug.
The highest increase of antibacterial activity was found against E. faecalis. Kudryashova’s
research group published a series of articles on the complexation of moxifloxacin with
β-CD derivatives or their oligomers [202–206]. Based on kinetic studies of the moxifloxacin
release by equilibrium dialysis, M-β-CD was found to slow down the release of the drug
in acidic media by 20–30% compared to the free drug [202]. The following mechanism
of complex formation has been proposed: after incorporation of the aromatic fragment
of moxifloxacin into the M-β-CD cavity, additional stabilisation of the complex occurs
through multiple hydrophobic interactions and hydrogen bonds. Moxifloxacin complexes
with HP-β-CD were prepared using a new approach, namely the rapid expansion of super-
critical solutions (RESS), using the lyophilisation technique as a reference [203]. However,
during lyophilisation, the resulting systems contained residual water, which reduced their
stability during storage and greatly limited the ability to use the freeze-drying method.
Hence, the RESS method was proposed to overcome this limitation. SEM revealed that
particles with a size of 2–4 µm were obtained, which is considerably smaller than for the
starting moxifloxacin (15–20 µm). A higher efficiency of drug inclusion in the complex with
HP-β-CD was obtained using the RESS technique compared to conventional methods, such
as lyophilisation or mixing of solid components. However, unexpectedly, the dissolution
rates of the complex obtained by RESS were comparable to un-complexed moxifloxacin
over the whole range. On the other hand, the moxifloxacin/HP-β-CD complex obtained by
lyophilisation considerably increased the dissolution rate of the drug, which was double in
an acidic medium and six times in an alkaline medium.

6. Macrolides

Macrolide antibiotics consist of a large, usually 14-, 15-, or 16-membered lactone ring
combined with sugar molecules, one of which possesses a dimethylamine moiety. The
systematic summary of the experimental details of the cited reports is presented in Table 7.
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Table 7. Detailed information of macrolides complexes on the types of CDs used, methods of complex preparation, and techniques used to characterise the
obtained products *.

API CD API:CD Ratio System Addition Preparation Characterisation
Stability

Constant Kc
(M−1)

Solubility
Improvement Ref.

erythromycin

β-CD 1:3.3 (w/w) binary — solvent evaporation,
kneading

UV-VIS, NMR, XRPD, SEM,
stability, antibacterial activity,
in vivo studies, cytotoxicity

n/a n/a [212]

β-CD 1:1 binary —
kneading,

co-precipitation,
freeze-drying

FT-IR, XRPD, DSC n/a n/a [213]

β-CD n/a binary —
kneading,

co-precipitation,
freeze-drying

antimicrobial activity n/a n/a [214]

roxithromycin

β-CD, HP-β-CD 1:1 NPs PLGA solvent evaporation SEM, FT-IR, XRPD, UV-VIS,
antimicrobial studies n/a n/a [215]

HP-β-CD 1:1 NFs
PVA,

D-α-tocopheryl
PEG succinate

electrospinning

PSS, HPLC, FT-IR, DSC, XRPD,
XPS, wetting test,

disintegration, in vitro release,
cytotoxicity, antimicrobial

activity, toxicity,
pharmacokinetic study

36.1 PSS 6 [216]

clarithromycin

β-CD 1:1 binary — solvent evaporation HPLC, antimicrobial activity n/a 700-fold (pH
7.4) [217]

β-CD 1:1 ternary citric acid co-evaporation,
freeze-drying

PSS, HPLC, IR, DSC, SEM,
XRPD

102.4 (in water)
161.2 (in 6 mM

CA)
PSS 6 [218]

β-CD 1:1 ternary citric acid freeze-drying dissolution, pharmacokinetic
studies n/a n/a [219]

β-CD n/a ternary Soluplus slurry evaporation,
kneading

PSS, HPLC, DSC, MM,
in vitro dissolution 1702 6-fold [220]

HP-β-CD n/a ternary PVP K30 kneading,
spray-drying

DSC, XRPD, FT-IR, particle size
analysis, in vitro release n/a n/a [221]

josamycin
propionate γ-CD 1:2 binary — co-precipitation PSS, UV-VIS, XRPD, FT-IR,

NMR 3060
0.35→ 4.60

mg/mL (in 250
mg/mL γ-CD)

[222]
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Table 7. Cont.

API CD API:CD Ratio System Addition Preparation Characterisation
Stability

Constant Kc
(M−1)

Solubility
Improvement Ref.

spiramycin α-, β-, γ-,
M-β-CD 1:3 binary — in solution UV-VIS, ATR-FT-IR, MM n/a n/a [223]

azithromycin

SBE-β-CD n/a binary — in solution HPLC, NMR n/a n/a [224]
β-CD,

epichlorohydrin-
β-CD,

SBE-β-CD

1:1, 1:2 binary — kneading,
freeze-drying

PSS, UV-VIS, FT-IR, DSC,
XRPD, SEM, in vitro

dissolution
PSS 6 PSS 6 [225]

HP-β-CD and
its polymer 1:1 polymer epichloro-

hydrin
saturated solution

method
UV-VIS, FT-IR, XRPD, SEM,

solubility, dissolution n/a

34.2→ 311.3
(HP-β-CD),
628.5 mg/L
(polymer)

[226]

HP-β-CD 1:1 gel formu-
lation

poloxamer 407,
Carbopol 934P kneading

PSS, UV-VIS, XRPD, SEM, DSC,
physicochemical properties of

gel
6.04 × 104 2.3→ 49.8

mg/L [227]

* Abbreviations used in the table are expanded in the section “List of abbreviations”, and additional explanations are provided below Table 1.
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The erythromycin base is sparingly soluble in water and poorly absorbed from the
gastrointestinal tract. Moreover, it is unstable, especially in the acidic environment of the
stomach, where it undergoes spontaneous cyclisation. Some salts or esters of erythromycin,
such as stearate, acistrate, ethyl succinate, propionyl erythromycin lauryl sulphate (es-
tolate), glucoheptonate, and lactobionate, are more stable in acidic environments [228].
Erythromycin and β-CD formed a packing complex (prepared by kneading and solvent
evaporation), driven by intermolecular forces, instead of a host–guest structure, due to
the limited space in the inner cavity of β-CD [212]. In other words, the drug molecules
are too large to be incorporated. Nevertheless, the complex improved the stability of
erythromycin in aqueous solution and had a longer duration of bactericidal activity than
the free erythromycin. In addition, the complex proved to be non-cytotoxic, and showed
significant inhibition of osteoclast formation with simultaneously little effect on osteoblast
viability and differentiation. In this case, erythromycin may act as an anti-inflammatory
drug at sub-antimicrobial doses, prone to inhibit osteoclast formation.

In contrast to the above-mentioned results, three ICs of erythromycin with β-CD were
formed by kneading, co-precipitation, and freeze-drying at a molar ratio of 1:1 [213,214].
The data from FT-IR, XRPD, and DSC showed the IC formation, especially when the co-
precipitation and freeze-drying procedures were employed. The highest antimicrobial
activity was registered with the complex obtained by co-precipitation, followed by freeze-
drying, kneading, and pure erythromycin.

Clarithromycin is a semi-synthetic 14-member macrolide, poorly water-soluble
(<0.1 mg/mL). Structurally, it differs from erythromycin only in the substitution of the
O-methyl group for the hydroxyl group in the lactone ring. Salem et al. [217] increased the
solubility of clarithromycin at pH 7.4 approximately 700-fold after complexation with β-CD.
The efficacy of the β-CD/clarithromycin complex against Mycobacterium avium in human
peripheral blood monocyte-derived macrophages was slightly lower than that of the free
drug, possibly due to the high stability of the IC. In a different approach, the solid-state
ternary complexes of clarithromycin with β-CD and citric acid (1:1:1) were prepared by
co-evaporation and lyophilisation [218,219] or with polymer Soluplus [220]. The obtained
results suggested that the lyophilisation method afforded a higher degree of amorphous
unit than co-evaporation, and a part of the guest molecule was located in the β-CD cavity.
The dissolution rate at pH 5.0 was similar for pure clarithromycin and its ternary complexes,
whereas at pH 6.8 the clarithromycin release was much faster from the complex (about 80%
after 40 min) than from the pure drug (about 40% at the same time) [219]. Formulations
with a Soluplus concentration of 20% w/w of the drug content and 30% ethanol as a solvent
showed more than 80% of drug release at the end of one hour [220].

Another ternary system, consisting of clarithromycin, HP-β-CD, and PVP K30, was
prepared using two methods [221], showing that the spray-dried complex released 91%
of the drug within 60 min, while the kneaded complex and pure drug exhibited 71%
and 26% drug release within 60 min, respectively. The increase in the dissolution rate of
clarithromycin from its ICs may be for several reasons, such as the formation of a soluble
complex, amorphisation of the drug, and a reduction of the particle size with consequent
improved wettability.

Spiramycin consists of a 16-membered lactone ring with 2 amino sugars and 1 neu-
tral sugar. Spiramycin was found to form a non-host–guest complex with M-β-CD in
the stoichiometric ratio of 1:3, but not with the native α- or β-CD [223]. The results ob-
tained from the Job plot and FT-IR measurements indicated that the size and geometry
of the spiramycin molecule did not allow to be included in the CD cavity, similarly to
erythromycin. Interestingly, the authors observed a new effect, namely that the addition
of 0.5% (w/v) of M-β-CD to the culture medium showed a high stimulating effect on the
production of spiramycin by Streptomyces ambofaciens, while α- or β-CD poorly increased
the antibiotic yields.

Azithromycin suffers from extensive hydrolytic loss of the cladinose sugar moiety at
pH < 6.0, leading to a microbiologically inactive metabolite. The opening of the lactone
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ring has also been noticed in the pH range of 6.0–7.2. Saita et al. [224] investigated the
influence of various native or derivatised CDs on the stability of azithromycin in aqueous
medium at pH close to physiological one. The most effective stabilisation of the drug
was achieved with SBE-β-CD, which allowed to maintain 99% of azithromycin in the
solution for up to 6 months at room temperature. The positive effect of SBE-β-CD was
mainly due to the inhibition of the degradation pathway leading to the opening of the
lactone ring of azithromycin. In another approach, the effect of different CDs’ (β-CD,
epichlorohydrin-β-CD, SBE-β-CD) drug:CD molar ratio (1:1 and 1:2 w/w) on azithromycin
dihydrate solubility was investigated [225]. Depending on the CD used, drug release
from the complex decreased in the order: SBE-β-CD > epichlorohydrin-β-CD > β-CD.
In vitro drug-release studies for ICs showed that the freeze-drying technique allowed for a
better drug release compared to the solvent evaporation method. X-ray diffraction patterns
showed a partial transition of the crystalline form of the drug to an amorphous one, based
on the loss of the characteristic 2θ peaks of the azithromycin dihydrate.

7. Other Antibacterial Drugs

This section combines and discusses antibacterial drugs belonging to the groups of
aminoglycosides, glycopeptides, polypeptides, nitroimidazoles, oxazolidinones, as well
as three other compounds (fusidic acid, furazolidone, and novobiocin), because only a
few reports about CD complexation for each group can be found. Table 8 summarises the
experimental conditions of all the works cited in this section.

7.1. Aminoglycosides

Aminoglycosides (Scheme 1) are large, highly basic, hydrophilic molecules, and hence
they are well-soluble in water, but hardly diffuse through cell membranes and thus must
be administered parenterally [229]. Most aminoglycosides have a pKa value above 8, so
they are largely dissociated in all body fluids, which is important for their behaviour in the
body. Several modern delivery systems were designed for these antibiotics, discussed in
detail in Section 8.

7.2. Glycopeptide and Polypeptide Antibiotics

Glycopeptides are large-molecule antibiotics composed of a peptide ring linked to two
sugar molecules (Scheme 1). Two glycopeptide antibiotics are currently used in medicine:
vancomycin and teicoplanin. Vancomycin is poorly absorbed from the gastrointestinal tract
and thus it is administered intravenously in systemic infections. Teicoplanin is structurally
related to vancomycin, but its greater lipophilicity results in a better tissue distribution and
a longer half-life. The pharmacokinetics of teicoplanin is similar to that of vancomycin. The
drug is not absorbed after oral administration but it can be injected intramuscularly [230].
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Table 8. Detailed information of complexes of other antibacterial drugs on the types of CDs used, methods of complex preparation, and characterisation techniques *.

API CD API:CD Ratio System Addition Preparation Characterisation
Stability

Constant Kc
(M−1)

Solubility
Improvement Ref.

gentamicin
sulphate β-CD n/a NFs polyurethane,

nanochitosan electrospinning

SEM, FT-IR, TGA, tensile strength,
contact angle,

vapour transmission rate, sorption, in vitro
degradation, haemolysis assay, in vitro
cytotoxicity, cell proliferation, in vitro

release, antibacterial activity

n/a n/a [231]

amikacin sulphate β-CD n/a microspheres
terephtaloyle

chloride, sorbitan
85 trioleate

freeze-drying laser diffraction, FT-IR, DSC n/a n/a [232]

paromomycin HP-β-CD n/a microspheres

glyceryl
monostearate,

soya lecithin, PVA,
PEG 400, Tween

80, trehalose

emulsion/solvent
evaporation +
freeze-drying

particle size analysis, zeta potential,
UV-VIS, FL, SEM, TEM, FT-IR, XRPD,
in vitro release, in vitro cytotoxicity,

in vitro and in vivo antileishmanial activity,
in vivo toxicity study

n/a n/a [233]

vancomycin

triacetyl-α-CD,
triacetyl-β-CD,
triacetyl-γ-CD

1:1 binary —
kneading,

co-evaporation,
spray-drying

DSC, TGA, particle size analysis, in vitro
release, HPLC, antimicrobial activity n/a n/a [234]

β-CD 1:1 binary — freeze-drying
kneading

XRPD, TGA, SEM, FT-IR, dissolution,
HPLC n/a n/a [235]

β-CD n/a binary — in solution cytotoxicity n/a n/a [236]

β-CD n/a hydrogel

2-isocyanatoethyl
2,6-

diisocyanatohexanoate,
1,6-

diisocyanatohexane

ss described 4 FT-IR, XRPD, SEM, drug release,
antibacterial activity n/a n/a [237]

β-CD n/a pseudopolyrotaxane PEG diglycidyl
ether ss described 4

NMR, DSC, XRPD, SEM, rheological
properties,

in vitro release, UV-VIS, antibacterial
activity,

cell adhesion and proliferation

n/a n/a [238]

β-CD 1:1 supramolecular
amphiphile oleyamine ss described 4

FT-IR, NMR, DLS, TEM, DSC, MM, in vitro
release, antibacterial activity, in vitro

cytotoxicity assay
n/a n/a [239]

α-CD n/a supramolecular
gel Pluronic F127 ss described 4

π-A isotherms, XRPD, FT-IR, rheological
properties, release study, antibacterial

activity
n/a n/a [240]

vancomycin +
ceftazidime

HP-β-CD,
HP-γ-CD 1:1 two drugs + CD — in solution

HPLC, NMR, UV-VIS, turbidimetry,
solubility,

microbiological studies
n/a PSS 6 [77]
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Table 8. Cont.

API CD API:CD
Ratio System Addition Preparation Characterisation

Stability
Constant Kc

(M−1)

Solubility
Improvement Ref.

teicoplanin
triacetyl-α-CD,
triacetyl-β-CD,
triacetyl-γ-CD

n/a binary hydroacetonic solution

kneading,
evaporative

crystallisation under
microwave
irradiation

DSC, TGA, dissolution n/a n/a [241]

polymyxin B β-CD 1:1 binary — in solution surface tension measurement 3.0 × 103 n/a [242]

metronidazole
benzoate

β-CD 1:1 binary — as described 4 PSS, stability, HPLC, UV-VIS, DSC 1.3 × 103 PSS 6 [243]

β-CD 1:1 binary — in solution PSS, TLC, NMR, UV-VIS 251 0.14→ 1.39
mg/mL [244]

metronidazole

β-CD, low
methylated-β-

CD (CRYSMEB),
RM-β-CD

1:1 binary — in solution PSS, HPLC, antibacterial activity n/a

1.02 (β-CD)
2.14

(CRYSMEB)
3.65

(RM-β-CD)

[245]

HP-β-CD n/a NFs — electrospinning
PSS, rheological properties, SEM, NMR,

FT-IR, DSC, TGA, XRPD, in vitro
dissolution tests

30
~2 times (in

120 mM
HP-β-CD)

[246]

β-CD, HP-β-CD 1:1 NPs chitosan freeze-drying
PSS, UV-VIS, NMR, FT-IR, SEM, DSC, TGA,

differential thermogravimetric analysis,
in vitro release, antibacterial activity

n/a PSS 6 [247]

hexanoyl-β-CD
ester n/a nanospheres Pluronic PE/F68 as described 4 particle size analysis, drug loading, HPLC,

in vitro release n/a n/a [248]

metronidazole,
ornidazole,
tinidazole,

secnidazole

β-CD, HP-β-CD,
M-β-CD 1:1 ternary PVP in solution solubility studies, calorimetry, NMR dependent on the drug, type of

CD and addition of PVP [249]

tinidazole β-CD 1:0.5 formulation PEG-6000, urea, PVP,
gum acacia

solvent-free,
microwave-assisted

solubility studies, UV-VIS (stability), FT-IR,
XRPD, DSC, MM, microscopy, in vitro

release
n/a 3.76→ 36.89

mg/L [250]

ornidazole β-CD n/a microspheres epichlorohydrin as described 4
UV-VIS, SEM, FT-IR, NMR, solid state
NMR, XRPD, DSC, TGA, MM, in vitro

release, antibacterial test
n/a n/a [251]
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Table 8. Cont.

API CD API:CD
Ratio System Addition Preparation Characterisation

Stability
Constant Kc

(M−1)

Solubility
Improvement Ref.

linezolid

β-CD 1:1 binary — solvent evaporation UV-VIS, FL, NMR, MM 351 n/a [252]

β-CD 1:1 ternary HPMC e5LV
kneading,

co-evaporation,
microwave method

PSS, UV-VIS, XRPD, DSC, FT-IR, MM,
in vitro dissolution

1024 (binary),
1393 (5% w/v

HPMC)
PSS 6 [253]

tedizolid
β-CD, γ-CD 1:1, 1:2 binary — in solution NMR

dependent on
CD and

technique
n/a [254]

HP-β-CD 1:1 binary — kneading DSC, XRPD, FT-IR, dissolution, HPLC, MM,
permeability, antibacterial activity n/a n/a [255]

fusidic acid
sodium salt β-CD, γ-CD 1:2, 1:1 binary — in solution NMR 3.5 × 103 (1:1) n/a [256]

fusidic acid β-CD 1:1 binary —
kneading

co-precipitation
freeze-drying

FT-IR, XRPD, SEM, thermal analysis,
antimicrobial test n/a n/a [257]

furazolidone

β-CD n/a binary — kneading,
freeze-drying

PSS, UV-VIS, SEM, FT-IR, DSC, TGA, NMR,
biological in vitro assays 220 1.68-fold in

12 mM β-CD [258]

β-CD, HP-β-CD n/a binary — kneading,
freeze-drying

DSC, TGA, SEM. XRPD, solid-state NMR,
MM, Raman chemical imaging, cytotoxic,

antibacterial activity
n/a n/a [259]

novobiocin

β-CD n/a hydrogel

2-isocyanatoethyl 2,6-
diisocyanatohexanoate,

1,6-
diisocyanatohexane

as described 4 FT-IR, XRPD, SEM, drug release,
antibacterial activity n/a n/a [237]

β-CD n/a pseudo-
polyrotaxane PEG diglycidyl ether as described 4

NMR, DSC, XRPD, SEM, rheological
properties,

in vitro release, UV-VIS, antibacterial
activity,

cell adhesion and proliferation

n/a n/a [238]

* Abbreviations used in the table are expanded in the section “List of abbreviations”, and additional explanations are provided below Table 1.
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The ability of vancomycin to interact with three hydrophobic CDs (triacetyl-α-, -β-,
or -γ-CD) and the influence of the preparation technique on the prolongation of the drug
delivery for site-specific treatment of bone infections were investigated [234]. It has been
proven that the binary systems, prepared by the three methods, kneading, co-evaporation,
and spray-drying, have a particle size suitable for parenteral administration at a specific site
and are characterised by drug-loading efficiencies close to 100%. All the physical mixtures
were characterised by slowing down the vancomycin release, with no marked differences in
release profiles as a function of the type of CD used. In the case of the kneading process, a
further decrease in drug release was observed, the greatest for the complex with triacetyl-β-
CD (only 70% of drug released within 4 h). This result supported the hypothesis, previously
made from DSC measurements, that the mechanical stress exerted by kneading can induce
an interaction between vancomycin and triacetyl-β-CD. A decrease in the drug-release rate
was also evident for the co-evaporation method, where the complex with triacetyl-α-CD
was characterised by the lowest drug release (60%, 4 h). The results of spray-drying from
the aqueous suspension indicated no drug–CD interaction, confirmed by DSC, while the
spray-drying from hydroacetonic solution resulted in the formation of the amorphous
products with a consequent decrease of drug release, especially for the system based on
triacetyl-γ-CD. Vancomycin binary complexes with β-CD by kneading and freeze-drying
were also developed [235]. The in vitro dissolution profiles of vancomycin were determined
in a simulated cerebrospinal fluid and showed that a modified release was achieved with
the improved vancomycin bioavailability. The kneading method was found to be more
effective in prolonging the delivery of vancomycin compared to the freeze-drying. Only
80% vancomycin was delivered from the kneaded complexes after 3 h, whereas for the
freeze-dried system, the vancomycin delivery was approximately >90% over the same time
period. Then, Zarif et al. [236] supplemented the study of vancomycin/β-CD complexes
with an investigation of the cytotoxic effects of the complex on the human glial cell line.

Teicoplanin, like vancomycin, has been combined with triacetyl-α-, -β-, or -γ-CD to
prolong the release of this hydrophilic drug [241]. Triacetyl-γ-CD slowed down the release
of the drug the most and, unexpectedly, the physical mixture preparation technique was
found to be more effective in delaying the drug release than kneading and evaporative
crystallisation under microwave irradiation.

Polymyxin B is an amphiphilic polypeptide antibiotic, as it consists of a ring of amino
acids linked by peptide bonds and an additional peptide chain with a different amino acids
sequence. Polymyxins exhibit considerable toxicity. This group includes five antibiotics,
polymyxins A–E. Two compounds are on the market: polymyxin B, which is applied
topically, and polymyxin E, known as colistin [260]. Angelova et al. [242] used the surface
tension measurement to determine the association constant of polymyxin B/CD complexes.
The ability of CD to form drug/CD ICs decreased in the order: β-CD > α-CD > γ-CD,
indicating the importance of steric alignment factors in the formation of host–guest ICs.

7.3. Nitroimidazole Derivatives

Metronidazole benzoate in combination with β-CD was first studied in 1984 by
Andersen and Bundgaard [243]. In addition to increasing the physical stability of the
metronidazole benzoate suspension after complexation with β-CD, the inclusion protected
the drug from the photochemical degradation and decreased the hydrolysis rate constant
by a factor of four. Another study showed that the solubility of benzoyl metronidazole
increased 9.7-fold due to the formation of 1:1 benzoyl metronidazole/β-CD complexes in
water [244]. Malli et al. [245] used two methylated β-CDs, namely low-methylated β-CD
(CRYSMEB) and RM-β-CD, to increase the apparent solubility of metronidazole in water.
RM-β-CD, however, is not adapted to the parenteral route as a high degree of methyl sub-
stitution is associated with higher toxicity, while CRYSMEB, due to low methyl substitution
and partially crystallised CD, shows lower cytotoxicity than RM-β-CD. RM-β-CD allowed
for the maximum increase of solubility of metronidazole from 9.2 to 34.3 mg/mL. Both
formulations retained activity against Trichomonas vaginalis. Chadha et al. [249] investigated
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the thermodynamics of complexation of 5-nitroimidazoles (including metronidazole) with
β-CD, M-β-CD, and HP-β-CD in water and 0.25% PVP using the calorimetric method. The
role of the soluble polymers is to increase the complexation efficiency of the drug and to
reduce the formulation bulk of solid oral dosage forms. The complex equilibrium constants
increased in the order metronidazole < ornidazole < tinidazole < secnidazole and were
significantly enhanced by β-CD methylation or the presence of PVP.

Microwave energy was utilised to prepare solvent-free solid dispersions containing
tinidazole/β-CD complexes [250]. The microwave-assisted method was used to change
the crystalline state of the drug to an amorphous state, thus improving its dissolution rate.

7.4. Oxazolidinones

Oxazolidinones (Scheme 1) are a novel class of fully synthetic antibacterial drugs,
among which only linezolid and tedizolid are approved for medical use.

The linezolid/β-CD complex was investigated with respect to the drug/β-CD binding
to bovine serum albumin (BSA) by means of the measurement of the fluorescence quenching
and Förster resonance energy transfer to understand the pharmacokinetics of the drug in
β-CD encapsulated form [252]. The stoichiometry of the linezolid/β-CD IC was 1:1, and
the binding constant was 3.5 × 102 M−1. NMR studies showed that the amide substituent
on the oxazolidinone ring of linezolid was involved in its binding to β-CD. Meanwhile, the
encapsulation of linezolid by β-CD decreased the strength of binding of the linezolid to BSA
by blocking the hydrogen bonding and hydrophobic interaction of the linezolid. Mohapatra
et al. [253] investigated the effect of the semi-synthetic, low-viscosity hydrophilic polymer
HPMC (2.5% and 5% w/v) on the increase in solubility and masking the taste of linezolid in
the multi-component β-CD IC. The complexes were obtained by different methods with or
without HPMC, and the microwave irradiation allowed for obtaining the best results. The
drug content, solubility, and dissolution of linezolid in ternary complexes were significantly
higher than those of the binary complex.

Tedizolid has very low solubility in water, and therefore its prodrugs such as tedizolid
phosphate (TED-PO4) and tedizolid phosphate sodium salt were developed. Bednarek
et al. [254] performed a comprehensive NMR investigation of (R)-tedizolid and its phos-
phate prodrug in combination with β-CD, γ-CD, as well as heptakis-(2,3-di-O-acetyl-6-
sulfo)-β-CD. Stoichiometry of the complexes was determined using the Job plot only for
TED-PO4, showing a 1:2 ratio in the case of γ-CD and predomination of a 1:1 complex with
β-CD. T-ROESY spectra allowed to conclude that parent tedizolid penetrates deeper into
β-CD and γ-CD cavities than TED-PO4. Paczkowska-Walendowska et al. [255] prepared
and characterised the solid binary system of tedizolid with HP-β-CD. The increase in
the dissolution rate was observed in the presence of HP-β-CD, while maintaining a high
permeation coefficient (higher than 1 × 10−6 cm/s using the PAMPA system) and high
microbiological activity expressed by a decrease in the MIC value in the case of E. faecalis
and E. faecium.

7.5. Fusidic Acid and Furazolidone

Fusidic acid in the form of a sodium salt formed 1:1 complexes with γ-CD and 1:2
complexes with β-CD, and the structures of the obtained complexes were proposed [256].
Marian et al. [257] used three techniques to prepare solid complexes of fusidic acid with
β-CD (1:1). It was confirmed that all the tested compounds showed antimicrobial activity,
and the complex obtained with the use of freeze-drying allowed to obtain similar activity
against S. aureus to pure fusidic acid.

Furazolidone belongs to the class of nitrofuran derivatives. Carvalho et al. [258]
prepared furazolidone ICs with β-CD by two different techniques to increase drug solubility
and reduce drug toxicity associated with high doses. The solubility of the complexes
was 1.68 times higher than that of pure furazolidone. The results indicated that β-CD
complexes may be a cost-effective alternative for the pharmacotherapy of leishmaniasis
in dogs infected with Leishmania amazonensis. In another report, the scope of the study
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was extended to the use of HP-β-CD, and the formation of more effective interactions was
observed for a complex prepared by lyophilisation in a 1:2 molar ratio than in a 1:1 ratio or
using the kneading method [259].

8. Modern Drug-Delivery Systems
8.1. Lipid-Based Nanocarriers

Lipid-based nanocarriers can be used for targeted delivery, be administrated by a
variety of routes, and even load both lipophilic and hydrophilic drugs [261]. Three drugs,
ceftazidime, norfloxacin, and paromomycin, were loaded into liposomes [76,184] and solid-
lipid NPs [233]. HP-β-CD with ceftazidime in a molar ratio of 1:1, 1:2, and 1:5 indicated
that the liposomes with HP-β-CD with stoichiometry of 1:5 were less stable [76]. The
use of HP-β-CD significantly increased the stability of ceftazidime and accelerated the
drug-release profiles without any significant changes in the release pattern. The release
profile of ceftazidime in the initial period up to 1 h and also in the second stage was
fitted with Korsmeyer–Peppas kinetics, which was consistent with non-Fickian transport,
influenced by diffusion and relaxation [76]. A ternary IC containing the freeze-dried
norfloxacin/β-CD complex incorporated into a liposome using free multilamellar vesicles
was prepared. NMR spectroscopy provided strong evidence of the incorporation of this
complex into the liposomes [184]. Whereas, solid-lipid NPs modified with HP-β-CD, loaded
with amphotericin B and paromomycin, were developed for the treatment of visceral
leishmaniasis. In vitro drug release followed a biphasic pattern, showing a sustained drug-
release profile of up to 57% (amphotericin B) and 21.5% (paromomycin) within 72 h and an
initial burst release (17% amphotericin B, 20% paromomycin) within 4 h as a result of the
presence of the drug on the surface of the NPs. [233]. The authors concluded that release
occurs mainly by spreading across the matrix of the lipid or/and biodegradation, as well
as degradation of the matrix surface.

8.2. Polymeric Nanocarriers
8.2.1. Natural Polymer-Based

Chitosan is a biocompatible and biodegradable polymer, widely used in NPs for drug
delivery. Three methods of complex preparation were used to obtain a ternary system of
florfenicol (FF) with HP-β-CD and chitosan NPs [130]. In vitro studies showed that the FF
solubility almost doubled, and a better dissolution profile was exhibited by the product
prepared by spray-drying. Drug release from FF microparticles was analysed in HCl of
pH 1.2 (simulated gastric media), showing a better profile with dissolution greater than
80% after 15 min for FF/HP-β-CD/chitosan compared to FF alone (less than 10%) and
FF/chitosan microparticles (not higher than 50%). The authors postulated that the retardant
effect of chitosan could be explained by the slow diffusion of the drug through the more
hydrophilic chitosan/HP-β-CD matrix layer around the lipophilic drug [130].

Chitosan NPs based on SBE-β-CD were obtained by the ionotropic gelation method,
for the delivery of levofloxacin to the eye [193]. The in vitro release profile of levofloxacin
was biphasic, showing a burst effect of about 20% in the first hour followed by a sustained
release over 72 h (almost 100%). The burst effect may be caused by the desorption of
levofloxacin superficially adsorbed on the NPs and/or the rapid diffusion of the drug
encapsulated near the NPs’ surface. The release profile showed the best correlation with
the Higuchi model (the amount of levofloxacin released from the matrix is proportional
to the square root of time), highlighting that the release process is based on Fickian diffu-
sion. Moreover, according to the authors, a positive zeta potential value may favour the
interaction of the NPs with the negatively charged ocular tissue, increasing their residence
time, and consequently improving the efficacy of the levofloxacin. In vitro antibacterial
activity against Gram-positive and Gram-negative bacteria showed that the activity of
chitosan/SBE-β-CD NPs loaded with levofloxacin was twice as high as that of the free
drug [193].
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Similarly, ionic gelation methods have been used for metronidazole/β-CD and
metronidazole/HP-β-CD ICs that have been embedded in chitosan NPs [247]. Association
constants and thermodynamic parameters confirmed the incorporation of metronidazole
during complexation with both CDs. The in vitro release profile showed that after 10 min,
89% of metronidazole was dissolved from HP-β-CD ICs, whereas slightly less from β-CD
ICs, 81%, and only 47% from pure metronidazole. The antibacterial activity of metron-
idazole increased after its encapsulation in the CD cavity due to the better diffusion of
the drug to the target site. The percentage of inhibition doubled against Salmonella, and
increased by 25% against S. aureus, by 9% against E. coli, and by 8% against Bacillus cereus,
respectively [247].

For levofloxacin/HP-β-CD complexes, the liquid/liquid co-precipitation method and
the ionic gelation technique were used to formulate NPs consisting of chitosan in the range
of 0.1–0.3% (positively charged) and tripolyphosphate in the range of 0.1–0.5% (negatively
charged) as the cross-linking agents [192]. Complexation with HP-β-CD (0–25 mM) allowed
the sensitive drug to be protected, while the in vitro release profile was characterised by an
erratic drug release initially, followed by a delayed release phase. The maximum in vitro
release was observed for the formulation without HP-β-CD, achieving 93% over a period of
12 h. All other HP-β-CD formulations showed 80% release at the end of 12 h. The authors
concluded that all the formulations were best-fitted to super Case II transport, based on the
Korsmeyer–Peppas equation, and that drug release could be due to increased plasticisation
at the relaxing boundary.

Dhiman and Bhatia [165] prepared quaternised CD-grafted chitosan (Qβ-CD-g-CH)
NPs entrapping ciprofloxacin for the development of a sustained release system, as demon-
strated during a 24 h study. Qβ-CD-g-CH-ciprofloxacin NPs showed a better inhibitory
effect against E. coli and S. aureus than Qβ-CD-g-CH and chitosan alone. The authors postu-
lated that the mechanism of antibacterial activity was related to the positive charge density
of quaternised chitosan absorbed onto the negatively charged cell surface of bacteria,
leading to leakage of protein components and other intercellular constituents.

Two anti-tuberculosis drugs, namely rifampicin and levofloxacin, were complexed
with β-CD, and conjugated to NPs of curdlan (linear β-1,3 glucan, a high molecular weight
polymer of glucose) using epichlorohydrin [194], to achieve the simultaneous sustained
release of both drugs over an extended period of time. The drug loading on the curdlan NPs
conjugating CD ICs was four and five times higher than the direct loading with rimfapicin
and levofloxacin, respectively. Rifampicin was released in a sustained and controlled
manner up to 72 h, while levofloxacin showed an initial burst release, with 80% released
within the first 8 h, when loaded alone, and a sustained release in the dual drug-loaded
sample. The release profile showed the best correlation with the Weibull model, and when
drug release reached 60%, the profile showed correlation to the Korsemeyer–Peppas model,
suggesting that they are consistent with Fickian diffusion. The prepared systems were able
to kill more than 95% of Mycobacterium smegmatis residing in macrophages within 4 h, thus
achieving high therapeutic efficacy.

8.2.2. Synthetic Polymer-Based

Due to the enormous amounts of monomers available and the virtually unlimited abil-
ity to functionalise them, synthetic polymers have recently gained importance in the context
of drug delivery. Meropenem/γ-CD complex prepared by means of the liquid CO2 method
was encapsulated into poly(lactic-co-glycolic acid) (PLGA) NPs by the double emulsion
solvent evaporation method [98]. The following parameters were assessed: drug loading,
entrapment efficiency, in vitro release study, apparent permeability coefficient (using the
Caco-2 cell monolayer assay), and secretory transport for meropenem, meropenem/γ-CD,
and meropenem/γ-CD/PLGA. The release profile of meropenem in universal buffers
(gastric pH for 2 h, intestinal pH for 6 h) was 5.1% and 7.6% at simulated gastric pH, while
23.6% and 27.4% at pH 6.8 for active and total drug release, respectively. The resulting
multi-material delivery system protected meropenem from gastric pH, making it possible
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to administer the drug orally with a controlled release while retaining its antibacterial
activity (against S. aureus and P. aeruginosa), but was unable to improve drug permeability
or reduce drug efflux rates in a Caco-2 cell monolayer model [98].

