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Article
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Abstract: Modern medical needs call for the efficient remedies against bacterial diseases including severe
pulmonary infections reported as a secondary SARS-Cov-2 infection. Here, we propose imprinted drug
ciprofloxacin (CF) into the polymer based on methyl-B3-cyclodextrin (MCD) via template synthesis. The
obtained polycarbamide nanoparticles possess CF's sustained drug release. The interaction of human serum
albumin (HSA) with CF and CF-MCD carriers was conducted by FRET, FTIR, fluorescence, and circular
dichroism spectroscopy. These studies uncovered that MCD decreases CF's binding efficiency by 2 times,
whereas CF’s encapsulation in polymer matrix doubles the Ka value. The changes in HSA’s secondary structure
indicate no alterations in the main mechanism of complex formation between CF and HSA in the presence of
MCD-based carries. The drug delivery system demonstrates prolonged CF release at pH 7.4 in presence of HSA
(model conditions of blood plasma). CF-MCD carriers inhibit E. coli and B. subtilis growth, but for MAX systems
we observed a MIC’s increase (~2 times). We believe that our findings are important for further development
of new efficient drug forms.
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1. Introduction

According to the World Health Organization, bacterial infections remain one of the leading
causes of death in the world [1,2]. The infections are especially threatening among with reduced
human immunity; likewise secondary bacterial infections might follow surgery or serious illnesses.
For example, COVID-19 pandemic demonstrated the occurrence of severe pneumonia, requiring
complex and lengthy treatment regimen at high doses of antibiotics, and challenged scientists to
design new drug forms [3]. Currently, the development of novel drugs and their clinical trials take a
long time and require expensive research. Therefore, the most urgent task of pharmacology is the
design new efficient drug delivery systems to improve the properties of existed bioactive molecules.
Such systems can contribute to the increase of therapy effectiveness, controlled release rate, targeted
delivery, and reduction of the side effects probability [1,2,4].

Ciprofloxacin (CF) demonstrates numberless properties of an «ideal» antibacterial drug: a wide
spectrum of activity in vitro against gram-negative and gram-positive, aerobic and anaerobic bacteria
and even mycobacteria; chemical and biological stability. However, long-term CF therapy and high
drug dosage might lead to a number of side effects. Most of the undesirable effects occur in the
digestive system: nausea, abdominal discomfort, vomiting and diarrhea. In addition, CF has a
negative effect on the central nervous system: dizziness, headaches, nervousness, sleep. Skin
irritations have also been reported: a rash or itching may appear, probably of allergic origin [5-7].
Moreover, often patients have weakness, fever and heart palpitations. The CF’s dosage decrease helps
to reduce the side effects probability [8,9].

An increase in solubility and, as a result, bioavailability of CF can be achieved using drug
delivery systems. The promising approach is to obtain non-covalent CF complexes with
oligosaccharides cyclodextrins. We propose the use of cyclodextrins (CDs) and their derivatives as
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they approved by FDA and proved to be effective drug carriers. CDs find a wide spectrum of practical
applications in various fields, for example, CDs are used in food and textile industry. CDs are
valuable in pharmaceutics as they increase drugs’ bioavailability, solubility and stability and reduce
the toxicity due to the formation of guest-host complexes [10]. CF’s complexes with different CD
derivatives are well described in the literature [11]. The complexes form by loading the CF’s aromatic
fragment into CD’s hydrophobic cavity and stabilized by the additional interactions between CD’s
substitutes and other CF’s functional groups.

Recently, the particular attention is drawn to CD polymers synthesized by «template» synthesis,
in which the polymerization process takes place in the presence of another organic molecule (such as
a medicinal substance). The template «imprinting» might also result in a specific polymer network
formation with unique properties [12-14]. Encapsulation of the drug by the method might also
provide a uniform distribution of the drug in the carrier through the particle volume, as well as high
loading efficiency [15]. For example, dihydroxyphenylalanine (L-DOPA) was incorporated with 90%
efficiency into a (3-CD polymer using N,N'-carbonyldiimidazole as a linker; the obtained sample
demonstrated prolonged release [16].

Thus, we are interested in the design of CF’s novel drug delivery systems based on CDs and
template synthesis to develop highly effective drug forms with prolonged action. Besides the
physical-chemical properties, we also study the interactions of CF’'s drug forms with biological
macromolecule — human serum albumin (HSA), since protein binding affects the distribution,
excretion and therapeutic efficacy of drug molecules. We apply a number of spectroscopic methods
to uncover the details of the complex system on molecular level. Besides, we investigate CF’s drug
forms antibacterial properties in the presence of HSA to simulate in vitro action.

