
Citation: Yakupova, L.R.; Skuredina,

A.A.; Kopnova, T.Y.; Kudryashova,

E.V. In Vitro Biological Properties of

Cyclodextrin-Based Polymers:

Interaction with Human Serum

Albumin, Red Blood Cells and

Bacteria. Polysaccharides 2023, 4,

343–357. https://doi.org/

10.3390/polysaccharides4040020

Academic Editor: Seunho Jung

Received: 1 August 2023

Revised: 10 September 2023

Accepted: 23 September 2023

Published: 28 September 2023

Copyright: © 2023 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

Article

In Vitro Biological Properties of Cyclodextrin-Based Polymers:
Interaction with Human Serum Albumin, Red Blood Cells
and Bacteria
Linara R. Yakupova , Anna A. Skuredina * , Tatina Yu. Kopnova and Elena V. Kudryashova

Chemistry Department, Lomonosov Moscow State University, 119991 Moscow, Russia;
koudriachova@enzyme.chem.msu.ru (E.V.K.)
* Correspondence: skuredinaaa@my.msu.ru

Abstract: The aim of this work was to investigate the physico-chemical and biological properties
of cyclodextrin-based polymers by the example of interaction with human serum albumin, ery-
throcytes, and bacteria to understand the prospects of their application as drug delivery systems.
We synthesized polymers based on one of cyclodextrin derivatives with nonpolar (-CH3) or polar
(-CH2CH(OH)CH3) substituents by crosslinking with 1,6-hexamethylene diisocyanate or succinic
anhydride. The polymers form particles with an average size of ~200 nm in the aqueous solutions;
their structures were confirmed by FTIR and 1H NMR. Cyclodextrin derivatives and their poly-
mers did not affect the secondary structure content of human serum albumin, which might mean a
mild effect on the structural and functional properties of the main blood plasma protein. Polymers
extract drug molecules from albumin + drug complex by 8–10%, which was demonstrated using
ibuprofen and bromophenol blue as model bioactive molecules for site I and site II in protein; thus,
the nanoparticles might slightly change the drug’s pharmacokinetics. Using the hemolysis test, we
found that polymers interact with red blood cells and can be assigned to non-hemolytic and slightly
hemolytic groups as biocompatible materials, which are safe for in vivo use. The cyclodextrins
and their polymers did not extract proteins from bacterial cell walls and did not demonstrate any
antibacterial activity against Gram-positive and Gram-negative strains. Thus, the cyclodextrin-based
polymers possess variable properties depending on the substituent in the monomer and linker type;
demonstrated biocompatibility, biodegradability, and negligible toxicity that opens up prospects for
their application in biomedicine and ecology.
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1. Introduction

Polymer carriers are widely used for the delivery of small-drug molecules. The
designed carriers provide a multifunctional platform to enhance the treatment efficacy
and reduce the adverse effect risks by the controlled drug release, increased solubility and
stability, improved bioavailability, reduced toxicity, etc. The application of such polymers
in drug delivery obviously has revolutionized the field of medicine and biotechnology [1].
Nevertheless, researchers continue to advance the existing carriers as well as provide novel
ones to respond to modern society’s issues.

Polymers used in drug delivery possess a number of different physico-chemical and
biological properties due to various paths of synthesis, types of linkers, and other condi-
tions [2]. For the development of beneficial carriers with specific properties and functions,
oligosaccharides torus-shaped cyclodextrins (CDs) are frequently used. Among other drug
delivery systems, CDs stand out due to their biocompatibility, low cost, numerous deriva-
tives, and ability to form non-covalent complexes with “host” molecules. CDs encapsulate
a whole hydrophobic drug or its nonpolar fragments into the cavity, protecting them from
degradation and improving their solubility and bioavailability [3,4].
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CDs are commonly used in the design of various polymeric structures such as crosslinked
CD networks [5], which are also known as CD-nanosponges [6], CD-based polyrotaxanes [7,8],
and CD-grafted polymers and CD-based multi-arm polymers [9,10]. CD-based polymers are
superior to native CDs as drug carriers due to their variable molecular structure, formation of
supramolecular architecture, and unique properties. Moreover, CD-based polymers can be
appropriately constructed to demonstrate biocompatibility, biodegradability, responsiveness
to stimuli, and targeting specific organs. These characteristics are optimal for the design of
highly effective drug delivery systems [1].

Crosslinked CD (CDpols) are particularly fascinating among all CD-based polymers
because they contain two drug-binding sites: the hydrophobic cavities of CDs and the
functional groups of the linker. The latter depends on the type of crosslinker. Authors use
bi- or multifunctional epoxy, diisocyanate, and anhydrous compounds [1,6]. The formation
of a polymer matrix provides sustained drug release that might contribute to the reduction
of the drug’s dose, optimizing the drug regimen, and reducing side effects. Hydrophilic
CDpols can enhance drug absorption through biological barriers in immediate-release
dosage forms, while hydrophobic polymers are used to formulate sustained-release dosage
forms for water-soluble drugs, including proteins and peptides [6].