Similarly, roxithromycin was encapsulated in the β-CD and HP-β-CD cavity also
using solvent evaporation, and then each of the resulting complexes was separately loaded
into PLGA to synthesise NPs [215]. The designed formulations showed significant ac-
tivity against the selected multidrug-resistant bacterial strains (i.e., E. coli and S. aureus)
in the following order: roxithromycin/PLGA > HP-β-CD/roxithromycin/PLGA > β-
CD/roxithromycin/PLGA. The authors suggested that the difference in antimicrobial
properties is mainly due to the formation of strong electrostatic interactions between the in-
dividual components of β-CD/roxithromycin/PLGA and HP-β-CD/roxithromycin/PLGA
systems, which hinder the release of the drug from these formulations.

A microparticle suspension, which consisted of doxycycline HCl, FF, and HP-β-CD
as a host molecule, PVP as a polymeric carrier, and HPMC as a suspending agent, was
prepared by saturated solution stirring combined with the high-pressure homogenisation
method [110]. The results demonstrated that the antibiotics showed synergistic or additive
antibacterial activity against the causative agents of porcine bacterial pneumonia, such
as Streptococcus suis, Actinobacillus pleuropneumoniae, and Haemophilus parasuis, as well
as good physicochemical and pharmacokinetic properties. The suspension increased
the bioavailability of doxycycline HCl and FF by 1.74- and 1.13-fold, respectively. The
suspension increased the stability of doxycycline HCl in aqueous solution while prolonging
the release of both compounds in phosphate-buffered saline (PBS) at pH 7.4. After 24 h, the
cumulative release was greater than 90% for both drugs, with a burst release within 2 h.

8.3. Polymeric Nanosystems Based on CDs

Self-assembly CD-based NPs formed by CMC and a quaternary amino β-CD polymer
(QA-β-CD) were prepared for the delivery of meropenem [97]. It was assumed that the
positively charged QA-β-CD polymer interacted with meropenem, while the negatively
charged CMC stabilised the NPs in some way. NMR results showed non-specific interac-
tions, including electrostatic attraction between meropenem and the CD, with shifts being
more significant at higher QA-β-CD concentrations. The kinetic studies of drug stability
showed a slowing of the hydrolysis of meropenem. Incorporation of meropenem into NPs
increased the drug permeation through a single layer of a semi-permeable cellulose ester
membrane. The authors suggested that the aggregation of NPs may explain the reduced
permeability at higher NPs concentrations by occluding the pores of the membrane [97].

In another work, NPs of SBE-β-CD oligomers were synthesised using 1,6-hexamethyl
diisocyanate (HDI) as a bifunctional condensing agent, thus increasing the complexation
efficiency of moxifloxacin by 20 times. The binding efficiency increased due to the multi-
point interaction of the moxifloxacin molecule with the functional groups of the oligomeric
carrier [204].

Another paper demonstrated that cross-linking of derivatised CDs (M-, HP-, and SBE-
β-CD) with HDI allowed to obtain NPs with diameters of 100–200 nm with distinct binding
properties, strongly depending on the nature of the CD substituent, degree of oligomeri-
sation, and charge of the NP [205]. Interestingly, the methyl substituent (hydrophobic),
which most improved the binding of moxifloxacin to monomeric CD complexes, had the
opposite effect on the CD oligomers. Meanwhile, the SBE substituent (negatively charged),
which had only a limited effect on monomeric CD, improved the binding of cross-linked
CD by almost two orders of magnitude, whereas the HP substituent (more hydrophilic
than the previously mentioned substituents) had a much weaker effect. About 90% of
free moxifloxacin was released from the dialysis membrane in less than 45 min, while the
use of both systems (SBE-β-CD itself and its oligomers) led to a reduction in the release
kinetics of moxifloxacin at the initial section of the curve. With the increased molar excess
of cross-linking agent from 1 to 5 and the decreased particle charge, the decrease in the
moxifloxacin release was more pronounced. The best results for the antibacterial efficiency
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against E. coli were observed for the sample S5 (the most densely cross-linked of SBE-β-CD
oligomers) with up to three-fold higher as compared to free moxifloxacin and the complex
with monomer SBE-β-CD. Moreover, the sample S5 showed a tendency for prolonged
action [205]. Additionally, SBE-β-CD cross-linked in the presence of moxifloxacin formed
polymeric NPs of 50–150 nm in diameter, with a highly efficient (up to 85%) encapsulation
of the drug [206]. In the case of highly cross-linked complexes, a substantial part of the
moxifloxacin molecule can be captured by the polymer network, rather than absorbed by
the CD cavity. This can be accompanied by dramatic changes in the release profile of moxi-
floxacin: depending on the pH, between 30% (pH 4.0, moxifloxacin is positively charged,
the strongest interactions between polymer matrix and moxifloxacin were observed) and
100% (pH 7.4, moxifloxacin is deprotonated) of the drug was released from the polymer
network within a week.

The idea of targeting amikacin sulphate to the lungs by encapsulation into β-CD
(7.5% w/v) microspheres has been proposed to optimise the therapeutic efficacy and reduce
the toxicity of this antibiotic [232]. The <5 µm microparticles cross-linked with tereph-
taloyle chloride (4.5% w/v) were synthesised and found to encapsulate amikacin. Zhao
et al. [226] synthesised a new HP-β-CD polymer (with the addition of epichlorohydrin),
which exhibited approximately 46.6 times higher water solubility than pure HP-β-CD.
Next, ICs of azithromycin with HP-β-CD and its polymer were prepared, which led to a 9-
or 18-fold increase in solubility, respectively, compared to sole azithromycin.

Polymer microspheres of β-CD were obtained by inverse emulsion polymerisation
with epichlorohydrin as a cross-linking agent and loaded with ornidazole [251]. The
release of the drug from the synthesised microspheres, which lasted 9 h, showed good
sustained, but pH-dependent behaviour. The cumulative release rate of the microspheres
was the largest at the pH value of 6.8 (91%) and the smallest in the acidic environment
at pH 1.2 (33%). The release profile showed the best correlation with the Ritger–Peppas
model, indicating that they are consistent with Fickian diffusion at low pH and non-Fickian
diffusion at high pH (a combination of drug diffusion and skeletal corrosion). In addition,
the results of the antibacterial test against E. coli and S. aureus confirmed the maintenance
of the antibacterial activity of ornidazole.

Another drug-delivery system was based on nanospheres made of hexanoyl-β-CD
and metronidazole by adding an acetone amphiphilic CD solution to an aqueous solution
of metronidazole with or without Pluronic PE/F68®®® as the surfactant [248]. An opti-
mised formulation for intravenous administration with high encapsulation efficiencies and
appropriate particle size (<1 µm) was developed.

A new approach of cefadroxil/β-CD-based nanosponges (NSs) with diphenylcar-
bonate for the cross-linking was developed to prevent hydrolysis of the lactone ring and
prolong the drug release to achieve the desired serum level [65]. XRPD, DSC, and FT-IR
methods confirmed the interactions of cefadroxil with the NS, while in vitro studies showed
a sustained release over 24 h.

Norfloxacin-loaded NSs were developed based on β-CD, using diphenyl carbonate
as a cross-linking agent to improve the physicochemical properties of the drug [185].
A 1:2 CD:cross-linker proportion was the most optimal due to its higher encapsulation
efficiency (80%). NS loaded with norfloxacin showed a controlled release of norfloxacin,
almost 100% within 150 min in simulated intestinal fluid (pH 6.5). These NSs also showed
a greater passage of norfloxacin compared to norfloxacin alone by using the chamber
method in both directions, i.e., from mucosa to serosa as well as from serosa to mucosa.
The NS formulation also revealed mucoadhesive properties that can enhance norfloxacin
absorption, thus improving its antimicrobial activity tested in the caecal ligation and
puncture model, which is the most accepted pattern used for experimental sepsis. Rats
treated with norfloxacin-loaded NSs presented a smaller number of colony-forming units
(CFU) when compared to animals treated with norfloxacin alone.



Pharmaceutics 2022, 14, 1389 52 of 71

8.4. Graphene Derivatives

A supramolecular nanocomposite consisting of amoxicillin, β-CD, and chitosan/
sodium alginate/graphene oxide (GO) NPs has been prepared [58]. GO was incorporated
into the sodium alginate and chitosan network to synthesise the nanocomposite. Chitosan,
as a cationic polysaccharide, and sodium alginate, as an anionic polysaccharide, have a
strong electrostatic interaction. GO contains many hydrophilic groups that are considered
effective in self-assembly through physical interaction with the hydrophilic sodium alginate
and chitosan, while β-CD carriers have a hydrophilic group that physically interacts with
GO. ICs of amoxicillin/β-CD were obtained by three techniques, with the microwave
method being the most suitable for the preparation of ICs for the sustained release of
amoxicillin. It was experimentally observed that drug release increases with the increase
in pH from acidic (pH 2) to neutral (pH 7.0) and decreases from neutral (pH 7.0) to basic
(pH 7.4). The drug-release mechanism was explained by both diffusion and relaxation
using the Korsmeyer–Peppas equation for each pH level, whereas the application of the
Peppas–Sahlin model suggested that the contribution of diffusion was greater than that of
the relaxation process.

8.5. Inorganic NPs

Akbar et al. [52] enhanced the efficacy of ampicillin, ceftriaxone, and other com-
pounds (quercetin, naringin, and amphotericin B) against multidrug-resistant bacteria
by encapsulating the drugs into β-CD attached to NPs of zinc oxide (ZnO) to form the
ZnO-CD-drug complex. The conjugates showed a decrease of MIC for different bacteria as
well as minimal cytotoxicity to human cells.

Computational studies were performed to predict that γ-CD is the preferred oligosac-
charide that allows for the strongest interaction with chloramphenicol in the IC [126].
Consequently, chloramphenicol was attached to the γ-CD-capped silver NPs, showing the
synergistic antibacterial activity against P. aeruginosa (the most sensitive to this system), E.
faecalis, K. pneumoniae, and S. aureus.

8.6. Nanofibres

Two nanofibre (NF) systems for tetracycline delivery for the treatment of periodon-
tal disease were prepared using the electrospinning process: (i) polycaprolactone (PCL)
loaded with tetracycline and (ii) PCL with tetracycline/β-CD complex [113], and 93%
and 100% of the tetracycline was released during 14 days from PCL/tetracycline and
PCL/tetracycline/β-CD systems, respectively. The results indicated that the process of
diffusion from the PCL matrix is different for tetracycline and its complex. However,
NFs with ICs appeared to be better protected and increased the biological absorption of
tetracycline. In another approach, tetracycline/HP-β-CD ICs were mixed with water-
soluble nontoxic biopolymer pullulan and, finally, NF networks were obtained via the
electrospinning technique. The study demonstrated increased water solubility and a
faster release profile of pullulan/tetracycline/HP-β-CD NFs (~55% in 30 s, with a max-
imum release of 94% in 2 min, and a steady release profile up to 10 min) compared
to the pullulan/tetracycline system (65% maximum release in 8–10 min). The release
profile of pullulan/tetracycline/HP-β-CD NFs did not fit zero/first-order and Higuchi
models, suggesting that tetracycline is not released in a time-dependent manner from
the water-insoluble planar matrix. On the other hand, the relatively higher R2 in the
Korsmeyer–Peppas model suggested that irregular/non-Fickian diffusion and erosion-
controlled release of tetracycline from pullulan/tetracycline/HP-β-CD NFs was observed.
In addition, the pullulan/tetracycline/HP-β-CD NFs readily disintegrated when wetted
with artificial saliva, while the pullulan/tetracycline NFs were not completely absorbed in
the same simulated environment. Pullulan/tetracycline/HP-β-CD NFs showed promising
antibacterial activity against S. aureus and E. coli [108].

ICs of α-CD and β-CD with ciprofloxacin at room temperature or under the in-
fluence of sonic energy were incorporated into NFs via electrospinning based on PCL.
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The controlled release of ciprofloxacin from the PCL NFs at pH 7.2 was as follows: β-
CD/ciprofloxacin (sonic energy) > α-CD/ciprofloxacin (sonic energy) > β-CD/ciprofloxacin
(room temperature) > α-CD/ciprofloxacin (room temperature) > ciprofloxacin [160]. The
release of ciprofloxacin from PCL NFs was increased due to the increased solubility of
ciprofloxacin through the formation of an IC, but its diffusion was controlled by CD, so
the resulting NF showed a controlled release pattern for ciprofloxacin. In another ap-
proach, ciprofloxacin/β-CD ICs were prepared by the co-precipitation method and then
encapsulated into micro- and nano-fibres of polylactic acid (PLA) via the electrospinning
technique [162]. The IC improved the loading efficiency of ciprofloxacin into the polymer,
while the drug release in PBS 7.4 was more sustained. The ciprofloxacin/β-CD complex
was loaded onto the fibre surface, resulting in an initial breaking release phase in the first
3 h, and a more controlled secondary phase of 5–8 days, when the drug loaded into the
fibre mass was released. PLA/ciprofloxacin/β-CD IC was fitted to a first-order model. In
such a release process, the first stage is a burst effect due to superficial desorption, and as
the release progresses, the slope approaches zero, indicating that less ciprofloxacin is re-
leased over time. In another approach, electrospinning was used to prepare fast-dissolving
gelatine NFs containing ciprofloxacin/HP-β-CD (1:1) ICs obtained by freeze-drying [161].
Computational modelling (molecular docking and molecular dynamics) showed that van
der Waals forces were the most important driving forces for complexation and that the
hydrophobic moiety (piperazinyl) of ciprofloxacin was included in the HP-β-CD cavity,
whereas the hydrophilic moiety of the drug was facing outward from the cavity. The
gelatine NF mat loaded with ciprofloxacin/HP-β-CD ICs exhibited fast dissolution (3 s)
compared to the gelatine/ciprofloxacin NF mat, which was not able to demonstrate com-
plete dissolution even after 1440 min. This phenomenon is most likely due to the increase
in solubility and wettability provided by CD in the mat.

Another study reported a so-called “click reaction”, which was performed between
mono-6-propargylamino-6-deoxy-β-CD and azidated cellulose fibres (CFs) to produce
covalent grafting of β-CD with the included ciprofloxacin and CFs [163]. The amount
of ciprofloxacin HCl incorporated into the product was increased ~2.5-fold compared to
unmodified CFs, the release time was extended, and the antibacterial activity against E. coli
and S. aureus was much higher and more sustained, compared to the unmodified CFs.

An ultrasonic bath was used to prepare a ternary system consisting of α-CD and
ofloxacin in a 1:1 molar ratio with PEG (20% w/w) as a compatible solubilising agent, thus
enhancing complex formation and water solubility [150]. This result can be explained by
the increased number of hydroxyl groups in the reaction medium in the presence of PEG,
leading to an increased interaction with ofloxacin. The obtained ternary system was loaded
into poly(vinyl alcohol) (PVA) with 10% (w/w) citric acid by the electrospinning method, to
synthesise NFs of PVA/α-CD/ofloxacin/PEG. The release of ofloxacin from the PVA NFs
was determined, with the results showing a stable release rate of ofloxacin from the NFs
over 23 h. The antibacterial effect of NFs against E. coli and S. aureus was also investigated.

In a different approach, Kim et al. [216] used the electrospinning process to develop
fast disintegrating and dissolving NFs consisting of PVA, HP-β-CD, and D-α-tocopheryl
polyethylene glycol succinate (TPGS) for local delivery of roxithromycin in respiratory
tract infection. The role of HP-β-CD was to increase the solubility of the drug, while the
incorporation of TPGS into PVA-based NF was to accelerate wetting, disintegration, the
dissolution rate, and overcoming bacterial resistance. Moreover, TPGS may accelerate
the dissolving speed of the NF mat and overcome the bacterial resistance by inhibiting
efflux pumps. The released profiles of roxithromycin from NFs with and without TPGS
in the pH 6.8 buffer mimicking the pH of artificial saliva fluid were 84% and 46%, respec-
tively, at 10 min. The observed drug-release data suggested that more than 80% of the
drug amount can be released from NFs with the TPGS mat in the oral cavity, which may
lead to the fast absorption and initiation of pharmacological actions. The obtained NF
showed a higher antibacterial potential in the disc-diffusion method against E. coli and
S. aureus compared to other NF formulations. The antibacterial potential of the PVA/HP-
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β-CD/TPGS/roxithromycin NF mat was assessed in an in vivo test in a Streptococcus
pneumoniae-infected mouse model. The authors concluded that the application of this NF
to the oral cavity reduced the pneumonia-related disorders in the lung tissue.

Gentamicin sulphate shows poor availability to target cells after oral administration.
To overcome this obstacle, polyurethane (PU) fibrous membranes were developed with
the addition of 15% w/w of β-CD, functionalised with nanochitosan (5% w/w) [231]. The
amino and hydroxyl groups of chitosan can interact with mucin and open the junction
between the epithelial cells, thereby helping in the easy transport of drug molecules into
cells. Such optimised multicomponent material showed the best gentamicin release and
antibacterial activity compared to sole PU as well as PU functionalised only with β-CD.

Additionally, the solubility of metronidazole in water was significantly improved by
preparing NF webs of metronidazole ICs with HP-β-CD via electrospinning [246]. These
NF webs showed very fast dissolving, reaching a concentration 5 times higher than that
of free metronidazole within the first 30 s after being placed in water or in contact with
artificial saliva.

8.7. Hydrogels

Several studies have focused on the preparation of the doxycycline/HP-β-CD com-
plex for the treatment of corneal neovascularisation (CNV) [106,107]. Tetracyclines inhibit
matrix metalloproteases responsible for the degradation and remodelling of the underlying
basement membrane and prevent pathogenic tissue destruction in CNV. To effectively
increase the efficacy of doxycycline, which is not very stable in aqueous solution, complex-
ation with CD was performed. To improve ocular bioavailability, poloxamers P407 and
P188 were used to form hydrogels to increase the solution viscosity. NMR and molecular
modelling explained that the phenyl group of doxycycline included into HP-β-CD and
the hydrophobic interactions were the driving force behind the complex formation [107].
Moreover, it has been suggested that interactions such as hydrogen bonding and/or van
der Waals forces between HP-β-CD and the methyl group of doxycycline, as well as a
steric effect induced by the HP-β-CD cavity, inhibit the epimerisation and degradation at
this site in a competitive manner, thus reducing the formation of degradation products.
Meanwhile, NMR spectra indicated that the chelation of Mg2+ cations provided a synergetic
protection of the unstable site of doxycycline at the N(CH3)2 moiety. Then, an artificial
neural network was developed to predict the optimal conditions for the preparation of
doxycycline/Mg2+/HP-β-CD complexes based on computational modelling [108]. The
highest inclusion efficiency and stability of the complex were obtained using molar ratios
of HP-β-CD/doxycycline and Mg2+/doxycycline equal to 4 and 10.8, respectively, as well
as an inclusion time of 12 h and temperature of 25 ◦C.

A new composite hydrogel, namely maleated CD-grafted-silylated montmorillonite,
has been developed for the specific delivery of tetracycline HCl to the colon [112]. Mont-
morillonite is a type of natural clay mineral with net negatively charged layers and good
swelling properties in the presence of water. Maleated CD is well-soluble in water, with
unique swelling properties in weak alkaline conditions, and reacts to stimuli based on
changes in pH in the gastrointestinal tract. It was demonstrated that this composite hy-
drogel could successfully deliver tetracycline HCl to the colon without drug loss in the
stomach. The release profile of tetracycline from the drug-loaded hydrogel varies with
different pH buffers: it is higher at pH 7.4 (~40% within 24 h) than at pH 2.4 (~10% within
24 h). According to the Peppas model, at pH 7.4 there is a swelling-controlled, non-Fickian-
type mechanism, while at pH 2.4 there is a diffusion-controlled, Fickian-type mechanism.
Thus, the resulting pH-sensitive hydrogels are useful tools for targeting colon-specific
diseases in a stimuli-responsive manner based on pH changes in the gastrointestinal tract.

Blanco-Fernandez et al. [153] prepared hydrogels containing HP-β-CD or M-β-CD
complexes with ciprofloxacin cross-linked with ethyleneglycol diglycidylether, with or
without the addition of agar. Agar promoted the loading of the zwitterion ciprofloxacin
and provided the hydrogels with the ability to retain the drug in an aqueous environment
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at low pH. The reason for this is the electrostatic interaction between ciprofloxacin and agar
in water, even though the network is highly swollen. Release was only triggered by the pH
shift to 7.4, leading to a 12 h sustained drug delivery.

Another polymer network was created with the use of sterculia gum, which is a
complex, branched, and partially acetylated polysaccharide, consisting of glucuronic acid,
galacturonic acid, and carbopol [154]. The presence of CD in hydrogels affects both drug
entrapment and the release of drugs from the drug-loaded hydrogels. Ciprofloxacin
entrapment was greater in the case of hydrogels with CD (increased 1.15 times) compared
to hydrogels without CD; however, the release of ciprofloxacin from β-CD-containing
hydrogels was slower compared to non-β-CD hydrogels. In this system, drug release was
controlled by one or more of the following processes: solvent transport into the polymer
matrix, swelling of the bound polymer, diffusion of the solute through the matrix, and
erosion/relaxation of the swollen polymer.

Gauzit Amiel et al. [26] prepared water-soluble poly(cyclodextrin citrate) by polymeri-
sation between β-CD and citric acid in the presence of a catalyst of sodium hypophosphite
for a local release of ciprofloxacin in diabetic foot infections. Freeze-dried physical hydro-
gels were obtained, consisting of two oppositely charged polyelectrolytes, chitosan as a
natural cationic polysaccharide and poly(cyclodextrin citrate) as an anionic polysaccharide,
forming a network in various proportions (3:0, 3:1, 3:3, 3:5, and 3:7 ratio). The results
showed that the release of ciprofloxacin decreased as the poly(cyclodextrin citrate) ratio
increased in the sponge formulations due to inclusion in the CD cavities. Thus, the highest
amount of ciprofloxacin was observed after 24 h for sponges in a ratio of 3:0 after the ther-
mal treatment. Such sponges with a greater swelling rate absorbed and released the highest
doses of drugs with a slow sustained kinetic profile. Moreover, a significant difference in
the amount released was observed between sponges of the same ratio with and without
the heat treatment. The release was greater when devices were not heat-treated. Kinetic
release patterns showed a profile with an initial burst followed by a plateau [148].

Recently, self-assembled supramolecular hydrogels based on polypseudorotaxane
systems were prepared for delivery of ciprofloxacin to the eye, mixing a drug-loaded
dispersion of poloxamer 407 with α-CD solution under continuous agitation [155]. A
significant improvement in the antibacterial activity of ciprofloxacin was shown in the
optimised formulation, and more drug was retained in the pre-corneal area of the eye for a
longer time compared to a conventional gel. Both in vitro and ex vivo permeation studies
have shown increased permeability compared to the Carbopol gel available on the market.
The antibacterial studies against S. aureus, E. coli, and P. aeruginosa showed an improvement
in the antimicrobial activity of ciprofloxacin in a supramolecular hydrogel [155].

A new formulation was proposed for the temperature-sensitive in situ gel, consisting of
0.5% (w/v) azithromycin, the equimolar amount of HP-β-CD, 18.91% (w/v) of poloxamer
407, and 0.35% (w/v) of Carbopol 934P [227]. This formulation, optimised with regard
to percentage drug release at the first hour, gelation temperature, and viscosity, showed
the sustained drug release over a 54 h period, which may be effective in the treatment of
periodontal disease.

Simões et al. [240] obtained supramolecular gel formulations, consisting of van-
comycin HCl (5.5 mg/mL), α-CD (0%—control, 2.5%, 5.0%, 7.0%, and 9.7% w/v), and
Pluronic F127 (6.5%, 13%, or 20% w/v). Vancomycin HCl was incorporated to the formu-
lations before Pluronic F127 and α-CD solutions were mixed. This drug was physically
entrapped in the supramolecular gel and did not interfere in the Pluronic F127–α-CD inter-
action. Gel formulation without α-CD released 80% of the drug during the first 24 h, while
that prepared with 9.7% α-CD released less than 45% in the same time period. In this last
case, 100% release was achieved at day 7. Meanwhile, the Pluronic F127 concentration did
not significantly affect the vancomycin release rate. The gels prepared with 6.5% copolymer
and 5% or more α-CD were stable for at least two months when stored at 20 ◦C and showed
activity against S. aureus.
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New drug-delivery hydrogels based on the β-CD polymer with the addition of cross-
linkers such as 2-isocyanatoethyl 2,6-diisocyanatohexanoate or diisocyanatohexane have
been developed [237]. The gels were loaded with rifampicin, novobiocin, and vancomycin.
The release of vancomycin from these gels was slower than from dextrose gels, as dextrose
is chemically similar to CD but incapable of forming a complex with a drug, leading the
authors to the conclusion that CD ICs were formed. The release was faster with novobiocin
and vancomycin than with rifampicin due to their higher solubility in release medium [237].

8.8. Other Nanosystems

Cefradine was combined with a medusa-like β-CD with 1-methyl-2-(2′-carboxyethyl)
maleic anhydrides to improve drug delivery to specific targets, including weakly acidic
tissues or organelles, such as tumours, inflammatory tissues, abscesses, or endosomes [66].
Interestingly, amide derivatives of maleic acid were used for conjugation with a drug
targeting weakly acid environments, due to their rapid degradation at an appropriate pH,
leading to the so-called pH-sensitive drug release. At pH 7.4, less than 20% of cefradine
was released within 5 h. On the other hand, a rapid burst was observed at pH 5.5, where
more than 80% of cefradine was released within 0.5 h. Another study characterised a
sustained-delivery system for periodontitis, consisting of a doxycycline/α-CD complex
loaded into a PLGA-based implant injectable in situ to reduce irritation and improve the
stability of doxycycline in the aqueous medium [109]. The results show that the formulation
provides sustained release (96% over 14 days) with a minimum initial burst. The data fit
well with the Higuchi model, indicating that the main mechanism follows diffusion.

In another approach, a γ-CD metal-organic framework (MOF) loaded with enrofloxacin
and FF was prepared [131]. The γ-CD-MOF was prepared via an ultrasonic method to
obtain small particles. Next, due to the porous structure of γ-CD-MOF, FF and enrofloxacin
were absorbed into the pores of γ-CD-MOF, depending on the antibiotics/γ-CD-MOF ratio.
The system showed better activity against bacteria than free antibiotics (lower MIC value
against S. aureus and E. coli), released enrofloxacin, and FF over a significantly extended
period of time (80% FF, and 87% enrofloxacin over 4 h). The results indicated that the
porous structure of γ-CD-MOF controls the release behaviour of both drugs. In addition,
antibiotic-loaded γ-CD-MOF showed better long-lasting activity (longer antibacterial time),
nontoxicity, as well as excellent biocompatibility with mammalian cells and tissues both
in vitro and in vivo.

Next, a β-CD covalent organic framework (COF) loaded with enrofloxacin was pro-
duced, obtained by blending the drug and COF into a solution, and incorporated into
thermoplastic polyurethane fibres via electrospinning [189]. The drug release involved
two typical phases: the enrofloxacin was rapidly released from the membranes within the
first 3 h; subsequently, the release dropped sharply and achieved zero-order release. The
authors presented the physicochemical and biological properties of the fibrous membrane
such as the morphology, hydrophobicity, water uptake capacity, and biocompatibility. The
membrane displayed antibacterial activity against S. aureus and E. coli with 99% inhibitory
efficiency for 50 h.

Polyurethane/β-CD/ciprofloxacin composite films were developed for use in medical
coatings with antibacterial properties [158]. The tested ciprofloxacin/polyurethane films
showed antibacterial activity against S. aureus, Sarcina lutea, B. cereus, and B. subtilis, as
well as Gram-negative bacteria E. coli and P. aeruginosa. Novel ternary polyurethanes
simultaneously containing β-CD and β-glycerophosphate groups (calcium salt, Ca-Glic, or
H-Glic) cross-linked by HDI have been designed, using the properties of both polyalcohols:
the inclusion capacity of β-CD toward hydrophobic drug molecules and the bioactivity of
β-glycerophosphate [159]. The results showed that the CD cavities remained active toward
the inclusion of guest molecules. Two polymers were evaluated, one prepared from H-Glic
and the other from Ca-Glic. In both cases, there was an initial slow stage (0–5 h) followed
by an increase in release up to 10 h, an intermediate plateau between 10 and 30 h, another
increase, and a final plateau up to 80 h where 90% of the drug was released. The release
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profiles were similar, with one exception that the final% release for the Ca-Glic polymer
was higher compared to the H-Glic, while the free drug at the same time reached 97%.

In another approach, new macromolecules were synthesised in a reaction between
ciprofloxacin and β- or γ-CD, using chloroacetyl chloride as a linking agent [164]. The
designed systems showed a pH-dependent prolonged release time and almost five times
higher bactericidal activity than the standard ciprofloxacin. The drug-release results
showed that the release of ciprofloxacin was maximal and controlled at pH 1.5 (98%),
while at pH 7 it was only 20% in 14 h and about 50–60% at pH 4–6.

Garcia-Fernandez et al. [166] developed polyester vascular grafts modified with poly-
merised M-β-CD and loaded with ciprofloxacin to prevent postoperative infections. The
release of ciprofloxacin from the prostheses without poly-M-β-CD was faster than from the
M-β-CD functionalised prostheses, regardless of the flow rate, indicating the superiority of
poly-M-β-CD in the controlled, sustained release of ciprofloxacin.

A modern delivery system for ciprofloxacin was developed in combination with the
HP-γ-CD polymer with the addition of citric acid as a cross-linking agent, grafted onto
a woven polyethyleneterephtalate (PET) vascular prosthesis [167]. The CD coating of
vascular prostheses may be suitable for the controlled release of ciprofloxacin, which avoids
an excessively short and insignificant period of protection from the overly rapid desorption
from the graft. The strategy involved grafting HP-γ-CD with ciprofloxacin onto vascular
grafts, basing on the pad-dry-cure textile finishing method [167].

Hunag and Kang [195] synthesised polyamidoamine (PAMAM) dendrimers of gen-
erations G2 and G4 conjugated with β-CD as a delivery system for levofloxacin lactate.
PAMAM dendrimers have well-defined structures that allow for precise control of the size,
shape, and terminal group functionality, enabling potential pharmaceutical applications
such as a drug-delivery vessel. This work is mainly concerned with understanding the
host–guest supramolecular behaviour using NMR and IR spectroscopy. Another strategy
is the development of polypropylene mesh devices, grafted in two steps with HDI and
β-CD, and then loaded with levofloxacin HCl [196]. The antibiotic-loaded mesh samples
demonstrated sustained antibacterial properties for 7 and 10 days against Gram-negative
and Gram-positive bacteria, respectively. The β-CD-captured levofloxacin HCl showed a
burst release after 6 h, a stable release after 9 h, and finally, a sustained release of 84% for
the next 48 h.

In another study, Thatiparti et al. [238] described the formation of pseudopolyrotaxane,
generated under mild (aqueous, room temperature) conditions, in the synthesis of β-CD
polymer after adding diglycidyl ether cross-linkers consisting of ten ethylene glycol units.
The formation of these novel affinity polymers resulted in improved mechanical properties,
and the affinity-based delivery of vancomycin was significantly better than that of the
diffusion-only control polymers. The release of drug from dextran and CD-based polymers
in PBS at pH 7.4 showed rapid, burst release for vancomycin-loaded dextran, while from CD
polymers showed a reduced burst followed by a longer sustained release period, varying
with the length of the cross-linker. The bactericidal activity of vancomycin-loaded CD
polymers against S. aureus continuously showed a zone of inhibition up to 20 days, while the
dextran polymers were only able to clear bacteria for 10 days. Next, a vancomycin-delivery
nanosystem was developed based on supramolecular amphiphiles that can self-assemble
into nanostructures [239]. A novel sugar-based cationic amphiphile derivative with a β-CD
head and long C18 carbon chain with a terminal amine (oleylamine, OLA) was synthesised
and formulated using a simple suspension method. The hydrophobic tail of OLA was
entrapped in β-CD via inclusion complexation, and the release of vancomycin from these
nanovesicles was found to be 80% within 48 h. The slower release of vancomycin from
vesicles compared to the drug alone was attributed to the drug entrapped in the core of
the vesicles, leading to the drug partition through the vesicle matrix prior to release. The
Weibull model was found to be the best fit model, indicating that the release mechanism of
vancomycin from nanovesicles was Fickian diffusion. Moreover, the MICs against S. aureus
and MRSA were 2- and 4-fold lower, respectively, compared to vancomycin alone.
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8.9. Formulations

Ceftiofur acid was described as a long-acting injection in patent CN103230364A [94].
The formulation, with ceftiofur acid and HP-β-CD in a molar ratio of 1:1, sodium alginate,
and poloxamer 407 and 188, allowed for a 72.7-fold increase in solubility (from 0.03 to
2.18 mg/mL).

Xu et al. [127] formulated new eye drops based on the ICs of chloramphenicol with
SBE-β-CD, characterised with higher topical concentrations, due to increased solubility and
reduced penetration through the cornea (demonstrated using a Franz diffusion cell system).
The tear fluid elimination kinetics study showed that the chloramphenicol/SBE-β-CD eye
drops significantly extended the residence time, increased the concentration of antibiotic in
the conjunctival sac, and did not irritate the eyes of rabbits.

Bozkir et al. [156] developed an eye drop formula with ciprofloxacin and HP-β-CD, in
which the drug solubility tripled at pH 5.5 and doubled at pH 7.4. The complex was more
stable at pH 5.5 than at pH 7.4, and the stability constant of the complex was increased
by the addition of 0.1% (w/v) polymer (HPMC and/or PVP) to the aqueous medium.
In a further study, ophthalmic in situ gelling systems containing ICs of ciprofloxacin
hydrochloride with HP-β-CD at a 1:1 molar ratio were developed to reduce pre-corneal
elimination and improve the bioavailability and therapeutic response [157]. As a result,
the developed formulations had increased viscosity, exhibited gelation at eye temperature,
proved to be therapeutically efficient, and provided sustained drug release over a period of
8 h.

Rufloxacin was used in combination with CDs and HPMC in the formulation of
ophthalmic solutions [170]. The addition of 0.25% (w/v) HPMC to solutions containing
rufloxacin/HP-β-CD complexes increased the solubilising effect of this CD, thus reducing
the amount of CD necessary for solubilisation of 0.3% (w/v) rufloxacin. Preliminary
pharmacokinetic data in rabbits indicated that the ocular bioavailability of 0.3% (w/v)
rufloxacin solubilised by HP-β-CD was higher than the 0.3% (w/v) rufloxacin suspension
used as a reference.

In other studies, tablet formulations consisting of norfoxacin/β-CD complexes and
other excipients were developed and assessed before and after compression [186]. The
study revealed that the formulation prepared by direct compression with microcrystalline
cellulose, stearic acid, magnesium stearate, and Aerosil®®® showed the highest dissolution
rate when using crospovidone, achieving 98% drug release.

Interestingly, HP-β-CD overcomes the incompatibility of the combination of cef-
tazidime and vancomycin in antibacterial formulation for the treatment of bacterial kerati-
tis [77]. The formulation inhibited the incompatibility of both antibiotics at pH greater than
7.3 and both antibiotics maintained unchanged antibacterial activity.

9. Conclusions

This article provided an overview with a discussion of 212 literature reports on the
delivery of antibiotics and antimicrobial agents’ inclusion in CDs. One third (70) of the cited
articles discussed the impact of CD complexation on antibacterial activity; however, there
are relatively few studies (10) on increasing the permeability through biological membranes.

In the case of beta-lactams, the main goal of CD complexation was to improve the
chemical stability (in 23 out of 61 papers), since the strained beta-lactam ring is prone
to degradation reactions such as amide bond hydrolysis. The problem of chemical in-
stability also concerns the tetracycline group (in 6 out of 14 reports), where the tertiary
amine and methyl group are the labile fragments of the molecules, and application of CDs
seems to be a promising remedy. The main reason for the preparation of chlorampheni-
col/CD complexes was the low water solubility (in 7 out of 12 articles) and the desire to
reduce the toxicity of chloramphenicol. Another clinically significant advantage of the
doxycycline/CD complexes is the increased effectiveness in combating bacterial biofilms.
Meanwhile, the quinolones are the most studied group regarding CD complexation, with a
total of 74 scientific papers mostly on the preparation of multi-component delivery systems.
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On the other hand, the inclusion of macrolides (16 reports), aminoglycosides (3 reports),
and glycopeptides (9 reports), which are compounds with large molecules, into the CD
cavity is less likely. However, contradictory statements appear in various articles, i.e., some
authors state that inclusion does takes place and others that it does not. Therefore, further
research is needed, especially in the field of antibacterial macromolecules, to determine the
possible geometry of the combinations and to pinpoint the interactions that hold the drug
and CD together.