2. Materials and Methods
2.1. Materials

Methyl-3-cyclodextrin (MCD; 1.5-2.1 -CHs group per one anhydroglucose), ciprofloxacin (CF),
human serum albumin (HSA), 1,6-hexamethylene diisocyanate (HMI), dimethyl sulfoxide (DMSO)
from Sigma-Aldrich (St. Louis, MO, USA). Hydrochloric acid is from - Reachim (Moscow, Russia).
The tablets for the preparation of Phosphate buffered saline (PBS) (pH 7.4) were purchased from Pan-
Eco (Moscow, Russia).

Escherichia coli ATCC 25922 and Bacillus subtitlis ATCC 6633 are from the VKPM «Kurchatov
Institute» (Moscow, Russia).

2.2. Preparation of Ciprofloxacin Complexes with Methyl-B-Cyclodextrin:

The MCD powder was dissolved in aqueous solution (0.03 M, HCI pH 4.0) and then CF solution
was added (0.03 M, pH 4.0 HCl) to achieve a 1:1 molar ratio. The resulting mixture was incubated at
37°C with gentle shaking for 1 h.

2.3. Synthesis MAX Systems via Crosslinking MCD-CF Complexes

1320 pL of 7.5 mM MCD-CF’s complex (1:1 mol : mol) solution (pH 4.0 HCl) were kept at 37°C
for 20-30 min. Then, 1120 ul of dimethyl sulfoxide (DMSO) were added with active stirring. After 2
min, 200 pl of hexamethylene diisocyanate (HDI) solution in DMSO (0.1 M) were added dropwise, so
that a molar ratio of HMI : monomer maintained 1. The mixture was incubated for 3 h before being
placed in a refrigerator at 4°C for 12 h. The sample purification was performed by 6 h dialysis (the
membrane with MWCO 3 kDa (Serva, USA)). The resulting solution was freeze-dried at -70°C for 24
h and then lyophilized at -60°C for 2 days (Edwards 5, BOC Edwards, UK).

The yield of the reaction (by MCD) (the percentage of MCD included in the MAX particles in
relation to the added during synthesis) was calculated from the intensity of the absorption band of
1047 cm”, corresponding to the oscillation of the C-O-C bond of the CD, in the IR spectrum of the
MAX. The CF’s encapsulation efficiency into MCD polymer matrix determined by UV spectroscopy.
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The ratio of CD-torus to CF molecules in MAX was estimated by data obtained by UV- and FTIR
spectroscopy.

2.4. Preparation of Binary (CF-HSA) and Ternary (HSA—(CF+CD Carrier)) Systems

A certain amount of CF (binary system) or CF+MCD/MAX (ternary system) solution was
transferred to the sodium-phosphate buffer (pH 7.4) and HSA solution was added (pH 7.4). The
volume was adjusted to 1 ml. The HSA concentration was maintained 0.06 mM, while the molar
excess of free CF or CF in MCD/MAX was ranged from 0.25 to 20. The protein-drug form incubated
at 37°C with gentle shaking. For UV-spectroscopy, circular dichroism spectroscopy and fluorescence
spectroscopy analysis, the solutions were diluted three times directly before the spectra registration.

2.5. FTIR-Spectroscopy

Tensor 27 spectrometer (Bruker, Ettlingen, Germany) with an attenuated total reflection cell and
ZnSe single-flection crystal was used to obtain FTIR-spectra of sample’s solutions. The spectrometer
is equipped with an MCT detector cooled with liquid-N2, a thermo-stat (Huber, Offenburg,
Germany). FTIR-spectra were recorded in the range of 2500-900 cm! with a 1 cmresolution 3 times
(70 scans each) at 22°C). Dry nitrogen was used to purge the system with an air compressor (Brezza
NiGen HF-1, CLAIND, Italy). The spectra were analyzed by Opus 7.0.

By analyzing the FTIR-spectra in the range of 1700-1600 cm™ for samples with albumin, the
content of secondary structure was determined. The primary bands were detected by the second
derivative of the spectrum, and each spectrum was deconvoluted using the Levenberg-Marquardt
algorithm.

2.6. Circular Dichroism

The J-815 spectrometer from «Jasco» (Tokyo, Japan) was applied to record circular dichroism
spectra. The measurements were performed at 25°C using a quartz cuvette (1 = 1 mm) within a
wavelength range of 200-260 nm. Spectra were scanned five times at 1 nm step with HSA's
concentration 0.02 mM. To determine the secondary structure content the spectra were analyzed with
CDNN program Version 2. The experiment was conducted 3 times, the results were performed with
SD=3 (n = 3).

2.7. UV-Spectroscopy

The Ultrospec 2100 pro equipment from Amersham Biosciences (UK) was used to record UV-
spectra. The CF/CF-MCD/MAX absorption spectra were measured in a quartz cell with an optical
path length of 1 cm from Hellma Analytics (Jena, Germany) within a wavelength range of 200-450
nm.