CDpols are really promising as they could increase binding constants between drug
molecules and carriers compared to free CDs [11,12]. For instance, Wankar et al. showed
that ethionamide binds to polymeric β-CD nanoparticles (produced by β-CD crosslinking
under strongly alkaline conditions in the presence of epichlorohydrin) two times stronger than
to free β-CD. The encapsulation of ethionamide into polymeric β-CD nanoparticles inhibits
drug crystallization and enhances its solubility [13]. Moreover, recently we have shown that
polymers based on sulfo butyl β-CD crosslinked with 1,6-hexamethylenediisocyanate increase
moxifloxacin affinity up to 100 times compared to free CD derivatives [14]. The increase in
binding constants might be dramatically important for drug forms used for intravenous and oral
administration as the significant dilution of the system is critical for non-covalent complexes.

Since the rising interest in CDpols as drug delivery systems, it is crucial to thoroughly
examine the carrier’s safety and its interaction with different biological macromolecules.
Recently, we studied CDpols in terms of structural aspects and their interactions with
fluoroquinolone drugs [14]. Here, we focus on intravenous administration since blood
environments are more susceptible to the integration of foreign molecules compared to
acidic conditions in oral administration. We are interested in whether CDpols might
interact with human serum albumin (HSA)—the main bloodstream protein. HSA is a
large molecule that regulates plasma oncotic pressure and fluid distribution between
body compartments [15]. HSA has a high capacity for binding to various compounds,
making it an important carrier and depot for endogenous and exogenous substances.
It plays a significant role in the metabolism and modification of ligands, as well as the
detoxification of potential toxins. Thus, CDpol interaction with HSA might affect the
drug’s pharmacokinetics [16]. It is essential to ensure CDpols’ safety, so we examined their
interaction with erythrocytes (hemolysis process). We also investigated the antibacterial
properties of CDpols on Gram-positive and Gram-negative bacterial strains to ensure that
the carrier might be antimicrobial and contribute to the drug’s action [17].

Thus, we conducted comprehensive research on CDpols’ biological properties (interac-
tion with HSA and bacteria, the possibility of drug extraction from the drug-HSA complex,
and the hemolysis process). One can successfully develop safe and efficient drug delivery
systems based on CDs.

2. Materials and Methods
2.1. Materials

2-hydroxypropyl-β-cyclodextrin (HPCD) and methyl-β-cyclodextrin (MCD) with the
substitution degree of hydrogen in one D-glucopyranose link equal to 0.5–1.3 and 1.5–2.1
respectively, monosodium phosphate (NaH2PO4), sodium chloride (NaCl), succinic anhydride,
1,6-hexamethylenediisocyanate, dimethyl sulfoxide (DMSO) and human serum albumin
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(HSA) were obtained from Sigma-Aldrich (St. Louis, MO, USA). Hydrochloric acid (HCl) was
purchased from Reakhim (Moscow, Russia). Tablets for the sodium-phosphate buffer solution
(pH 7.4) were purchased from Pan-Eco (Moscow, Russia).

2.2. Methods
2.2.1. Synthesis of HPCD and MCD Polymers Linked by Succinic Anhydride or
1,6-Hexamethylene Diisocyanate

The procedure for synthesizing polymers with succinic anhydride as a linker was
carried out according to our previous work [18]. Briefly, 300 mg of 2-hydroxypropyl-β-
cyclodextrin or methyl-β-cyclodextrin were dissolved in distilled water. Next, 75 mg of
catalyst (NaH2PO4) was added to the CD’s solution (60 mg/mL) and heated to 100 ◦C. An
aqueous solution of the linker was added dropwise to achieve a molar ratio of 1:8 (for both
CDs). The final solutions (6 mL) were stirred for 1.5 h with heating at 100 ◦C.

The synthesis of CD polymers using a 1,6-hexamethylene diisocyanate linker was
conducted according to one of our early works [14]. Initially, HPCD’s or MCD’s warm
aqueous solutions (100 mg/mL) were mixed with an estimated amount of DMSO (volume
ratio H2O: DMSO was 1:1 in the final solution). Then, the required amount of linker
solution in DMSO was added dropwise (molar ratio CD: linker = 1:3), and the mixtures
were stirred for an hour.

The purification of MCD and HPCD polymers from unreacted reagents, organic sol-
vent, and catalyst was performed by dialysis using a 3.5 kDa membrane (Serva, Heidelberg,
Germany) for 4 h at room temperature with regular external solution replacement using
distilled water (1.2–1.5 L in total). Then, the samples were dried in sterile Petri dishes for
24 h at 25 ◦C on a thermo-controlled shaker-incubator (Biosan, Riga, Latvia).