To obtain a controlled and sustained release of the loaded antibiotic and prolonged
systemic circulation, more sophisticated drug-delivery systems were developed, in-
cluding nanoparticles, microparticles, liposomes, nanosponges, nanofibres, hydrogels,
and macromolecules.

Sustained release and targeted release are important directions for the development of
a next generation of personalised therapies, providing powerful means of safe antibiotic
therapy, offering an opportunity to reduce antibiotic resistance. Targeted drug release
has grown in importance as medicine moves towards precision therapy. Such a delivery
system crosses biological barriers to reach the target organ, tissue, or cell prior to drug
release. In this way, the bioavailability is improved, and the damage caused by binding to
the inappropriate sites is reduced. An example can be both doxycycline and tetracycline
directed against colon diseases, which were designed in such a way that the release of the
drug from the nanosystem takes place at a certain pH value in the gastrointestinal tract,
which is an unquestionable advantage for safe pharmacotherapy.

Thus, the interest in CDs is growing steadily and this trend will continue in the coming
years due to their versatility and fascinating ability to improve pharmaceutical formulations
in the design of innovative therapies. This article differs from many other reviews in that
it describes the current state-of-the-art from the perspective of individual drugs, thus
showing where much research has been carried out so far and pointing to new lines of
research in the field of antibacterial drugs.
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Abbreviations

Cyclodextrins
α-CD α-cylodextrin
β-CD β-cyclodextrin
γ-CD γ-cyclodextrin
HP-β-CD hydroxypropyl-β-cyclodextrin
SBE-β-CD sulfobutyl ether-β-cyclodextrin
M-β-CD methyl-β-cyclodextrin
DM-β-CD dimethyl-β-cyclodextrin
RM-β-CD randomly-methylated-β-cyclodextrin
Dimeb heptakis(2,6-di-O-methyl)-β-cyclodextrin
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Trimeb heptakis(2,3,6-tri-O-methyl) β-cyclodextrin
Trimeg octakis(2,3,6-tri-O-methyl)-γ-cyclodextrin
Additives
CA citric acid
CMC carboxymethylcellulose
HDI 1,6-hexamethylene diisocyanate
HPMC hydroxypropylmethylcellulose
NAC N-acetylcysteine
PCL polycaprolactone
PEG poly(ethylene glycol)
PET poly(ethylene terephthalate)
PLA polylactic acid
PLGA poly(lactic-co-glycolic acid)
PVA poly(vinyl alcohol)
PVP polyvinylpyrrolidone
SSG sodium starch glycolate
Characterisation techniques
AFM Atomic force microscopy
ATR Attenuated total reflectance (in conjunction with infrared spectroscopy)
COSY COrrelation SpectroscopY (NMR technique)
DFT Density-functional theory
DLS Dynamic light scattering
DSC Differential scanning calorimetry
DTA Differential thermal analysis
EDX Energy-dispersive X-ray spectroscopy
FL Fluorescence spectroscopy (spectrofluorimetry)
FT-IR Fourier-transform infrared spectroscopy
IMC Isothermal microcalorimetry
IR Infrared spectroscopy
ITC Isothermal titration calorimetry
HPLC High-performance liquid chromatography
MM Molecular modelling
MS Mass spectrometry
NMR Nuclear magnetic resonance
PAMPA Parallel artificial membrane permeability assay
PSS Phase solubility study
ROESY Rotation Frame Nuclear Overhauser Effect SpectroscopY
SEM Scanning electron microscopy
SERS Surface-enhanced Raman spectroscopy
TEM Transmission electron microscopy
TGA Thermogravimetric analysis
UV-VIS Ultraviolet-visible spectroscopy
XPS X-ray photoelectron spectroscopy
XRPD X-ray powder diffractometry
Other
API Active pharmaceutical ingredient
BCS Biopharmaceuticals Classification System
BP Benzylpenicillin
CPP Cefpodoxime proxetil
FF Florfenicol
IC Inclusion complex
MIC Minimum inhibitory concentration
MOF Metal-organic framework
MRSA Methicillin-resistant Staphylococcus aureus
n/a Not available
NF Nanofiber
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NP Nanoparticle
NS Nanosponge
PMP Phenoxymethylpenicillin

XTT
2,3-bis(2-methoxy-4-nitro-5-sulfophenyl)-5-[(phenylamino)carbonyl]-2H-
tetrazolium hydroxide
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Abstract: Ceftobiprole is a novel β-lactam antibiotic, active against methicillin-resistant Staphylococcus
aureus, vancomycin-resistant S. aureus and penicillin-resistant Streptococcus pneumoniae. To artificially
generate potential degradation products (DPs) of ceftobiprole that may be formed under relevant
storage conditions, acidic, alkaline, oxidative, photolytic and thermolytic stress tests were performed
in both solution and solid state. A novel selective HPLC method was developed for the separation
of ceftobiprole from its DPs and synthesis by-products (SBPs) using Kinetex Biphenyl column,
ammonium acetate buffer pH 5.8 and acetonitrile. The kinetic studies demonstrated the low stability
of ceftobiprole in alkaline solution, in the presence of an oxidising agent and under irradiation with
near UV. In the solid state, ceftobiprole underwent oxidation when the powder was irradiated with
visible light and UV. Based on mass spectroscopic analysis, 13 new structural formulas of SBPs and
DPs were proposed, along with molecular formulas for three other DPs obtained in solution and four
oxidative DPs characteristic of solid-state degradation.

Keywords: ceftobiprole; degradation; kinetic studies; stress-testing; LC/MS/MS

1. Introduction

Due to the continuous increase in bacterial resistance to antibiotics, there is an ongoing
need to develop new effective drugs with antimicrobial activity. Historically, the first group
of antibiotics, and the most numerous, are the β-lactams, which contain a β-lactam ring in
their molecular structure and act by inhibiting the biosynthesis of the bacterial cell wall.
Cephalosporins constitute the major subgroup of semi-synthetic β-lactams derived from
7-aminocephalosporanic acid and can be classified into five generations according to their
activity against Gram-positive and Gram-negative bacteria [1]. Ceftobiprole (C20H22N8O6S2,
Figure 1A) is a representative of the newest, fifth-generation antibiotics, next to ceftaro-
line [2] and ceftolozane [3,4]. It was approved and authorised in some countries on
20 October 2018 as the prodrug ceftobiprole medocaril (C26H26N8O11S2, Figure 1B) under
the trade name of Zeftera© (previously Zevtera) or Mabelio©. Ceftobiprole had a rugged
development and approval history, as Basilea Pharmaceutica’s partner failed to achieve
United States Food and Drug Administration (FDA) and European Medicines Agency
(EMA) approval. Therefore, Basilea Pharmaceutica bought back the rights and started new
trials, finally succeeding in obtaining regulatory approval in many European Union countries
and in Canada. More recently, on 28 June 2022, 13 years after the rejection of the first
ceftobiprole registration attempt, Basilea Pharmaceutica were able to introduce ceftobiprole
to the US market, due to a new Phase III clinical trial, the ERADICATE study, in adults with
bacterial bloodstream infections caused by Staphylococcus aureus, where ceftobiprole was
compared to daptomycin given with or without aztreonam (ClinicalTrials.gov identifier
NCT03138733) [5,6]. Ceftobiprole is also under consideration for FDA approval for the
treatment of acute bacterial skin and soft-tissue infections based on the results of the earlier
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TARGET study, which showed non-inferiority of the drug compared to vancomycin plus
aztreonam (ClinicalTrials.gov identifier NCT03137173) [7].
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Figure 1. Molecular structures of ceftobiprole (A) and ceftobiprole medocaril (B).

Ceftobiprole was the first β-lactam to show in vitro activity against methicillin-resistant
S. aureus (MRSA), vancomycin-resistant S. aureus (VRSA) and penicillin-resistant Streptococcus
pneumoniae (PRP) [8]. The activity against Gram-negative bacteria corresponds to the known
activity of other third-generation cephalosporins, such as ceftazidime. Hence, ceftobiprole
is a new alternative to the empirical treatment of community-acquired pneumonia and
non-ventilator-associated hospital-acquired pneumonia [9,10] when MRSA is proven or
strongly suspected. Its broad-spectrum activity results from its high affinity to penicillin-
binding proteins of Gram-positive bacteria, owing to the presence of the vinylpyrrolidone
moiety, and its resistance to many different β-lactamases of Gram-negative pathogens due
to the oxyimino aminothiazolyl substituent in the cephalosporin nucleus [11,12].

Stress testing of the active pharmaceutical ingredient (API) includes exposure to acidic,
alkaline and oxidative conditions, as well as to photolysis and thermolysis, to artificially
generate potential degradation products (DPs) that may or may not be formed under
relevant storage conditions. Such a study is performed to elucidate the DP structures,
establish degradation pathways and evaluate the intrinsic stability of the molecule. To
avoid overstressing the ceftobiprole molecule, which may lead to degradation profiles
that are not representative of real storage conditions, the proposed stress conditions were
realistic and not excessive. The recommended duration of the stress-testing studies was
performed to obtain 5–20% degradation. The stability-indicating assay method was carried
out in accordance with the International Conference on Harmonisation (ICH) Guideline
Q1A (R2) Stability Testing of New Drug Substances and Products [13] and recommendations
given by Baertschi et al. in Section 2 of Pharmaceutical Stress Testing [14].

Ceftobiprole is a recent introduction to medicine; hence, there is limited literature
data on analytical methods to test ceftobiprole and its DPs. A thin layer chromatographic-
densitometric procedure was developed for the qualitative and quantitative analysis of
ceftobiprole [15,16]. Stability studies of ceftobiprole have been carried out in solutions with
different pH (1–13), showing that the degradation rate increased with increasing pH: the
slowest in 0.1 M HCl (9.21 × 10−3 h−1 at 40 ◦C) and the fastest in 0.1 M NaOH (0.69 h−1

at 60 ◦C). However, due to technical limitations of the method, the molecular structure
of the DPs was not elucidated [15]. Another approach used high performance liquid
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chromatographic (HPLC) methods with diode-array detection (DAD) [17] coupled with a
mass spectrometer (MS) [18] to assay ceftobiprole in human plasma for routine therapeutic
drug monitoring and pharmacokinetic studies. However, to the best of our knowledge, a
study of degradation kinetics followed by the structural analysis of ceftobiprole DPs has
not been published thus far.

The aim of this work consisted of four stages, namely: (i) to develop a new, selective
HPLC/UV method that allows for the separation of ceftobiprole from its DPs based on
stress-testing studies carried out in both solution and solid state, (ii) to use the developed
method to study the intrinsic stability of ceftobiprole by calculating the degradation ki-
netics and determining the rate constants and activation energies (Ea), (iii) to propose the
structures of DPs and synthesis by-products (SBPs) based on HPLC coupled to tandem
mass spectrometry (LC/MS/MS), and (iv) to establish fragmentation pathways for these
DP structures. Knowledge of the structure of the DPs combined with knowledge of the
structure–activity relationship (SAR), which is an approach to find the relationship between
the chemical structure (or structural properties) and the biological activity of the molecules
under study, makes it possible to predict the antimicrobial activity (presence or absence)
of the resulting DPs. SAR results for cephalosporins were provided by Sahoo and Banik,
pointing out that the cis-configuration at position C-6 and C-7, the fusion of the β-lactam
ring with the dihydrothiazine ring, and the olefinic linkage at position C-3 and C-4 are
essential for antibacterial activity [19].

One of the challenges of this study was the low water solubility of ceftobiprole (exper-
imentally determined as approx. 0.04 mg/mL), which is insufficient to acquire high-quality
fragmentation mass spectra. In order to increase the solubility, it was necessary to use a
water-miscible inert cosolvent; however, the effect of the inert cosolvent on hydrolysis had
to be determined. According to Baertschi et al. [14], a water-miscible organic cosolvent such
as dimethyl sulphoxide (DMSO) can be added to achieve the recommended concentration
of 0.1–1 mg/mL. DMSO is considered to be a good general solvent, usually inert to drugs,
completely miscible with water and useful under both acidic and basic conditions [14]. The
main disadvantage of using DMSO is the absorption in the low UV region, which can be
visible in the chromatogram as a UV peak [14]; however, our research was recorded in the
near (long-wave) UV region. On the other hand, the presence of a cosolvent may modify the
rate of hydrolysis or the degradation pathway, and this should be taken into account and
verified. Another approach to improve the solubility of ceftobiprole relies on dissolving
the drug in an acidic solution. The additional advantage of an acidic environment, as
demonstrated by Binert-Kusztal et al. [15], is the enhanced stability of ceftobiprole towards
hydrolysis, compared to neutral and alkaline aqueous solutions. Consequently, our paper
compares two different solvents, namely 10% DMSO in water and 0.1 M HCl, in terms of the
stability and possible degradation pathways of ceftobiprole under various stress conditions.

2. Results and Discussion
2.1. Method Optimisation

Ceftobiprole is a molecule with many ionisable function groups, which means that it
has many pKa values [20]. Since its DPs are unknown, it is difficult to theoretically predict
the optimal pH of the mobile phase. For this reason, a systematic series of measurements
were performed for each column, using a mobile phase pH range of 2.8–7.8 with one pH
unit increments. Chromatograms of the ceftobiprole solutions and its DPs obtained by
hydrolysis, photolysis, thermolysis and oxidation were recorded at each mobile phase pH
and the chromatograms were then superimposed and compared.

Method development began with the use of a C18 column (Kinetex C18, 150 × 3 mm,
2.6 µm) and 5% ACN as the starting composition of the mobile phase. The separation of
ceftobiprole from its DPs was unsuccessful, as the retention time of ceftobiprole was too
short. In order to delay the elution of the main peak and thus enable the separation of DPs
that are more polar than the parent ceftobiprole, columns compatible with 100% aqueous
mobile phases were required. The optimal mobile phase pH and gradient program were
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chosen using Accucore AQ C18 (150 × 4.6 mm, 2.6 µm) and Kinetex PS C18 (150 × 2.1 mm,
2.6 µm) columns. However, the products of alkaline degradation could not be separated at
any of the tested mobile phase pH values, either by changing the gradient run program
(decreasing the gradient slope or replacing with an isocratic stage), increasing the column
temperature or replacing ACN with MeOH. The applied modifications did not reduce the
peak fronting and did not improve the resolution. Only the use of the Kinetex Biphenyl
column made it possible to significantly improve the symmetry of the above-mentioned
peaks. This column was previously used by Lima et al. [17] for the determination of
ceftobiprole in human plasma but without performing any forced-degradation studies. The
use of an elevated temperature (40 ◦C) was found to be crucial to obtain symmetric peak
shapes of alkaline DPs. The experiments with different pH values for mobile phase A led
to the conclusion that pH 5.8 was optimal for the separation of ceftobiprole and its related
substances. Figure 2 presents the overlaid chromatograms of solutions of ceftobiprole and its
DPs obtained by alkaline and acidic hydrolysis, photolysis, thermolysis and oxidation, where
the DPs were separated using the optimal chromatographic conditions shown in Table 1.
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Figure 2. Overlaid chromatograms obtained by the separation of degradation products (DPs) of
a 1 mg/mL ceftobiprole solution formed in different stress-testing studies: (A) photolysis for 6 h
at 254 nm in 10% DMSO; (B) alkaline hydrolysis in 0.01 M NaOH for 45 min; (C) oxidation in 3%
H2O2 in 10% DMSO for 90 min; (D) thermolysis at 70 ◦C for 270 min in 10% DMSO; (E) acidic
hydrolysis in 0.1 M HCl for 6 h; (F) non-degraded solution of ceftobiprole in 10% DMSO. The first
letter of the acronyms describing the DPs comes from the degradation conditions under which they
were obtained (A—acidic, B—basic, O—oxidative, P—photolytic), and the acronym SBP denotes
synthesis by-products.

The solubility of ceftobiprole in water has been experimentally found to be about
0.04 mg/mL, which is sufficient to analyse ceftobiprole and its DPs using a UV detector
and an injection volume of 20 µL. However, it was impossible to record high-quality mass
spectra of its DPs at such low concentration levels. Moreover, neither MeOH nor ACN
(two solvents often used in HPLC analyses) provided greater solubility. Therefore, DMSO
was selected from the list of recommended cosolvents proposed by Baertschi et al. [14],
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and a 10% aqueous solution was used as a solvent to enable a concentration of 1 mg/mL
ceftobiprole to be obtained to make the LC/MS/MS study possible. Since the role of an
organic cosolvent in the degradation under different conditions was initially unknown, the
degradation of ceftobiprole was also performed in 0.1 M HCl, enabling the best stability
of ceftobiprole in the pH range 1–13, according to Binert-Kusztal et al. [15]. The stability
of ceftobiprole was therefore assessed in two solvents (10% DMSO and 0.1 M HCl), and
the results obtained for ceftobiprole solutions stored at 25 ◦C for 3, 6, 12 and 24 h were
compared (see Table 2). The percentage of drug remaining at time t was calculated by
dividing the ceftobiprole peak area at time t by the ceftobiprole peak area at time 0. After
24 h, the decrease in ceftobiprole concentration was 1.1% in 10% DMSO and 10.4% in 0.1 M
HCl, indicating that ceftobiprole is approximately ten times more stable in 10% DMSO.

Table 1. The elaborated optimal chromatographic conditions for the separation of ceftobiprole and
its related substances.

Column Kinetex Biphenyl 150 × 2.1 mm; 1.7 µm

Column temperature 40 ◦C

Autosampler temperature 4 ◦C—for method optimization
25 ◦C—for kinetic studies

Mobile phase A: 20 mM ammonium acetate buffer, pH = 5.8
B: ACN

Flow rate 0.3 mL/min

Gradient

Time (min) %B

0 0

15 10

28 90

33 90

33.1 0

45 0

Injection volume 1 µL—for kinetic studies
20 µL—for LC/MS studies

Detection wavelength 320 nm

Table 2. Comparison of ceftobiprole stability in 10% DMSO and 0.1 M HCl solution. The value
of 100% refers to the initial peak area of ceftobiprole without synthesis by-products (SBPs) and
degradation products (DPs).

Time Point 10% DMSO 0.1 M HCl

% Drug Remaining % Drug Remaining

0 100.0% 100.0%
3 h 99.5% 98.0%
6 h 99.4% 96.9%
12 h 99.2% 94.3%
24 h 98.9% 89.6%

The specificity of the method was confirmed in two different ways: the peaks of
ceftobiprole and its unknown DPs were well separated from one another (Figure 2), and
single peaks in the UV chromatogram corresponded to single components in the mass
spectrum. The developed method allows for the determination of related substances at
the level of 0.1 µg/mL (0.01% of 1 mg/mL) with a signal-to-noise ratio (S/N) of about
18. The linearity of the method was confirmed in the investigated range from 0.1 µg/mL to
1.2 mg/mL, with R2 = 0.9992.
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2.2. Kinetics of Ceftobiprole Degradation in Solution-State Studies

In the series of kinetic experiments, the concentrations of ceftobiprole and its DPs
under different stress conditions were monitored as a function of time. For the degrada-
tion of ceftobiprole, pseudo-first-order kinetics was assumed and the rate constant k was
determined as the slope of the line fitted according to the following equation:

ln
(

a
a0

)
= −kt (1)

where a0 is the initial peak area of ceftobiprole, and a is the peak area of ceftobiprole at
time t. This method of calculation relies on the linearity and instrumental precision of
the method, both of which were proven throughout the study, and does not require any
additional assumptions.

In specific cases, such as when the peak area at t = 0 min is difficult to measure (e.g.,
immediately after dissolution or the addition of the reagent), ln a was plotted against t and
a straight line was fitted with two fitting parameters (ln a0 and k), as follows:

ln a = ln a0 − kt (2)

The concentration of DPs formed in solution at time t was calculated as a quotient of
the peak area of the corresponding DP at time t and the initial peak area of ceftobiprole at
time 0. This method of calculation relies on the assumption that ceftobiprole and its DPs
have equal (or very similar) response factors. In other words, the peak areas of substances
of the same concentration should be equal, regardless of whether it is ceftobiprole or its DP.

The shelf-life value t90, i.e., the time at which 90% of the initial drug concentration
remains, was derived by substituting a/a0 = 0.9 in Equation (1), yielding:

t90 = − ln 0.9
k

(3)

For the thermolytic reactions carried out at three different temperatures (50, 60 and
70 ◦C), the activation energy Ea was estimated by means of the Arrhenius equation:

ln k =
−Ea

RT
+ ln A (4)

where R is the universal gas constant 8.314 J/(mol × K), T(K) is the temperature and A is
the pre-exponential factor, depending on how often molecules collide with one another.

Table 3 summarises the experimental stress conditions in the solution-state degrada-
tion studies, the percentage of DPs formed after 6 h of degradation and the calculated
degradation rate constants. The coefficient of determination (R2) was generally not lower
than 0.98, which proves that the kinetics of the tested reactions are consistent with the
pseudo-first-order model. The first letter of the proposed acronyms of the DPs originates
from the degradation conditions in which they are obtained (A—acidic, B—basic, O—
oxidative, P—photolytic, T—thermolytic). The reactions proceeded long enough to find the
optimum conditions, in which the highest amounts of DPs are formed, and this knowledge
was applied in the sample preparation for the MS study, to obtain the best possible quality
for the mass spectra.
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Table 3. Experimental stress conditions in solution-state studies (solvents, temperatures and/or irradiation wavelengths), the percentage of DPs formed after 6 h of
degradation, and the calculated degradation rate constants with R2.

Degradation Conditions Solvent DPs Formed after 6 h k (s−1) t90 (min) R2 Ea (kJ/mol)

Acidic hydrolysis

25 ◦C 0.1 M HCl ADP-0 (0.94%) 1.31 × 10−6 1340.2 0.9899 na
25 ◦C

1 M HCl

The rate constant is determined from the extrapolation of Arrhenius plot 1.77 × 10−6 993.8 na

102.3
50 ◦C ADP-1a (0.95%), ADP-1b (1.03%) ADP-2a (2.48%), ADP-2b (2.59%), ADP-4 (11.10%) 4.34 × 10−5 40.5 0.9999

60 ◦C ADP-1a (1.30%), ADP-1b (1.42%) ADP-2a (5.18%), ADP-2b (5.52%), ADP-4 (9.13%),
ADP-5 (0.81%), ADP-6 (1.69%) 1.33 × 10−4 13.2 0.9972

70 ◦C ADP-1a (0.44%), ADP-1b (0.48%) ADP-2a (1.42%), ADP-2b (1.79%), ADP-3a (0.25%),
ADP-4 (2.86%), ADP-3b (0.23%), ADP-5 (1.11%), ADP-6 (2.20%) 3.99 × 10−4 4.4 0.9796

Alkaline hydrolysis 25 ◦C 0.01 M NaOH BDP-1a (32.28%), BDP-1b (20.39%), BDP-2 (2.70%) 1.78 × 10−4 9.8 0.9909 na

Oxidation 3% H2O2
10% DMSO ODP-1 (7.83%), ODP-2 (27.33%) 2.56 × 10−5 68.7 0.9991 na
0.1 M HCl ODP-1 (20.91%), ODP-2 (58.12%) 1.33 × 10−4 13.2 0.9932 na

Photolysis
254 nm

10% DMSO PDP-1a (3.03%), PDP-1b * (1.26%) 4.28 × 10−6 410.0 0.9991 na
0.1 M HCl PDP-1a (1.68%), PDP-1b * (1.90%), PDP-2 (0.16%), PDP-1c (0.09%) 4.72 × 10−6 372.3 0.9843 na

366 nm
10% DMSO PDP-1a (15.48%), PDP-1b * (0.26%), PDP-1c (0.05%) 3.03 × 10−5 58.0 0.9896 na
0.1 M HCl PDP-1a (10.61%), PDP-1b * (0.19%), PDP-2 (0.15%), PDP-1c (0.15%) 3.43 × 10−5 51.2 0.9851 na

Thermolysis

25 ◦C

10% DMSO

The rate constant is determined from the extrapolation of Arrhenius plot 9.74 × 10−8 18,023.1 na

106.3
50 ◦C BDP-1b (0.45%) 2.62 × 10−6 669.4 0.9837
60 ◦C BDP-1b (1.32%), PDP-1b * (0.31%), TDP-1 (0.15%) 9.25 × 10−6 189.9 0.9983
70 ◦C BDP-1b (1.32%), ADP-5 (0.35%), PDP-1b * (0.60%), TDP-1 (0.83%) 2.63 × 10−5 66.9 0.9962

* The initial content of PDP-1b in the non-degraded sample of ceftobiprole is 0.25%. “na” = “not applicable”.
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In the chromatogram of the non-degraded sample (Figure 2, line F), six peaks of
related substances of ceftobiprole were detected. Further studies showed that one of these
impurities could be formed artificially by irradiation with a UV lamp with a wavelength of
366 nm, and was therefore designated as photolytic DP (PDP), while the other could not be
formed under any applied stress conditions. Mass spectrometric analysis showed that they
can be considered as three SBPs, two of which occur as pairs of isomers. The content of
the related substances in the non-degraded solution of ceftobiprole is as follows: PDP-1b
(0.25%), SBP-1 (0.22%), two isomers of SBP-2: SBP-2a (1.31%) and SBP-2b (0.88%), and two
isomers of SBP-3: SBP-3a (0.21%) and SBP-3b (0.11%).

2.2.1. Acidic Degradation Products (ADPs)

The recommended environment for acidic degradation is 0.1 M HCl [14]. However,
ceftobiprole undergoes relatively slow degradation in this solvent, with a decrease of about
3% after 6 h (see Table 2). As can be seen in Figure 2, acidic hydrolysis performed in 0.1 M
HCl, even for 6 h, led to the formation of very small quantities of DPs (the main ADP, which
has been denoted as ADP-0, reaches 0.94% after 6 h). Therefore, in order to artificially
generate significant amounts of DPs by the reaction of ceftobiprole with HCl, the acid
concentration was increased 10-fold to 1 M, and the samples were incubated in a water
bath at elevated temperature (50, 60 and 70 ◦C).

Six DPs were formed in 1 M HCl: three of them (ADP-1, ADP-2 and ADP-3) eluted
in two peaks of stereoisomers, whereas the remaining DPs, marked with the acronyms
ADP-4, ADP-5 and ADP-6 were present as single peaks (Figure 3). ADP-0, obtained at
room temperature, decomposed at elevated temperatures. At 50 ◦C, the isomers of ADP-1
and ADP-2 and the single peak of ADP-4 were formed during 6 h of reaction. Increasing
the temperature to 60 ◦C resulted in the formation of further DPs, ADP-5 and ADP-6;
however, their concentration was still very low after 6 h of heating. To obtain sufficient
concentrations of these ADPs, the process temperature was increased by another 10 ◦C, to
70 ◦C. The time-dependence of the ADP concentrations in 1 M HCl at 70 ◦C is shown in
Figure 4. ADPs 1–4 achieved maximum amounts after about 2 h of heating, whereas the
content of ADPs 5 and 6 increased continuously.
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The rate constants were determined for the degradation of ceftobiprole in 1 M HCl at
50, 60 and 70 ◦C, and the results are presented in Table 3. The Arrhenius plot was prepared
using Equation (4) [21]. The Ea can be considered as the magnitude of the energy barrier
separating the minima of the potential energy surface corresponding to the initial and
final thermodynamic state. For a chemical reaction to proceed at a reasonable rate, the
temperature of the system should be high enough to enable the existence of an appreciable
number of molecules with translational energy equal to or greater than the Ea. From a
different point of view, the Arrhenius Ea indicates the sensitivity of the reaction rate to
temperature. The Arrhenius equation (Equation (4)) allows rate constants to be predicted
at different temperatures, e.g., to extrapolate the linear plot to calculate the rate constant at
room temperature [14]. The determined Ea is equal to 102.3 kJ/mol (24.5 kcal/mol). The
extrapolation of the obtained Arrhenius plot to 25 ◦C yielded a rate constant of 1.77 × 10−6 s−1,
which corresponds to a shelf-life t90 value of 16.6 h in 1 M HCl at 25 ◦C.

2.2.2. Basic Degradation Products (BDPs)

Ceftobiprole is extremely unstable in an alkaline environment. When ceftobiprole
was dissolved in 0.1 M NaOH, the main peak disappeared completely in less than 45 min.
Therefore, measuring the kinetics of the reaction at intervals of several minutes would be
affected by a large error. In order to perform the kinetic studies accurately, the reaction was
slowed down by reducing the concentration of 0.1 M NaOH to 0.01 M.

Two DPs were formed in 0.01 M NaOH: one pair of stereoisomers of open-ring
ceftobiprole (BDP-1a, BDP-1b) and a lacton (BDP-2). The superimposed chromatograms
for the solution analysed at specified time intervals are shown in Figure 5, while the time
dependence of the BDP concentrations is presented in Figure 6. BDP-1b and BDP-2 reached
their maximum levels after approximately 90 min, before slowly decreasing. The content of
BDP-1a increased steadily during the measurement time. The degradation rate constant
obtained in 0.01 M NaOH is the highest among the reactions carried out at 25 ◦C. Due to
the difficulties in determining t = 0 min, Equation (2) was used in place of Equation (1).
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2.2.3. Oxidative Degradation Products (ODPs)

Oxidation of an API can be caused by exposure to peroxides, which can be found in
varying amounts in certain excipients, such as polysorbates, polyethylene glycol, povidone
and hydroxypropyl cellulose [14]. Thus, it is common for drug substances to be exposed to
peroxides after formulation and during storage and distribution. The oxidative degradation
of ceftobiprole was carried out with 3% H2O2 in two different solvents. It appears that
using 10% DMSO instead of 0.1 M HCl as a solvent to increase the solubility of the API may
be preferable, as ceftobiprole is more stable in this solvent; however, there is a possibility
that DMSO may be oxidised to methanesulphinic and methanesulphonic acids by ·OH
radicals [22]. Thus, the reaction was performed in two solvents, and their kinetics were
compared (Table 3). The reaction was five times faster in 0.1 M HCl than in 10% DMSO.
There are two possible reasons for this: (i) the reaction rate slowing down in 10% DMSO due
to the competitive oxidation of DMSO to methanesulphinic and methanesulphonic acids,



Int. J. Mol. Sci. 2022, 23, 15252 11 of 31

or (ii) an acceleration of the reaction in 0.1 M HCl due to the involvement of H+ cations in
the oxidation mechanism. Therefore, an additional experiment was performed without the
addition of a cosolvent, at neutral pH. The degradation kinetics of a 0.04 mg/mL solution
of ceftobiprole in 3% H2O2 in water showed that the time-dependence of the ceftobiprole
peak area can be approximated by the first-order model during the first 360 min of the
process, with a rate constant of 7.07× 10−5 s−1. This value lies between the values obtained
in 10% DMSO (2.56 × 10−5 s−1) and 0.1 M HCl (1.33 × 10−4 s−1), demonstrating that both
of the above-discussed mechanisms (the slowdown in 10% DMSO and the acceleration in
0.1 M HCl) affect the determined rate constants. The rate constant and t90 of oxidation in
0.1 M HCl were of the same order of magnitude as for alkaline hydrolysis, indicating that
ceftobiprole is particularly prone to the action of bases and oxidising agents. There were
two main DPs, ODP-1 and ODP-2, which formed regardless of whether the process was
carried out in 10% DMSO or 0.1 M HCl (Figure 7). In 10% DMSO, the concentration of the
two main DPs continued to increase throughout the tested time (18 h), while their content
reached a maximum after 7.5–10.5 h in 0.1 M HCl and then decreased (Figure 8).
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2.2.4. Photolytic Degradation Products (PDPs)

The UV–VIS spectrum of ceftobiprole has two maximums of absorption, at 230 and
320 nm. This indicates that the molecule absorbs radiation of near ultraviolet wavelengths
and may be photolabile. In order to verify this hypothesis, solutions of ceftobiprole in 10%
DMSO in water or 0.1 M HCl were irradiated at 254 and 366 nm.

Figure 9 presents the overlaid chromatograms of ceftobiprole and its PDPs formed
under different combinations of solvent and irradiation wavelength. The determined rate
constants show that the degradation is comparable in terms of the solvents used, but about
seven times faster at 366 than at 254 nm (Table 3). During photolytic process, three isomers
of ceftobiprole (PDP-1a, b and c) were formed, along with another compound with one less
sulphur atom compared to ceftobiprole (PDP-2). As can be seen in Figure 9 and Table 3, the
same DPs were formed regardless of the solvent used or the wavelength of irradiation, but
their relative amounts were different. Mainly PDP-1a was formed after 6 h irradiation at
366 nm, at a level of 15.48% in 10% DMSO and 10.61% in 0.1 M HCl. When using 254 nm,
there was also a significant increase in PDP-1b, from 0.25% in the non-degraded sample to
1.26% in 10% DMSO and 1.90% in 0.1 M HCl after 6 h. The use of 0.1 M HCl as a solvent
resulted in the formation of PDP-1c and PDP-2. SBPs are photolabile, as is ceftobiprole, and
their peak areas decreased with time.
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2.2.5. Thermolytic Degradation

The Q1A (R2) guideline recommends testing the effect of temperature in 10 ◦C incre-
ments (50 ◦C, 60 ◦C, etc.) above a certain temperature in accelerated tests (40 ◦C) [13], while
Baertschi et al. suggest avoiding temperatures above 70 ◦C due to the possibility of different
decomposition pathways for some compounds [14]. Consequently, three temperatures, 50,
60 and 70 ◦C, were chosen, and the Arrhenius plot was prepared using these three points.
The rate constants are summarised in Table 3. The determined Ea is equal to 106.3 kJ/mol
(25.4 kcal/mol, R2 = 0.9987). The extrapolation of the obtained Arrhenius plot to 25 ◦C
yielded a rate constant of 9.74 × 10−8 s−1, which corresponds to a shelf-life t90 value of
12.5 days in 10% DMSO. A similar Ea value was obtained under both thermolysis and
acidic hydrolysis conditions (106.3 kJ/mol for Ea in 10% DMSO and 102.3 kJ/mol in 1 M
HCl), although the rate constant is about 15 times lower for 10% DMSO compared to 0.1 M
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HCl. The difference in the reaction rate should therefore be attributed to the difference in
pre-exponential factor A in Equation (4), while a slight difference in Ea (4 kJ/mol) has a
significantly lower impact.

Four DPs were formed during thermolysis, three of which (ADP-5, BDP-1 and PDP-1b)
were also produced by acidic hydrolysis, alkaline hydrolysis and photolysis, respectively.
BDP-1 is a DP that forms predominantly (Figure 10). After 6 h of heating at 50 ◦C, its content
reached 0.45%, whilst reaching 1.32% at 60 and 70 ◦C. At higher temperatures, the PDP-1b
content also increased (after 6 h: 0.31% at 60 ◦C and 0.60% at 70 ◦C), and a new isomer of
ceftobiprole formed, TDP-1, reaching 0.15% at 60 ◦C and 0.83% at 70 ◦C. Heating to 70 ◦C
additionally led to the formation of ADP-5. After more than 6 h of thermolysis, a decrease
in BDP-1, PDP-1b and TDP-1 content was observed, while mainly ADP-5 remained and
increased over time.
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Although the total content of the identified DPs appeared to be small (e.g., 3.10% after
6 h at 70 ◦C, as shown in Table 3), the percentage of ceftobiprole remaining, determined by
dividing its peak area at time t by the peak area at time 0, drastically decreased: after 6 h
it was 95.70% at 50 ◦C, 81.78% at 60 ◦C and 55.83% at 70 ◦C. This means that the content
of ceftobiprole and its identified DPs does not add up to 100%. There are two possible
explanations: (i) the effective molar absorption coefficient at 320 nm is different for the
resulting DPs and ceftobiprole, and/or (ii) there are additional thermolytic DPs deprived
of a chromophore and therefore undetectable at 320 nm. The recommendation to carry
out the process long enough to obtain 5–20% degradation [14] is problematic in the case
of thermolysis, as we have a slight increase in the content of impurities and, at the same
time, a large decrease in the peak area for ceftobiprole. Although more than 20% of the
ceftobiprole was degraded, the calculated sum of the identified DPs was still less than 5%.