2.8. Fluorescense Spectroscopy

The Varian Cary Eclipse spectrophotometer (Agilent Technologies, United States) was applied
to conduct fluorescence measurements. The HSA’s emission spectra were recorded at 37 £ 0.1°Cin a
10 mm quartz cuvette, with an excitation wavelength of 280 nm and a 1 nm step in the range of
290-550 nm. The protein concentration in all samples was maintained 0.02 mM (phosphate buffer
solution with a pH 7.4).

The Stern-Volmer equation (1) was employed to analyze the quenching of protein fluorescence
by small molecules, considering both statistical and dynamic quenching effects [17].

Fo/F =1+ Key[Q] =1+ kq7,[Q] D

The equation includes and F, which represent the fluorescence intensities in the absence and
presence of a drug form (quencher), K, is a Stern-Volmer constant, [Q] - the molar concentration of
the quencher, k, and 7, - the bimolecular constants of quenching rate and the lifetime of HSA's


https://doi.org/10.20944/preprints202306.0760.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 12 June 2023 doi:10.20944/preprints202306.0760.v1

4
fluorescence in the absence of the quencher respectively. The binding constant of HSA to the drug
form (K,) and the number of binding sites (1) were determined using equation (2) at 37 + 0.1°C:

F, -

F

F
lg = lgK, + nlg[Q]. )

2.9. Fluorescence Anisotropy

For studying steady-state fluorescence anisotropy (r) another series of solutions was prepared.
To the solution of 50 uM CF/CF+MCD (PBS, pH 7.4) the required volume of 5 mM HSA's (PBS, pH
7.4) solution was added and the volume was adjusted to 1 ml. The concentration of CF/CF+MCD was
kept constant at 0.01 mM, while the molar excess of HSA ranged from 0 to 20. The complexes were
then incubated at 37°C with gentle shaking.

The Varian Cary Eclipse spectrophotometer (Agilent Technologies, United States) equipped
with polarizer was used for spectra registration. The emission spectra were recorded in four positions
of polarizers: HH, VH, HV, VV, where first letter means horizontal (H) or vertical (V) orientation of
the excitation polarizer, and the second - horizontal (H) or vertical (V) orientation of the emission
polarizer. The recording was conducted at a temperature of 37 + 0.1°C in a 10 mm thick cuvette, with
an excitation wavelength of 340 nm and a step of 1 nm in the range of 340-550 nm. To calculate
anisotropy (r) of fluorophore the equation (3) was used:

IVV - GIVH

" Iy + 261y ®)

where Iyy —intensity of emission of fluorescence in different positions, and G represents correction
factor for the instrument's detector sensitivity [18-20].

The calculation the binding constants (Ka) CF or CF+MCD with HSA considering the
equilibrium AM+nHSA —AMxnHSA was conducted by equation (4) [17,21]:

[AM - nHSA]
a = Treamian @)
[HSA]"[AM]
We varied the concentration of HSA and analyzed the changes in the anisotropy by Hill’s
linearization in n-binding site model (5) [22]:

0
lgm =n-lg[HSA] + IgK,, (5)

where 0 is a fraction of the bounded CF’s molecules calculated as (6)

E B Eo
0=——F, (6)
Eoo - S;o
where & and ¢ are the peaks intensities of fluorescence spectra of CF in the absence and the presence
of HSA, &~ is the intensity of horizontal asymptote.

2.9. Fluorescence Resonance Energy Transfer (FRET)

In order to determine the average distance (r) between the ligand (CF in drug form) and HSA
(Trp-214) equations (7-9) were applied. Formula (7)
R§ F

F=————=1 ——
RS + 76 Fy

@)
was employed to calculate energy transfer efficiency (E). In equation (7) Ro is critical radius for 50%
energy transfer efficiency that was determined by equation (8):

RS = 8,79 x 10" 25k2n"*¢,J, @)

where k? is a factor describing the mutual orientation in the space of the dipole moments of the
transitions of the donor and acceptor (2/3 for randomly orientation as in fluid solution); n is the
refractive index of the medium (1.33 in present case); ¢, is the quantum yield of donor in the absence
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of acceptor (0.118 for Trp in HSA); J is the overlap integral of donor fluorescence emission and the
acceptor absorption spectra [23]. ] was calculated according to the equation (9)

Jy FagaAtda

Jy Fpda ©)

where F is the fluorescence intensity of the donor at wavelength A, ¢, is the molar coefficient of
light absorption of the donor at wavelength A.

2.11. Release Kinetic Studies

1 mL of the sample was placed in a dialysis bag with a MWCO of 3.5 kDa (Orange Scientific,
Belgium) that was immersed in 1 mL phosphate buffer (pH 7.4). The system was incubated at 37°C
150 rpm, and UV-spectra of external solution were recorded regularly.