The yield of the polymer synthesis reaction was determined by dividing the mass of the
product dried at 120 ◦C overnight by the mass of the initial reagents and multiplied by 100%.

The concentration of CD tori in the polymers was determined using FTIR spectroscopy
and a calibration curve based on 1032 cm−1 and 1042 cm−1 for HPCD and MCD, respec-
tively, related to the C-O-C bond vibration of cyclodextrin.

2.2.2. FTIR-Spectroscopy

To obtain the FTIR spectra, a Tensor 27 spectrometer from Bruker in Ettlingen, Germany,
was utilized. The spectrometer contained an attenuated total reflection cell from Bruker in
Ettlingen, Germany, which held a ZnSe single-flection crystal. The spectrometer had an MCT
detector cooled with liquid nitrogen and was equipped with a thermostat from Huber in
Offenburg, Germany. FTIR spectra were recorded three times with a resolution of 1 cm−1

and 70 scans each, in the range of 2200–850 cm−1, using a sample volume of 40 µL at room
temperature (22 ◦C). The system was purged with dry air using an air compressor from Jun-Air
in Munich, Germany, and a background spectrum of buffer solution was obtained similarly.
The spectra were analyzed using Opus 7.0 software from Bruker in Ettlingen, Germany.

The secondary structure of both the HSA and HSA-CDpols’ complexes was determined
by analyzing the spectra in the range of 1700–1600 cm−1. The primary bands were detected
using the second derivative of the spectrum, and the spectra were deconvoluted using the
Levenberg–Marquardt algorithm. The residual RMS error was found to be below 0.00001.

The determination of the degree of substitution (DS) by FTIR spectroscopy was con-
ducted as DS = S1/S2, where S1 is the area of the appeared absorbance peaks that corre-
sponds to the linkers (~1725 cm−1) and S2 is the area of the peak corresponding to the
monomer (1033 cm−1 for HPCD and cm−1 for MCD). The areas were calculated using
Opus 7.0 software.

2.2.3. UV-Spectroscopy

UV spectra were recorded using the Ultrospec 2100 pro equipment from Amersham
Biosciences in the UK. The spectra were obtained in a quartz cell with an optical path length
of 1 cm from Hellma Analytics in Jena, Germany, within the wavelength range of 200–450 nm.
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2.2.4. Fluorescence Spectroscopy

Fluorescence measurements were performed using a Varian Cary Eclipse spectropho-
tometer (Agilent Technologies, Santa Clara, CA, USA). The emission spectra of HSA were
recorded at a temperature of 37 ± 0.1 ◦C in a 10 mm thick quartz cuvette. The excitation
wavelength was set to 280 nm, and the emission range was from 290 to 555 nm with a step
size of 1 nm. The protein concentration in all samples was maintained at 0.02 mM in a
sodium-phosphate buffer solution with a pH of 7.4.

2.2.5. NMR-Spectroscopy

The 1H-NMR spectra were obtained using a Bruker Avance 400 spectrometer (Rein-
shtetten, Germany) operating at a frequency of 400 MHz. The spectra were recorded in
D2O and referenced to HDO at 4.75 ppm. Approximately 10–15 mg of the sample was
utilized for each spectrum. For DS determination, we normalized the spectra by the H1
peak and compared the integral intensities of the peaks in accordance with the number of
protons in the monomer and linker.

2.2.6. Circular Dichroism Spectroscopy

Circular dichroism spectra were registrated using a J-815 spectrometer from the com-
pany “Jasco” (Tokyo, Japan), which was equipped with a thermostatable cell. The mea-
surements were conducted at 25 ◦C in a quartz cuvette with a path length of 1 mm. The
wavelength range was set from 200 to 260 nm. The spectra were scanned five times at an
interval of 1 nm, and the concentration of human serum albumin was 0.02 mM.

2.2.7. Dynamic Light Scattering (DLS)

The ζ-potentials and hydrodynamic diameters of the CDpols were determined using
the Zetasizer Nano S “Malvern” (4 mW He-Ne laser, 633 nm; Malvern, UK) at 25 ◦C. Each
sample was analyzed three times. The data are presented with the standard deviation.

2.2.8. Nanoparticle Tracking Analysis (NTA)

The sizes of the obtained polymers were also determined by NTA (Nanosight LM10-
HS, Nanosight Ltd., Salisbury, UK). The aqueous solution of each polymer was diluted
10–500 times to achieve satisfactory particle concentration (~108 particles/mL) with purified
water (Milli Q).

2.2.9. Atomic Force Microscope

The size and homogeneity of the obtained samples were controlled using the Atomic
Force Microscope NTEGRA II (NT-MDT, Zelenograd, Moscow, Russian Federation).