2.3. Solid-State Degradation Kinetics

To determine the degradation rate constants in the solid-state experiments, the peak
area of ceftobiprole in the degraded solution cannot be simply divided by the corresponding
area in the reference, since the two solutions were prepared with different analytical weights.
Therefore, the following procedure was applied: the area of ceftobiprole was divided by
the sum of all peaks in the chromatogram, excluding peaks of SBPs; then, the natural
logarithm of this ratio was plotted against time, and the rate constant k was determined
using Equation (1). The concentration of DPs formed in the solid state at time t was
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calculated as a quotient of the peak area of the corresponding DP at time t and the sum of
all peaks in the same chromatogram, excluding the peaks of SBPs.

The degradation rate constants in the solid state were calculated for various stress
conditions, and the percentages of the formed DPs were determined assuming the equality
of the response factors (Table 4). The rate constants ranged from 3.61 × 10−9 s−1 (50 ◦C,
75% RH) to 1.68 × 10−7 s−1 (photolytic, VIS) and are thus several orders of magnitude
lower than those obtained for the degradation in solution (2.62 × 10−6 to 3.99 × 10−4 s−1).
The solid-state experiments can be divided into two groups: thermolytic (an elevated
temperature, with or without control of humidity), in which the formation of BDP-1b was
observed, and photolytic (irradiation with a lamp producing visible light or UV at 366 nm),
where several oxidative degradation products (ODPs) were generated.

Table 4. Results of solid-state degradation of ceftobiprole.

Condition Exposure DPs Detected k (s−1) t90 (d) R2

thermal

21 d at
50 ◦C/uncontrolled

RH

BDP-1b (7 d: 0.20%, 21 d: 0.15%),
ODP-2 (7 d: 0.10%, 21 d: 0.12%),
PDP-1b (7 d: 0.33%, 21 d: 0.32%)

6.92 × 10−9 176.2 0.9949

21 d at
60 ◦C/uncontrolled

RH

BDP-1b (7 d: 0.25%, 21 d: 0.16%),
ODP-2 (7 d: 0.10%, 21 d: 0.12%),
PDP-1b (7 d: 0.39%, 21 d: 0.34%)

9.34 × 10−9 130.5 0.9842

thermal, high
humidity

21 d at 50 ◦C/75%
RH

BDP-1b (7 d: 0.21%, 14 d: 0.40%, 21 d: 0.30%),
ODP-2 (7 d: 0.06%, 14 d: 0.07%, 21 d: 0.07%),
PDP-1b (7 d: 0.31%, 14 d: 0.27%, 21 d: 0.30%)

3.61 × 10−9 337.7 0.9894

photolysis, VIS 1.26–2.65 million
lux-hours

ODP-1 (10 d: 0.33%, 21 d: 0.64%),
ODP-S1 (10 d: 0.06%, 21 d: 0.14%),
ODP-S2 (10 d: 0.33%, 21 d: 0.65%),
ODP-2 (10 d: 0.30%, 21 d: 0.51%),

ODP-S3 (10 d: 0.23%, 21 d: 0.43%),
PDP-1b (10 d: 0.39%, 21 d: 0.49%),
ODP-S4 (10 d: 0.43%, 21 d: 0.69%)

1.68 × 10−7 7.2 0.8415

photolysis, UV 21 d, 366 nm

ODP-1 (7 d: 0.26%, 14 d: 0.33%, 21 d: 0.45%),
ODP-S1 (7 d: 0.06%, 14 d: 0.05%, 21 d: 0.07%),

ODP-S2 (7 d: 0.28%, 14 d: 0.23%, 0.32%),
ODP-2 (7 d: 0.25%, 14 d: 0.29%, 21 d: 0.37%),

ODP-S3 (7 d: 0.19%, 14 d: 0.15%, 21 d: 0.22%),
PDP-1b (7 d: 0.40%, 14 d: 0.34%, 21 d: 0.36%),
ODP-S4 (7 d: 0.02%, 14 d: 0.32%, 21 d: 0.33%)

2.60 × 10−8 46.9 0.9893

Under thermolytic conditions, ceftobiprole undergoes degradation that leads to the
formation of the following DPs: BDP-1b, PDP-1b and ODP-2. The first two DPs were also
observed under thermolysis conditions carried out in solution, while ODP-2 is the main DP
formed in the reaction of ceftobiprole with 3% H2O2 in solution. The latter was observed
in solid-state thermolysis probably because the elevated temperature lowers the energetic
barrier of the reaction between ceftobiprole powder and oxygen in the air. The increase in
humidity lowers the degradation rate constant and promotes the formation of open-ring
ceftobiprole (BDP-1b).

In the case of photolytic conditions, the DP profile is quite different. There was a
measurable increase in the content of PDP-1b (which was also reported in photolytic
experiments performed in solution) but also the formation of five isomers of ODPs in
which one oxygen atom is added to the ceftobiprole molecule. Two of these isomers, ODP-1
and ODP-2, are products of the reaction of ceftobiprole with 3% H2O2, but another three,
ODP-S1, ODP-S2 and ODP-S3, where the letter “S” denotes the solid state, did not form
in significant amounts in solution. Finally, a new dimeric DP denoted as ODP-S4, not
observed in previous experiments, formed under photolytic conditions with visible light
and UV at 366 nm. There are several possible mechanisms for photoinduced oxidation,
including conversion of the API to peroxy radicals, reaction of the API with excited-state
singlet oxygen or reaction of the API radical cation with a superoxide anion [23].
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The fastest photodegradation (rate constant of 1.68 × 10−7 s−1) was achieved with
the use of a fluorescent lamp of 5260 lux. For confirmatory photostability studies, ICH
guideline Q1B recommends that samples should be exposed to light providing an overall
illumination of not less than 1.2 million lux hours [24]. This condition has been fulfilled, as
10 and 21 days of illumination with the lamp used in this study correspond to the exposure
of 1.26 × 106 and 2.65 × 106 lux hours, respectively. The exposure of the solution of
ceftobiprole to the same source of white light did not result in any measurable degradation
of ceftobiprole. This demonstrates that the mechanism of photolysis in the solid state is
completely different from that in solution, probably due to the relatively low concentration
of accessible oxygen dissolved in water.

The rate constant for solid-state photolysis at 366 nm was 180 times slower than for
solution-state photolysis. However, these values are difficult to compare as they relate
to different reactions leading to different DPs. The irradiation of ceftobiprole solution at
366 nm led to the predominant formation of PDP-1a, which was not observed in significant
amounts in the analogous solid-state experiment.

2.4. Mass Spectrometric Characterisation of the Impurities of Ceftobiprole

Monoisotopic masses of the studied compounds were assigned based on the peaks
[M + H]+, [M + K]+ (separated by about 37.9559 Da) and [M + 2H]2+. In the case of ceftobip-
role, [3M + 2H]2+ (802.1716 Da) and [2M + H]+ (1069.2266 Da) adducts were also observed.
The proposed structures of the identified related substances are presented in Table 5, while
their fragmentation mass spectra and proposed fragmentation pathways are given in Figure
S1 in Supplementary Materials. The fragmentation pathway for ceftobiprole is proposed
in Figure S1A. The study was performed in positive ion mode; therefore, the m/z values
given in the text and the table refer to the [M + H]+ species. In the proposed fragmentation
pathways, structural and molecular formulas are generally given for neutral molecules
M, not protonated ones, because it is difficult to predict where exactly a proton has been
attached. In such cases the m/z of [M + H]+ was calculated to allow for comparison with the
corresponding experimental m/z in the fragmentation mass spectrum. However, in some
cases, it was easier to propose a carbocation structure instead, and then, the monoisotopic
mass of the cation can be directly compared with the m/z in the spectrum. The names of
the rings discussed below are shown in the structural formula of ceftobiprole in Figure 1A
together with the numbering of atoms in the cephem ring. Relative retention times (RRTs)
were calculated using data obtained with a Nexera HPLC/UV chromatographic system.
Scheme 1 summarises the proposed structural formulas of DPs obtained under different
degradation conditions, together with the SBPs of ceftobiprole.

2.4.1. Identification of Synthesis By-Products (SBPs)

SBPs were identified with the aid of the patent review presenting the most probable
synthesis pathway of ceftobiprole, patented by Basilea, the manufacturer of the ceftobiprole
used in this study [25].
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Table 5. Summary of mass spectrometric data for ceftobiprole and its SBPs and DPs.

Name RRT Experimental
m/z

Proposed Molecular
Formula of [M + H]+

Error
(ppm) mSigma

Experimental m/z of
Major

Fragment Ions

Proposed [M + H]+

Formula of
Fragment Ions

Proposed Structure

Ceftobiprole 1.00 535.1167 C20H23N8O6S2 1.8 26.3

473.1182
365.1264
321.1372
308.1063
291.1207
264.1168
220.1435
203.1179

C19H21N8O3S2
C16H21N4O4S
C15H21N4O2S
C14H18N3O3S
C14H17N3O4
C13H18N3OS
C12H18N3O
C12H15N2O

Int. J. Mol. Sci. 2022, 23, x FOR PEER REVIEW 17 of 31 
 

 

Table 5. Summary of mass spectrometric data for ceftobiprole and its SBPs and DPs. 

Name RRT 
Experimental 

m/z 

Proposed Molec-
ular Formula of 

[M + H] + 

Error 
(ppm) 

mSigma 
Experimental m/z 

of Major 
Fragment ions 

Proposed [M + H] + 
Formula of 

Fragment ions 
Proposed Structure 

Ceftobiprole 1.00 535.1167 C20H23N8O6S2 1.8 26.3 

473.1182 
365.1264 
321.1372 
308.1063 
291.1207 
264.1168 
220.1435 
203.1179 

C19H21N8O3S2 

C16H21N4O4S 
C15H21N4O2S 
C14H18N3O3S 
C14H17N3O4 
C13H18N3OS 
C12H18N3O 
C12H15N2O 

�1�+��
�1

�1�6

�1 �2�+

�2

�1�+

�1
�2

�6

�2�2�+

�1

�2

�1�+

SBP-1 1.42 567.1431 C21H27N8O7S2 1.4 6.3 

523.1537 
489.1660 
370.1519 
319.1763 
264.1171 
235.0907 
220.1445 
202.1335 

C20H27N8O5S2 
C20H25N8O5S 

C18H20N5O4 
C16H23N4O3 
C13H18N3OS 
C12H15N2OS 
C12H18N3O 
C12H16N3 

�1�+��
�1

�1�6

�1

�2

�1�+

�1�+

�6

�2�2�+

�1

�2

�1�+�2
�2

�2�+

SBP-1 1.42 567.1431 C21H27N8O7S2 1.4 6.3

523.1537
489.1660
370.1519
319.1763
264.1171
235.0907
220.1445
202.1335

C20H27N8O5S2
C20H25N8O5S
C18H20N5O4
C16H23N4O3
C13H18N3OS
C12H15N2OS
C12H18N3O
C12H16N3

Int. J. Mol. Sci. 2022, 23, x FOR PEER REVIEW 17 of 31 
 

 

Table 5. Summary of mass spectrometric data for ceftobiprole and its SBPs and DPs. 

Name RRT 
Experimental 

m/z 

Proposed Molec-
ular Formula of 

[M + H] + 

Error 
(ppm) 

mSigma 
Experimental m/z 

of Major 
Fragment ions 

Proposed [M + H] + 
Formula of 

Fragment ions 
Proposed Structure 

Ceftobiprole 1.00 535.1167 C20H23N8O6S2 1.8 26.3 

473.1182 
365.1264 
321.1372 
308.1063 
291.1207 
264.1168 
220.1435 
203.1179 

C19H21N8O3S2 

C16H21N4O4S 
C15H21N4O2S 
C14H18N3O3S 
C14H17N3O4 
C13H18N3OS 
C12H18N3O 
C12H15N2O 

�1�+��
�1

�1�6

�1 �2�+

�2

�1�+

�1
�2

�6

�2�2�+

�1

�2

�1�+

SBP-1 1.42 567.1431 C21H27N8O7S2 1.4 6.3 

523.1537 
489.1660 
370.1519 
319.1763 
264.1171 
235.0907 
220.1445 
202.1335 

C20H27N8O5S2 
C20H25N8O5S 

C18H20N5O4 
C16H23N4O3 
C13H18N3OS 
C12H15N2OS 
C12H18N3O 
C12H16N3 

�1�+��
�1

�1�6

�1

�2

�1�+

�1�+

�6

�2�2�+

�1

�2

�1�+�2
�2

�2�+

SBP-2a
SBP-2b

1.48
1.59

591.1791
591.1799 C24H31N8O6S2

1.9
0.5

17.6
36.8

535.1176
491.1248
473.1152
365.1288
321.1348
308.1060
291.1206
264.1167
228.0182
220.1430
203.1173

C20H23N8O6S2
C19H23N8O4S2
C19H21N8O3S2
C16H21N4O4S
C15H21N4O2S
C14H18N3O3S
C14H17N3O4
C13H18N3OS
C6H6N5O3S
C12H18N3O
C12H15N2O

Int. J. Mol. Sci. 2022, 23, x FOR PEER REVIEW 18 of 31 
 

 

SBP-2a 
SBP-2b 

1.48 
1.59 

591.1791 
591.1799 

C24H31N8O6S2 
1.9 
0.5 

17.6 
36.8 

535.1176 
491.1248 
473.1152 
365.1288 
321.1348 
308.1060 
291.1206 
264.1167 
228.0182 
220.1430 
203.1173 

C20H23N8O6S2 
C19H23N8O4S2 

C19H21N8O3S2 

C16H21N4O4S 
C15H21N4O2S 
C14H18N3O3S 
C14H17N3O4 
C13H18N3OS 
C6H6N5O3S 
C12H18N3O 
C12H15N2O 

�1�+��
�1

�1�6

�1 �2

�2

�1�+

�1
�2

�6

�2�2�+

�1

�2

�1�+

�1�+��
�1

�1�6

�1 �2�+

�2

�1�+

�1
�2

�6

�2�2

�1

�2

�1�+

�7�Z�R���S�R�V�V�L�E�O�H���L�V�R�P�H�U�V��

SBP-3a 
SBP-3b 

1.65 
1.67 

701.1926 
701.1933 

C33H33N8O6S2 
4.7 
3.7 

18.6 
13.1 

394.0962 
308.1044 
291.1213 
264.1164 
247.1234 
220.1444 
203.1180 
167.0857 

C21H18N2O4S 
C14H18N3O3S 
C14H17N3O4 
C13H18N3OS 
C13H17N3O2 
C12H18N3O 
C12H15N2O 

C13H12 

�1�+��
�1

�1�6

�1 �2�+

�2

�1�+

�1
�2

�6

�2�2

�1

�2

�1�+

ADP-0  538.1165 C20H24N7O7S2 1.6 14.8 

476.1171 
458.1067 
448.1201 
308.1063 
291.1209 
264.1164 
220.1441 
203.1178 

C19H22N7O4S2 
C19H20N7O3S2 
C18H22N7O3S2 
C14H18N3O3S 
C14H17N3O4 
C13H18N3OS 
C12H18N3O 
C12H15N2O 

�1�+��
�1

�1�6

�2�+

�2

�1�+

�1
�2

�6

�2�2�+

�1

�2

�1�+

�2�+



Int. J. Mol. Sci. 2022, 23, 15252 17 of 31

Table 5. Cont.

Name RRT Experimental
m/z

Proposed Molecular
Formula of [M + H]+

Error
(ppm) mSigma

Experimental m/z of
Major

Fragment Ions

Proposed [M + H]+

Formula of
Fragment Ions

Proposed Structure

SBP-3a
SBP-3b

1.65
1.67

701.1926
701.1933 C33H33N8O6S2

4.7
3.7

18.6
13.1

394.0962
308.1044
291.1213
264.1164
247.1234
220.1444
203.1180
167.0857

C21H18N2O4S
C14H18N3O3S
C14H17N3O4
C13H18N3OS
C13H17N3O2
C12H18N3O
C12H15N2O

C13H12
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80.0 ——— ————— Due to low intensity of fragmentation mass spectrum, the structural formula cannot be
determined. Three tentative structural proposals are shown in Figure S2.

ADP-2a
ADP-2b

0.69
0.75

507.1297
507.1303 C20H23N6O8S −1.0

−2.0
12.3
13.5

464.1230
446.1141
291.1201
264.1177
247.1288
220.1424
203.1171
179.0814

C19H22N5O7S
C19H20N5O6S
C14H17N3O4
C13H18N3OS
C13H17N3O2
C12H18N3O
C12H15N2O
C9H11N2O2

The structure cannot be unambiguously determined. Many structural formulas can be
proposed based on the fragmentation mass spectrum (three examples are shown in

Figure 11).
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Table 5. Cont.

Name RRT Experimental
m/z

Proposed Molecular
Formula of [M + H]+

Error
(ppm) mSigma

Experimental m/z of
Major

Fragment Ions

Proposed [M + H]+

Formula of
Fragment Ions

Proposed Structure

ADP-3a
ADP-3b

0.78
0.84

479.1348
479.1342 C19H23N6O7S −1.0

0.4
16.5

125.6

418.1190
365.1334
321.1399
291.1194
264.1172
223.0672
203.1189
179.0820

C18H20N5O5S
C16H21N4O4S
C15H21N4O2S
C14H17N3O4
C13H18N3OS
C10H12N2O4
C12H15N2O
C9H11N2O2
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Table 5. Cont.

Name RRT Experimental
m/z

Proposed Molecular
Formula of [M + H]+

Error
(ppm) mSigma

Experimental m/z of
Major

Fragment Ions

Proposed [M + H]+

Formula of
Fragment Ions

Proposed Structure

BDP-1a
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0.65

553.1279
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C18H23N8O3S
C15H20N4O4S
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C12H16N3
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Table 5. Cont.

Name RRT Experimental
m/z

Proposed Molecular
Formula of [M + H]+

Error
(ppm) mSigma

Experimental m/z of
Major

Fragment Ions

Proposed [M + H]+

Formula of
Fragment Ions

Proposed Structure

ODP-S1
ODP-S2
ODP-S3

0.59
0.74
0.90

551.1112
551.1123
551.1122

C20H23N8O7S2

2.4
0.4
0.7

33.0
10.2
15.6

——— ————— Due to low intensity of fragmentation mass spectrum, the structural formula cannot be
determined.

ODP-S4 1.44 [M + 2H]2+

550.1035
[M + 2H]2+

C40H44N16O14S4
2.2 28.3 ——— ————— Due to low intensity of fragmentation mass spectrum, the structural formula cannot be

determined.

PDP-1a
PDP-1b
PDP-1c
TDP-1

1.06
1.14
1.40
1.19

535.1174
535.1175
535.1178
535.1172

C20H23N8O6S2

0.4
0.3
−0.2
0.9

34.2
34.3
18.4
16.9

The same as for ceftobiprole Isomers of ceftobiprole

PDP-2 1.26 503.1447 C20H23N8O6S 1.8 20.7 ——— ————— Due to low intensity of fragmentation mass spectrum, the structural formula cannot be
determined. Two tentative structural proposals are shown in Figure S3.
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Scheme 1. Structure of DPs of ceftobiprole obtained under different degradation conditions to-
gether with the synthesis by-products (SBPs). 

Scheme 1. Structure of DPs of ceftobiprole obtained under different degradation conditions together
with the synthesis by-products (SBPs).

SBP-1, m/z 567.1431, can be described with a molecular formula [C21H26N8O7S2 + H]+,
which means that SBP-1 possesses one carbon, one oxygen and four hydrogen atoms more
than ceftobiprole. This observation can be explained by the assumed methanolysis, i.e., the
hydrolysis of the β-lactam ring (which increases the molecular formula by H2O), followed
by esterification with a methyl group (which further increases the molecular formula
by CH2). According to the fragmentation mass spectrum (Figure S1B), the easy loss of
H2S (also observed in the case of BDP-1, discussed below) can serve as evidence for the
breakdown of the bicyclic cephem moiety, whereas the loss of only one CO2 suggests that
there is only one free carboxylic group and that the second one is bound (e.g., esterified).
The fragment ions of m/z 308 and below are the same as for ceftobiprole, which indicates
that the right-hand part of the SBP-1 molecule (the dihydrothiazine, 2-pyrrolidone and
pyrrolidine rings) is the same as for ceftobiprole. This indicates that the carboxyl group
attached to the dihydrothiazine group is unbound, whereas the carboxyl group formed as
a result of β-lactam hydrolysis is part of an ester moiety.

SBP-1 decomposes under all stress conditions, and no increase in the content of this
related substance was observed during the stress aging tests. After dissolving ceftobiprole
in water, this impurity was detectable, but after dissolving the sample in 0.1 M HCl, the
SBP-1 peak was not observed. Given the fact that SBP-1 possesses an open β-lactam ring,
which indicates the degradation process, but has not been artificially generated under any
applied stress conditions, it can be assumed that SBP-1 is formed in a side (degradation)
reaction occurring in the synthesis process, and therefore, it has been classified as a synthesis
by-product, i.e., the product of a side reaction.
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SBP-2, which eluted in two peaks of m/z 591.1791 (a) and 591.1799 (b), has the
largest intensity in the chromatogram of the non-degraded sample. The proposed for-
mula [C24H30N8O6S2 + H]+ differs from ceftobiprole by C4H8, which can be an isomer
of the butyl group. In the synthetic route, a tert-butyloxycarbonyl group (Boc) is used
as a protecting group, attached to the secondary amine in the pyrrolidine ring [25]. It
has been reported elsewhere that tert-butyl cations may form as a side product during
the process of deprotection with trifluoroacetic acid (TFA) and these cations may attack
the nucleophilic sites of a molecule [26]. Hence, two structures were proposed, with a
tert-butyl group attached to the carboxylic and oxime groups, respectively. Ceftobiprole
and its fragmentation ions are the main signals in the fragmentation mass spectrum of
SBP-2 (Figure S1C), and therefore, it was impossible to assign which peak corresponds to
which isomer.

SBP-3 elutes in two peaks of m/z 701.1926 (a) and 701.1933 (b), which correspond to
[C33H32N8O6S2 + H]+. The difference between the formulas of SBP-3 and ceftobiprole is
C13H10, which also appears in the fragmentation mass spectrum as the strongest signal,
located at m/z 167 (Figure S1D). It can be explained as a diphenylmethyl (C6H5)2CH2 group,
which is used in the synthetic process as a protecting group attached to the carboxyl moiety.
Therefore, SBP-3 remains as the impurity of the final product due to the incomplete removal
of the above mentioned protecting group.

2.4.2. Identification of ADPs

ADP-0 is the DP which forms in 0.1 and 1 M HCl but degrades at elevated temper-
ature. An m/z value of 538.1165 implies the molecular formula [C20H23N7O7S2 + H]+. In
comparison with molecular formula of ceftobiprole, one nitrogen atom is replaced with OH
group. The fragment ions 520 and 502 (the former signal very intensive) can be explained
by the consecutive losses of water molecules, demonstrating the presence of two hydroxyl
groups in the molecule of ADP-0 (see Figure S1E). Then, the fragment ion 502 loses CO2
and CO in sequence, forming the fragment ions 458 and 430, respectively. Both have been
detected and interpreted thus far in the fragmentation spectrum of ceftobiprole. Based
on these results, a structural formula was proposed in which the oxime group was first
hydrolysed to a keto group and then hydrated to a geminal diol under the influence of
the vicinal carbonyl group of the amide. A similar effect can be seen with the ninhydrin
molecule, which contains a stable geminal diol group placed between two carbonyl groups.
In addition, it has been reported that the carbonyl group of pyruvamide, adjacent to the
carbonyl group of the amide, undergoes reversible hydration to form a geminal diol [27].

ADP-1 and ADP-2, each eluting in two peaks, have the molecular masses different by
1 Da. The m/z values of 506.1439 and 507.1297 correspond to formulas [C20H23N7O7S + H]+

and [C20H22N6O8S + H]+, respectively. In the former, an OH group has been added, while
an S and N atom have been removed compared to the ceftobiprole molecule. The simul-
taneous deletion of a sulphur and nitrogen atom is possible only in the aminothiadiazole
ring (if it occurred in the cephem moiety, the molecule would break into two parts, as in the
case of ADP-5). However, the signal intensity of the ADP-1 fragmentation mass spectrum
was too low to obtain reliable information about the fragmentation, and therefore, only the
molecular formula can be provided. Several proposals for the structure of ADP-1, based
solely on its molecular formula and the structure of the ceftobiprole molecule, are given in
Figure S2. In ADP-2, two atoms of oxygen were added, while N2S was removed relative to
the ceftobiprole molecule. Again, it can be postulated that the reaction takes place in the
aminothiadiazole ring, which contains sulphur and three nitrogen atoms. The fragment
ions of m/z 308 and below are the same as for ceftobiprole, which implies that the right-hand
part of the molecule remains intact. The fragment ions have been successfully interpreted
in terms of their molecular formulas (as shown in Table 5); however, several different
structural formulas can be proposed which fit the fragmentation pattern comparatively
well (see Figure 11).
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ADP-3, present in the form of two isomers of m/z 479.1348 and 479.1342, can be
described as [C19H22N6O7S + H]+, which in turns equals ADP-2 minus the CO moiety. The
fragment ions of m/z 365 and below are the same as in the case of ceftobiprole (Figure S1F),
which again indicates that the reaction takes place in the aminothiadiazole ring.

ADP-4, a major ADP, is a single isomer of m/z 365.1274 with the molecular formula
[C16H20N4O4S + H]+; thus, it is probably a product of the acidic hydrolysis of the amide
group attached to the β-lactam ring at the C7 position. The numerous fragment ions have
been successfully interpreted based on this proposal of the ADP-4 structure (Figure S1G).
As a result of the acid-catalysed hydrolysis of the amide bond, the ceftobiprole molecule
breaks down into two parts, ADP-4, and another part that is not detected by either the UV
or MS detector. It can be assumed that this second part has neither a chromophore nor an
easily ionisable moiety, or it breaks down into even smaller parts.

ADP-5 is a single isomer of m/z 265.1178, which can be interpreted as [C13H16N2O4 + H]+.
The main fragment ions (m/z 221 and 193) result from the consecutive loss of CO2 and CO
molecules (Figure S1H). The proposed structural formula assumes that the reaction takes
place in the dihydrothiazine ring, with the C4-N5 and C2-S1 bonds breaking and an oxygen
atom being attached. ADP-5 has therefore an analogous structure to the DP of ceftaroline
fosamil CFI-C, which is formed in a solution stored at room temperature for 29 days [2].

ADP-6, eluting as the most non-polar and second major ADP, has m/z 281.0950, which
can be expressed in terms of the molecular formula [C13H16N2O3S + H]+. Compared to
ADP-5, it has a sulphur atom instead of an oxygen atom, and cleavage of the dihydroth-
iazine ring was therefore proposed, similar to ADP-5 but with the C6-S1 bond breaking.
The intermediate product formed would contain a thial (thioaldehyde) group, which is
unstable and reactive. Consequently, intramolecular condensation was proposed as the
next step of acidic hydrolysis, leading to the formation of a five-member thioester ring (as
shown in Scheme 2). This proposal has the following explanation based on the fragmen-
tation spectrum (Figure S1I): (i) there is no loss of CO2, which implies the absence of a
free carboxyl group, (ii) the strongest signal results from the loss of H2O, suggesting the
presence of a hydroxyl group in ADP-6, (iii) there are observed transitions corresponding
to the losses of CO and H2S.

The analysis of the proposed ADP structures explains their high response at 320 nm,
in terms of the length of the system of conjugated double bonds. ADPs 1–4 contain
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four conjugated double bonds, whereas ADP-5 possesses five. The structure of ADP-6
includes an aromatic system consisting of three conjugated bonds and another double bond,
separated by a sulphur atom containing lone/single electron pairs. The elongation of the
system of conjugated double bonds can serve to explain why the maximum absorption of
ADP-5 and ADP-6 is shifted towards higher wavelengths.
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On the basis of five unambiguously proposed structures of ADPs, marked with numbers
0, 3, 4, 5 and 6, as well as kinetic data presented in Figure 3, showing the order in which ADPs
may be formed, a degradation pathway under acidic conditions was proposed (Scheme 2).

2.4.3. Identification of BDPs

BDP-1 elutes in two peaks of great absorbance at 320 nm and comparably low intensity
using the mass detector. Their m/z, 553.1279 (a) and 553.1284 (b), are 18 Da greater than the
m/z of ceftobiprole and can be approximated by the formula [C20H24N8O7S2 + H]+, which
indicates the addition of a water molecule to the ceftobiprole molecule. Alkaline hydrolysis
is most probable for the amide group in the four-member β-lactam ring, which is highly
strained [28]. The two resultant diastereoisomers therefore contain two carboxylic groups,
which are observed in the fragmentation mass spectra (Figure S1J) as two consecutive losses
of CO2 molecules.

There is another lactam group in the ceftobiprole molecule, namely γ-lactam in the
2-pyrrolidone ring. However, the alkaline hydrolysis of this group was not considered for
several reasons. Firstly, it is part of a significantly more stable five-member ring and should
not hydrolyse easily [28]. Secondly, the C=O bond in this amide group belongs to a system
of four conjugated double bonds. Furthermore, the fragment ions of m/z 308, 264 and 220,
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which contain the 2-pyrrolidone ring, are the same as for ceftobiprole, showing that the
2-pyrrolidone ring remains intact in both BDP-1 isomers.

BDP-2, of m/z 535.1174, is an isomer of ceftobiprole. It was therefore assumed that the
alkaline environment catalyses an intramolecular rearrangement. A lacton structure was
proposed, analogous to the DPs of other cephalosporin antibiotics such as cefixime [29]
and cefprozil [30], among others, whose structures also contain a double bond in the α,
β-position relative to the C3 atom in the dihydrothiazine ring. The absence of the m/z 491
ion (Figure S1K) and the extremely low intensity at m/z 321 (two fragment ions present
in the ceftobiprole fragmentation pathway, formed by the loss of CO2 from their parent
structures) show that the loss of CO2 from BDP-2 is more difficult than from ceftobiprole,
and the existence of the lacton group instead of a free carboxyl group may serve as a
possible explanation.

Additionally, small chromatographic peaks with retention times above 17 min were
identified as BDPs of SBPs. Briefly, four peaks with m/z ca. 609.190 were interpreted as
“SBP-2 + H2O”, while two peaks of m/z ca. 719.205 were identified as “SBP-3 + H2O”.

2.4.4. Identification of ODPs

In the chromatogram of ODPs of ceftobiprole, there are two main peaks of m/z of
about 551.112, which correspond to [C20H22N8O7S2 + H]+, i.e., a ceftobiprole molecule with
one attached oxygen atom. According to the literature [28,31], there are many reactions
of oxidation in which one oxygen atom can be attached to the parent molecule; therefore,
the identification of ODPs proved to be very complex. In the case of ceftobiprole, the
following reactions with an oxidising agent can be considered: (i) the oxidation of a sulphide
(thioether) to a sulphoxide, (ii) the oxidation of a secondary amine to a hydroxylamine,
(iii) the oxidation of a tertiary amine to an N-oxide, and (iv) the oxidation of a double bond
with a formation of an epoxide [28,31]. However, the last two reactions can be disregarded
based on the fragmentation mass spectra. The fragment ions 291 and 247 (present for
both ODP-1 and ODP-2) are the same as for ceftobiprole, showing that the right-hand
part of the molecule (the substituent at C3, containing 2-pyrrolidone and pyrrolidine
rings) remains intact. Furthermore, the oxidation of a secondary amine group attached
in the position C7 with the formation of a hydroxylamine cannot be easily justified with
the use of fragmentation spectra due to the absence of strong signals of fragment ions
at m/z 308 and 264. In the fragmentation patterns of both ODP-1 and ODP-2, the same
transition 489→ 319 can be observed, with a loss of a fragment of mass 169.99 Da. The same
loss can be observed in the fragmentation pattern of ceftobiprole, between m/z 535 and
365, demonstrating that this fragment relates to the left-hand part of the molecule (the
substituent attached to secondary amine at C7, containing the aminothiadiazole ring). Since
the substituents at both C7 and C3 proved to remain unchanged during the oxidation, one
should consider the reactions taking place in the cephem group, i.e., in the most labile part
of a molecule.

The most straightforward reaction is attaching the oxygen atom to the sulphur atom
in the dihydrothiazine ring. This process introduces a new chiral centre to the molecule,
as the sulphoxides are chiral [28]. For instance, two isomers of cefradine sulphoxide are
specified in the European Pharmacopeia monograph as impurities C and D of cefradine [32].
However, it seems to be unlikely that ODP-1 and ODP-2 are geometrical isomers of cefto-
biprole sulphoxide. Firstly, the huge difference in retention times (7.1 vs. 10.2 min) is
rather untypical for diastereoisomers. Secondly, there are considerable differences between
their fragmentation spectra: the fragment ions of m/z 507, 463 and 417 have a significant
intensity for ODP-2 but are hardly distinguishable from noise for ODP-1. Consequently,
two different structural formulas have been proposed for ODP-1 and ODP-2.

ODP-1 can be thought of as a sulphoxide of ceftobiprole (see Figure S1L). The most
convincing evidence of this statement is the transition 489→ 441 with the loss of sulphoxide
group (SO). Some other transitions in the fragmentation mass spectrum can be explained
as the counterparts of the corresponding transitions observed for the ceftobiprole molecule:
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551 → 489 with the loss of CO2 and H2O, similar to 535 → 473 for ceftobiprole, and
489→ 319, which relates to the loss of the fragment of mas 170 Da, discussed earlier.

ODP-2 has a fragmentation pattern with a greater number of peaks compared to
ODP-1 (Figure S1M). The transitions 551 → 507 → 463 correspond to two consecutive
losses of carbon dioxide, which indicate the presence of two carboxyl groups. This is
very similar to the fragmentation mass spectrum of BDP-1, in which the similar cascade
553→ 509→ 465 was observed. Similarly to ODP-1, the fragment ions 489 and 441 are
present and can be interpreted using the same molecular formulas, but to the best of our
knowledge, they relate to different structural formulas. A structure of ODP-2 has been
proposed which can be best explained with use of fragmentation mass spectrum but should
be analysed with caution.

Additionally, chromatographic peaks with retention times above 17 min were identi-
fied as ODPs of SBPs. Four peaks with m/z ca. 607.175 were interpreted as “SBP-2 + O”,
while two peaks of m/z ca. 717.190 were identified as “SBP-3 + O”. They are not likely to
form under long storage of ceftobiprole; hence, they will not be discussed in detail.

2.4.5. Identification of PDPs and TDPs

The isomerisation of ceftobiprole occurs as a result of photolytic degradation, leading
to the formation of two new DPs, PDP-1a and PDP-1c, as well as an increase in the content
of PDP-1b, which is also present in the non-degraded solution of ceftobiprole. During
thermolytic degradation, another isomer of ceftobiprole forms, labelled with the acronym
TDP-1. These DPs possess the same monoisotopic mass as ceftobiprole and have a very
similar fragmentation pattern. Due to the technical limitations of MS, the exact structures
of the isomers of ceftobiprole cannot be elucidated. There are many possible reactions that
could take place, including racemisation, epimerisation, ring transformation or migration
of a double bond in a dihydrothiazine ring from the ∆3 position (between C3 and C4) to
the ∆2 position (between C2 and C3) [28].

PDP-2, with m/z 503.1447, can be interpreted as [C20H22N8O6S + H]+, i.e., the ceftobip-
role molecule without one sulphur atom. However, due to the very low intensity (both in
UV and MS) and low quality of the fragmentation mass spectrum, the exact structure of
PDP-2 could not be determined. Some tentative proposals for the structure of PDP-2 are
given in Figure S3.