2.12. In Vitro Studies

The antimicrobial properties of CF drug forms were studied by agar well diffusion test using
gram-negative Escherichia coli ATCC 25922 and gram-positive Bacillus subtitlis ATCC 6633 strains. The
overnight culture (Luria Bertuni medium, pH 7.4) was diluted to match 0.5 McFarland standard.
After the distribution of bacteria on Petri dishes 4 wells were cut using 1 mL sterile plastic tip. 50 pL
of each sample was put into wells: sterile buffer as negative control, CF, CF+MCD, MAX, HSA-CF,
HSA-(MCD+CF) or HSA-MAX (Ccr = 0.2, 0.3, 0.5 ug/mL for E. coli ATCC 25922 and Ccr = 0.4, 0.6, 0.8
pg/mL for B. subtitles ATCC 6633). The Petri dishes were incubated at 37°C for 22-24 h. The diameters
of appeared inhibition zones of bacterial growth were analyzed. The minimum inhibition
concentration (MIC) was estimated as the sample’s concentration at which the inhibition zone area
equals the incised agar area:

lgc = a X Sy + lgMIC, (10)

where c is CF’s concentration (pg/mL), Sinn is the inhibition zone area (mm?). Each sample was tested
3 times, and the data is presented with standard deviations.

3. Results and Discussion

Here, we design the CF’s drug delivery system via template synthesis (MAX) and investigate
the main patterns of its interaction with HSA. CD’s oligomers and polymers are of particular interest,
since they can adsorb «guest» molecules not only in the pores of the branched polymer, but also in
the cavities of the CDs [24]. The use of such carriers for the drug’s encapsulation seems to be
advantageous comparing to common drug-CD complexes. For example, formation of these systems
might lead to prolonged release [25], affect the lipid membrane permeability and increase drug’s
antibacterial activity [26,27]. Thus, in this study we consider three drug forms: CF, CF+MCD
(common non-covalent complex) and MAX (imprinted CF into polymer matrix) to compare how
different kinds of CD carriers affect CF’s properties.

First, we obtained MAX system with encapsulated CF molecules by crosslinking CF-MCD
complexes with 1.6-hexamethelene diisocyanate. Error! Reference source not found. presents the
chemical structures of different CF's forms under consideration and the scheme of MAX synthesis.
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Figure 1. CF’'s and MCD chemical structures and the schematic representation of MAX synthesis.

Synthesized MAX represents white powder. The MAX’s structure was investigated by FTIR. In
the MAX’s spectra we found the band 1047 cm attributed to stretching vibrations of C-O-C band as
in free MCD, but the band’s shoulder appears. That might be explained due to the changes in the
microenvironment of C-O-C bands between glucopyranose residues in 3-CD derivatives after
crosslinking. Also, we observed the appearance of new low-intensive bands: 951 cm™ and 1540 — 1570
cm™! and 1610 — 1680 cm™ corresponded to C-N, amide I, and amide II of disubstituted carbamide.
The CN groups might appear due to hydrolysis of isocyanate groups. The insignificant intensity of
these bands might be explained by the low degree of crosslinking. Comparing to MCD FTIR-spectra
we also observed the bands in range 1150 — 1400 cm™ in MAX’s FTIR spectra that indicate the
presence of CF. However, their analysis is complicated due to the low CF’s content.

The yield of the reaction (by MCD) (the percentage of MCD included in the MAX particles in
relation to the one added during synthesis) was ca. 40%. The CF’s encapsulation efficiency into MCD
polymer matrix determined by UV-spectroscopy was approximately 0.6 ug per 1 mg of MAX. The
low degree of CF’s encapsulation in the MAX structure might be due to the low binding constant of
CF+MCD (Ka=(1.3+0.3) x 103 M [11]) as well as drug’s limited solubility (CF prefers the organic
phase instead of MCD tori). The estimated ratio of CD-torus to CF molecules in MAX is 100 : 1. The
yield of the reaction and proportion of encapsulated CF was lower than for resemble system based
on sulfobutyl-B-cyclodextrin and moxifloxacin [14]. We suppose, that the main differences are caused
by higher degree of MCD substitution (1.5-2.1 per one glucose residue), so less -OH groups are
available for reaction with HMI and therefore less CF molecules are fixed in polymer network;
furthermore, negatively charged -SOs groups in sulfobutyl-p-cyclodextrin contributed to the drug’s
retention, while CF apparently passes into the organic phase.