2.2.10. The CDpols Stability Studies

CDpols stability studies at pH 7.4 (that model blood plasma conditions) were carried
out using the sample’s aqueous solution stored at 37 ◦C for 48 h. The FTIR spectra of the
initial solution were compared to the FTIR spectra of the same solution stored for 6, 12, 24,
and 48 h.

We also studied the enzymatic degradation of CDpols by model enzymes trypsin and
chymotrypsin that might hydrolase particles. The proteins were preliminarily adsorbed in a
96-well plate in various quantities: 10, 50, or 100 µL of enzymes (3 mg/mL, pH 4.0; trypsin
or a combination of trypsin with chymotrypsin) were applied into the wells, and incubated
for 40 min (T = 25 ◦C, 120 rpm). The amount of the adsorbed enzyme was determined by
comparing the initial enzyme concentration with the concentration of unabsorbed protein
(UV-spectroscopy, λ = 280 nm). The glutaraldehyde (3 mg/mL, pH = 8.5) was added to the
molar ratio enzyme: glutaraldehyde = 1: 2, and the planchet was incubated for another 1 h
(T = 25 ◦C, 120 rpm). We washed the wells three times with a sodium-phosphate buffer
solution (pH 7.4). After 200 µL of CDpol was added to the wells of the 96-well plate, the
system was incubated at T = 37 ◦C (120 rpm) for 24 h. We measured the turbidity (600 nm)
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and FTIR spectra to investigate the changes in the samples that might appear due to the
CDpols hydrolysis.

2.2.11. Hemolysis Assay

Hemolysis ratios of the polymers were determined using purified erythrocytes from
human blood, provided voluntarily by one of the article’s authors. Then, 3 mL of blood
stored in a tube with 0.3 mL 2% EDTA was centrifuged at 1000 rpm for 10 min. Then, the
erythrocyte mass was washed with 0.15 M NaCl solution and centrifuged again. These
steps were repeated 4 times. Then, 40 µL of erythrocyte suspension in 0.15 M NaCl
was added to the 40 µL of polymer solution in the same saline solution in the required
concentrations (final concentrations were 0.17, 1.70, and 3.30 mg/mL for each polymer). For
100% hemolysis (negative control), 6 µL of 2% Triton X-100 was added to 200 µL erythrocyte
solution, and for 0% hemolysis (positive control), 40 µL of the saline solution was added.
The samples were incubated for 2 h at 37 ◦C, then centrifuged at 1000 rpm for 10 min. The
absorbance of the supernatant solutions was measured by a UV spectrophotometer at the
wavelength 540 nm to determine the amount of released hemoglobin. Hemolysis ratios
were calculated using Formula (1):

Hemolysis ratio(%) =
A(sapmle)− A(positive)

A(negative)− A(positive)
× 100 (1)

2.2.12. In Vitro Studies

The overnight culture of Escherichia coli ATCC 25922 and Bacillus subtilis ATCC 6633 in
Luria Bertuni medium was prepared and diluted to a 0.5 McFarland standard.

For antibacterial testing, the agar well diffusion method was used. For this, a nutrient
medium was poured into petri dishes, on which overnight bacterial cultures were applied
and distributed with a spatula. Then, six wells with a diameter of 9 mm were made in the
agar surface, and 50 µL of the sample (sterile buffer as negative control) was added to each
well. The Petri dishes were then incubated for 24 h at 37 ◦C.

To explore the polymer’s effect on the bacterial cell wall, microorganisms’ cultures
were washed from the nutrient medium with a sodium-phosphate buffer solution using
centrifugation (9000 rpm for 5 min). Then 300 µL of CDs or their polymer solutions
(2 mg/mL) were added to the washed cell mass; the samples were incubated for 1 h at
37 ◦C. UV spectra of the supernatant solutions were measured.

3. Results and Discussion

The great interest in CDpols requires safety studies and the investigation of their
interaction with biological macromolecules. Therefore, the aim of this study was to examine
the physico-chemical and mainly biological characteristics of CDpols, in particular, their
effect on human serum albumin, red cells, and bacteria.

We chose methyl-β-cyclodextrin (MCD) and 2-hydroxypropyl-β-cyclodextrin (HPCD)
as monomers for CDpols synthesis. These CD derivatives are widely applied in medicine
due to their high solubility and availability [19]. Succinic anhydride (S) and hexamethylene
diisocyanate (H) were selected as crosslinkers because of their capacity to form biodegrad-
able covalent bonds with the CDs (ester and urethane correspondingly). These linkers
provide additional fragments in the polymer network with specific physico-chemical prop-
erties: hydrophobic pores in the case of H and charged unreacted carboxylic groups in the
case of S.