2.4.6. Identification of ODPs Formed in Solid-State Degradation

As can be seen in Table 4, solid-state degradation carried out for 21 days resulted in
the formation of very small quantities of individual DPs (less than 0.7% in all cases). Con-
sequently, it was impossible to record high-quality fragmentation mass spectra and thus
to determine the structures of these DPs. Hence, only the molecular formulas of the DPs
characteristic of solid-state degradation could be proposed. ODP-S1, S2 and S3, with m/z
551.1, are isomers of ODP-1 and ODP-2 with the molecular formula [C20H22N8O7S2 + H]+.
This means that one oxygen atom is attached to the ceftobiprole molecule, but due to the
low intensity of the fragmentation spectrum, it is not possible to determine unambigu-
ously where this atom has been attached. In the mass spectrum of ODP-S4, the peak of
highest intensity was located at m/z 550.1035, and the neighbouring peaks of its isotopic
pattern were separated by 0.5. It can be interpreted that this peak corresponds to the
ion [M + 2H]2+, and then, the peak at m/z 569.0810 observed in the same spectrum can
be assigned to [M + H + K]2+. Based on these results, a dimeric product of ceftobiprole
of molecular formula C40H42N16O14S4 can be proposed. This formula corresponds to
two ceftobiprole molecules plus two oxygen atoms minus two hydrogen atoms. Indeed,
[C40H42N16O14S4 + 2H]2+ has a theoretical m/z of 550.1047, which differs from the experi-
mental value by 2.2 ppm, i.e., it lies in the allowable deviation range (<5 ppm).
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3. Materials and Methods
3.1. Materials

Ceftobiprole was obtained from Basilea Pharmaceutica International Ltd. (Basel,
Switzerland), manufactured on March 2017 and stored in a freezer at −20 ◦C). Deionised
water was obtained from a Labconco System by Millipore (Bedford, MA, USA). Acetonitrile
(ACN, gradient grade for HPLC, ≥99.9%), ACN for LC-MS (≥99.9%), methanol (MeOH,
gradient grade for HPLC, ≥99.9%) and DMSO (for HPLC, 99.7%) were obtained from
Honeywell (Charlotte, NC, USA). Sodium hydroxide (≥98.8%), ammonium hydrogencar-
bonate (≥99.0%) and ammonium formate (≥99.0%) were delivered by Chempur (Piekary
Śląskie, Poland); HCl (pure p.a., 35–38%) and H2O2 (pure p.a., 30%) were bought from
POCH (Gliwice, Poland); acetic acid (for LC-MS, 99.8%) and ammonium acetate (reag. Ph.
Eur., ≥98.0%) were purchased from Merck (Darmstadt, Germany); acetic acid (pharma
grade, 99.9%) was obtained from AppliChem (Darmstadt, Germany); and ammonium
acetate (for LC-MS, ≥99.0%) and formic acid (reag. Ph. Eur., ≥98%) were manufactured by
Sigma-Aldrich (Darmstadt, Germany).

The following chromatographic columns were used: Kinetex C18 (150× 3 mm, 2.6 µm),
Kinetex PS C18 (150 × 2.1 mm, 2.6 µm) and Kinetex Biphenyl (150 × 2.1 mm; 1.7 µm) from
Phenomenex (Torrance, CA, USA), as well as Accucore AQ C18 (150 × 4.6 mm, 2.6 µm)
from Thermo Fisher Scientific (Waltham, MA, USA).

3.2. Solution-State Degradation Study
3.2.1. Acidic Hydrolysis with Temperature

For this study, 3 mg of ceftobiprole was dissolved in 3 mL of 1 M HCl. The process was
carried out in a stoppered volumetric flask in a water bath at 50, 60 or 70 ◦C, and incubated
for 0, 90, 180, 270 and 360 min (n = 5).

3.2.2. Alkaline Hydrolysis

For this study, 1 mg of ceftobiprole was dissolved in 1 mL of 0.01 M NaOH in a HPLC
vial and immediately placed in the autosampler at 25 ◦C; 1 µL of the solution was injected
at specified time intervals (45 min or its multiple) for 720 min (12 h, n = 13).

3.2.3. Oxidative Degradation

For this study, 1 mg of ceftobiprole was dissolved in 0.1 mL DMSO or 1 M HCl and
sonicated until complete dissolution. Then, 0.8 mL of water and 0.1 mL of 30% H2O2
solution was added, equating to 1 mg/mL ceftobiprole in 3% H2O2 in 10% DMSO or 0.1 M
HCl. Samples were placed in in the autosampler at 25 ◦C and incubated for 1080 min (18 h);
1 µL of each solution was injected every 90 min (n = 13).

3.2.4. Photolytic Degradation

For this study, 3 mg of ceftobiprole was dissolved in 0.3 mL DMSO or 1 M HCl, the
sample was vortexed or sonicated until dissolved, and then, 2.7 mL of water was added.
The solution was irradiated with UV light at 366 and 254 nm at room temperature in an
open flask, and samples were taken after 0, 90, 180, 270, 360 and 1410 min (23.5 h, n = 6).

3.2.5. Thermolytic Degradation

For this study, 3 mg of ceftobiprole was dissolved in 0.3 mL DMSO, sonicated, and
then, 2.7 mL of water was added. The solution was heated in a stoppered volumetric flask
in a water bath at 50, 60 or 70 ◦C, and the samples were incubated for 0, 90, 180, 270, 360 and
1410 min (23.5 h, n = 6).
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3.3. Solid-State Degradation Study

For the solid-state degradation study, 1 mg of ceftobiprole was weighed into a 1 mL
volumetric flask and spread out in a thin layer on the bottom of the flask. The samples
were placed under the following conditions:

- At 50 and 60 ◦C for 7 and 21 days without control of humidity (Memmert oven,
Memmert, GmbH + Co. KG, Schwabach FRG, Germany);

- At 50 ± 2 ◦C/75 ± 5% RH (AtomControl Memmert, GmbH + Co. KG, Schwabach
FRG, Germany), tested at seven-day intervals over a period of 21 days;

- Under illumination with UV at 366 nm at room temperature, tested at seven-day
intervals over a period of 21 days;

- In a chamber simulating natural sunlight at an intensity of 5260 ± 316 lx for 10 and
21 days, at room temperature.

Finally, samples were dissolved in 0.1 mL DMSO, filled up to the mark with water and
analysed.

3.4. HPLC/UV Analysis

The HPLC analysis was performed using a Shimadzu Nexera-i LC-2040C Plus (Kioto,
Japan) liquid chromatograph with UV–VIS detector, equipped with LabSolutions 5.92 data
processing software. In order to optimise the method, the following 0.05 M buffers were
prepared as mobile phase A: pH 7.8—by dissolving ammonium hydrogencarbonate in
water, pH 6.8—by dissolving ammonium hydrogencarbonate in water and adjusting the pH
with acetic acid, pH 5.8 and 4.8—by dissolving ammonium acetate in water and adjusting
the pH with acetic acid, pH 3.8 and 2.8—by dissolving ammonium formate in water and
adjusting the pH with formic acid.

3.5. LC/MS/MS Analysis

Identifications were performed using an Dionex UltiMate 3000 UPLC system (Thermo
Fisher Scientific, USA) connected to a high resolution maXis 4G Q-TOF mass detector
(Bruker Daltonik, Germany) and controlled by Bruker HyStar 3.2 SR2 software. The MS
was equipped with an ESI ion source and operated in the positive ion mode, in the full
scan range from m/z 100 to 1500 with fragmentation of the five most intensive signals.
The following MS conditions were used: capillary voltage 3800 V, endplate offset −500 V,
collision cell RF voltage 350.0 Vpp, nebuliser gas pressure 1.6 bar, dry heater temperature
200 ◦C and dry gas flow rate 8 L/min. In MS/MS mode, the collision energy was ramped
linearly, depending on the m/z. For m/z 200, 400 and 800, the voltage was set to 20, 30 and
40 eV, respectively. Nitrogen was used as a dry and collision gas. The MS was calibrated
using a sodium formate solution prior to each injection. Data processing was performed
using Bruker DataAnalysis 4.0 software. Molecular formulas were calculated with mass
accuracy (expressed as error) below 5 ppm and isotopic pattern (expressed as mSigma)
generally below 30. mSigma (milliSigma) is a rate for the agreement of the theoretical and
measured isotopic pattern of the mass peak of interest. It combines the standard deviation
of the masses and intensities for all isotopic peaks. The lower the mSigma, the better the fit.

4. Conclusions

A novel chromatographic method was developed for the simultaneous separation of
ceftobiprole from its SBPs and DPs.

The susceptibility of ceftobiprole to degradation under various stress conditions
has been ordered based on the determined rate constants as follows: in 0.1 M HCl
(1.31 × 10−6 s−1), in 10% DMSO under photolysis at 254 nm (4.28 × 10−6 s−1) and at
366 nm (3.03 × 10−5 s−1), in a 3% aqueous solution of H2O2 (7.07 × 10−5 s−1) and then in
0.01 NaOH (7.08 × 10−4 s−1). The degradation in 0.1 M NaOH was too fast to accurately
determine the rate constant. Activation energies were calculated using an Arrhenius plot
for the thermolytic degradation performed in 10% DMSO and 1 M HCl at 50, 60 and 70 ◦C;
hence, it was possible to determine low values of rate constants at room temperature by the
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extrapolation of these plots. The degradation rate constant of ceftobiprole in 10% DMSO at
25 ◦C was 9.74 × 10−8 s−1, which means that 10% of the initial API content would undergo
degradation in 12.5 days.

In the case of degradation in the solid state, the determined rate constants were several
orders of magnitude lower than those obtained for the degradation in solution.

The structural formulas of SBPs and DPs of ceftobiprole were proposed for the first
time, based on MS/MS spectra. Four novel structural formulas for SBPs were proposed.
With reference to the reported synthetic route, the formation of SBPs can take place inside
reactions during the deprotection of carboxylic and oxime groups. One major ADP was
formed in 0.1 M HCl at room temperature, and six another ADPs were formed in 1 M
HCl at elevated temperature, three of them as pairs of isomers. It was possible to propose
structural formulas for five ADPs, but only the molecular formula could be proposed for
the two remaining ADPs. Based on the structure of the ADPs, it can be hypothesised that
HCl mainly attacks the sulphur and nitrogen atoms of the ceftobiprole molecule, mainly
in the aminothiadiazole and cephem moieties. In alkaline hydrolysis, two isomers of the
open-ring ceftobiprole and a lactone were formed as the major DPs. Two predominant
DPs were generated in the reaction of ceftobiprole with 3% H2O2, regardless of whether
10% DMSO or 0.1 M HCl was used as the solvent. UV irradiation caused the isomerisation
of ceftobiprole, but the structure of the three resultant isomers could not be determined
due to the limitations of MS. The same applies to the ceftobiprole isomer formed during
heating at 70 ◦C. In the MS analysis, thirteen new structural formulas of SBPs and DPs
were proposed, five relating to pairs of isomers, while molecular formulas were determined
for three other compounds obtained in solution as well as four ODPs characteristic of
solid-state degradation.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/ijms232315252/s1.
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Molecular Formula:   C13H17N3OS

[M+H]+:              264.116509 Da

NH2

CH2
+

N

NH
O

C N

CH2

OOH

N

O

NH
O

Molecular Formula:   C14H16N3O4

[M+H]+:              291.121357 Da

-CO2

C NO

CH2
N

O

NH

Molecular Formula:   C13H16N3O2

[M+H]+:              247.131528 Da

Ionic Formula:            C12H18N3O
+

Monoisotopic Mass:   220.144439 Da

CH
+

CH

N

O

NH

Ionic Formula:            C12H15N2O
+

Monoisotopic Mass:   203.11789 Da

CH
+

N

O

NH

Ionic Formula:            C9H13N2O
+

Monoisotopic Mass:   165.102239 Da

CH
+ N

O

NH

NH2
N

NS

NH

O

N

N
O

S

N

O

NH

Molecular Formula:   C19H20N8O3S2

[M+H]+:                    473.117253 Da

NH2
N

NS

CH
+

O

N

N
O

S

N

O

NH

Ionic Formula:            C19H20N7O3S2
+

Monoisotopic Mass:   458.106354 Da
NH2

N

NS

CH
+

O

N

N

S

N

O

NH

Ionic Formula:  C18H20N7O2S2
+

Monoisotopic Mass:  430.111439 Da

CH2
+

O

NH

N
O

CH3

CH3

Ionic Formula:            C9H11N2O2
+

Monoisotopic Mass:   179.081504 Da

-CO

Ionic Formula:            C8H13N2O
+

Monoisotopic Mass:   153.102239 Da

 

153.1014

165.1023
179.0809

203.1179

220.1435

247.1228

264.1168

291.1207

308.1063

365.1264 473.1182
491.1284

535.1175

+MS2(535.1167), 33.3859eV, 13.5min #798

0

1

2

3

5x10
Intens.

100 150 200 250 300 350 400 450 500 m/z

321.1372 

430.1131 
458.0991 



3 

B. SBP-1 (m/z 567) 

 

NH2
N

NS

N

O

NH

NH

S

OOH

N

O

NH
O

O

OH

CH3

Molecular Formula:  C21H26N8O7S2

[M+H]+:                   567.143862 Da

NH2
N

NS

N

O

NH

NH

S

N

O

NH
O

O

OH

CH3

Molecular Formula:   C20H26N8O5S2

[M+H]+:                     523.154032 Da

-CO2

NH2
N

NS

N

O

NH

N

CH2
+

N

O

NH
O

O

OH

CH3

Ionic Formula:            C20H25N8O5S
+

Monoisotopic Mass:   489.166312 Da

NH2

NH

S

N

O

NH
O

O

CH3

Molecular Formula:  C16H24N4O3S

[M+H]+:                   353.164187 Da

NH2

N

CH2
+

N

O

NH
O

O

CH3

Ionic Formula:           C16H23N4O3
+

Monoisotopic Mass:  319.176467 Da

-H2S

N

O

N

N

CH2
+

N

O

NH
O

O

CH3

Ionic Formula:            C18H20N5O4
+

Monoisotopic Mass:   370.150981 Da

S

CH
+

N

O

NH

Ionic Formula:            C12H15N2OS+

Monoisotopic Mass:   235.08996 Da

N

S

OOH

N

O

NH

Molecular Formula:  C14H17N3O3S

[M+H]+:                    308.106338 Da

N

S

C
O

N

O

NH

Molecular Formula:   C14H16N3O2S

[M+H]+:                     291.10305 Da

N

S

N

O

NH

Molecular Formula:   C13H17N3OS

[M+H]+:                     264.116509 Da

NH2

CH2
+

N

O

NH

Ionic Formula:            C12H18N3O
+

Monoisotopic Mass:   220.144439 Da

N

CH2
N

CH
+

NH

Ionic Formula:           C12H16N3
+

Monoisotopic Mass:  202.133874 Da

-OH-

-CO

-HCN

-H2O

NH2
N

NS

N

O

NH

N

CH2
+

OOH

N

O

NH
O

O

OH

CH3

Ionic Formula:            C21H25N8O7S
+

Monoisotopic Mass:   533.156142 Da

-H2S

NH2
N

NS

NH

O

N

NH

S

N

O

NH
O

O

CH3

-H2S
-CO2

-H2O

Molecular Formula:   C20H24N8O4S2

[M+H]+:                    505.143468 Da

O

N

N

CH2
+

N

O

NH
O

O

CH3

Ionic Formula:            C17H21N4O4
+

Monoisotopic Mass:   345.155732 Da

  

202.1335

220.1446

235.0907

264.1171

287.1513
308.1071

319.1763

345.1544

370.1519

388.1616
406.0727 424.1356

457.1433

471.1557

489.1660

505.1438

523.1537

567.1441

353.1652

533.1550

291.1023

+MS2(567.1451), 19.40-19.51min #(1145-1152)

0

500

1000

1500

2000

2500

3000

Intens.

200 250 300 350 400 450 500 550 m/z

353.1690 
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C. SBP-2 (m/z 591) 

 

NH2
N

NS

N OH

O

NH

N
O

S

OO

N

O

NH

CH3 CH3

CH3

-CO2

NH2
N

NS

NH

O

NH

N
O

S

C
+

N

O

NH

NH2
N

NS

N OH

O

NH

N
O

S

OOH

N

O

NH

Molecular Formula:  C20H22N8O6S2

[M+H]+:             535.117647 Da
NH2

N

NS

N OH

O

NH

N
O

S

N

O

NH

Molecular Formula:  C19H22N8O4S2

[M+H]+:             491.127818 Da

-H2O

Ionic Formula:            C19H21N8O3S2
+

Monoisotopic Mass:   473.117253 Da

NH2

N
O

S

OOH

N

O

NH

Molecular Formula:   C16H20N4O4S
[M+H]+:              365.127802 Da NH2

N
O

S

N

O

NH

Molecular Formula:   C15H20N4O2S
[M+H]+:              321.137972 Da

-CO2

N

S

OOH

N

O

NH

Molecular Formula:   C14H17N3O3S

[M+H]+:              308.106338 Da

-CO2

N

S

N

NH
O

Molecular Formula:   C13H17N3OS

[M+H]+:              264.116509 Da

NH2

CH2
+

N

NH
O

C N

CH2

OOH

N

O

NH
O

Molecular Formula:   C14H16N3O4

[M+H]+:              291.121357 Da

-CO2

C NO

CH2
N

O

NH

Molecular Formula:   C13H16N3O2

[M+H]+:              247.131528 Da

Ionic Formula:            C12H18N3O
+

Monoisotopic Mass:   220.144439 Da

CH
+

CH

N

O

NH

Ionic Formula:            C12H15N2O
+

Monoisotopic Mass:   203.11789 Da

CH
+

N

O

NH

CH2
+

O

NH

N
O

CH3

CH3

Ionic Formula:            C9H11N2O2
+

Monoisotopic Mass:   179.081504 Da

NH2
N

NS

N OH

O

N

O
Molecular Formula:  C6H5N5O3S

[M+H]+:                    228.018585 Da

Molecular Formula:  C24H30N8O6S2

[M+H]+:             591.180247 Da

CH3

CH3
CH3

NH2
N

NS

N O

O

NH

N
O

S

OOH

N

O

NH

Ionic Formula:            C9H13N2O
+

Monoisotopic Mass:   165.102239 Da

 

179.0799

203.1173

228.0182

247.1205

264.1167

291.1206

308.1060

365.1288
473.1152

491.1248

535.1176

591.1779

+MS2(591.1791), 34.7896eV, 20.4min #1202

0

1

2

3

4

5

4x10
Intens.

150 200 250 300 350 400 450 500 550 m/z

321.1348 

 

220.1430 

 

165.1038 
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D. SBP-3 (m/z 701) 

 

NH2
N

NS

N OH

O

NH

N
O

S

OO

N

O

NH

Molecular Formula:  C33H32N8O6S2

[M+H]+:             701.195897 Da

C

O

NH

N
O

S

OO

Molecular Formula:  C21H17N2O4S

[M+H]+:                    394.098178 Da

CH
+

Ionic Formula:            C13H11
+

Monoisotopic Mass:   167.085527 Da

N

S

OOH

N

O

NH

Molecular Formula:   C14H17N3O3S

[M+H]+:              308.106338 Da

-CO2

N

S

N

NH
O

Molecular Formula:   C13H17N3OS

[M+H]+:              264.116509 Da

NH2

CH2
+

N

NH
O

C N

CH2

OOH

N

O

NH
O

Molecular Formula:   C14H16N3O4

[M+H]+:              291.121357 Da

-CO2

C NO

CH2
N

O

NH

Molecular Formula:   C13H16N3O2

[M+H]+:              247.131528 Da

Ionic Formula:            C12H18N3O
+

Monoisotopic Mass:   220.144439 Da

CH
+

CH

N

O

NH

Ionic Formula:            C12H15N2O
+

Monoisotopic Mass:   203.11789 Da

 
  

167.0857

203.1180
247.1234

264.1164

291.1213

308.1044

394.0962

701.1905

+MS2(701.1933), 37.5412eV, 22.9min #1351

0.0

0.5

1.0

1.5

4x10
Intens.

200 300 400 500 600 700 m/z

220.1444 

 



6 

E. ADP-0 (m/z 538) 

 

NH2
N

NS

OH

O

N

N
O

S

OOH

N

O

NH

Molecular Formula:   C20H21N7O6S2

[M+H]+:                     520.106748 Da

NH2
N

NS

OH

O

N

N
O

S

N

O

NH

NH2
N

NS

CH
+

O

N

N
O

S

N

O

NH

NH2
N

NS

CH
+

O

N

N
O

S

OOH

N

O

NH

NH2
N

NS

CH
+

O

N

N

S

N

O

NH

-H2O

-CO2 -CO2

-CO

Molecular Formula:   C20H23N7O7S2

[M+H]+:                     538.117313 Da

-H2O

NH2
N

NS

OH

O

N

N

S

N

O

NH

Molecular Formula:   C19H21N7O4S2

[M+H]+:                     476.116919 Da

Molecular Formula:   C18H21N7O3S2

[M+H]+:                     448.122004 Da

-CO

Ionic Formula:            C20H20N7O5S2
+

Monoisotopic Mass:   502.096183 Da

Ionic Formula:            C19H20N7O3S2
+

Monoisotopic Mass:   458.106354 Da

-H2O

Ionic Formula:            C18H20N7O2S2
+

Monoisotopic Mass:   430.111439 Da

-H2O

N

S

OOH

N

O

NH

-CO2

N

S

N

NH
O

Molecular Formula:   C13H17N3OS

[M+H]+:              264.116509 Da

NH2

CH2
+

N

NH
O

C N

CH2

OOH

N

O

NH
O

Molecular Formula:   C14H16N3O4

[M+H]+:              291.121357 Da

-CO2

C NO

CH2
N

O

NH

Molecular Formula:   C13H16N3O2

[M+H]+:              247.131528 Da

Ionic Formula:            C12H18N3O
+

Monoisotopic Mass:   220.144439 Da

CH
+

CH

N

O

NH

Ionic Formula:            C12H15N2O
+

Monoisotopic Mass:   203.11789 Da

CH
+

N

O

NH

Ionic Formula:            C9H13N2O
+

Monoisotopic Mass:   165.102239 Da

CH
+ N

O

NH

Ionic Formula:            C8H13N2O
+

Monoisotopic Mass:   153.102239 Da

Molecular Formula:   C14H17N3O3S

[M+H]+:                    308.106338 Da

C N

CH3

OOH

NH

O

O

Molecular Formula:   C10H10N2O4

[M+H]+:                     223.071333 Da

OH
NH2

N

NS

OH

O

NH

N
O

S

OOH

N

O

NH

  

153.1031

165.1021
179.0819

203.1178

220.1441

247.1309

264.1164

276.1154

291.1209
308.1063

331.1225
365.1281 393.1238 414.1357 430.1107

458.1067

476.1171
502.0952

520.1065

538.1164

448.1201

+MS2(538.3344), 9.59-10.01min #(567-592)

0

500

1000

1500

2000

2500

Intens.
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F. ADP-3 (m/z 479) 

 

NH2

N OH

O

NH

N
O

S

OOH

N

O

NH

O

Molecular Formula:  C19H22N6O7S

[M+H]+:                    479.134344 Da

NH2

N
O

S

OOH

N

O

NH

Molecular Formula:   C16H20N4O4S
[M+H]+:              365.127802 Da NH2

N
O

S

N

O

NH

Molecular Formula:   C15H20N4O2S
[M+H]+:              321.137972 Da

-CO2

N

S

OOH

N

O

NH

Molecular Formula:   C14H17N3O3S

[M+H]+:              308.106338 Da

-CO2

N

S

N

NH
O

Molecular Formula:   C13H17N3OS

[M+H]+:              264.116509 Da

C N

CH2

OOH

N

O

NH
O

Molecular Formula:   C14H16N3O4

[M+H]+:              291.121357 Da

-CO2

C NO

CH2
N

O

NH

Molecular Formula:   C13H16N3O2

[M+H]+:              247.131528 Da

CH
+

CH

N

O

NH

Ionic Formula:            C12H15N2O
+

Monoisotopic Mass:   203.11789 Da

CH
+

N

O

NH

Ionic Formula:            C9H13N2O
+

Monoisotopic Mass:   165.102239 Da

C
N

O

NH

CH2
+

O

NH

N
O

CH3

CH3

Ionic Formula:            C9H11N2O2
+

Monoisotopic Mass:   179.081504 Da

CO
N

N
O

S

N

O

NH

Molecular Formula:  C16H18N4O3S

[M+H]+:                    347.117237 Da

O

NH

N
O

S

OOH

N

O

NH

N Molecular Formula:  C18H19N5O5S

[M+H]+:                    418.117965 Da

Molecular Formula:   C8H11N2O

[M+H]+:                     152.094414 Da

C N

CH3

OOH

NH

O

O

Molecular Formula:   C10H10N2O4

[M+H]+:                     223.071333 Da

  

136.0729

152.0929

179.0820

203.1189

223.0672

237.1059

247.1271

264.1172

279.1103

291.1194

304.1094

321.1399

347.1137

365.1334

374.1231

391.1143

418.1190

434.1182

479.1365

+MS2(479.1348), 31.9869eV, 10.2min #605

0

500

1000

1500

Intens.

150 200 250 300 350 400 450 m/z

308.1016 
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G. ADP-4 (m/z 365) 

 
NH2

N
O

S

OOH

N

O

NH

Molecular Formula: C16H20N4O4S

[M+H]+:                   365.127802 Da

NH2

N

S

OOH

N

O

NH

Molecular Formula: C15H20N4O3S

[M+H]+:                   337.132887 Da

-CO
NH2

N
O

S

N

O

NH

Molecular Formula: C15H20N4O2S

[M+H]+:                   321.137972 Da

-CO2

N
O

S

N

O

NH

Molecular Formula: C15H17N3O2S

[M+H]+:                   304.111423 Da

-NH3

NH2

N

S

N

O

NH

Molecular Formula: C14H20N4OS

[M+H]+:                   293.143058 Da

-CO2

C NO

CH2

OOH

N

O

NH

Molecular Formula: C14H16N3O4

[M+H]+:                  291.121357 Da

CH2
+

N

S

N

O

NH

Ionic Formula:           C14H18N3OS+

Monoisotopic Mass:  276.116509 Da

-CO

NH

S

N

O

NH

Molecular Formula:  C13H19N3OS

[M+H]+:                    266.132159 Da

C NO

CH2
N

O

NH

Molecular Formula: C13H16N3O2

[M+H]+:                   247.131528 Da

CH
+ N

O

NH
CH

Ionic Formula:            C12H15N2O
+

Monoisotopic Mass:   203.11789 Da

N

S

N

O

NH

Molecular Formula: C13H17N3OS

[M+H]+:                  264.116509 Da

NH2
C

+

N

CH2
N

O

NH

Ionic Formula:            C14H19N4O
+

Monoisotopic Mass:   259.155338 Da

-H2S

NH2

CH2
+

N

O

NH

Ionic Formula:            C12H18N3O
+

Monoisotopic Mass:   220.144439 Da

CH2

N

CH2
+

N

O

NH

Ionic Formula:            C13H18N3O
+

Monoisotopic Mass:   232.144439 Da

N

CH2
+

N

O

NH

Ionic Formula:            C12H16N3O
+

Monoisotopic Mass:   218.128789 Da

N
O

S CH2

Molecular Formula: C10H9NOS

[M+H]+:                   192.04776 Da

CH
+

N

O

NH

Ionic Formula:            C11H15N2O
+

Monoisotopic Mass:   191.11789 Da

CH
+

N

O

NH

Ionic Formula:            C9H13N2O
+

Monoisotopic Mass:   165.102239 Da

CH
+ N

O

NH

Ionic Formula:            C8H13N2O
+

Monoisotopic Mass:   153.102239 Da Ionic Formula:           C9H11N2O2
+

Monoisotopic Mass:  179.081504 Da

Ionic Formula:            C10H11N2OS+

Monoisotopic Mass:   207.058659 Da

CH2
+

O

NH

N
O

CH3

CH3

-CO2

C NO

CH3

OOH

NH

O

Ionic Formula:            C10H11N2O4
+

Monoisotopic Mass:   223.071333 Da

CH2
+

N

S

NH

O

  

153.1032

165.1029

179.0799

191.1139

207.0592

220.1424

232.1437

247.1293

259.1537

266.1304

276.1235

291.1203

304.1123 321.1324

337.1324

365.1272

+MS2(365.1274), 28.2669eV, 10.5min #623

0.00

0.25

0.50

0.75

1.00

1.25

4x10
Intens.

150 175 200 225 250 275 300 325 350 m/z

293.1406 

264.1171 

223.0718 

218.1281 

 

203.1168 

192.0480 
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H. ADP-5 (m/z 265) 

 
CH2

OOH

N

O

NH
O

Molecular Formula:  C13H16N2O4

[M+H]+:             265.118283 Da

CH2
N

O

NH
O

Molecular Formula:  C12H16N2O2

[M+H]+:             221.128454 Da

-CO2

CH2
N

O

NH

Molecular Formula:  C11H16N2O

[M+H]+:             193.13354 Da
Molecular Formula:  C8H11NO2

[M+H]+:             154.086255 Da

-CO

CH
+ N

O

NH

CH

Ionic Formula:            C12H15N2O
+

Monoisotopic Mass:   203.11789 Da

-H2O

CH2
CH2

O

O

Molecular Formula:  C8H8O2

[M+H]+:            137.059706 Da
Molecular Formula:  C7H11NO

[M+H]+:                   126.09134 Da

-CO

CH2
NH

O

O

Molecular Formula:  C8H9NO2

[M+H]+:                   152.070605 Da

CH3
N

O

O

CH3CH3
N

O

 
  

126.0913 137.0610
154.0873

164.1012

193.1312

203.1173

221.1281

265.1182
+MS2(265.1180), 23.2637eV, 11.7min #691

0

2

4

6

8

4x10
Intens.

140 160 180 200 220 240 260 m/z



10 

I. ADP-6 (m/z 281) 

 

Molecular Formula:  C13H16N2O3S

[M+H]+:                    281.095439 Da

Ionic Formula:            C13H15N2O2S
+

Monoisotopic Mass:   263.084874 Da

-H2O

Molecular Formula:  C12H16N2O2S

[M+H]+:                    253.100524 Da

-CO

C
N

O

NH

Molecular Formula:  C8H11N2O

[M+H]+:                   152.094414 Da

S

N

O

NH

OH

O

S

CH
+

N

O

NH
O

S

N

O

NH

OH

S

CH
+

N

O

NH

Ionic Formula:            C12H15N2OS+

Monoisotopic Mass:   235.08996 Da

CH
+

N

O

NH

O

S

CH
+

NH

O

O

Ionic Formula:             C9H8NO2S
+

Monoisotopic Mass:   194.027025 Da

Ionic Formula:           C12H15N2O2
+

Monoisotopic Mass:  219.112804 Da

-H2S -H2O -CO

 
  

152.0932

194.0272
219.1124 253.0885

263.0846

281.0951
+MS2(281.0950), 24.063eV, 18.7min #1106

0

1

2

3

4

5x10
Intens.

140 160 180 200 220 240 260 280 m/z

235.0739 
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J. BDP-1 (m/z 553) 

 

NH2
N

NS

N OH

O

NH

NH

S

OOH

N

O

NH
OH

O

Molecular Formula:  C20H24N8O7S2
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Figure S2. Proposals of the structure of ADP-1. 
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Abstract: This paper presents the theoretical calculations of the inclusion complex formation between
native ceftobiprole, a promising antibiotic from the cephalosporin group, and selected cyclodextrins
(CDs) approved by the European Medicines Agency. Ceftobiprole was studied in three protonation
states predicted from pKa calculations, along with three selected CDs in a stoichiometric ratio of 1:1.
It was introduced into the CD cavity in two opposite directions, resulting in 18 possible combinations.
Docking studies determined the initial structures of the complexes, which then served as starting
structures for molecular dynamics simulations. The analysis of the obtained trajectories included
the spatial arrangement of ceftobiprole and CD, the hydrogen bonds forming between them, and
the Gibbs free energy (∆G) of the complex formation, which was calculated using the Generalised
Born Surface Area (GBSA) equation. Among them, a complex of sulfobutyl ether- (SBE-) β-CD with
protonated ceftobiprole turned out to be the most stable (∆G = −12.62 kcal/mol = −52.80 kJ/mol).
Then, experimental studies showed changes in the physiochemical properties of the ceftobiprole in
the presence of the CDs, thus confirming the validity of the theoretical results. High-performance
liquid chromatography analysis showed that the addition of 10 mM SBE-β-CD to a 1 mg/mL solution
of ceftobiprole in 0.1 M of HCl increased the solubility 1.5-fold and decreased the degradation rate
constant 2.5-fold.

Keywords: ceftobiprole; cyclodextrin; β-CD; HP-β-CD; SBE-β-CD; inclusion complex; molecular
dynamics; GBSA

1. Introduction

Ceftobiprole (C20H22N8O6S2, Scheme 1) is an antibacterial agent belonging to the
newest, fifth generation of cephalosporins, which is the major subgroup of semi-synthetic
β-lactam antibiotics. It was approved and authorised in some countries in October 2018
as the prodrug ceftobiprole medocaril (C26H26N8O11S2) under the trade name of Zeftera©
(previously Zevtera) or Mabelio©. Ceftobiprole was the first β-lactam to show in vitro ac-
tivity against multidrug-resistant pathogens, such as methicillin-resistant S. aureus (MRSA),
vancomycin-resistant S. aureus (VRSA), and penicillin-resistant Streptococcus pneumoniae
(PRP) [1]. The activity against gram-negative bacteria corresponds to the known activity
of other third-generation cephalosporins, such as ceftazidime. Considering the need to
introduce new, effective antibacterial drugs into therapies that are active in the cases of
pathogens with a severe clinical course in particular, ceftobiprole is an important alternative
to empiric treatment in the cases of community-acquired pneumonia and non-ventilator-
associated hospital-acquired pneumonia [2,3] when MRSA is proven or strongly suspected.
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Scheme 1. Molecular structure of ceftobiprole. The introd uced atom labels are used in the analysis 
of hydrogen bonds. 

Native ceftobiprole is characterised by low solubility in water. In the registered me-
dicinal product, this problem was solved by a �4aching a medocaril group, making the mol-
ecule more hydrophilic. The formation of a prodrug that is converted into an active drug 
in vivo is one of the methods for enhancing the water solubility and bioavailability of the 
drug; however, the e�� ciency of biotransformation may di �� er from person to person be-
cause it depends on individual metabolic characteristics. Moreover, a decline in biotrans-
formation capacity is observed with age in humans [4]. Alternative methods of bioavaila-
bility enhancement include creating lipid-based  drug delivery systems [5], obtaining a 
long-term stable amorphous solid dispersion of the drug with an excipient, prebiotic, or 
other drug [6], and forming a drug inclusion complex with cyclodextrin (CD) [7]. These 
methods do not involve the chemical derivatisa tion of an active substance to form a pro-
drug and do not rely on human biotransformation; therefore, in this approach, a novel 
delivery system of native ceftobiprole with selected CDs was proposed on the basis of 
theoretical methods. 

CDs are a family of cyclic oligosaccharides, consisting of a macrocyclic ring of glucose 
subunits linked by �…-1,4-glycosidic bonds (Scheme 2). The shape of CD molecules is sim-
ilar to a truncated cone, with a hydrophilic surface and a hydrophobic inner cavity into 
which the hydrophobic drug molecules may enter. CDs di �� er in the number of glucopy-
ranose units (six for �…-CD, seven for �†-CD, and eight for �‡-CD) and, consequently, in the 
width of their narrow and wide rims. For most drug molecules, the capacity of �†-CD (with 
seven glucose residues) is appropriate for the formation of the inclusion complex [8]; how-
ever, according to the European Medicines Agency (EMA), only a few CDs are approved 
as drug excipients [9]. �†-CD can be used in oral but not parenteral formulations, while the 
hydroxypropyl (HP) and sulfobutyl ether (SBE) derivatives of �†-CD (denoted as HP-�†-CD 
and SBE-�†-CD, respectively) have been approved for oral and parenteral use. Taking this 
into account, we selected three of the above-mentioned CDs for further calculations. Based 
on the review by Boczar and Michalska [10], by the end of 2021 there were 34 reports of 
cephalosporin antibiotics wi th various CDs, including �†-CD, HP-�†-CD, and SBE-�†-CD. A 
signiÞcant increase in solubility was reported for cefuroxime axetil, ce Þxime, cefpodoxime 
proxetil, and cefdinir. Other advantages of CD complexation included modifying the 
drug-release proÞle, slowing down the degradation of the drug, improving biological 
membrane permeability, and enhancing antimicrobial activity [10]. 