3.1. Fluorescense Spectroscopy

HSA is the major protein of human’s blood plasma. The albumin binds and transports
biologically active molecules, so the drug-HSA complex formation might significantly affect
bioactivity and bioavailability of small drugs [28]. With the rise of attention to CD polymers, we are
interested in how CD carries would change the CF’s binding with HSA. Fluorescence is a valuable
approach for studying the interaction between small molecules and proteins. When tryptophan (Trp),
tyrosine (Tyr) are present in the protein, their aromatic fragments can emit intrinsic fluorescence
upon absorption of UV light, that indicate changes in the protein's structure and microenvironment
of these residues. The changes in the protein’s fluorescence via interaction with other molecules
uncover the binding mechanism, mode, constants, intermolecular distances, etc. Commonly, the
molecular interactions cause fluorescence quenching including reactions in the excited state, energy
transfer, and static and dynamic quenching. Intrinsic fluorescence quenching measurement of
proteins is widely used to elucidate the mechanism of their interaction with ligands or drug
molecules [29-31].
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The interaction between CF and HSA is well studied [23,29,32,33] in literature, while ternary
systems such as HSA-CF+MCD or HSA-MAX are not reported. With an excitation wavelength of 280
nm the individual CF and HSA demonstrate a fluorescence emission peaks at 415 and 340 nm,
correspondingly. The spectra of both components are resolved, so it is possible to investigate the state
of each component in binary and ternary systems simultaneously (Error! Reference source not
found.). The complex formation of CF with MCD as well as CF’s encapsulation in MAX does not
pronouncedly influence the position of drug’s emission maximum.

2000 ~

Aex 280 Nm CF+MCD 1,04
= 1800 ¢ 0.02 mM () e MCD+CF
£1600— 4~ Amax 420 nm : * 3 = CF
2 HSA " 4 MAX
@ 1400 0,8
3 €0.02mM in °
C
E 1200 R340 nm X hs
o - w° X Ny
. ] -~
8 1000 T o064 i
8 800 2
S )
=} A
= 600 ¢ °
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Wavelength (nm) Quencher concentration (M)
(a) (b)

Figure 2. (a) Normalized emission spectra of HSA-(CF+MCD), Aex = 280 nm, Cusa = 0.02 mM,
Ccrsmep=0 - 0.02 mM, 37°C, PBS, pH 7.4; (b) The intensity of HSA’s peak via the increase of drug’s
concentration, Aex =280 nm, Cusa = 0.02 mM, pH 7.4, 37 °C.

With the increase of CF’s concentration, the HSA’s fluorescence intensity decreased
significantly, and the band shifts on 7 nm towards the higher wavelengths (Error! Reference source
not found.). The effect suggests that Trp-214 microenvironment changes to more hydrophilic via CF’s
binding. The data is confirmed by [34,35]. In our previous research we showed that free MCD doesn’t
affect the intensity and maximum position of the emission spectrum of HSA [36,37]. For
HSA-(CF+MCD) we observed the less pronounced quenching and more significant red shift (11 nm)
compared to HSA-CF. We suggest that more hydrophilic CF+MCD complex (than free CF) has
difficulty binding to hydrophobic pocket of HSA in subdomain IIA where CF binds [36,38,39], or the
competition for CF’s binding between MCD and HSA takes place.

Unexpectedly, no spectrum emission shift (for both HSA and CF) in case of MAX was observed.
The effect might be explained that encapsulated CF is less available for interactions with HSA.
Moreover, MAX demonstrates more significant quenching of HSA's emission that free CF. That fact
could indicate the different mechanism of interaction between HSA-CF and HSA-MAX systems. We
suppose the interaction between the MAX and HSA is the key parameter of the observed effect. The
MAX itself might induce the quenching HSA's fluorescence. As MAX may interact only with the
surface of HSA no significant changes of Trp’s microenvironment occur and maximum of HSA's
emission doesn’t change.

The decrease in the relative fluorescence intensities was analyzed using the Stern-Volmer
equation (1) and the results are presented in Error! Reference source not found. and Table 1. Ksv
values for both binary and ternary systems were ca. 105 M, alluding that a significant interaction
between HSA and CF was responsible for the quenching mechanism. The linear dependence of
quenching suggested that only one type of quenching mechanism (either static or dynamic)
dominated. To elucidate the most likely mechanism that causes the quenching of protein
fluorescence, the values of the quenching rate constants kq were determined. Equation (1) was used
to calculate kq. Ksv was defined as the slope of the Stern-Volmer dependence, and t =5.71 x 109 s is
a constant [20]. The observed value of kq is significantly higher than the bimolecular quenching rate
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constant of 2 x 101° M-1xs indicating the prevailing contribution of statistical quenching [17,40], i.e.
the quenching was not initiated from dynamic collision, but via complex formation.
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Figure 3. (a) Stern-Vollmer dependences expressing the effect of HSA quenching via binding CF’s
forms Fo/F, C(HSA)=0.02 mM, 37°C, pH 7.4. (b) Plot Ig F"F_F versus lg[Q] for HSA-drugs,

C(HSA) =0.02 mM, 37°C, pH 7 4.