The CDpol synthesis involved the reaction of the CDs with the crosslinkers, according
to Figure 1. The reaction parameters, such as temperature, reaction time, and molar ratio
of reactants, were chosen in accordance with our previous research [14,18] to achieve the
desired polymer properties that will be discussed in detail below. The yields of polymer
synthesis reactions were approximately 52 ± 10 and 82 ± 14 % for the polymers linked
by succinic anhydride and 1,6-hexamethylene diisocyanate correspondently. The poly-
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mers’ abbreviations were established as follows: the first letter corresponds to the type of
monomeric cyclodextrin (MCD or HPCD correspond to M and H, respectively), followed by
the designation of the polymer (Pol), and the last letter indicating the linker used (succinic
anhydride or 1,6-hexamethylene diisocyanate correspond to S and H, respectively).
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Figure 1. The scheme of 2-hydroxypropyl-β-cyclodextrin (HPCD) and methyl-β-cyclodextrin (MCD)
polymers’ synthesis linked by succinic anhydride and 1,6-hexamethylenediisocyanate.

3.1. Physico-Chemical Properties of CD-Based Polymers

As expected, synthesized CDpols exhibited different physico-chemical characteristics
depending on the type of crosslinker used and the CD’s substituent (Table 1). The introduction
of succinic anhydride (S) led to the production of a transparent glassy polymer with good
solubility in water. On the other hand, the hexamethylene diisocyanate (H) led to a white
powder formation with limited solubility in aqueous solutions, which was expected according
to higher hydrophobicity of methylene groups in H compared to S’s multiple -COO−.

Table 1. Physico-chemical properties of CD-based polymers.

CD Type Linker Abbreviation ζ-Potential, mV

HPCD succinic anhydride1,
6-hexamethylene diisocyanate

HPolS
HPolH

–0.6 ± 0.1
13.8 ± 0.7

MCD succinic anhydride1,
6-hexamethylene diisocyanate

MPolS
MPolH

2.4 ± 1.2
31.6 ± 0.4

The CDpol’s parameters were determined using various methods, including Fourier-
transform infrared spectroscopy (FTIR), nuclear magnetic resonance (NMR) spectroscopy,
dynamic light scattering (DLS), and nanoparticle tracking analysis (NTA). Using the latter
method, the ζ-potentials and hydrodynamic diameters of each polymer were obtained. The
CDpols form particles with an average size ranging from 100 to 300 nm (Figure S1). The
particle sizes and homogeneity were also confirmed with AFM.

The ζ-potential value is an important parameter that provides valuable information
about the surface charge of colloidal particles. It uncovers the potential difference between
the dispersion medium and the stationary layer of fluid surrounding the particle. This
value dramatically depends on different factors such as pH, ionic strength, and surface
functionalization. In colloidal systems, the ζ-potential value is used to predict the stability
and behavior of particles, as described in the work of Midekessa et al. [20].

When H was used as the crosslinker, CDpols exhibited a strong positive ζ-potential.
We suppose this effect is explained by the hydrolysis of unreacted –N=C=O groups into
primary amines, demonstrated earlier in the articles of Freichels et al. and Paiphansiri
et al. [21,22]. CDpols synthesized using S demonstrated ζ-potential values close to neutral.
The MCD-based polymer exhibits a more significant positive ζ-potential in comparison
to HPCD. This is likely attributed to the reduced number of hydroxyl groups available in
MCD for the linker and suggests a preference for the hydrolysis of linker end groups.

As known, particles with high ζ-potential values (either positive or negative) tend to
repel each other, resulting in a stable dispersion. On the other hand, particles with low
ζ-potential values are more likely to aggregate and form larger clusters. Thus, aggregation



Polysaccharides 2023, 4 349

is not inherent to polyurethane nanoparticles, whereas polymers with an S linker might be
prone to aggregation.

3.2. The Structure of CDpols

To investigate the chemical structure of the CD-based polymers, we applied FTIR
and 1H NMR spectroscopy. For CD derivatives in the ATR-FTIR spectra, we observed
typical absorption bands in the range of 1100−1000 cm−1 that correspond to the C-O-C
glycoside bonds (Figure 2) [23]. It is worth stressing that in the CDpols’ case, the expressed
shoulder appears in this band, which indicates a voltage in the CD’s toruses. The formation
of polymers linked by S resulted in the appearance of absorption bands at 1725 cm−1 and
1226 cm−1 that can be attributed to the C=O bonds in carboxylic and ester groups, as well
as the C-O-C bonds in ester groups, respectively [24].
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For the H crosslinker, the formation of a polyurethane bond was expected, which would
be indicated by a band around 1740–1700 cm−1 in the FTIR spectra corresponding to the
oscillation of the C=O group [25]. Indeed, for this type of polymer (HPolH and MPolH), a band
in the region of 1740–1690 cm−1 was observed. Additionally, a band at 951 cm−1 appeared,
indicating the presence of a C–N bond in primary amines [26]. This functional group may
have formed through the hydrolysis of unreacted isocyanate groups in aqueous media, as
previously demonstrated for crosslinked hydroxyethyl starch nanocapsules [27]. As discussed
earlier, the positive ζ-potential of the polymers linked by 1,6-hexamethylenediisocyanate
confirms the presence of -NH2 groups on the surface of the particles.