Scheme 1. Molecular structure of ceftobiprole. The introduced atom labels are used in the analysis of
hydrogen bonds.

Native ceftobiprole is characterised by low solubility in water. In the registered medici-
nal product, this problem was solved by attaching a medocaril group, making the molecule
more hydrophilic. The formation of a prodrug that is converted into an active drug in vivo
is one of the methods for enhancing the water solubility and bioavailability of the drug;
however, the efficiency of biotransformation may differ from person to person because it
depends on individual metabolic characteristics. Moreover, a decline in biotransformation
capacity is observed with age in humans [4]. Alternative methods of bioavailability en-
hancement include creating lipid-based drug delivery systems [5], obtaining a long-term
stable amorphous solid dispersion of the drug with an excipient, prebiotic, or other drug [6],
and forming a drug inclusion complex with cyclodextrin (CD) [7]. These methods do not
involve the chemical derivatisation of an active substance to form a prodrug and do not
rely on human biotransformation; therefore, in this approach, a novel delivery system of
native ceftobiprole with selected CDs was proposed on the basis of theoretical methods.

CDs are a family of cyclic oligosaccharides, consisting of a macrocyclic ring of glucose
subunits linked by α-1,4-glycosidic bonds (Scheme 2). The shape of CD molecules is similar
to a truncated cone, with a hydrophilic surface and a hydrophobic inner cavity into which
the hydrophobic drug molecules may enter. CDs differ in the number of glucopyranose
units (six for α-CD, seven for β-CD, and eight for γ-CD) and, consequently, in the width of
their narrow and wide rims. For most drug molecules, the capacity of β-CD (with seven
glucose residues) is appropriate for the formation of the inclusion complex [8]; however,
according to the European Medicines Agency (EMA), only a few CDs are approved as
drug excipients [9]. β-CD can be used in oral but not parenteral formulations, while the
hydroxypropyl (HP) and sulfobutyl ether (SBE) derivatives of β-CD (denoted as HP-β-CD
and SBE-β-CD, respectively) have been approved for oral and parenteral use. Taking this
into account, we selected three of the above-mentioned CDs for further calculations. Based
on the review by Boczar and Michalska [10], by the end of 2021 there were 34 reports of
cephalosporin antibiotics with various CDs, including β-CD, HP-β-CD, and SBE-β-CD. A
significant increase in solubility was reported for cefuroxime axetil, cefixime, cefpodoxime
proxetil, and cefdinir. Other advantages of CD complexation included modifying the drug-
release profile, slowing down the degradation of the drug, improving biological membrane
permeability, and enhancing antimicrobial activity [10].
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Scheme 2. The numbering of selected atoms in CD molecules, taken from the β-CD crystal structure
file (CCDC 2236679 [11]). x represents the number of a residue and ranges from 1 and 7. To ensure
the three-character labelling of β-CD atoms, each of the ten hydrogen atoms belonging to the same
glucose unit is designated by one digit, which means that the numbering is different from the
commonly used notation in nuclear magnetic resonance studies.

Due to the random substitution of hydroxyl groups in HP-β-CD and SBE-β-CD which
results in amorphism of these CDs, it is impossible to obtain single crystals of their inclusion
complexes, and consequently to determine the structures using diffraction techniques. For
them, computational techniques are the only way to gain insight into the most-likely
three-dimensional geometries of complexes in solutions at different pH levels. Molecular
dynamics (MD) is based on calculating the forces acting on each atom, taking into account
the influence of neighbouring atoms. During this study, physical intermolecular interactions
are analysed, which makes MD the appropriate technique for estimating the host–guest
affinity, expressed as the Gibbs free energy (∆G) of complex formation [8].

In general, cephalosporin antibiotics contain ionisable functional groups (carboxylic,
amino, etc.), often more than one. The presence of the charges on them may affect the
solubility of the drug and the formation of CD inclusion complexes. Consequently, the
inclusion phenomena may occur differently at different pH values [12]. Meanwhile, the
covalent bonds can neither form nor break during MD simulations, therefore the analysed
drug molecule cannot adjust its protonation state to the selected solvent. This means that
the covalent bonding structure has to be explicitly known before starting the simulation;
however, most researchers perform their MD studies only with the neutral, non-ionised
form of the drug, which consequently limits the applicability of the obtained results to
pure aqueous, non-buffered solutions. A noteworthy exception was the recent work of
Cirri et al. [13], who observed that the potential energies of the interaction between SBE-β-
CD and cefixime differ by 75 kJ/mol (17.9 kcal/mol) depending on whether the charge of
cefixime was 0 or −2. Nevertheless, in the case of ceftobiprole, currently there is no publicly
available data on the protonation states and pKa values of the constituent functional groups.
Therefore, the MD simulations in this study were preceded by pKa prediction with the
use of specialised software, which made it possible to describe the CD complexation of
ceftobiprole as an approximate function of pH, unlike similar works.

There are several scientific reports of CD complexes with cephalosporin antibiotics
which contain, among others, theoretical studies. Gieroba et al. [14] investigated the com-
plexes of cefuroxime axetil with α-, β-, γ-, and HP-β-CD (with six out of seven possible
2-OH groups substituted). Regardless of whether the initial structure was the complex or
the separated host and guest within a distance of at least 1.5 nm, the inclusion complex
was formed during the 500 ns of MD simulation with the use of the GROMOS force field.
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The obtained structures were similar to those obtained in the docking study. Next, the
∆Gs of complex formation were calculated by the thermodynamic integration method,
using 21 simulations with different coupling parameters λ, each lasting for 100 ns. Miz-
era et al. [15] found the thermodynamically-preferred structures of the complexes of cefurox-
ime axetil and cefetamet pivoxil together with seven CDs by using a three-step procedure
consisting of (i) docking, (ii) 100 ps of MD with MMFF94, and (iii) geometry optimisation
with the semi-empirical parametrised model 7. Standard enthalpies (∆Hs) of complex
formation were determined based on the heats of formation of each ingredient. Other
studies of cephalosporin/CD complexes generally involve the manual or docking-assisted
building of the complex structure, followed by energy minimisation using a selected force
field, and then calculating the binding energy or ∆H of formation [16–19]; however, MD
studies are then omitted, and the obtained energy does not take into account solvation
nor the change in the entropy of the system. Interestingly, it has also been proposed to
calculate ∆G using the Generalised Born Surface Area (GBSA) equation applied directly to
the structures predicted in the docking study, without performing MD simulations [20].

The aim of this study was to estimate the affinity of native ceftobiprole to the selected
CDs (β-CD, HP-β-CD, and SBE-β-CD), which has not been investigated so far. The algo-
rithm consisted of the following steps: (i) the models of substituted CDs were prepared,
(ii) the pKa values of functional groups in the ceftobiprole molecule were predicted, which
allowed us to propose the dominant protonation states at different pH values, (iii) the initial
structures of the complexes were obtained by docking, (iv) the systems were parametrised
with the selected force field, the potential energy of the systems was minimised, and the
systems were equilibrated to a constant temperature and pressure, (v) MD simulations
were performed, and (vi) the results were analysed based on the obtained trajectories.
The results were: the geometry of the complex (spatial arrangement of ceftobiprole and
CD), the hydrogen bonding, and the ∆G of complex formation. Based on the obtained
results, the most-preferential conditions of complex formation were determined. Then,
the results obtained from theoretical studies were verified using high-performance liquid
chromatography (HPLC) with UV detection.

2. Results and Discussion
2.1. Preparation of Models for Substituted CDs and pKa Prediction for Ceftobiprole

In the first step, the single molecule models of HP-β-CD and SBE-β-CD were built
in such a way as to largely mimic commercially-available CDs with an average degree of
substitution (DS) of 4.2 and 6.5, respectively. The primary hydroxyl groups on each CD
glucose unit (containing an Ox9 oxygen atom) were assumed to be the most reactive to
derivatisation. Therefore, the SBE-β-CD structure with primary hydroxyl groups of all
seven glucose units substituted with sulfobutyl groups (corresponding to DS = 7) was
considered the most representative structure (Scheme 2). For the HP-β-CD, an alternating
substitution pattern was used, in which HP substituents were added to Ox9 atoms in the
first, third, fifth, and seventh glucose units, i.e., to O19, O39, O59, and O79 atoms, resulting
in a DS = 4. Meanwhile, it is well-known that HP and SBE groups are very flexible due
to the number of rotatable bonds, so it is very difficult (and impractical) to find a single
conformer that minimises the potential energy surface. Therefore, a different approach
was used, namely MD simulations of only the HP-β-CD and SBE-β-CD in water were
performed to find the conformer with the largest radius of gyration. Such a conformer is
characterised by the least steric hindrance for the drug molecule that can be incorporated
into the CD cavity.

Before starting the simulation, the structure of the covalent bonds of the studied
molecules, including the protonation of all ionisable functional groups, should be thor-
oughly understood. At a certain pH value, ceftobiprole exists as a mixture of different
forms, with some groups being protonated and others deprotonated. It is very important
to correctly predict the protonation states of ceftobiprole, since the calculations relate to
the thermodynamics in aqueous solutions where SBE-β-CD is negatively charged (total
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charge = −7); therefore, the electrostatic interactions between ceftobiprole and CD must be
taken into account. Based on the calculated pKa values of the ionisable functional groups,
the dominant form at a given pH should be predicted; however, the use of different soft-
ware leads to significantly different pKa values. Based on the adopted pKa results, multiple
general conclusions can be drawn: the secondary amino group is protonated over a wide
range of pH values (including acidic and neutral), and the pKa of the carboxylic group is
about 3 (3.00 by Chemicalize or 3.24 predicted by Epik 7), so at a low pH value (around
1–2), ceftobiprole should be present mainly as a cation, while at a higher pH, ceftobiprole
can be expected to exist as a zwitterion (Scheme 3).
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Scheme 3. The predicted protonation states of ceftobiprole: protonated ion, hereinafter marked with
the letter “p”, and zwitterion, hereinafter marked with the letter “z”.

Another important conclusion from the pKa calculation is that the primary amino
group attached to the thiadiazole ring is not protonated but loses H+ at a high pH value
(much greater than 7). This behaviour of the –NH2 substituent, which may seem surprising
at first glance, can be explained by the electron-withdrawing properties of the aromatic
thiadiazole ring, which destabilises the protonated form of an amine and consequently
decreases the basicity of the –NH2 group. It is worth noting that similar results have been
obtained in the fragmentation pattern analysis of the mass spectroscopic studies of the
ceftobiprole molecule [21]. In the positive ion mode, protons were most easily attached via
the secondary amino group, then the resulting ions lost their neutral fragments, ending
up with only the pyrrolidine ring, which was the smallest fragment ion detected in the
analysed fragmentation spectra. In contrast, the primary amino group did not easily
attach a proton, and therefore, there were very few detectable ion fragments containing the
aminothiadiazole ring.

2.2. Molecular Docking Study

Molecular docking is a well-known computational technique to predict the binding
between a receptor (CD) and a ligand (drug) [22]. In our research, docking studies were
performed for three different protonation states of ceftobiprole: the non-ionised molecule
(denoted as 0), the protonated ion (p), and the zwitterion (z). Ligand-receptor affinities
were calculated using the AD4 scoring function. As a result of each study, the program
AutoDock Vina proposed the nine most-stable structures of the 1:1 complex, i.e., structures
characterised with the greatest (negative) affinity.

For the HP-β-CD and SBE-β-CD, regardless of the protonation state, the most-negative
affinity value was obtained for the structure with the wide rim of CD directed towards
the aminothiadiazole ring (Table 1, Scheme 4)—this orientation is hereinafter referred to
as “1”. Among the remaining structures, the one with the most-negative affinity for the
ceftobiprole molecule directed oppositely from the inside of the CD cavity (Scheme 4),
hereinafter referred to as “2”, was also taken as a starting point for an alternative MD
analysis. This approach can be justified as follows [8]: in the timescale of the molecular
dynamics simulation (here 100 ns), it is practically impossible for a drug molecule to escape
the CD cavity and re-enter in the opposite direction.
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Table 1. Summary of obtained values for affinity (docking study) and ∆G (GBSA) in kcal/mol.

Protonation
States of

Ceftobiprole

Arrangement of the
Ceftobiprole Molecule in

the CD Cavity

β-CD HP-β-CD SBE-β-CD

Docking GBSA Docking GBSA Docking GBSA

0
1 −5.95 −6.97 −6.75 −12.27 −7.34 −8.89
2 −6.96 −3.50 −6.38 −10.89 −6.84 −7.00

p 1 −5.91 −7.08 −6.38 −11.76 −7.73 −12.62
2 −6.75 −5.05 −5.94 −6.49 −7.27 −7.71

z 1 −5.94 −11.44 −6.26 −6.73 −7.75 −5.88
2 −6.83 −6.49 −6.16 −6.18 −6.66 −3.84
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2.3. MD Simulation and Analysis of Trajectories 
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Scheme 4. Two opposite directions of ceftobiprole molecule inside the CD cavity: (1) the wide rim
of CD directed towards the aminothiadiazole ring; (2) the wide rim of CD directed towards the
pyrrolidine ring.

2.3. MD Simulation and Analysis of Trajectories

In MD studies, there are several so-called general force fields, i.e., those parametrised
for use with many different organic molecules, but not biomolecules (drug molecules belong
to this group). In this study, a General AMBER Force Field (GAFF) was used together with
an AMBER99SB because of their compatibility with the GBSA method. Complexes with the
structure predicted in the docking studies were placed in a cubic box with water molecules.

After minimising the potential energy, all atoms were given initial velocities accord-
ing to the Maxwell-Boltzmann distribution, and then, based on the calculated forces, the
motions of all atoms were calculated. As a result of the frequent collisions with water
molecules, the HP and SBE side chains in CDs constantly changed their conformations.
For the complex of ceftobiprole z2 with the SBE-β-CD complex, the simulation time was
extended to 160 ns because drift was observed in the energy plots. To identify the most-
representative structure for each simulation, the root-mean-square deviation (RMSD) anal-
ysis of the atomic positions was performed. Briefly, the gmx cluster function with a cut-off
value of 0.10 Å for β-CD, 0.11 Å for HP-β-CD, and 0.16 Å for SBE-β-CD was used to group
snapshots representing similar complex structures into clusters. Each cluster possesses a
particular number of snapshots, which corresponds to a certain fraction of the simulation
time. The central structure is defined as the structure with the smallest average RMSD of
all other structures of the cluster containing the majority of the snapshots (that is, of the
cluster corresponding to the longest period of the simulation time). For all 18 simulations
performed, the extent of inclusion of ceftobiprole into the CD cavity can be easily observed
from the presented central structures, as shown in Figure 1 (β-CD), Figure 2 (HP-β-CD),
and Figure 3 (SBE-β-CD). The PDB files containing these structures can be found in the
Supplementary Materials.
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A hydrogen bond (H-bond) analysis of the H-bonds between ceftobiprole and CD was
performed using the gmx hbond command. This function identifies possible donors (in the
case of zwitterion, this number decreases by one as the carboxylic group of ceftobiprole
dissociates) and acceptors in the system, thus predicting the possible H-bonds that may
emerge between ceftobiprole and CD. A geometrical criterion is verified for each timeframe.
An H-bond is formed if the donor–acceptor distance is not greater than 0.35 nm, and the
donor–hydrogen–acceptor angle is not less than 150◦. The occupancy of a given H-bond is
defined as the fraction of timeframes in which this criterion is fulfilled. For all performed
simulations, Table 2 contains the average number of H-bonds detected per timeframe, and
a list of donor–acceptor pairs for which the H-bond occupancy is not less than 10%.
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Table 2. H-bond analysis. Atom numbering is shown in Scheme 1 for ceftobiprole and Scheme 2
for CDs. n—the average number of H-bonds per timeframe. 0, p, z—different protonation states
of ceftobiprole (Scheme 3). 1, 2—the arrangement of the ceftobiprole molecule in the CD cavity,
presented in Scheme 4.

β-CD HP-β-CD SBE-β-CD

26 (0, p)/25 (z) Donors,
49 Acceptors

26 (0, p)/25 (z) Donors,
53 Acceptors

19 (0, p)/18 (z) Donors,
70 Acceptors

n

Most Frequent
H-Bonds in the

Form: CD
Atom–Ceftobiprole
Atom (Occupancy)

n

Most Frequent
H-Bonds in the

Form: CD
Atom–Ceftobiprole
Atom (Occupancy)

n

Most Frequent
H-Bonds in the

Form: CD
Atom–Ceftobiprole
Atom (Occupancy)

0

1 1.999 all below 10% 2.288

O35-O1 (68.2%),
O33-O1 (48.5%),
O39-N1 (30.7%),
O69-O2 (25.9%),
O45-O3 (20.4%),
O45-O4 (12.0%)

1.225 O15-O1 (58.3%)

2 1.123 O75-O2 (10.6%) 1.789
O61-O4 (50.4%),
O25-O2 (26.6%),
O76-N2 (26.3%)

1.405
O65-N1 (17.5%),
O75-O2 (16.5%),

O(SO3
−)-O4 (11.4%)

p

1 1.983
O41-O4 (12.4%),
O61-O4 (11.9%),
O51-O4 (10.7%)

2.522

O35-O1 (54.9%),
O33-O1 (50.1%),
O59-O2 (29.8%),
O25-O1 (21.6%),
O23-O1 (18.7%)

1.545 O25-O1 (56.2%),
O53-O1 (10.6%)

2 1.613

O75-O2 (16.0%),
O41-O4 (16.7%),
O65-O2 (12.5%),
O55-O2 (11.4%),
O31-O4 (10.8%),
O21-O4 (10.5%)

1.436 O35-O2 (45.2%),
O63-O2 (14.7%) 1.427 O65-O2 (40.3%),

O23-O2 (22.7%)

z

1 3.042

O73-O3 (63.2%),
O75-O3 (62.3%),
O29-N1 (20.5%),
O33-O2 (17.3%),
O59-N1 (13.6%),
O63-O4 (10.6%)

2.299
O69-O4 (71.5%),
O13-O1 (28.1%),
O43-O5 (19.9%),
O55-O1 (10.5%)

1.605
O65-O1 (37.7%),
O55-O1 (26.3%),
O35-N2 (11.6%),
O25-N2 (10.7%)

2 2.106

O65-O3 (22.3%),
O55-O3 (15.0%),
O75-O3 (14.8%),
O73-O3 (13.0%),
O63-O3 (11.1%)

1.464
O69-O3 (37.9%),
O76-N2 (17.6%),
O15-N1 (15.0%),
O29-O3 (11.9%)

0.909 O55-N1 (15.5%),
O45-N1 (11.8%)

2.4. GBSA Results

There are many methods for estimating the ∆G of host–guest complex formation [23],
most of which are computationally very demanding. They require many simulations, e.g.,
for different degrees of guest inclusion in the CD cavity (umbrella sampling) or using many
different values of the coupling parameter λ (thermodynamic integration). In this study,
the GBSA method was used due to its very good computational efficiency, as this model
requires only one trajectory of the complex, i.e., one simulation for each system. According
to a recent review article [8], this method is widely-accepted in the field of CD inclusion
complexes. The general ∆G consists of three parts: ∆EMM, which is the host–guest binding
enthalpy independent of the solvent (including van der Waals and electrostatic terms), the
enthalpy of solvation ∆Gsolv (described below), and the entropic term −T∆Scon f ig, where
∆Scon f ig is configurational entropy including the translational, rotational, and vibrational
degrees of freedom. Based on the same trajectory, these terms are calculated first for the
complex, and then for the host and the guest alone. The difference between them is given
as a final result.

The total ∆G of solvation in the GBSA model is decomposed into an electrostatic (GB)
and non-electrostatic (SA) part. The first is calculated as the free energy of first removing
all charges in a vacuum, and then adding them again in the presence of a continuum
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solvent environment. It is assumed that the interior of the atom is filled with a material
with a dielectric constant of ε = 1, while the molecule is surrounded by a solvent with
ε = 78.5. Each atom in a molecule is represented as a sphere with a charge qi at its centre,
and is characterised by the so-called effective Born radius, Ri, which is calculated many
times depending on the distance of the atom from the surface of the molecule. The non-
electrostatic contribution is proportional to the total surface area available to the solvent
and is due to the combined effect of the favourable van der Waals attraction between the
solute and the solvent, and the unfavourable cost of breaking the solvent structure around
the solute. The obtained ∆Gs for the tested systems are presented in Table 1, while the
contributions to the total ∆G values of individual terms are presented in Table 3 (β-CD),
Table 4 (HP-β-CD), and Table 5 (SBE-β-CD). The values in kcal/mol can be converted to
those in kJ/mol through multiplication by a factor of ca. 4.184.

Table 3. Comparison of enthalpic and entropic terms contributing to the total ∆G of the formation of a
complex withβ-CD. 0, p, z—different protonation states of ceftobiprole (Scheme 3). 1, 2—arrangement
of the ceftobiprole molecule in the CD cavity, presented in Scheme 4.

β-CD

0 p z

1 2 1 2 1 2

∆H

van der Waals −39.07 −37.39 −38.47 −36.56 −29.21 −35.45
electrostatic −18.19 −13.36 −26.26 −23.83 −66.72 −34.57

∆EMM −57.26 −50.75 −64.73 −60.38 −96.62 −70.02

GB 31.98 29.46 38.38 35.83 65.38 46.11
SA −4.21 −4.03 −4.24 −3.94 −3.90 −3.83

∆Gsolv 27.77 25.43 34.14 31.98 61.48 42.29

total −29.48 −25.32 −30.60 −28.49 −35.44 −27.74

−T∆S

translational 12.98 12.98 12.98 12.98 12.98 12.98
rotational 11.12 11.14 11.12 11.14 11.07 11.18

vibrational −1.59 −2.30 −0.59 −0.68 −0.04 −2.92

total 22.51 21.82 23.51 23.44 24.00 21.25

∆G total −6.97 −3.50 −7.08 −5.05 −11.44 −6.49

Table 4. Comparison of enthalpic and entropic terms contributing to the total ∆G of the formation of
a complex with HP-β-CD. 0, p, z—different protonation states of ceftobiprole (Scheme 3). 1, 2—the
arrangement of the ceftobiprole molecule in the CD cavity, presented in Scheme 4.

HP-β-CD

0 p z

1 2 1 2 1 2

∆H

van der Waals −41.37 −44.93 −38.22 −40.94 −41.60 −38.35
electrostatic −27.02 −19.41 −35.96 −25.91 −31.77 −32.13

∆EMM −68.39 −64.34 −74.18 −66.84 −73.37 −70.48

GB 37.39 33.65 42.81 40.53 46.61 45.13
SA −4.44 −4.67 −4.40 −4.41 −4.41 −4.27

∆Gsolv 32.95 28.97 38.41 36.13 42.20 40.86

total −35.44 −35.37 −35.77 −30.72 −31.17 −29.62



Int. J. Mol. Sci. 2023, 24, 16644 12 of 22

Table 4. Cont.

HP-β-CD

0 p z

1 2 1 2 1 2

−T∆S

translational 13.03 13.03 13.03 13.03 13.03 13.03
rotational 11.19 11.22 11.22 11.22 11.30 11.17

vibrational −1.05 0.24 −0.24 −0.03 0.12 −0.76

total 23.17 24.49 24.01 24.23 24.45 23.44

∆G total −12.27 −10.89 −11.76 −6.49 −6.73 −6.18

Table 5. Comparison of enthalpic and entropic terms contributing to the total ∆G of the formation of
a complex with SBE-β-CD. 0, p, z—different protonation states of ceftobiprole (Scheme 3). 1, 2—the
arrangement of the ceftobiprole molecule in the CD cavity, presented in Scheme 4.

SBE-β-CD

0 p z

1 2 1 2 1 2

∆H

van der Waals −50.81 −44.74 −54.24 −46.09 −47.62 −40.81
electrostatic −5.00 −22.39 −261.01 −211.84 −14.81 −15.26

∆EMM −55.82 −67.13 −315.25 −257.93 −62.44 −56.07

GB 28.27 40.47 281.02 229.52 36.90 33.72
SA −5.19 −4.98 −5.78 −4.99 −4.68 −4.38

∆Gsolv 23.08 35.50 275.25 224.54 32.22 29.34

total −32.74 −31.64 −40.01 −33.40 −30.22 −26.74

−T∆S

translational 13.12 13.12 13.12 13.12 13.12 13.12
rotational 11.35 11.35 11.35 11.38 11.36 11.32

vibrational −0.63 0.17 2.92 1.18 −0.15 −1.54

total 23.85 24.64 27.39 25.68 24.33 22.90

∆G total −8.89 −7.00 −12.62 −7.71 −5.88 −3.84

As can be seen in Tables 3–5 the formation of complexes with ceftobiprole should
always be a spontaneous process (∆G < 0), taking into account the balance between the
favourable enthalpic effect (physical interactions between ceftobiprole and CDs leading
to a ∆H < 0) and the unfavourable entropic effect (∆S < 0, i.e., –T∆S > 0, resulting from
the decrease in the number of degrees of freedom in the system when ceftobiprole is
immobilised in the CD cavity). Both the van der Waals and electrostatic interactions, as
well as the SA terms, are negative, which means that they stabilise the formed complex,
while the GB term is always positive. Exceptionally high values in both the electrostatic
and GB terms are obtained with the cationic ceftobiprole with the anionic SBE-β-CD.

Some authors argue that there is no need to calculate the entropic term, as it should
vary slightly between similar complexes. This simplification, which has not been applied
here, would have the least impact on complexes with the HP-β-CD, for which the –T∆S
ranges from 23.17 to 24.49 kcal/mol, while it does not apply at all in the case of SBE-β-CD,
which possess seven flexible SBE chains (–T∆S ranging from 22.90 to 27.39 kcal/mol).
Differences in the entropy result from the vibrational contribution, which can be positive or
negative depending on the charges and orientation of the ceftobiprole.

Table 1 compares the affinities obtained from the molecular docking study (ranging
from −5.91 to −7.75 kcal/mol) and the ∆G values obtained using the GBSA (from −3.50
to −12.62 kcal/mol). The ∆G of complex formation, calculated as the average over the
simulation time, including multiple conformers, is a better measure of the interaction of
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CD and ceftobiprole in an aqueous solution than the result of docking to a rigid structure of
one CD conformer. The discussed differences clearly explain why the structures obtained
in the docking study were only used as starting structures for the MD/GBSA calculations.

Interestingly, the docking study predicted that the β-CD/ceftobiprole complexes with
orientation 2 were thermodynamically favoured over orientation 1; however, the GBSA
study found the opposite to be true. In all simulations with all three CDs, orientation 1 had
a more negative ∆G, which means that the probability of finding a complex in orientation 1
is much higher than in orientation 2. According to the Boltzmann distribution, the ratio of
the probabilities of two states, p2/p1, can be determined as follows:

p2

p1
= exp

(
−∆E

RT

)
(1)

where ∆E is the difference in energy of the analysed states in kcal/mol, R = 1.9872 cal
mol−1 K−1 is the universal gas constant, and T = 298.15 K is the temperature of the system.
Assuming that ∆E can be expressed as the difference between the ∆Gs determined for
orientations 1 and 2, which ranges from 0.55 to 4.95 kcal/mol for different systems, the
probability of finding the complex in alignment 2 varies between 0.02 and 28%. The ∆G of
complex formation is related to the stability constant K by means of the following equation:

∆G = −RTlnK (2)

However, in the works on the MD of CD complexes, calculations of K based on the
∆G are hardly encountered. This approach, in which the exponent of the ∆G would be
calculated, leads to an exponential exaggeration of any errors in the determination of the
∆G. Moreover, it would be difficult to compare the value calculated in this way with the
experimental value, because the latter largely depends on the method and conditions of its
determination [24]. On the other hand, it is safe to compare the ∆Gs calculated using the
same method. Based on Equation (2), the more negative the ∆G, the higher the K, which
means that the equilibrium between the non-complexed molecules and the complex is more
towards a complex formation. In other words, the probability of finding a complex instead
of unbound molecules in a given solution would increase. The calculated values of the ∆G
can be ordered in two ways: from the perspective of CD, or according to the protonation
state of ceftobiprole (0, p, z). For β-CD, the stability of the complex decreases in the order
of z > p > 0, for HP-β-CD, in the order of 0 > p > z, whereas for SBE-β-CD, it is in the order
of p > 0 > z. From this different point of view, the preference for non-ionised ceftobiprole
decreases as follows: HP-β-CD > SBE-β-CD > β-CD, and the order is slightly different for
the cationic form, SBE-β-CD > HP-β-CD > β-CD, while in zwitterionic form the order is
β-CD > HP-β-CD > SBE-β-CD. Consequently, for each CD there is a thermodynamically
preferred protonation state of ceftobiprole with which the complex is most stable, and
at certain pH values (at which ceftobiprole is characterised with a certain protonation
state), there is a selected CD forming the most stable complexes. Of the 18 simulations
performed, the most negative ∆G was obtained for the complex with cationic ceftobiprole
and SBE-β-CD (−12.62 kcal/mol, which corresponds to −52.80 kJ/mol).

2.5. Comprehensive Analysis of the MD Results

The simultaneous analysis of the geometric structure of the complexes (Figures 1–3),
H-bonds (Table 2), and individual contributions to the ∆G (Tables 3–5) allows us to make
several important observations. For neutral CDs (β-CD and HP-β-CD) together with non-
ionised or positively charged ceftobiprole, the same fragment of the ceftobiprole molecule
is inserted into the CD cavity, whether it is in alignment 1 or 2. This fragment contains four
conjugated double bonds, from the C=O bond in the carboxylic group to the C=O bond in
the 2-pyrrolidone ring, thus possibly allowing non-polar interactions with the hydrophobic
interior of the CD cavity. H-bonds are formed between the hydroxyl groups of CDs and
several oxygen atoms of ceftobiprole, including one in the 2-pyrrolidone ring (O2), the
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hydroxyl oxygen of the carboxylic group (O4), and in the amide bond linking the cephem
group to the aminothiadiazole ring (O1). It can be hypothesised that the increased number
of H-bonds formed by the HP-β-CD compared to those formed by the native β-CD is the
probable cause of the higher stability of the HP-β-CD complexes with non-ionised and
cationic ceftobiprole.

The nature of SBE-β-CD, involving its overall charge of −7, changes the mode of
ceftobiprole inclusion compared to the smaller and neutral CDs. For orientation 1, with
the aminothiadiazole ring protruding from the wide rim, the amide group is inserted into
the CD cavity, whereas the cephem moiety and the five-member rings remain outside.
Strong hydrogen bonds can be observed between the O1 atom of the ceftobiprole and the
O15 atom of the SBE-β-CD. It is noteworthy that some SBE chains align parallel to the
ceftobiprole molecule, allowing the SO3

− groups at the ends of these chains to interact with
the ceftobiprole secondary amino group. This interaction is particularly strong in acidic
solutions, in which this amino group carries a positive charge and is probably responsible
for the greatest stability of this complex among all the performed simulations. On the other
hand, for the complexes with arrangement 2, the 2-pyrrolidone ring is inserted into the
CD cavity.

The structures of the complexes obtained with zwitterionic ceftobiprole differ signifi-
cantly from those analysed so far, because the insertion of the negatively charged carboxylic
anion into the hydrophobic CD cavity is not thermodynamically preferred. This suggests
that the inclusion phenomena change when the complex is formed in a buffered solution
of nearly neutral pH, compared to the previously discussed protonation states present in
pure water and acidic solutions. Often it turned out that the equilibrium structure in the
MD simulation was significantly different from that obtained in the docking study. In the
case of β-CD, the 2-pyrrolidone ring is inserted into the CD cavity when the orientation
of ceftobiprole is 1, and the β-lactam ring is inside the CD cavity when the orientation
is 2. In both orientations, very strong H-bonds are formed with the carbonyl oxygen of
the carboxyl group (O3) of ceftobiprole. The exceptionally high number of H-bonds per
timeframe, 3.042 for orientation 1, is a possible reason why the β-CD complexes are most
stable with the zwitterionic ceftobiprole compared to those in other protonation states. For
both substituted CDs (HP- and SBE-β-CD), the inclusion depth of zwitterionic ceftobiprole
is similar, but different from that observed with the native β-CD—in orientation 1, the
β-lactam is inserted into the CD cavity, while in orientation 2, only the pyrrolidine ring
is inserted whereas the rest of the molecule protrudes from the narrow rim. The GBSA
calculations showed that the zwitterionic ceftobiprole forms the least-stable complexes
with substituted CDs.

2.6. Experimental Verification of Theoretical Results Using HPLC

There are several experimental methods for studying CD inclusion complexes. Among
them, HPLC was chosen, which allows for the analysis of changes in the physicochemical
properties of the guest (such as the solubility and chemical stability) during the formation
of the inclusion complex. For this purpose, the HPLC method developed and optimised by
our research group was used [21].

First, the impact of CD addition on the peak area of ceftobiprole was investigated.
The peak area of the ceftobiprole in water (0.04 mg/mL, corresponding to 0.08 mM) was
compared with the peak area of the ceftobiprole of the same concentration obtained in an
aqueous solution with the addition of the HP-β-CD or SBE-β-CD at a concentration of
10 mM. It was found that the area of the peak integrated at 320 nm (the first UV maximum
of ceftobiprole absorption) increased only about 2% (despite a more than 100-fold molar
excess of CD), while at 230 nm (the second UV maximum) no significant increase was
observed in peak area, thus showing the equality of the response of ceftobiprole with and
without CDs.

The impact of CDs on the solubility of ceftobiprole was then assessed. Such studies
have not been performed for ceftobiprole so far, therefore, the time needed to obtain a
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saturated aqueous solution or the time needed to achieve complexation equilibrium were
not known. Therefore, kinetic solubility studies (described in the Section 3) were performed.
Supersaturated suspensions of ceftobiprole, with or without CDs, were sampled at specified
time intervals and analysed using HPLC. The concentration of ceftobiprole obtained in
this way, corresponding to a saturated solution, can be considered its maximum solubility
under specified conditions. These values, changing over time, determined in three different
solvents (water, 0.1 M HCOOH, and 0.1 M HCl), are summarized in Table 6. The relative
increase in ceftobiprole concentration in saturated solution in the presence of CD was also
provided. Due to the insufficient solubility of the β-CD in water and acidic solutions, tests
were carried out only with substituted CDs.

Table 6. Ceftobiprole concentration in water, 0.1 M HCOOH, and 0.1 M HCl at specified time intervals.

Without CD With HP-ß-CD With SBE-ß-CD

Time c (mg/mL) c (mg/mL) Relative
Increase c (mg/mL) Relative

Increase

Ceftobiprole in water

15 min 0.087 0.090 1.04 0.112 1.29
150 min 0.087 0.095 1.09 0.115 1.33
300 min 0.085 0.096 1.13 0.116 1.36

24 h 0.093 0.101 1.08 0.119 1.27
48 h 0.107 0.109 1.03 0.125 1.18

Ceftobiprole in 0.1 M HCOOH

15 min 0.139 0.151 1.09 0.216 1.55
150 min 0.142 0.157 1.10 0.226 1.59
300 min 0.153 0.167 1.09 0.224 1.46

24 h 0.146 0.165 1.13 0.224 1.53
48 h 0.157 0.181 1.15 0.233 1.49

Ceftobiprole in 0.1 M HCl

15 min 0.972 0.974 1.00 1.337 1.37
150 min 0.955 0.973 1.02 1.347 1.41
300 min 0.987 1.005 1.02 1.375 1.39

24 h 0.938 1.012 1.08 1.384 1.48
48 h 0.895 1.002 1.12 1.311 1.47

Relative increase—the ratio of ceftobiprole concentrations with and without CD.