Table 1. Stern—Volmer Quenching Constants at Aex = 280 nm and Binding Parameters for Interaction
of drugs with HSA, pH 7.4, Cusa = 0.02 mM.

Parameter HSA-CF HSA-(CF-MCD) HSA-MAX
Ksy x 1073, M1 51+2 32.8+0.8 79+3
kg X 10712, Mg 89+04 5.75+0.16 13.8+0.6
K, x 107%, M1 10+3 61 26+6
n 1,06 + 0,06 1,07 + 0,03 1,10 £ 0,04

To determine the binding constants (K,) and stoichiometric coefficient (1), equation (1) was
converted into equation (2) due to the statistical nature of fluorescence quenching at low CF’s

F"F_F versus lg[Q].

The binding constant for HSA-CF complex was (1.0 + 0.3) x 10° M at 37°C and there was only one
binding site of CF on HSA. The formation of ternary systems leaded to the changes of Ka values, while
the stoichiometry remains 1. For HSA-(CF+MCD) binding constant was almost in 2 times lower
compared to the binary system. The finding might be due to the competition between albumin and
MCD for drug binding. Since the binding efficiency of HSA-CF and CF+MCD are close (K, (cr+mcp) =
(1.34+0,3) x 10* M[11]) the drug distribute between two ligands.

Interesting, that for MAX we observed the opposite effect of CD based carrier: the increase of Ka
value in 1.5 times. We suppose the MAX particles interact with HSA, bringing together CF and Trp's
residue and hiding the solvent interactions with HSA's hydrophobic pocket.

concentrations. Error! Reference source not found.b demonstrates the plots of lg

3.2. Steady-State Fluorescence Anisotropy

For monitoring the modulation of the fluorescence characteristics of CF in the presence of HSA
involves excitation of the samples at Aex ~ 340 nm. At these wavelength n-7t* transitions in absorption
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spectrum of CF occurred [41], and hence assert no light absorption by HSA.
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illustrates the impact of added HSA on the steady-state fluorescence anisotropy of CF,
providing further evidence of the CF-HSA interaction. The steep increase in anisotropy within the
protein indicates significant motional constraints on the drug molecules upon binding to the protein,
followed by saturation at higher protein concentrations. This finding is consistent with previous
studies [41,42]. In ternary systems we also observed the increase of anisotropy with the increasing
the HSA's concentration. But for the ternary system the highest magnitude of anisotropy was ~1,5
times smaller than for binary system HSA+CF, therefore part of CF is bounded with MCD even when
plato was reached. We suggest that MCD and HSA concurred for binding with CF. The calculated Ka
for binary and ternary systems (K, sa—cr) = (7 + 4) X 10* M-and K, (usa—cr+mcpy) = (5 £ 3) x 10*
M) agree with the data obtained by the analysis of quenching fluorescence emission of HSA.
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Figure 4. Anisotropy changes as HSA was added to CF’s (purple) and (CF+MCD)’s (green) solution,
PBS, 37°C, Ccr= C(cr+mcp) = 0.01 mM.

3.2. Fluorescence Resonance Energy Transfer (FRET)

The use of fluorescence resonance energy transfer (FRET) as a spectroscopic method allows
monitoring the fluorophore proximity and angular orientation, making it a valuable tool for
measuring molecular distances in complex biological systems. Forster's nonradiative energy transfer
theory outlines the conditions necessary for energy transfer to occur, including fluorescent light
production by the donor, overlap of the donor's fluorescence emission spectrum and the acceptor's
UV absorbance spectrum, and a distance of approach between donor and acceptor of less than 7 nm.
Equations (7-9) can be used with FRET to calculate the distance between drugs and HSA.

The results of calculations are presented in Table 2. The parameters are corresponded to the
literature data for HSA-CF and BSA-CF [29,43]. We found that ternary systems have higher
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efficiency of energy transfer than binary system. The probability of energy transfer from HSA to CF
is high, as the distance between them was less than 7 nm and between 0.5Ro and 1.5Ro.

Table 2. Energy transfer parameters for the interactions of the drugs with human serum albumin
(25°C, PBS, pH 7.4).

Parameter HSA-CF HSA-(CF-MCD) HSA-MAX
J X 10%%, M-lcm3 6.54 7.29 8.08
Ro, A 22.9 23.3 23.7
r, A 33.5 34.5 32.2
Errer 0.10 0.09 0.13
w 1,04 Acceptor ——HSA emission 41,0
& —— CF absorbance =
g 0,8 108 £
© k<
e Donor g
80,6 Spectral - 406 2
S overlap -~ o
8 / <
704 18
:
£ 0,24 026
S Z
0,0 0,0

T T T T T )
250 300 350 400 450 500
Wavelength (nm)

Figure 5. Normalized overlap of the CF absorption spectra with the fluorescence spectra of HSA at
25°C, both in PBS pH 7.4.