The 1H NMR spectra of CDpols provide evidence for the formation of the polymers,
as indicated by the presence of signals corresponding to the D-glucopyranose units (HPCD
or MCD) and the linkers (Figure S2). Briefly, the multiplets at δ 3.40–4.11 ppm corresponds
to H2–H5 of the D-glucopyranose units, while the signals at δ 5.01–5.31 ppm are attributed
to H1 of the D-glucopyranose units. We found these signals in all 1H NMR spectra of CD
polymers. For the HPCD-based polymers, the doublets at δ = 1.13 ppm with a coupling
constant of 6.2 Hz are observed, which corresponds to the protons of the hydroxypropyl
substituent. Furthermore, in the 1H NMR spectra of all CD polymers, the detected signals
corresponded to linkers. This suggests that the CD polymers are composed of repeating
units of the CD monomer and the linker molecule.

We obtained the degree of substitution (DS) by NMR and FTIR data (Table S1). The DS
values range from 0.5 to 3.5. The polymers obtained using succinic acid demonstrate three
times higher DS values compared to CDpols crosslinked with 1,6-hexamethylendiisocyanate.
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Moreover, we conducted the CDpols stability studies at physiological pH and in the
presence of model enzymes (trypsin and chymotrypsin). During the storage of all CDpols
in sodium-phosphate buffer solution (pH 7.4) for 48 h, we did not detect any changes in
the FTIR spectra of the samples. This finding indicates that CDpols are stable and do not
hydrolyze. Furthermore, the CDpols storage with the enzymes (trypsin and chymotrypsin)
demonstrated that H crosslinked polymers undergo hydrolysis by less than 20% per day
(pH = 7.4, T = 37 ◦C).

Overall, the FTIR and NMR spectroscopy analyses provide strong evidence for the
formation of CD-based polymers (polyurethanes and polyesters), highlighting their diverse
characteristics that might impact their interaction with biological structures.

3.3. Interaction of HSA with CD-Based Polymers

Several studies have shown that the formation of polymer-HSA complexes or ad-
sorption of HSA on the surface of polymers led to changes in the secondary structure of
albumin [28,29]. For example, Suvarna et al. studied how nanoparticles fabricated using
low molecular weight chitosan oligosaccharide (∼20 kDa) and high molecular weight
chitosan (∼85−90 kDa) influence the secondary structure of HSA [30]. They showed that
larger nanoparticles cause weaker protein conformational changes as well as nanoparticles
obtained from high molecular weight chitosan. Treuel et al. examined how polystyrene
nanoparticles (PSN) interact with serum albumin [31]. The PSN were slightly negatively
charged and caused almost no change in the secondary structure of the albumin until PSN’s
concentration reached 1 × 1011 particles per mL. The increase in the PSN’s concentration to
2.4 × 1011 NPS/mL leads to a complete loss of alpha helices in the HSA’s secondary struc-
ture. The results are confirmed by Ragi et al., who studied poly(ethyleneglycol) (PEG) [32].
The authors reported that 0.1 mM PEG causes no alterations in the protein secondary
structure, while at high concentration (1 mM), the reduction of α-helices content from
59 to 53% takes place. To sum up, high concentrations of polymers could dramatically
alter HSA’s secondary structure (that might cause the changes of albumins’ functional
properties), while small concentrations of polymers do not cause significant changes. Thus,
we expected that our CDpols at concentration 0.1 mM would not notably alter HSA’s
secondary structure.

We applied FTIR spectroscopy to examine the alterations in albumin’s secondary
structure content after the formation of CDpol-HSA complexes (Figure 3a,b). We consider
the Amide I band in the FTIR spectra since it is sensitive to changes in the protein sec-
ondary structure [32,33]. The Amide I band (1600–1700 cm−1) represents the oscillation
of ν(C=O)~80% and ν(C-N)~15%. By deconvoluting the Amide I band, we were able to
determine the content of α-helix, β-structures (β-turns and β-sheets), and random coils,
providing valuable insights into the HSA’s secondary structure changes (Table 2).

Table 2. The content of secondary structures in HSA, CHSA = CCDpol = 0.1 mM, pH 7.4, SD (n = 3),
expressed as a percentage (%).