In water, after 5 h of shaking, the solubility of ceftobiprole was 0.085 mg/mL (0.16 mM).
In 10 mM of HP-β-CD, this value increased to 0.096 mg/mL (0.18 mM), i.e., by 13%, while
in 10 mM of SBE-β-CD the solubility of ceftobiprole reached 0.116 mg/mL (0.22 mM),
which means an improvement of 36%. In an acidic medium created to force the protonation
of ceftobiprole, such as 0.1 M HCOOH (pH ≈ 2.3), after 24 h of shaking, the solubility
of ceftobiprole was 0.146 mg/mL (0.27 mM). In 10 mM of HP-β-CD this value increased
to 0.164 mg/mL (0.31 mM), i.e., by 13%, while in 10 mM of SBE-β-CD the solubility of
ceftobiprole reached 0.224 mg/mL (0.42 mM), which means an improvement of 53%. In
0.1 M of HCl (pH ≈ 1), the concentration of ceftobiprole reached 0.987 mg/mL after
5 h of shaking. The obtained results showed that after a mixing (incubation) period of
24 h and more, the concentration of ceftobiprole constantly decreased, which indicated
that the degradation processes outweighed the increase of the dissolution of ceftobiprole
suspended in the solvent. After 24 h, the concentration of ceftobiprole in 0.1 M of HCl
was 0.938 mg/mL, while in 10 mM of HP-β-CD it was 1.012 mg/mL (+8%), and in 10 mM
of SBE-β-CD it reached 1.384 mg/mL (+48%). In summary, it can be concluded that the
SBE-β-CD improves the solubility of ceftobiprole to a greater extent than the HP-β-CD,
both in neutral and acidic solutions.

How do these results support those obtained from theoretical studies? It is intriguing
why the solubility of ceftobiprole, even in more than a 50-fold excess CD, increases relatively
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little. To answer this question, it may be useful to analyze the predicted structures of the
complexes shown in Figures 1–3. The ceftobiprole molecule consists of five connected rings,
two of which form the bicyclic cephem moiety. It is clear from the analysis of Figure 1 that
the macrocyclic ring of the CD molecule surrounds a short segment of the ceftobiprole
molecule. As a result, a major part of the ceftobiprole molecule is still exposed to direct
contact with water molecules, which is probably thermodynamically unfavorable. It can
be anticipated that the relatively small partial improvement in ceftobiprole solubility is
probably due to the protection of only part of the ceftobiprole molecule by the macrocyclic
CD ring.

It therefore remains to explain why the improvement in the solubility of ceftobiprole
in unacidified water was greater for the SBE-β-CD than for the HP-β-CD, even though the
calculated stability constant was found to be higher for the latter. It can be assumed that
the decisive factor is not the K value, but the geometrical shape of the complex. Taking into
account the high K value, obtained in theoretical calculations for all the tested complexes,
as well as an approximately 50-fold molar excess of CD in experimental studies, it can be
stated that almost 100% of ceftobiprole molecules are complexed by CDs. Meanwhile, a
comparison of the corresponding structures in Figures 2 and 3 shows significant differ-
ences in the shapes of the complexes. In the case of the SBE-β-CD, another part of the
ceftobiprole molecule entered the CD cavity, and the SBE chains were arranged parallel to
the ceftobiprole molecule, thus protecting it from direct contact with water.

The relatively low chemical stability of ceftobiprole was discussed in [21] and the
kinetics of its degradation was determined. Based on the literature data on the improvement
of the chemical stability of β-lactam antibiotics after their complexation with CDs [10,25],
it was assumed that the inclusion of the ceftobiprole molecule in the CD cavity would
protect the ceftobiprole molecule against hydrolysis in an acidic environment. Therefore,
the kinetics of ceftobiprole degradation in two solvents was examined: in water at 45 ◦C
and in 0.1 M of HCl at 25 ◦C, and the corresponding rate constants k were determined in
the presence and absence of CDs. The reason for increasing the temperature was to obtain
an appropriate degradation rate that would allow for an unambiguous determination of k.
The obtained results are summarized in Table 7.

Table 7. Comparison of rate constants k for ceftobiprole degradation.

Water, 45 ◦C 0.1 M HCl, 25 ◦C

without CD 3.72 × 10−6 s−1 2.05 × 10−6 s−1

with 10 mM HP-β-CD 4.17 × 10−6 s−1 1.33 × 10−6 s−1

with 10 mM SBE-β-CD 1.31 × 10−6 s−1 0.81 × 10−6 s−1

The results showed that the HP-β-CD accelerated the degradation of ceftobiprole
under neutral conditions and inhibited the degradation under acidic conditions. This is
consistent with the statement of Popielec and Loftsson regarding the influence of CDs
on the chemical stability of drugs [25]. The authors indicated that the catalytic effect of
CDs can be explained by the fact that CDs are oligosaccharides and, like other saccharides
(e.g., glucose), catalyze the degradation of β-lactam antibiotics in aqueous solutions under
neutral and alkaline conditions. The significant effect of the SBE-β-CD complexation on the
stability of ceftobiprole in acidic conditions can be explained based on the knowledge of
the structure of acid degradation products determined in the paper [21]. The degradation
product that is formed first is the result of the hydrolysis of the oxime group to the keto
group (Scheme 5). In the complex with the SBE-β-CD, the solvent access to the oxime group
is limited because it is hidden in the CD cavity.
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Scheme 5. Degradation pathway under acidic conditions, proposed in work [21].

3. Materials and Methods
3.1. Computations

The structure of the ceftobiprole molecule was obtained from PubChem (CID 135413542 [26]).
The pKa values of functional groups were predicted using various software, includ-
ing Chemicalize from ChemAxon (Budapest, Hungary) [27] and Epik 7, a part of the
Schrödinger 2023-2 package [28]. The structure of the β-CD was taken from the Cambridge
Crystallographic Data Centre (CCDC, deposition number 2236679 [11]). The structures
of the substituted CDs (Scheme 2) were created manually, based on the crystallographic
structure of native β-CD. For the HP-β-CD, the HP groups were attached to four selected
primary hydroxyl groups (in the first, third, fifth, and seventh glucose unit), whereas for
the SBE-β-CD, primary hydroxyl groups in all seven glucose units were substituted with
SBE moiety.

The molecular docking studies were performed with the use of AutoDock Vina
1.2.3 [29,30], using AutoDock 4 force field, scoring function AD4, and computational
exhaustiveness 32. As a result, nine structures of the complexes characterised by most
negative affinity (expressed in kcal/mol) were proposed by the software. Two conforma-
tions were chosen out of them for the MD studies—one with the most negative affinity,
and another one corresponding to the thermodynamically most-favoured complex with
ceftobiprole directed oppositely inside the CD cavity. The resultant files were converted
to the Protein Data Bank (.pdb) file format, and then the missing hydrogen atoms of the
ceftobiprole molecule were added with use of Avogadro 1.2.0 [31].

In order to parametrise the complexes with the use of General AMBER Force Field
(GAFF), the following parts of the AmberTools 20 suite [32] were applied separately for
the ceftobiprole and CDs: antechamber [33,34] to calculate partial charges for each atom
on the AM1/BCC level of theory, parmchk2 to obtain the missing parameters of GAFF,
and LEaP to generate AMBER topologies. Then, AMBER topology files were converted to
GROMACS files with the use of acpype 2022.6.6 script [35], separately for ceftobiprole and
for CD.
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MD simulations were performed in GROMACS 2022.5 [36]. Topology files were
created manually based on the results obtained with acpype. Afterwards, cubic periodic
boxes were created around the systems and filled with TIP3P water molecules. For the
first tested system with the SBE-β-CD, which is the largest CD in our calculation, the
dimensions of the box were selected so that the distance of the solute from the wall was at
least 1.2 nm (greater than the longest cut-off), which corresponded to the edge of the box at
5.293 nm. In the subsequent studies with SBE-β-CD, the initial box sizes were set at the
same value of 5.293 nm, while for the complexes with β-CD and HP-β-CD, the box sizes
were set to 5.270 nm, leading to an almost equal number of solvent molecules (4701–4723)
in all 18 systems. An appropriate number of sodium cations or chloride anions was added
to the solvent as counter ions to neutralise the charge of the system. The corresponding
numbers of the molecules in the systems are summarised in Table 8.

Table 8. The numbers of water molecules and ions in the performed simulations.

β-CD HP-β-CD SBE-β-CD

H2O Ions H2O Ions H2O Ions

0
1 4720 -- 4707 -- 4707 7 Na+

2 4723 -- 4705 -- 4712 7 Na+

p 1 4719 1 Cl− 4705 1 Cl− 4709 6 Na+

2 4721 1 Cl− 4704 1 Cl− 4711 6 Na+

z 1 4723 -- 4707 -- 4709 7 Na+

2 4722 -- 4701 -- 4708 7 Na+

The potential energy of the systems was minimised using the steepest decent method.
Afterwards, 100 ps of equilibration in NVT ensemble and 100 ps in NPT ensemble were
performed. Position restrains were put on non-hydrogen atoms of the solute only during
the equilibration. Then, 100 ns of production run was performed with the set of parameters
chosen based on the GROMACS tutorial [37] and parameters proposed by acpype, listed
below. The detailed description of the applied parameters of simulation can be found,
for example, in the GROMACS tutorial [37] and manual [38]. The equations of motion
were solved using leap-frog integrator with a time step of 2 fs, and with the use of the
LINCS holonomic constraint algorithm applied for bonds to hydrogen atoms. A Verlet
list of short-range neighbours was used. For van der Waals forces, a switching function at
distances between 0.9 and 1.1 nm was applied (according to the output of acpype). The
Particle Mesh Ewald (PME) method was used to calculate long-range electrostatic forces.
Solute and solvent were coupled to two separate V-rescale thermostats at 298.15 K. The
pressure of the system (1 bar) was controlled by Parrinello-Rahman barostat. Snapshots of
the system were saved in 10 ps intervals.

The ∆G of complex formation was estimated using a GBSA equation [39] with the use
of gmx_MMPBSA 1.6.1 software [40], based on AMBER’s MMPBSA.py 16.0 [41] and Amber-
Tools 20 [31]. The calculations were performed with default parameters of gmx_MMPBSA
1.6.1, except for the concentration of ions (saltcon and nmode_istrng), which was set to 0.1 M
for the systems with charged ceftobiprole. The modified model developed by Onufriev et al.
(igb = 5) with the mbondi2 set of radii (PBRadii = 3) [42] was used. The entropic contribution
was estimated by means of normal mode analysis for every tenth snapshot.

The Supplementary Materials contains the files with the applied commands, GRO-
MACS topology, as well as the files with parameters for the energy minimisation, NVT and
NPT equilibration, production run, and GBSA calculations.

3.2. HPLC Studies

The ceftobiprole was purchased from BenchChem (Austin, TX, USA). HP-β-CD
(DS = 4.2, product number CY-2005.2) and the SBE-β-CD (DS = 6.5, product number CY-
2041.2) was bought from CycloLab (Budapest, Hungary).
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The deionised water was obtained from a Direct-Q 3 UV Millipore by Merck (Darm-
stadt, Germany). The acetonitrile (ACN, gradient grade for HPLC, ≥99.9%) was obtained
from Honeywell (Seelze, Germany), the hydrochloric acid (HCl, pure p.a., 35–38%) was
bought from POCH (Gliwice, Poland), the ammonium acetate (reag. Ph. Eur., ≥98.0%) was
purchased from Merck (Darmstadt, Germany), the acetic acid (pharma grade, 99.9%) was
obtained from AppliChem (Darmstadt, Germany), and the formic acid (HCOOH, reag. Ph.
Eur., ≥98%) was obtained from Sigma-Aldrich (Darmstadt, Germany).

The supersaturated suspensions of ceftobiprole were prepared and sonicated for
10 min: 0.25 mg/mL in water, 0.50 mg/mL in 0.1 M of HCOOH and 2.00 mg/mL in 0.1 M
of HCl. The appropriately weighed amounts of the selected CDs were then transferred
to stoppered flasks: the HP-β-CD to the first one and the SBE-β-CD to the second one,
while the third flask did not contain CDs and served as a reference. A volume of 6.5 mL of
ceftobiprole suspension was added to each flask, while the concentrations of the selected
CDs were 10 mM, respectively. The flasks were shaken at 750 rpm and 1 mL samples were
taken from the flasks at intervals of 15, 150, and 300 min and then 24 and 48 h. The samples
were centrifuged at 14,000 rpm for 10 min, and then the clear supernatants were analyzed
using HPLC. For comparison, the standard solutions of ceftobiprole were prepared with a
concentration below the solubility limit in each solvent. To determine the concentration of
ceftobiprole in the sample, the peak area in the test sample was compared to the peak area
of ceftobiprole in a standard solution of a known concentration.

In the kinetic experiments, the peak area of ceftobiprole was monitored as a function of
time at 1.5 h intervals for 24 h (water) or 15 h (0.1 M of HCl). Pseudo-first-order kinetics was
assumed and the rate constant k was determined as the slope of the line fitted according to
the following equation:

ln
(

a
a0

)
= −kt (3)

where a0 is the initial peak area of the ceftobiprole, and a is the peak area of the ceftobiprole
at time t.

The HPLC analysis was performed using a Shimadzu Nexera-i LC-2040C (Kioto,
Japan) liquid chromatograph with a UV–VIS detector, equipped with LabSolutions 5.87 data
processing software. A chromatographic method developed in [21] was applied.

4. Conclusions

The interest in CDs in combination with drugs is constantly growing, and this trend
will continue into the coming years due to their versatility and fascinating ability to
improve pharmaceutical formulations in the design of innovative therapies. Among the
many methods of studying CD complexes, computational techniques have gained great
attention, as they may be used to predict the most likely geometries of complexes instead
of utilising diffraction techniques. Although some molecular modelling analyses of CD
complexes with cephalosporin antibiotics have been performed to date, few of them include
a detailed study of the factors influencing the complex formation.

In this study, MD simulations were performed for 18 combinations of CD, and ceftobip-
role protonation states and orientations. Unlike similar papers, this MD study additionally
involves an attempt to predict the pKa values for ionisable functional groups, which al-
lows for proposing the dominant protonation states of ceftobiprole at different pH values.
Consequently, the obtained results show how the inclusion phenomena change with pH.
The analysis of the obtained MD trajectories included the spatial arrangement of ceftobip-
role and CD, H-bonds forming between them, as well as energetic contributions to the
total ∆G of complex formation. The complex formation with ceftobiprole proved to be
a spontaneous process. Both the van der Waals and electrostatic interaction terms in the
GBSA calculations were negative, which means that they stabilized the resulting complex.
The differences in entropy were due to the vibrational contribution, which could be pos-
itive or negative depending on the charges and orientation of the ceftobiprole. The ∆G
of complex formation involving multiple conformers was found to be a better measure
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of the interaction between ceftobiprole and CD in an aqueous solution than the result of
docking to a rigid structure of a single CD conformer. In all simulations with all three CDs,
orientation 1 had a more negative ∆G, meaning that the probability of finding the complex
in orientation 1 was much higher than in orientation 2. Finally, three pairs consisting
of the CD and the appropriate protonation states of ceftobiprole of the greatest stability
have been found: β-CD and zwitterionic ceftobiprole, HP-β-CD and neutral ceftobiprole,
and SBE-β-CD and protonated ceftobiprole. Out of them, the complex consisting of the
SBE-β-CD and protonated ceftobiprole proved to be the most stable (∆G = −12.62 kcal/mol
= −52.80 kJ/mol) due to the electrostatic interactions between the anionic host and the
cationic guest.

The obtained theoretical results were experimentally verified using HPLC. For the
most preferential conditions of complex formation, in an acidic solution of ceftobiprole and
SBE-β-CD, a significant effect of CD on the physicochemical properties of ceftobiprole was
observed. The solubility (concentration of ceftobiprole in a saturated solution) increased ca.
1.5-fold, and the degradation rate constant of ceftobiprole decreased ca. 2.5-fold in 0.1 M of
HCl. Similar effects have been reported in the literature for other cephalosporin antibiotics,
so it can be concluded that these experimental results confirm theoretical predictions.

Supplementary Materials: The supporting information can be downloaded at: https://www.mdpi.
com/article/10.3390/ijms242316644/s1.
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Abstract

This study presents a methodology for developing a cyclodextrin-based delivery system
for ceftobiprole, a poorly water-soluble and amphoteric drug, chemically stable in acidic
conditions. Ceftobiprole is a broad-spectrum cephalosporin antibiotic administered clini-
cally as its water-soluble prodrug, ceftobiprole medocaril, due to limited aqueous solubility
of the parent compound. Solubility enhancement was achieved through complexation
with anionic sulfobutylether-β-cyclodextrin (SBE-β-CD). At a pH below 3, ceftobiprole
is protonated and cationic, which facilitates electrostatic interactions with the anionic
cyclodextrin. An optimised high-performance liquid chromatography (HPLC) method
was used to assess solubility, the impurity profile, and long-term chemical stability. X-
ray powder diffraction (XRPD) confirmed the amorphous nature of the system and the
absence of recrystallization. Nuclear magnetic resonance (NMR) and attenuated total
reflection Fourier transform infrared (ATR-FTIR) spectroscopy supported the formation of
a host–guest complex. The freeze-dried system prepared from 0.1 M formic acid solution
contained negligible residual acid due to nearly complete sublimation. The most promising
formulation was a ternary system of ceftobiprole, maleic acid, and SBE-β-CD (1:25:4 molar
ratio), showing ~300-fold solubility improvement, low levels of degradation products, and
stability after eight months at −20 ◦C. After pH adjustment to a parenterally acceptable
level, the formulation demonstrated solubility and a pH comparable to the marketed
drug product.

Keywords: ceftobiprole; cyclodextrin; drug delivery; lyophilisation; SBE-β-CD; ternary system

1. Introduction
Among the various approaches aimed at improving the bioavailability of drugs

with low solubility or permeability, included in the Biopharmaceutical Classification
System (BCS) classes II and IV, complexes with cyclodextrins (CDs) have attracted
great attention [1–8]. In general, CDs comprise a macrocyclic ring composed of glucose
residues linked by α-1,4-glycosidic bonds. This arrangement results in a remarkable three-
dimensional (3D) structure resembling a truncated cone, with hydroxylic groups located
on the outer surface. Consequently, the cavity of a CD becomes hydrophobic, allowing
the poorly water-soluble drugs to enter, while the presence of many OH groups on the
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outer surface should allow a drug–CD complex to improve its solubility [1]. In relation to
antibacterial drugs and antibiotics, our research group demonstrated the advantages of
preparing CD inclusion complexes including slowing down the degradation of an active
pharmaceutical ingredient (API), modifying the drug release profile, improving the perme-
ability through biological membranes, and increasing the antimicrobial activity [9]. It was
observed that the cavity size of β-CD, composed of seven glucose residues, is appropriate
to form the inclusion complexes with the majority of APIs [10]. As each glucose residue con-
tains three OH groups, they may react with different substituents, often in an uncontrolled
manner, thus resulting in a mixture of CD derivatives differing in the degree of substitution
(DS), i.e., the number showing how many hydroxyl groups underwent the reaction. For
example, sulfobutyl ether (SBE) of β-CD has been approved by the European Medicines
Agency (EMA) as a drug excipient suitable for oral and parenteral administration [11].

By the end of 2021, there were 34 reports of CD complexes with cephalosporins (a
subgroup of β-lactam antibiotics) with a significant improvement in solubility demon-
strated for cefuroxime axetil, cefixime, cefpodoxime proxetil, and cefdinir [9]. Among
cephalosporins, ceftobiprole is a relatively novel antibiotic, approved and authorised in
some countries in 2018 in the form of a prodrug with a covalently attached medocaril group
(Scheme 1). The use of native ceftobiprole is limited due to its low solubility. The medici-
nal product Zevtera introduced to the market takes advantage of fact that the medocaril
prodrug is characterised by significantly greater solubility compared to active ceftobiprole,
which allows the drug to be administered to the patient at a concentration of 2 mg/mL.
It is assumed that the prodrug undergoes biotransformation in vivo to the proper drug;
however, it should be emphasised that the efficiency of metabolic reactions may vary from
person to person and may decrease with age [12]. Therefore, in this study, a new drug
delivery system was developed using the active form of the drug, ceftobiprole, instead of
its prodrug, ceftobiprole medocaril.

According to theoretical calculations, ceftobiprole is an amphoteric compound that
exists predominantly in a neutral form at pH values above 3, with a dissociated carboxyl
group and a protonated secondary amino group [13]. At pH values below the pKa of the
carboxyl group of ceftobiprole (3.0 or 3.2, depending on the software used), the –COOH
group remains largely undissociated, resulting in a cationic, protonated form of ceftobip-
role. Molecular docking and molecular dynamics (MD) simulations were performed for
18 different combinations of CDs (β-CD, HP-β-CD and SBE-β-CD), ceftobiprole proto-
nation states (non-ionised, protonated and zwitterionic) and orientations (two opposite
arrangements inside the CD cavity). These simulations indicated that the thermodynam-
ically most stable complexes, characterised by the highest negative value of free Gibbs
energy, were formed with anionic SBE-β-CD under acidic conditions, where ceftobiprole is
protonated [13]. Because protonated ceftobiprole favourably interacts with anionic SBE-β-
CD, thereby increasing solubility, it was necessary to acidify the solution to a pH well below
3. Our previous studies [14] demonstrated that ceftobiprole degrades relatively slowly in
acidic environments compared to other tested stress conditions. The t90 value, representing
the time required for a 10% decrease in the initial concentration, was approximately 22 h in
0.1 M HCl at room temperature. In contrast, degradation was significantly faster under
UV irradiation at 366 nm (t90 ≈ 1 h), in 3% H2O2 (t90 ≈ 25 min), and in 0.01 M NaOH
(t90 ≈ 10 min) [14]. Moreover, another kinetic study revealed that the rate constants for
both acidic degradation in 0.1 M HCl at 25 ◦C and thermal degradation in water at 45 ◦C
decreased 2.5-fold in the presence of 10 mM SBE-β-CD [13].
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Scheme 1. Structural formulas of the compounds discussed in this paper. For ceftobiprole, the
predicted ionizable function groups and the H1′ atom were marked. For acids, the pKa values,
melting points (mp), and molar masses are given.

The aim of this study was to develop new freeze-dried cyclodextrin-based drug de-
livery systems for ceftobiprole—a model substance that is amphoteric, relatively stable
in acidic environment, and poorly soluble in water. The systems were developed with
SBE-β-CD, which was selected as the best carrier based on MD simulations. The goal
was to obtain physically and chemically stable systems with satisfactory physicochemical
properties in relation to the currently registered formulation of the drug. The properties of
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the new systems were characterised using a range of analytical techniques, including an
optimised high-performance liquid chromatographic (HPLC) method [14], nuclear mag-
netic resonance (NMR), X-ray powder diffraction (XRPD) and attenuated total reflectance
infrared Fourier transform (ATR-FTIR) spectroscopy. Long-term chemical stability and
impurity profiles were assessed by HPLC or liquid chromatography coupled to tandem
mass spectrometry (LC-MS/MS), while XRPD analysis was used to confirm the physical
stability of the obtained systems. This goal may nevertheless be more universal, as the
proposed methodology can be used to develop a drug delivery system with increased
solubility in water for a basic or an amphoteric compound, which is thermally unstable but
chemically stable in acidic solutions.

2. Results and Discussion
2.1. Selection of Volatile and Non-Volatile Acids for Ionisation of Ceftobiprole

The newly developed systems were prepared by freeze-drying the solutions containing
ceftobiprole and SBE-β-CD in a solvent characterised by an acidic pH. The acid of choice
had to be a small and hydrophilic molecule; hence, it could therefore not show a strong
affinity for the CD cavity and thus could not compete with ceftobiprole. In order to find
the most appropriate one, several acids differing in strength and volatility (with structural
formulas and selected physicochemical properties depicted in Scheme 1) were tested. The
results of the performed experiments are summarised in Table 1.

When an acid is a liquid at room temperature, it should sublimate from the frozen
solution at a sufficiently low pressure, similar to water, completely or partially leaving
the sample. Therefore, performing the freeze-drying of solutions containing liquid acids
should have the advantage that the pH of the solution is decreased when the complexation
equilibrium is reached (allowing the most favourable conditions for complex formation)
but the solid freeze-dried product should be deprived of the acidic additive to a high extent.
The first solvent containing a volatile acid used for freeze-drying was a 0.1 M aqueous
solution of formic acid, which is the simplest liquid organic acid, starting a homologous
series of monocarboxylic acids. Herein, the molar ratio of ceftobiprole and SBE-β-CD was
set to 1:2. Although the computational studies of this complex were performed assuming
1:1 stoichiometry [13], the excess of SBE-β-CD was applied to achieve a shift of the dynamic
equilibrium towards complex formation. The next volatile acid that was used in this study
was hydrochloric acid, which is 100% dissociated. HCl is a small molecule that does not
compete with ceftobiprole for inclusion in the CD cavity. The mixture of ceftobiprole and
SBE-β-CD was freeze-dried in 0.01 M HCl, because its pH ≈ 2 should be sufficient for the
protonation of most ceftobiprole molecules.

Another approach is to use a solid acid, which allows the formation of a ternary
system. The acid does not sublimate but remains in the system, causing the presence
of the API in the form of a salt. Out of the anions encountered in FDA-approved drug
products [15,16], citrate, tosylate and maleate were selected as three anions of solid acids.
Citric acid (triprotic with a lowest pKa of 3.1), a representative of weak acids, appeared
a promising additive since it is widely used as an acidity regulator, and constitutes an
excipient in the Zevtera drug product [17]. According to the Henderson–Hasselbach
equation, the pH of the solution should be much lower than the pKa for the carboxyl group
of ceftobiprole to ensure that a considerable proportion of API molecules is present in
its protonated, cationic form. When preparing the solution intended for freeze-drying, a
20-fold molar excess of citric acid in relation to ceftobiprole caused a decrease in pH only
to 2.9; a 50-fold excess lowered the pH to 2.7, while a 100-fold molar excess was needed
to obtain a pH of 2.5. Ultimately, it was decided to prepare the system in a molar ratio of
1:100:1 (ceftobiprole:citric acid:SBE-β-CD).
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Table 1. Summary of the results of studies on new drug delivery systems for ceftobiprole in terms of solubility and chemical stability.

System

pH
Solubility of Ceftobiprole
for Freeze-Dried Samples

in a Preliminary Study

Stability
in Solid State

DPs Detected 1

(Estimated Sum in a Preliminary Study)Before
Freeze-
Drying

After
Freeze-
Drying

Without
SBE-β-CD
(mg/mL)

With
SBE-β-CD
(mg/mL)

Solubility
(mg/mL)

After n Months

vo
la

ti
le

ac
id

s

ceftobiprole/SBE-β-CD 1:2
in 0.1 M HCOOH 2.3 4.0 2.1 3.4 not selected

for further study 2
NDP-1, ODP-1, BDP-1,
ODP-2, PDP-1 (1.2%)

ceftobiprole/SBE-β-CD 1:2
in 0.01 M HCl 2.0 1.0 not tested 1.0 not selected

for further study 2 numerous, see Figure 1g

no
n-

vo
la

ti
le

ac
id

s

ceftobiprole/citric acid/SBE-β-CD
in H2O 1:100:1 2.4 1.5 not tested 8.3 7.3 (6 m),

5.1 (9 m)
NDP-1, ODP-1, ADP-1, BDP-1, ADP-2,

ODP-2, ADP-0 (6.8%)

ceftobiprole/tosylic acid/SBE-β-CD
in H2O 1:25:2 2.4 0.5 not tested 21.3

13.8 (1.5 m),
11.3 (6 m),
6.7 (7 m),

4.5 (8.5 m)

NDP-1, ODP-1, ADP-1, BDP-1, ADP-2,
ODP-2, ADP-0, ADP-4, ADP-5, PDP-1,

PDP-2, ADP-6 and unknown DPs (8.6%)

ceftobiprole/maleic acid/SBE-β-CD
in H2O 1:5:4 3.1 3.0 not tested 0.7 not selected

for further study 2
NDP-1, ODP-1, BDP-1, ODP-2, PDP-1,

PDP-2 (1.0%)
ceftobiprole/maleic acid/SBE-β-CD

in H2O 1:15:4 2.7 2.0 1.1 1.4 not selected
for further study 2

NDP-1, ODP-1, BDP-1, ODP-2, ADP-0,
PDP-1, PDP-2 (1.4%)

ceftobiprole/maleic acid/SBE-β-CD
in H2O 1:20:4 2.6 1.5 1.3 10.6 not selected

for further study 2
NDP-1, ODP-1, BDP-1, ODP-2, ADP-0,

PDP-1, PDP-2 (1.8%)
ceftobiprole/maleic acid/SBE-β-CD

in H2O 1:25:4 2.5 1.5 3.7 14.0 12.4 (6 m),
11.3 (8 m)

NDP-1, ODP-1, BDP-1, ODP-2, ADP-0,
PDP-1, PDP-2 (2.4%)

1 The abbreviations for degradation products (DPs) come from the conditions in which they predominantly form: acidic (ADPs), basic (BDPs), oxidative (ODPs) and photolytic (PDPs).
The proposed structural formulas for individual identified DPs were presented in [14]. The sum of DP content is estimated based on the assumption that the response factors of DPs and
ceftobiprole are equal. 2 The reason for discontinuing the study was the unsatisfactory improvement in the solubility of ceftobiprole or too rapid degradation.
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Figure 1. Chromatograms recorded at 320 nm in the preliminary studies for aqueous solutions of:
(a) standard of ceftobiprole; and drug delivery systems prepared by freeze-drying, arranged with
increasing detected DPs; (b) ceftobiprole in 0.1 M HCOOH; (c) ceftobiprole/SBE-β-CD 1:2 in 0.1 M
HCOOH; (d) ceftobiprole/maleic acid/SBE-β-CD 1:25:4 in H2O; (e) ceftobiprole/citric acid/SBE-β-
CD 1:100:1 in H2O; (f) ceftobiprole/tosylic acid/SBE-β-CD 1:25:2 in H2O; (g) ceftobiprole/SBE-β-CD
1:2 in 0.01 M HCl. Peak heights were normalised to allow more readable visualisation.

Maleic acid is a diprotic acid with pKa values of 1.9 and 6.1. The relatively low
value of the first pKa (1.9) indicates that it is a medium-strength acid, undergoing acidic
dissociation to a large extent but not 100%. A series of experiments with varying molar
ratio of ceftobiprole to maleic acid was performed to establish its impact on the solubility
of ceftobiprole, starting from 1:5 and ending at 1:25 (Table 1). Another solid acid used in
this study was p-toluenesulfonic acid, further referred to as tosylic acid, which is strong,
monoprotic and solid. The initial solution containing ceftobiprole, tosylic acid and SBE-β-
CD in proportions of 1:25:2 was characterised by pH 2.4, sufficient to obtain a desirable
extent of ceftobiprole protonation.

2.2. Solubility and Chemical Stability Studies Using HPLC

The selective HPLC method [14] optimised by our research group allowed us to
determine the solubility of ceftobiprole in all prepared systems (Table 1).

Chromatograms of the selected delivery systems of ceftobiprole are shown in Figure 1.
The identity of individual degradation products (DPs) was confirmed by comparing the
retention times with the chromatograms of samples subjected to forced degradation under
stress conditions [14], as well as by performing the LC-MS/MS analysis. For the freeze-
dried samples, a novel DP (NDP-1) was detected, which was not observed in the previous
degradation studies [14]. Scheme 2 presents the proposed molecular structure of NDP-1
together with the proposed structure for the main fragment ion detected in the fragment
mass spectrum. NDP-1 forms most probably as a result of the oxidation of a double bond
linking the cephem and 2-pyrrolidone groups with the formation of an aldehyde. This
mechanism of degradation is different from the degradation pathways described in [14].
The LC-MS data also provided information on the composition of the SBE-β-CD used in



Int. J. Mol. Sci. 2025, 26, 5953 7 of 20

this study, which is an important result because this randomly substituted CD may differ
from batch to batch. The interpretation of the deconvoluted mass spectrum (Figure S1,
Table S1) is provided in Supplementary Materials.

Scheme 2. The proposed molecular structure of NDP-1 and its main fragment ion detected in
LC-MS/MS.

The samples were stored in a freezer, taking into account the recommended storage
conditions for ceftobiprole. The stability of the prepared samples was tested at defined
intervals using the same methodology. To evaluate potential changes in solubility due to
physical transformations such as phase transitions or recrystallization, an identical volume
of water was added as in the initial solubility test. Subsequently, the reconstituted samples
were analysed by HPLC to determine the precise solubility and to monitor any increase in
the concentration of DPs content, thereby assessing both physical and chemical stability.

2.2.1. Systems with Volatile Acids

The solubility of unprocessed ceftobiprole in 0.1 M HCOOH was approximately
0.14 mg/mL [13]. In contrast, ceftobiprole subjected to freeze-drying in the same solvent
achieved a 15-fold higher solubility (2.1 mg/mL, Table 1). As discussed earlier, when the
solution pH is much lower than the pKa of the carboxyl group, ceftobiprole should be
mostly protonated, which means acquiring an overall charge of +1. It seems that these
cations repel each other, thus preventing the formation of multi-molecular agglomerates,
which in turn would preferably form at a higher pH, when ceftobiprole would have an
overall charge of zero. In an acidic environment, when the aqueous solvent disappears
from the sample due to sublimation, the individual ceftobiprole molecules remain at a
certain distance from each other, which results in a more developed product surface, larger
volume and lower density. When the powder freeze-dried in an acidic environment is then
dissolved in water, the solvent-accessible surface is considerably increased, resulting in
significantly higher solubility. Therefore, it seems to us that the use of freeze-drying in
an acidic environment allowed us to overcome the intermolecular interactions between
ceftobiprole molecules, thus inhibiting their aggregation.

The freeze-drying of ceftobiprole with the addition of SBE-β-CD (in a molar ratio of
1:2) further increased the solubility of ceftobiprole to 3.4 mg/mL. The increase in solubility
caused by the addition of SBE-β-CD can be explained based on the shape of the inclusion
complex obtained in MD studies (Figure 2) [13]. Sulfobutyl ether chains align parallel
to the ceftobiprole molecule due to favourable electrostatic attraction between the SO3

−

groups of SBE-β-CD and the positively charged secondary amine group of ceftobiprole,
thus protecting it from the undesirable contact with its surrounding [13].
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Figure 2. The most probable structure of the complex between protonated ceftobiprole and SBE-β-CD,
taken from [13].

A freeze-drying experiment was also performed in 0.01 M HCl. The resulting powder
was intensely yellow compared to the slightly yellow powder from 0.1 M HCOOH, sug-
gesting that ceftobiprole degradation took place during or after the ~40-h lyophilisation.
Although HPLC indicated a concentration of ceftobiprole of 1 mg/mL, gravimetric esti-
mation suggested ~10 mg/mL. This discrepancy, along with numerous DP peaks in the
chromatogram (Figure 1g), confirms significant degradation. The reconstituted solution
showed a pH of ~1.0 (vs. ~2.0 initially), suggesting that some acid remained in a solid
sample, unlike in the HCOOH sample, where the pH rose from 2.3 to 4.0. After months of
storage in the freezer, the 0.01 M HCl-derived sample became a brown, viscous solid. These
findings indicate incomplete HCl removal and ongoing solid-state degradation; therefore,
HCl was excluded from further studies.

2.2.2. Systems with Non-Volatile Acids

A preliminary study of the ceftobiprole/citric acid/SBE-β-CD system (1:100:1) showed
a solubility of 8.6 mg/mL. The plasticity of the resulting solid, in contrast to the coarse-
grained 0.1 M HCOOH sample, likely reflects its hygroscopic nature. Despite consistent
dissolution of the same sample mass in water, the ceftobiprole concentration decreased to
7.3 mg/mL after 6 months and 5.1 mg/mL after 9 months of storage, likely due to moisture
uptake. Consequently, citric acid was deemed unsuitable for ceftobiprole formulation, and
further development was discontinued.