3.3. The Analysis of HSA’s Secondary Structure

Several studies have reported that the albumin's secondary structure undergoes changes upon
the formation of the drug-HSA complex [19,35,42,44,45]. Our research involved the use of FTIR [46—
48] and circular dichroism spectroscopy [35,49-51] to investigate the changes in the albumin’s
secondary structure content upon the formation of drug form-HSA complexes. We focused on the
Amide I and Amide II bands in the FTIR spectra, which are sensitive to changes in the protein's
secondary structure. The Amide I band (1600-1700 cm-1) represents the oscillation of v(C=0)~80%
and v(C-N)~15%, while the Amide II band (1500-1600 cm-1) corresponds to the &(N-H)~60%, v(C-
N)~20%, and (C-C)~10% (Error! Reference source not found.a). By the deconvolution of Amide I
band, we determined the content of a-helix, 3-structures, and random coils, providing important
insights into changes in HSA's secondary structure (Error! Reference source not found.b).

Our findings confirmed that native HSA contains approximately 65% a-helix [18,34,38,47,52].
The presence of MCD does not affect HSA's secondary structure content, while CF causes a noticeable
decrease in a-helix by 6-10%, primarily due to an increase in p-structures and random coils that was
reported for other drug-HSA systems [47,52,53]. We observed similar changes in HSA's structure in
case of CF+MCD, although the effect was less pronounced for the ternary system. MCD slightly
altered CF-HSA binding, possibly by preventing CF from binding to HSA. The alterations in HSA's
secondary structure for CF+MCD was similar to the binary system, but less pronounced, so indeed
MCD and HSA concur for CF binding. For HSA-MAX system the secondary structure of protein
changes insignificantly. Our previous works [37,54] demonstrated that the complex formation
between fluoroquinolone drugs and CD’s might be accompanied by the increasing role of hydrogen
bond formation and decreasing the force of hydrophobic associations [17,35,38]. So, we might suggest
that CF+MCD and MAX interact mainly with the surface of the protein due to the formation of
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hydrogen interactions, therefore, in these systems, changes in the secondary structure are minimal
(Table 3).

Table 3. The content of secondary structures in HSA, Cuss = Ce = 0.06 mM, pH 7.4, SD (n=3).

a-helix B-structures Random
HSA 64 +2% 19+1% 17 +1%
HSA-CF 58 +2% 22+1% 20+1%
HSA-(CF+MCD) 61 +2% 21 +1% 18+1%
HSA-MAX 62 +2% 22+1% 16 +1%
. random coils
0.016 Amide I Amide IT 0.010 - VA O )
— 1650 cm™ 1650 cm! [\ O a-helix
\ / / \ O aggregate
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s 3 / \
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Figure 6. (a) The FTIR spectra of HSA, pH 7.4; (b) The deconvolution of HSA FTIR spectra, Cis: =
0.06 mM, the simulated spectra demonstrated in dashed pink line, pH 7.4; (c) Changes in the structure
of Amide I, Cusx=0.06 mM, Ca=1.2mM, pH7.4;.

Protein aggregation plays a key role in the pathophysiology of many diseases and may have
serious consequences [55,56]. In FTIR spectra of proteins characteristic peaks could be observed in
region 1614-1618, 1622-1626, and 1685-1696 cm™ which correspond to anti-parallel 3-layers and
which are sufficiently distant from the peaks of parallel (3-layers and from other elements of the
secondary structure [57]. These peaks were not considered in calculating the percentages in Table 3
as aggregation refers to intermolecular contacts. We consider how CF and CF incapsulated into CD-
carries would affect the process of aggregation (Error! Reference source not found.c). When CF was
added to HSA the intensity of 1626 and 1616 cm™ increased. So, it might be concluded that high CF’s
concentrations leads to aggregation of HSA. Surprisingly, we observe much less expressed
aggregation of protein in HSA-(CF+MCD) (Error! Reference source not found.c). We suppose MCD
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makes the surface of protein more hydrophilic, that prevent the albumin’s aggregation. In HSA-MAX
system protein aggregation almost does not occur even with the large CF’'s molar excesses. As MAX
could form more hydrophilic surface of the protein than MCD the effect of preventing aggregation is
more significant. These observations let us to suggest that CD’s carries might significantly decrease
adverse events associated with CF.