α-Helix β-Structures Random Coil

HSA 62 ± 2 21 ± 1 17 ± 1
HSA + HpolH 60 ± 2 23 ± 1 17 ± 1
HSA + HPolS 59 ± 2 23± 1 18 ± 1
HSA + MPolH 59 ± 2 22 ± 1 19 ± 1
HSA + MPolS 59 ± 2 25 ± 1 16 ± 1

For all CDpol-HSA complexes, we observed almost no changes in the HSA’s sec-
ondary structure content (Table 2) as well as CDs. We determined only a slight α-helix
content decrease and an increase in the proportion of β-structures. Similar results were
achieved when the polymer carbon nanodots interacted with HSA [29] or tyrosine-modified
polyethyleneimines adsorbed on the surface of HSA [28]. They reported that for linear
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polymers, the changes in the secondary structure of HSA are minimal, while for branched
polymers, they could be quite significant.
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Moreover, the secondary structure of HSA was analyzed using circular dichroism
to investigate the impact of CDpols. The data confirmed the results obtained by the
FTIR-spectroscopy (Table 2).

3.4. Influence of CD-Based Polymers on Binding HSA with Drugs

Next, we investigated if CDpols cause the dissociation of HSA-drug complexes, as
this effect might influence the drug’s pharmacokinetics. HSA has fluorescence spectra
corresponding to the presence of specific amino acids, such as tryptophan, phenylalanine,
and tyrosine [34]. We applied a fluorescence study to examine the protein’s interactions
with model drug molecules and the effect of CDpols on these interactions. First, we found
that the investigated polymers based on CD did not significantly affect the intensity of
HSA’s fluorescent emission (changes in the order 2%) in the studied concentration range
up to a molar excess of polymer equal to 10.

The majority of ligands bind in HSA in the hydrophobic cavities of albumin’s subdo-
mains IIA and IIIA (Sudlow’s sites I and II, respectively) [16,35]. These sites are known
to have a high affinity for drugs and are critical for drug transport and distribution in
the body. Site II is one of the most active regions for the binding of many ligands, such
as ibuprofen (prototypical ligand), digitoxin, and tryptophan [36]. Site I prefers to bind
bulky heterocyclic anions, for instance, warfarin [37]. Warfarin shares this binding site with
a range of other drugs, including indomethacin, phenylbutazone, and tolbutamide, and
competing with them for binding to HSA. Some bioactive molecules demonstrate almost
equal distributions between both binding sites in the IIA and IIIA subdomains, such as
aspirin and levofloxacin (Figure 4a) [36].

The use of such specific molecules (markers) allows the identification of binding sites
of other drugs: since the marker interacts with a specific site, the studied drug can either
compete with the marker for the same site or interact freely with another, which is reflected
in the values of dissociation constants [38]. Furthermore, markers can be applied as models
to study the effect of drug delivery systems on the interaction between protein and drug
molecules. In this work, the markers bromophenol blue (BpB) and ibuprofen (IP) were
used, which are specific to binding sites I and II, respectively (Figure 4b,c) [39].
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In the presence of markers, quenching of the HSA’s fluorescence emission is observed,
which indicates the binding process (Figure 5a) [40]. The aim of this experiment was the
investigation of the polymers’ effect on the binding of drugs to HSA by adding them to the
HSA-marker complex. We were interested in whether CDpols would increase the protein’s
fluorescence emission, indicating the drug’s extraction from the albumin. The results
demonstrate a slight increase (about 8–12%) in fluorescence intensity upon the addition
of all types of polymers or corresponding CD monomers, suggesting that the binding
affinity between the drug and HSA is weakened due to polymer and protein competition
for drug binding. The phenomenon of drug extraction from the protein binding site is more
pronounced in the case of ibuprofen for the monomer CD and in the case of bromophenol
blue for CDpols. CD monomer is a small complexing agent compared to CDpols, which
can lead to a stronger interaction with the ibuprofen molecule due to the well-correlated
sizes. Hergert et al. showed that ibuprofen forms the inclusion complex with CD, which is
characterized by a binding constant of 1.4 × 104 M−1 [41]. On the contrary, the inclusion
complexes of bromophenol blue with CD are not described in the literature. Thus, we
suggested that the changes in the fluorescence intensity in ternary systems HSA-ibuprofen-
CD (compared to HSA-bromophenol-CD) should be more significant as CD could form
an inclusion complex with ibuprofen. It was proved in our experiments (Figure 5b,c).
Figure 5b shows that bromophenol blue induces an increase in HSA’s emission intensity by
5%, while ibuprofen increases the intensity by 12% (Figure 5c). On the other hand, the larger
size of the CDpols may provide better placement of the bromophenol blue molecule, which
would lead to more efficient extraction. Thus, the presented polymers do not produce
significant changes in the extraction of drugs from protein, these findings have important
implications for drug development, as they suggest that the use of polymers may alter the
pharmacokinetics and efficacy of drugs by affecting their binding to HSA (Figure 5b,c).