In contrast to the weak acidic strength of citric acid, tosylic acid was selected, which
is a model of a strong acid occurring in a solid state at room temperature. The dominant
disadvantage of this system is too rapid a degradation in the solid state. The consistency of
the powder remained coarse-grained, but over time the powder became increasingly yellow.
In all stability tests, the concentration determined by the HPLC decreased rapidly with the
time—the initial 21.3 mg/mL dropped to 4.5 mg/mL after 9 months (for further details,
see Table 1). The impurity profile revealed the presence of known as well as unknown DPs,
the latter being characteristic for this system (Figure 1f). In addition, significant amounts
of ADP-5 and ADP-6 were detected, indicating advanced progress of acidic degradation,
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according to the results presented in [14]. Due to the lack of long-term stability of the
system with tosylic acid, no further studies were continued using it.

The most promising results were obtained with maleic acid. To assess its impact on
ceftobiprole solubility, experiments were conducted at a fixed ceftobiprole:SBE-β-CD molar
ratio of 1:4, with varying maleic acid excess. As a reference, several analogues without
SBE-β-CD were prepared. As shown in Table 1, higher maleic acid content correlated
with lower pre-lyophilisation pH, and increased ceftobiprole solubility after reconstitution.
Notably, despite similar initial pH values (~2.5 for 25-fold molar excess of maleic acid vs.
~2.3 for 0.1 M HCOOH), maleic acid enabled significantly higher solubility (14 mg/mL
vs. 3.4 mg/mL). This indicates that initial pH alone does not determine solubility; the
final acidic environment after reconstitution is equally critical. The samples containing
solid acids became even more acidic (approximately 1.5 after dissolution) compared to
the pH of the starting solutions before freeze-drying (Table 1) due to the stacking of acid
concentration. After the first portion of water was added to the freeze-dried sample, the
solid acid dissolved instantly, thus creating a strongly acidic environment. This allowed
ceftobiprole to dissolve even more easily, making it possible to achieve concentrations
exceeding 10 mg/mL. Among the series of experiments performed with maleic acid and
SBE-β-CD, the greatest solubility of ceftobiprole was obtained for the molar ratio of 1:25:4
(about 14 mg/mL in a preliminary test). Further increase of the maleic acid content would
result in excessive acidification of the samples.

Importantly, additional experiments showed that both the use of (i) freeze-drying,
(ii) decreasing the pH well below 3, and (iii) SBE-β-CD are necessary to obtain such high
solubility. The effect of freeze-drying was tested by examining the solubility of a physical
mixture for the same components: ceftobiprole, maleic acid and SBE-β-CD, in the same
molar ratio of 1:25:4, obtaining 1.3 mg/mL for the physical mixture mimicking the complex,
and only 0.7 mg/mL for the 1:25 mixture of ceftobiprole and maleic acid. These results
clearly demonstrated that the use of the freeze-drying technique allowed for a 10-fold
better solubility of ceftobiprole compared to simply mixing the components. The role of
the acidic environment is even more profound. Freeze-drying of pure aqueous solutions of
ceftobiprole or its mixture with SBE-β-CD in a molar ratio of 1:4 resulted in relatively poor
solubilities—0.12 and 0.15 mg/mL, respectively. This clearly shows that an appropriately
low pH is necessary to increase solubility. We hypothesise that, similarly to 0.1 M HCOOH,
its effect is most likely manifested by reducing the degree of agglomeration of ceftobiprole
molecules. In turn, pure water allows the formation of ceftobiprole aggregates, thereby
eliminating the benefits of freeze-drying. The third important component of the process
allowing for such a large improvement in solubility is the presence of SBE-β-CD, which
enables a several-fold increase in solubility compared to the analogous system without CD
(Table 1).

Solid-state stability studies were conducted for 8 months. The solubility of the tested
samples did not change, meaning that the same weight was successfully dissolved in the
same volume of water. Over the 8 months, the sum of DPs in the discussed 1:25:4 system
with maleic acid increased by only 0.5%, but a decrease in the ceftobiprole concentration
was observed from 14.0 to 11.3 mg/mL. The reason for this situation may be (i) the un-
derestimation of the DPs content, or (ii) the hygroscopicity of the tested sample, which
is manifested by the absorption of water from the air by the sample in order to return to
its original hydrated state. As a result, the sample mass should increase and therefore
the percentage of ceftobiprole should decrease, which is observed as a decrease in the
ceftobiprole concentration over time. For laboratory purposes, small-scale, multiple cycles
involving heating the sample (freezer-room temperature), opening, closing and freezing
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the hygroscopic substance may contribute to uncontrolled water absorption, and in this
way we can observe an increase in the content of impurities in the sample.

2.3. NMR Studies on Complex Formation

The significant improvement of ceftobiprole solubility achieved by freeze-drying in
an acidic environment (without this, the water solubility of ceftobiprole is 0.05 mg/mL)
allowed for NMR studies of samples dissolved in water. Measurements were performed
only for the two selected systems, i.e., one system with a volatile acid (HCOOH) and one
with a solid acid (maleic acid).

In the recorded 1H NMR spectra (Figure 3), the signals characterised by the highest
chemical shifts δ are of greatest importance. The singlet at 8.1 ppm is attributed to the
formate anions remaining in the samples which were freeze-dried in 0.1 M HCOOH. In
addition to the characteristic chemical shift, this peak is also characterised by a 1J CH
coupling constant of 210 Hz, which can be determined from the distance between its carbon
satellites. Since the intensity of each peak in the 1H NMR spectrum is proportional to the
concentration of corresponding equivalent protons, this property allows us to determine
the molar ratio of formates to ceftobiprole, given that the area of the well-separated signal of
ceftobiprole at about 7 ppm is set to 1. When ceftobiprole was freeze-dried in 0.1 M HCOOH,
the proportion of formate anions in the sample was determined to be about 0.27 (Figure 3a),
while for the corresponding complex with SBE-β-CD it rose to about 0.77 (Figure 3b). These
results confirmed that the formic acid, initially used in 600-fold molar excess with respect to
ceftobiprole in order to form an acidic environment before freezing the solution, sublimated
almost completely during freeze-drying, but a certain non-stoichiometric amount remained
in the sample and hence was detected in the 1H NMR spectra.

Figure 3. 1H NMR spectra in D2O of the following freeze-dried samples: (a) ceftobiprole in 0.1 M
HCOOH; (b) ceftobiprole/SBE-β-CD 1:2 complex in 0.1 M HCOOH; (c) ceftobiprole/maleic acid 1:25
in H2O; (d) ceftobiprole/maleic acid/SBE-β-CD 1:25:4 in H2O. The concentration of ceftobiprole was
set to 2 mg/mL (3.75 mM) for (a) and 4 mg/mL (7.5 mM) for (b–d). The interpretation of multiplets
A–D from SBE-β-CD was discussed in [18].
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The observed presence of residual formic acid was further confirmed by the pH
measurements of the dissolved samples. In the case of the two discussed samples freeze-
dried in HCOOH, the pH was approximately 5 (without SBE-β-CD) and 4 (with SBE-β-CD),
which is in good agreement with the NMR results—the more residual formic acid, the
lower the pH of the solution. The rather unexpected result that the amount of the residual
HCOOH was non-stoichiometric is probably the result of two opposing processes occurring
during the freeze-drying process. On the one hand, the electrostatic attraction between the
protonated, positively charged ceftobiprole and the formate anions would tend to leave
some formate anions in the sample due to electrostatic interactions. On the other hand,
formic acid tends to sublimate during freeze-drying and thus leave the sample in the same
manner as water. From this reasoning, it follows that the presence of SBE-β-CD resulted in
a higher degree of retention of formate anions in the freeze-dried sample.

The signal at about 7 ppm can be unambiguously assigned to a H1′ proton from a
CH group which links the cephem group and 2-pyrrolidone ring (Scheme 1), belonging
to the system of four conjugated double bonds. For this signal, two differences were
observed for samples freeze-dried in HCOOH with and without SBE-β-CD: the chemical
shift changed from 6.91 to 6.99 ppm and the signal was broadened. The chemical shift value
is due to the chemical surrounding of the analysed proton [19]; therefore, the observed
variability suggests an interaction with another species located in close proximity to this
proton, leading to a change in the charge distribution in the conjugated bond system or, less
likely, a significant change in the local geometry of the molecule when the sample contains
SBE-β-CD. This may confirm the formation of a complex between ceftobiprole and CD.
Other 1H NMR signals of ceftobiprole did not change their chemical shifts significantly in
the presence of SBE-β-CD and, for this reason, are not analysed in this work.

The 1H NMR signals from SBE-β-CD are grouped into four multiplets (A–D) which
may be assigned based on [18]. As can be seen in Figure 3b,d, these signals are very broad,
which is caused by the random substitution of this CD. In fact, SBE-β-CD is a mixture of
CDs substituted with SBE groups to a different extent, and each proton is characterised
by a slightly different chemical shift, depending on the exact structure of the molecule in
which it is placed. Consequently, the signal superposition from a variety of differently
substituted CDs results in a severe peak broadening. In the literature, there are many
examples of the application of Rotating-frame nuclear Overhauser Effect SpectroscopY
(ROESY) to elucidate the structure of complexes with native unsubstituted CDs (α-, β-,
γ-CD) [19]. However, due to the random substitution pattern of SBE-β-CD, both the H-3
and H-5 protons of a CD contribute, together with other protons, to a severely broadened
multiplet B, significantly reducing the sensitivity of the experiment. Additionally, the
ROESY spectrum contains numerous strong artifacts (Figure S3a), leading to contamination
by signals that cannot be interpreted as cross-peaks. Nevertheless, despite the lack of
reliable results from ROESY, the proposal of the most probable structure of the formed
complex (Figure 2) became possible thanks to the combination of computational techniques:
molecular docking and molecular dynamics [13].

The most promising sample containing a solid acid, i.e., ceftobiprole/maleic acid/SBE-
β-CD in a molar ratio of 1:25:4, was investigated by NMR (Figure 3d), together with its
CD-free counterpart with the same maleic acid ratio of 1:25 (Figure 3c). The presence of
maleic acid resulted in the observation of one additional singlet in the NMR spectrum,
accompanied by two intense sideband doublets (13C satellites). The ratio of the signal
integrals confirms the preservation of the initial molar ratio of ceftobiprole to maleic acid of
1:25, which proves that maleic acid does not sublimate during the freeze-drying process
and remains in the sample.
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As can be seen in Figure 3c,d, the chemical shift of the ceftobiprole H1′ proton changed
from 7.07 ppm (ceftobiprole/maleic acid 1:25) to 7.22 ppm (1:25:4 with SBE-β-CD), which
may indicate the formation of a complex. An additional interesting observation is that
the value 7.07 ppm, characterising the system with maleic acid, is much higher than the
previously discussed 6.91 ppm, determined for ceftobiprole freeze-dried in 0.1 M HCOOH.
This difference, in turn, can be attributed to the pH difference between these two samples.
The reversal of acid dissociation may cause distortion of the conjugated double bonds
system in which it participates, thus resulting a change in δ for the proton belonging to
the same system. For the same reasons as before, the ROESY spectrum was difficult to
interpret due to the presence of many artifacts, which were, among others, a consequence
of the random SBE-β-CD substitution, and the high variability of the signal dynamics in
the spectrum (Figure S3b).

Another approach to investigate the complex formation using NMR is the use of
Diffusion-Ordered SpectroscopY (DOSY) [19]. Based on chemical shifts, each individual
signal can be assigned to a proper species present in the analysed sample solution, thus
allowing us to determine its diffusion coefficient D. The value of D depends on the
hydrodynamic radius r of the analysed species, temperature T, and on the dynamic viscosity
η of the solution:

D =
kBT

6π η r
(1)

Here, kB stands for the Boltzmann constant. The solutions used for the DOSY mea-
surements should be appropriately diluted to avoid the viscosity-related issues. Moreover,
to properly compare the DOSY spectra between the samples with and without SBE-β-CD,
it must be checked whether the viscosities of these two samples are similar. This, in turn,
may be estimated from the comparison of D for the species not taking place in complex
formation, preferably water (HDO) and maleic acid with caution, which can possibly form
a complex with CD to some extent. It turned out that the condition of similar viscosity was
met when the 1:25:4 system at a ceftobiprole concentration of 1.9 mM was compared with its
non-CD counterpart at a concentration corresponding to 7.5 mM of ceftobiprole. In the spec-
tra acquired for these two solutions, HDO was characterised by D of 18.47 × 10−10 m2/s
and 18.42 × 10−10 m2/s, respectively, while maleic acid exhibited D of 7.19 × 10−10 m2/s
and 7.11 × 10−10 m2/s, respectively.

According to the DOSY spectrum of the system without SBE-β-CD (ceftobiprole/maleic
acid 1:25), uncomplexed ceftobiprole is characterised by DCB ≈ 3.16 × 10−10 m2/s
(Figure S2a). Meanwhile, the DOSY of the sample with SBE-β-CD provides two values
of the diffusion coefficient: DCB−CD ≈ 2.68 × 10−10 m2/s for the complexed form of
ceftobiprole and DCD ≈ 1.79 × 10−10 m2/s for SBE-β-CD (Figure S2b). It is a generally
accepted practice to approximate that D is the same for the CD in a complex and for free CD.
Assuming a quick exchange regime, to calculate the molar fraction MFCB of ceftobiprole
molecules being complexed in relation to all ceftobiprole molecules in the studied solution,
one can take advantage of the equation stating that DCB−CD is the weighted average of
DCB and DCD:

DCB−CD = MFCBDCB + (1 − MFCB)DCD (2)

The above equation may be interpreted as follows: when ceftobiprole is uncomplexed,
it diffuses faster, according to DCB ≈ 3.16 × 10−10 m2/s, but when it is placed inside the CD
cavity, the diffusion of this large supramolecular system is lower, DCD ≈ 1.79 × 10−10 m2/s.
The complexation equilibrium is dynamic, and can be interpreted as a statistical ceftobiprole
molecule spending MFCB proportion of time in a complex, and (1 − MFCB) fraction of
time alone, resulting in overall DCB−CD being the weighted average. Solving Equation (2)
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yields MFCB ≈ 0.35. Based on this finding, the equilibrium constant K may be determined
as follows:

K =
[CB : CD]

[CD][CB]
=

MFCB
(cCD − MFCBcCB)(1 − MFCB)

(3)

Here, the unknown equilibrium concentrations ([CB : CD]—of the complex, [CD]—of
the free CD, and [CB]—of the uncomplexed ceftobiprole) have been expressed in terms
of the known values: MFCB, determined based on the DOSY experiment, as well as
cCB = 1.917 mM and cCD = 7.667 mM—analytical concentrations of the ingredients in the
studied solution. The obtained value, 77 M−1, should be considered as semi-quantitative,
due to the large uncertainty of reading the values for D from DOSY spectra, and owing to
the application of simplifying assumptions.

Nevertheless, the knowledge of K allows us to estimate how the molar fraction would
change for different dilutions of the sample or for different molar ratios of ceftobiprole
to SBE-β-CD in the initial solution to be freeze-dried. It is a very beneficial possibility,
since due to the viscosity-related issues, the solutions for DOSY experiments had been
appropriately diluted to enable obtaining the reliable results. Now, let us consider solutions
of concentrations near to the solubility limit (12 mg/mL of ceftobiprole, i.e., 22.5 mM). For
the 1:25:4 complex, when cCB = 22.5 mM and cCD = 90 mM (according to the molar ratio
1:4), solving Equation (3) with K = 77 M−1 yields MFCB = 0.845, which means that when
the solution is near saturation, 85% of ceftobiprole molecules are in the complex with SBE-
β-CD. When the molar ratio is 1:25:2, then cCD = 45 mM, resulting in MFCB = 0.693. This
means that increasing the amount of SBE-β-CD in the sample results in higher efficiency
of complex formation and proves that setting the molar ratio between ceftobipriole and
SBE-β-CD to 1:4 was a good choice.

2.4. Characterisation in the Solid State

The prepared solid samples were studied using ATR-FTIR and XRPD, which are
the most common solid-state techniques for studying CD complex formation [20] and
controlling their physical stability [21]. The measurements were limited to the samples
freeze-dried with HCOOH and maleic acid, as they were the most promising ones. The
comparison was made between the ceftobiprole/SBE-β-CD sample freeze-dried in 0.1 M
HCOOH and the physical mixture of both components freeze-dried separately in 0.1 M
HCOOH. In the range of 1800–400 cm−1, the following differences can be observed between
the complex and the physical mixture (Figure 4d vs. Figure 4c): a significant decrease in the
peak intensity at 1765 cm−1 (vibrations of the carbonyl group of ceftobiprole), a shift of the
peak maximum from 1528 cm−1 (for ceftobiprole and physical mixture) to 1521 cm−1 (for a
complex), an increase in the intensity at 1408 cm−1, 1375 cm−1 and 1287 cm−1. According
to Mura [22], the differences in the peak intensity or the maximum wavenumber may be
due to the formation of an inclusion complex between the guest and the CD.

The measurements were also performed for samples of ceftobiprole freeze-dried with
maleic acid, with and without the addition of SBE-β-CD. The peaks corresponding to
maleic acid, which was present in a 25-fold molar excess, are overlapped on the peaks
of ceftobiprole, thus hiding them. These two molecules are characterised by the same
function groups: a carboxyl group and a C=C double bond, which causes vibrations at
similar frequencies. It follows that the analysis of ternary systems with a significant excess
of one component does not allow for drawing constructive conclusions about the formation
of a complex between an API and a CD using the ATR-FTIR method.
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Figure 4. ATR-FTIR spectra in the range 1800–400 cm−1 recorded for the following powders:
(a) ceftobiprole freeze-dried in 0.1 M HCOOH; (b) SBE-β-CD freeze-dried in 0.1 M HCOOH; (c) 1:2
physical mixture of (a,b); (d) 1:2 complex of ceftobiprole with SBE-β-CD, freeze-dried together in
0.1 M HCOOH.

The powder diffraction patterns of the freeze-dried samples (both with formic and
maleic acid) do not contain any sharp peaks, which shows that the samples are amorphous
(Figure 5a–c), while the sample of pure ceftobiprole taken for this study was initially
crystalline (Figure 5d). This means that after the freeze-drying process, the individual
components do not exist in their crystalline forms. This may be attributed to the overcoming
of the intermolecular attraction between the molecules of the same compound as a result of
freeze-drying. However, due to the fact that each analysed lyophilised sample is strongly
amorphised, and therefore the diffraction patterns of the samples with and without SBE-
β-CD are very similar, the XRPD technique could not be used to confirm the formation
of the inclusion complex. On the other hand, XRPD allows for monitoring the physical
stability of the prepared samples by controlling the tested samples at specific time intervals.
The lack of distinct, sharp peaks (Figure 5) proves that the amorphous nature of the
samples was preserved and that the undesired recrystallisation process did not occur to a
detectable extent.

2.5. Development of a Dosage Form for Parenteral Administration

The high molecular weight of ceftobiprole and its molecular structure cause poor
solubility in water and limited permeability through biological membranes. Therefore,
ceftobiprole is not suitable for oral administration [23] and hence is used in intravenous
form as a prodrug—ceftobiprole medocaril, which after administration is converted to the
active form of the drug. The low pH of the ceftobiprole/maleic acid/SBE-β-CD 1:25:4
solution (≈1.5) makes it unsuitable for parenteral administration. Due to a pH value of
blood plasma of approximately 7.4, solutions for infusion should have a pH in the range of
4.0–7.5 [24]. Thanks to the fact that maleic acid is diprotic and has a second pKa of about 6.1,



Int. J. Mol. Sci. 2025, 26, 5953 15 of 20

the choice of this acid was also appropriate in another respect. Namely, it proved helpful in
obtaining the correct pH, because buffering the pH of the solution at about 6 makes the
neutralisation process of maleic acid less susceptible to small fluctuations in the amount of
base added and prevents a shift to a basic pH.

Figure 5. Diffraction patterns recorded for the following powders after specified periods of storage:
(a) ceftobiprole freeze-dried in 0.1 M HCOOH (3 months); (b) 1:2 complex of ceftobiprole with
SBE-β-CD freeze-dried in 0.1 M HCOOH (3 months); (c) 1:25:4 complex of ceftobiprole, maleic acid
and SBE-β-CD freeze-dried in water (8 months); and (d) unprocessed ceftobiprole.

Initially, the pH of the sample was raised to 6 using 10 M NaOH, which caused
partial precipitation in the sample. HPLC analysis of the centrifuged solution showed
that the solubility of ceftobiprole had decreased to 6.5 mg/mL from the initial 14 mg/mL.
Interestingly, although the contact of ceftobiprole with OH− ions was very short (only until
these ions were neutralised by H+ from maleic acid), it was long enough to cause chemical
degradation of ceftobiprole. The content of BDP-1and BDP-2, open-ring ceftobiprole and a
lactone, was determined to be 24% in total. Neutralisation with a more dilute (2 M) base
still led to an increase in BDPs.

Another approach is to use sodium hydrogencarbonate (NaHCO3), which allows the
solution to be neutralised without introducing OH− ions, which degrade the sample. In-
stead, hydrogencarbonate anions combine with protons to form water and carbon dioxide:

H+ + HCO−
3 → H2O + CO2 ↑ (4)

During the addition of 1 M NaHCO3 to the system, CO2 bubbles were released
intensively. Neutralisation caused the addition of Na+ cations to the system, which added
to the Na+ ions coming from the sodium salt of SBE-β-CD. The volumes of solutions
to obtain a final delivery system of ceftobiprole were selected so that the sample was
completely dissolved and centrifugation was not necessary (detailed information is given
in Section 3.3). A 20% (w/w) aqueous solution of the system was prepared, and then
1 M NaHCO3 was added to obtain a pH between 4.5 and 5.0. According to the obtained
chromatograms, the solubility of ceftobiprole reached 6.0 mg/mL immediately after sample
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preparation and remained stable over time, decreasing in the solution by 3% within 20 h
at 25 ◦C.

According to the Zevtera Summary of Product Characteristics [17], each vial of
this medicinal product contains a single recommended dose of 500 mg ceftobiprole (as
666.6 mg of ceftobiprole medocaril sodium), together with two excipients: citric acid
monohydrate and sodium hydroxide, used for pH adjustment. The lyophilised powder
should be reconstituted with sterile water for injections or 5% dextrose. The pH of the
reconstituted solution is 4.5 to 5.5. Immediate further dilution of the reconstituted solution
is recommended. However, if this is not possible, the reconstituted solution can be stored
at room temperature for up to 1 h or in a refrigerator for up to 24 h. For adults and children
≥ 12 years of age, the concentration of ceftobiprole in the infusion solution is 2 mg/mL.
Considering the ceftobiprole concentration and pH value obtained after the addition of 1 M
NaHCO3 solution, the comparison of the newly developed drug delivery system with the
commercially available drug product demonstrates that both offer similar concentrations
of ceftobiprole and pH.

3. Materials and Methods
3.1. Materials

Ceftobiprole was purchased from BenchChem (Austin, TX, USA). SBE-β-CD (product
number CY-2041.2) was bought from CycloLab (Budapest, Hungary). The molar mass of
SBE-β-CD used in this study (2294.1 g/mol) was calculated knowing the DS = 6.5 and
water content of 5.7%. The deionised water was obtained from a Direct-Q 3 UV Millipore
by Merck (Darmstadt, Germany).

The following reagents were used in this study: maleic acid (for synthesis, 99.9%,
Merck, Darmstadt, Germany), citric acid monohydrate (puriss. p.a., ≥99.5%, Sigma-Aldrich,
St. Louis, MO, USA), p-toluenesulfonic acid monohydrate (ReagentPlus, ≥98%, Sigma-
Aldrich, St. Louis, MO, USA), formic acid (≥98%, Merck, Darmstadt, Germany), hydrochlo-
ric acid (pure p.a., 35–38%, POCH, Gliwice, Poland), ammonium acetate (reag. Ph. Eur. for
HPLC/UV studies or LiChropour for mass spectrometry, both from Merck, Darmstadt, Ger-
many), acetic acid (pharma grade, 99.9%, AppliChem, Darmstadt, Germany, for HPLC/UV
studies, or 100% LiChropour for LC-MS, Merck, Darmstadt, Germany), and acetonitrile
(gradient grade from Honeywell, Seelze, Germany, for HPLC/UV studies, or hypergrade
for LC-MS from Merck, Darmstadt, Germany).

3.2. Freeze-Drying Experiments

Freeze-drying experiments were performed using two devices: Alpha 1-2 LDplus
(Martin Christ, Osterode am Harz, Germany) or FreeZone 2.5 L (Labconco, Kansas City,
MO, USA). A total of 0.1 mmol (53.5 mg) of ceftobiprole was dissolved in 600 mL of a
solvent while other substances were weighed according to an appropriate molar ratio. The
resulting concentration of ceftobiprole in the solution to be freeze-dried (0.09 mg/mL) is
below its solubility limit in 0.1 M HCOOH (0.14 mg/mL [13]). In some experiments, the
weights and solvent volume were proportionally decreased while maintaining the desired
molar concentrations of ingredients. The freshly prepared solutions were sonicated for
15 min and magnetically stirred for 3 h. Then, an equilibrated solution was poured into
round-bottom flasks, which were then attached to the valves of freeze-drying equipment.
The process was continued until the last piece of ice disappeared (generally between 24 h
and 40 h).
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3.3. Preparation of Ceftobiprole/Maleic Acid/SBE-β-CD (1:25:4) System at pH ~ 4.5

In order to obtain a drug form with a pH of about 4.5 for the ceftobiprole/maleic
acid/SBE-β-CD 1:25:4 system, the following procedure was established: 23.6 mg of the
system (containing 1 mg of ceftobiprole) was weighed, 100 µL of water was added to
achieve complete dissolution, and then 50 µL of 1 M NaHCO3 was added to obtain the
appropriate pH.

3.4. Chromatographic Analysis

The HPLC/UV analysis was performed according to the method developed in [14],
using a Shimadzu Nexera-i LC-2040C (Kyoto, Japan) liquid chromatograph with a UV–VIS
detector, equipped with LabSolutions 5.87 data processing software. The LC-MS/MS
experiments were performed using the same equipment and methodology as described
in [14], with one modification: to acquire a full mass spectrum of SBE-β-CD, the range of
detected m/z was broadened to 2500.

3.5. NMR Studies

The NMR experiments were performed on a Varian vnmrs 600 MHz spectrometer
(Agilent Technologies, Santa Clara, CA, USA) using Auto XID (inverse configuration) probe
head with resonant frequencies 599.8 MHz for 1H and 150.8 MHz for 13C measurements.
All spectra were run in D2O solutions at room temperature (25 ◦C). The 1H NMR spectra
and the 1H dimension in two-dimensional (2D) heteronuclear spectra were referenced to
the solvent (D2O, δH = 4.64 ppm). For both the acquisition and processing of data, the
standard parameters and procedures were applied. The duration of the 90◦ pulse for 1H
was between 6.75 and 6.90 µs. The spectral width for proton spectra was set to 5000 Hz.
The time of relaxation delay in the experiments was set to 1 s, if not stated otherwise.

The 1D 1H NMR spectra were obtained using a pulse duration of 2.5 µs, which
corresponds to a tilt angle of approximately 32.6◦. In each single experiment, 32 scans
were recorded, each with 16,384 complex data points. The 1H–1H couplings through space
were determined using the ROESY pulse sequence with 200 increments applied for t1,
each comprising four scans with 1024 complex points and 300 ms spinlock mixing time.
The formation of a complex between ceftobiprole and SBE-β-CD was evidenced by the
changes in diffusion coefficients determined in the pseudo-2D DOSY experiments using
ONESHOT sequence [25]. In these studies, 16 increments consisting of 64 scans were
performed. A relaxation time of 2 s, a diffusion time of 200 ms, a total diffusion encoding
gradient duration of 2 ms, and 16 values of the diffusion encoding gradient incremented
from 3 to 25 G/cm were applied. Processing was carried out using the OpenVnmrJ 3.1A
software with the option of correction for spatially non-uniform pulsed field gradients [26].

3.6. ATR-FTIR Studies

A Nicolet iS5 FT-IR spectrometer (Thermo Scientific, Waltham, MA, USA) with an
attenuated total reflectance (ATR) attachment with diamond crystal was used to collect
spectra in the region from 4000 to 400 cm−1. Spectra were recorded using 32 scans with a
resolution of 4 cm−1. Data were collected using OMNIC 9.8.

3.7. XRPD Studies

XRPD studies were performed using a D8 Advance diffractometer (Bruker, Billerica,
MA, USA) with a copper-type tube as the X-ray source and a scintillation detector. Samples
were analysed within the standard angular range of 3◦ < 2θ < 60◦. Diffraction measurements
were carried out using the Bragg–Brentano method with a step size of 0.021◦ with a time
per step of 2.5 s.
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4. Conclusions
In this study, novel CD-based delivery systems for ceftobiprole were developed. SBE-

β-CD was selected as the key ingredient based on the results of molecular dynamics
simulation. Experiments were conducted using acids of varying strength and volatility.
When 0.1 M formic acid was used to lower the pH of the solution prior to freeze-drying, it
left the solution almost completely during sublimation. The use of 0.1 M formic acid and
SBE-β-CD significantly increased the solubility of ceftobiprole from about 0.1 mg/mL to
3.4 mg/mL. A possible mechanism was proposed to explain this enhancement in solubility.
Lowering the pH inhibits the formation of extensive molecular aggregates and instead
promotes the isolation of individual molecules. The weakening of the interactions between
ceftobiprole molecules facilitated its interaction with SBE-β-CD and the formation of inclu-
sion complexes, which further increased its solubility. Complex formation was confirmed
by 1H NMR and ATR-IR spectroscopy.

When solid acids were used, they did not sublimate during lyophilisation but re-
mained in the sample, thus forming a ternary system. After dissolving the lyophilisate, the
solution had a strongly acidic pH, which led to a further improvement in the solubility of
ceftobiprole. However, the use of citric acid resulted in high hygroscopicity, while tosylic
acid caused an unacceptable rate of chemical degradation in the solid state. The most
favourable results combining high solubility, low levels of DPs and good long-term stability
were obtained with a ceftobiprole/maleic acid/SBE-β-CD system in a molar ratio of 1:25:4.
This formulation increased the solubility of ceftobiprole nearly 300-fold, from 0.05 mg/mL
to approximately 14 mg/mL. Moreover, the use of NaHCO3 allowed us to increase the
pH of a sample up to a value acceptable for parenteral administration, without inducing
alkaline degradation. The developed system offers similar physicochemical capabilities
to the commercially available drug Zevtera, which contains ceftobiprole in the form of a
medocaril prodrug.

The presented methodology can be extended to other basic or amphoteric compounds
that are thermally labile but chemically stable in acidic solutions. The set of recommended
studies includes (i) theoretical calculations: the selection of the optimal CD based on the
most negative free Gibbs energy for inclusion of the model compound; (ii) ionisation of
the compound: the application of appropriate volatile and non-volatile acids to ionise the
model compound; (iii) complex optimisation: the preparation of the inclusion complex,
including freeze-drying of samples; (iv) solubility studies: checking the solubility of the
obtained complexes over time; (v) IR spectroscopy and X-ray diffractometry: confirming
the formation of the complex or amorphisation of the sample; and (vi) stability assessment:
analysis of the physical and chemical stability of the complexes.
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2.2. Solubility and chemical stability studies using HPLC 

 

LC-MS characterisation of SBE-β-CD 

When the prepared cyclodextrin-based delivery systems were analysed using the optimised 

chromatographic method to determine ceftobiprole and its related substances, no additional peaks 

resulting from SBE-β-CD were detected by UV detector at 320 nm due to the lack of an appropriate 

chromophore in the molecule of this CD. On the other hand, the LC-MS analysis performed with the 

same method showed that SBE-β-CD eluted from the column over a range of retention times from 2 

to 11 min. Figure S1-a presents the average of mass spectra recorded in that period. Peaks are 

detected mainly for m/z up to 1500 Da and, according to their isotopic profiles, refer to doubly or 

even triply charged species. However, performing the deconvolution procedure within the Data 

Analysis software allowed to simulate how the spectrum would look like if the all the species were 

singly charged (Figure S1-b). As can be seen in the deconvoluted spectrum, each group of peaks 

refers to a specific fraction of SBE-β-CD of the same DS, and individual peaks within each group differ 

by the number of NH4+ cations in the detected cluster, further denoted as x. Each SBE group 

introduces the charge of −1, and therefore the commercially available SBE-β-CD is marketed as a 

sodium salt, since Na+ cations are required to neutralise the negative charge of SBE groups. However, 

when SBE-β-CD elutes from the chromatographic column together with the mobile phase containing 

ammonium acetate, the anions of SBE-β-CD may combine with NH4
+ cations from the mobile phase in 

the ion source, thus forming adducts of different stoichiometries. For this reason, each cluster 

composed of a proper species from SBE-β-CD characterised with a specified DS and accompanied 

with x NH4+ cations may be described by the general molecular formula: C42H71O35(C4H8O3)DS(NH3)x. 

This formula allows to calculate the monoisotopic mass expressed in Da, using the following 

equation: 1135.377040 + 136.019415 DS + 17.026549 x. The interpretation of mass spectrum 

presented in Figure S1-b is evidenced in detail in Table S1. 



 
 

 

 

 

 

 

 

 

 

 

 

Figure S1. (a) Raw mass spectrum recorded for SBE-β-CD, (b) the deconvoluted mass spectrum of SBE-β-CD. The numbers in italics accompanying each peak refer to the 

number of NH4+ cations in the detected cluster (x). 
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Table S1. Interpretation of mass spectrum of SBE-β-CD recorded in LC-MS study. 

DS x Ionic formula mcalc mexp 

1 2 C46H85O38N2S 1305.4496 1305.4436 

2 2 C50H93O41N2S2 1441.4690 1441.4582 

2 3 C50H96O41N3S2 1458.4955 1458.4774 

3 2 C54H101O44N2S3 1577.4884 1577.4724 

3 3 C54H104O44N3S3 1594.5149 1594.4983 

3 4 C54H107O44N4S3 1611.5415 1611.5242 

4 2 C58H109O47N2S4 1713.5078 1713.4868 

4 3 C58H112O47N3S4 1730.5343 1730.5119 

4 4 C58H115O47N4S4 1747.5609 1747.5375 

4 5 C58H118O47N5S4 1764.5874 1764.5628 

5 3 C62H120O50N3S5 1866.5538 1866.5251 

5 4 C62H123O50N4S5 1883.5803 1883.5505 

5 5 C62H126O50N5S5 1900.6069 1900.5759 

5 6 C62H129O50N6S5 1917.6334 1917.6011 

5 7 C62H132O50N7S5 1934.6600 1934.6265 

6 4 C66H131O53N4S6 2019.5997 2019.5623 

6 5 C66H134O53N5S6 2036.6263 2036.5881 

6 6 C66H137O53N6S6 2053.6528 2053.6134 

6 7 C66H140O53N7S6 2070.6794 2070.6381 

7 5 C70H142O56N5S7 2172.6457 2172.6015 

7 6 C70H145O56N6S7 2189.6722 2189.6274 

7 7 C70H148O56N7S7 2206.6988 2206.6515 

7 8 C70H151O56N8S7 2223.7253 2223.6730 

8 6 C74H153O59N6S8 2325.6917 2325.6344 

8 7 C74H156O59N7S8 2342.7182 2342.6695 

8 8 C74H159O59N8S8 2359.7448 2359.6972 

9 8 C78H167O62N8S9 2495.7642 2495.7183 

 

  



 
 

2.3. NMR studies 

2D NMR spectra of the developed systems 

 

 

 

Figure S2. The DOSY spectra recorded in D2O for the systems: (a) ceftobiprole/maleic acid 1:25 (cCB = 

7.5 mM); (b) ceftobiprole/maleic acid/SBE-β-CD 1:25:4 (cCB = 1.9 mM). 
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Figure S3. The ROESY spectra in D2O recorded for the systems: (a) ceftobiprole/SBE-β-CD 1:2 in 0.1 M 

HCOOH; (b) ceftobiprole/maleic acid/SBE-β-CD 1:25:4. The concentration of ceftobiprole was 4 

mg/mL (7.5 mM) in both experiments. 
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