3.5. Blood Compatibility of CD-Polymers

The blood compatibility of materials exposed to blood is primarily determined by
their potential for hemolysis. In order to assess the damaging effects of particles on red
blood cells, we conducted an in vitro hemolysis test on purified erythrocyte mass isolated
from human blood. Biomaterials are considered non-hemolytic if they exhibit a hemolysis
ratio of 0–2%, slightly hemolytic in the range of 2–5%, and hemolytic at a hemolysis ratio of
5–100% [42,43]. In the present work, a negative control was used for 100% hemolysis and a
positive control for 0% hemolysis; Triton X-100 and saline solution were used, respectively
(Figure 6a).
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The HPolH and HPolS particles can be identified as non-hemolytic up to a concen-
tration of 1.7 mg/mL as well as their combinations in the entire studied concentration
range (Table 3). The HPolH and HPolS particles in a concentration of 3.3 mg/mL can
be considered as slightly hemolytic. Based on the results, these particles are safe and
hemocompatible, making them promising components for the development of drug forms
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for intravenous administration since biocompatibility is an important characteristic of
drug carriers. Polymers based on MCD (crosslinked with succinic anhydride and 1,6-
hexamethylenediisocyanate) demonstrate higher hemolysis ratio values. However, it is
still safe up to a concentration of 1.7 mg/mL. According to the literature data, some com-
ponents of human blood, particularly albumins, demonstrate a protective function and
significantly reduce the cytotoxic effects of CDs. Thus, it can be expected that due to the
protective properties of blood components, hemolysis in vivo for drug delivery systems
will decrease [44].

Table 3. The hemolysis ratio values of CD-polymers expressed as a percentage (%).

Concentration, mg/mL
Type of Polymers

HPolH MPolH HPolS MPolS HPolH–HPolS

3.30 1.9 ± 0.2 11.0 ± 0.5 2.4 ± 0.3 7.9 ± 0.4 0.6 ± 0.1
1.70 1.2 ± 0.1 4.2 ± 0.2 0 0 0.3 ± 0.1
0.17 0 0 0 0 0

3.6. Antibacterial Activity of CD-Polymers

In this work, the effect of CDpols on bacterial cells was investigated using Gram-
negative bacteria Escherichia coli ATCC 25922 and Bacillus subtilis ATCC 6633 using the fast
and reliable agar–well diffusion method (Figure 7) [45]. No inhibition zones were found on
the Petri dishes around wells with polymer solutions, which indicates that CDpols do not
affect the bacterial culture growth up to a concentration of 5 mg/mL, which is really high.
These results correlate with our previous studies [17] in which CDs also demonstrated
no inhibition zones. The lack of antibacterial activity in CD-based polymers is not crucial
for the development of drug delivery systems since many drug carriers do not possess
antimicrobial activity.
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Moreover, the possibility of interactions between CDpols and the bacteria cell surface
was investigated. In our previous work [17,46], we demonstrated that CD-particles adsorb
on bacterial cells. Here, we examined whether such interactions would affect surface cell
structures, particularly the bacterial cell wall. Since we did not detect any antibacterial
activity, it can be concluded that the cell membrane is still intact in the presence of the
CDpolymers, and a considerable amount of proteins have not been released into the sur-
rounding environment. Consequently, we used high concentrations of CDpolymers to
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explore the possibility of disrupting the protein makeup of the cell wall. We incubated the
bacteria with the polymers and studied the supernatant using UV spectroscopy. We de-
tected the absence of the peak at 280 nm, indicating no protein extraction from bacteria (up
to CDpols concentration 2 mg/mL). Thus, no effect on the bacterial cell wall is confirmed.
This characteristic makes them promising for further investigation and development in
various biomedical applications, including drug delivery systems and tissue engineering.

4. Conclusions

The development of delivery systems for low-molecular-weight drugs with multifunc-
tional properties that enhance the characteristics of drug molecules remains a relevant task.
In this work, polymers based on cyclodextrins were investigated in terms of their potential
to be used for intravenous administration. The structures of the polymers (polyurethanes
and polyesters) were confirmed by FTIR and 1H NMR; these methods allowed us to char-
acterize the structure of the products fully. Moreover, dynamic light scattering analysis
revealed that polymers form particles of approximately 200 nm in aqueous solutions.

CD derivatives and their polymers demonstrate no significant effect on the secondary
structure content of human serum, which means the carriers will not alter the protein’s
structure or functions. Nevertheless, they might extract bioactive molecules from the albumin
+ drug complex by 8–12% from both protein binding sites. This data must be considered for
further development of drug delivery systems based on cyclodextrin’s polymers, as the finding
might lead to drug pharmacokinetics changes. Hemolysis tests uncovered that the particles are
non-hemolytic or slightly hemolytic, which is important in vivo use. Cyclodextrins and their
polymers do not extract proteins of bacterial cell walls or exhibit any other antibacterial activity
mechanism against Gram-positive or Gram-negative strains in vitro. The CD-based polymers
appeared to be nontoxic, biodegradable, and biocompatible, which opens up prospects for
their application in biomedicine and ecology.
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