Circular dichroism (CD) was also used to study the changes in the secondary structure of HSA
that occur during the interaction of albumin with CF and their complexes with CD. In the range 200-
260 nm neither CF nor MCD have a CD spectrum, which makes it possible to study complex
multicomponent system. Since a-helices are mainly present in the secondary structure of albumin, as
expected, the minimum ellipticity values in the CD spectrum are observed at 208 nm and 220 nm,
corresponding to n—7t* transitions of the peptide bond in a-helices [39] (Error! Reference source not
found.). The proportion of a helices in free HSA at pH = 7.4 is about 64%, which is consistent with
the literature data and data obtained from FTIR (Table 3). The interaction of protein with CF’s forms
leads to changes in the secondary structure of the protein, and the carrier for CF has a significant
impact on these changes. Circular dichroism spectroscopy confirmed the structural changes observed
in HSA obtained by FTIR-spectroscopy.

~
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T % HSA-CF
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Figure 7. (a) Circular dichroism spectrum of HSA, C = 0.05 mM, pH 7.4; (b) The content of secondary
structures in HSA, Cisa = Carvien = Cer = 0.02 mM, pH 7.4.

3.4. Study of the Kinetics of Ciprofloxacin Release

The method of equilibrium dialysis was used as a model system for studying the effect of
complexation on the drug’s kinetic release, since the parameter is crucial for discovering the trend to
prolonged drug release. Drug’s complexation with CD might slightly affect its release. For instance,
in [11] the formation of CF complexes with 3-CD derivatives leads to a slowdown of drug’s release
that correlates with the dissociation constants of the complexes. In this work, we studied not only the
CD carrier’s effect on CF’s release, but also the role of HSA's presence (Error! Reference source not
found.). The dialysis membrane’s pore diameter was chosen 3.5 kDa, so only CF can be released.
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Figure 8. (a) Free CF, CF complex with MCD, MAX release curves at pH 7.4; (b) Free CF (black), HSA
with a tenfold molar excess of free CF (purple); HSA with a tenfold molar excess of CF complex with
MCD (in a ratio of 1:1) (green); HSA with a tenfold molar excess of MAX (orange), 37°C, pH 7.4.

As was expected the formation of the CF+MCD complex leads to a slowdown in the release of
CF by ~15% (according to the tangent of the initial section) compared to free CF (Error! Reference
source not found.a). It is important to note that in [11] the drug’s release from the complex at pH 4.0
(when complex is more stable) leads to more significant decrease of the CF’s release rate.

Surprisingly, there was no significant change in the CF’s release profile from MAX within the
first 20 minutes compared to free CF. But after 40 minutes we observed the noticeable decrease of
release rate from MAX. The effect might be explained by the fast release of CF molecules located near
MAX surface and then slower release of CFs encapsulated in the inner MAX volume. Thus, MAX
demonstrates the prolonged drug release.

Table 4. The release rate of CF or CF+CD carrier in the absence and in the presence of HSA,
represented as slopes of the initial sections of the CF release curves (Error! Reference source not
found.), the relative changes in concentration per minute, pH 7.4, 37 °C.

The presence of

ion CF CF+MCD MAX
te ol - 45+0.2 3.8+0.2 40+0.2
& 4 35402 26402 22402

! first 15 minutes were analyzed.

Let us consider how HSA affects CF’s release profile. We used tenfold excess of HSA to
modelling in vitro the physiological conditions where the drug surrounded by many molecules of
HSA. For HSA-CF system there is a noticeable decrease in the release rate by ~ 56% in 60 min. 100%
of CF releases at 3 h that is in 2.5 times longer than in case of free CF. A significant decrease in the
release rate might be due to the binding of CF in a complex with HSA.

In case of CF+MCD complex (ratio 1 : 1) preincubated with HSA we observed the dramatic
decrease in the CF’s release rate (by ~ 90% in 1 h), whereas the plato is reached at 220 minutes (2.75
times longer than free CF) (Error! Reference source not found.b). The additional decrease in the
release rate of ~20% in the presence of MCD is probably due to competition of MCD and HSA for
CF’s binding.

The lowest release rate occurs in the HSA-MAX system. In 3 h only 70% of CF is released. The
data obtained allow us to suggest that CF in MCD carries would a long while circulate in the blood
flow and transported by protein for a longer time. Slow-release CF from MAX and formation the
protein crown may change the antibacterial properties of CF in MAX.

3.5. Antibacterial Activity of CF’s Drug forms in the Presence of HSA
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We used gram-positive Bacillus subtilis and gram-negative Escherichia coli to investigate the effect
of complex formation between HSA and CF in different forms on minimum inhibition concentration
(MIC) by the rapid and reliable agar-well diffusion test. First, we compared the action of free CF,
CF+MCD, and MAX: MICcr = MICcravcp = 0.02 pg/mL (E. coli) and 0.14 pg/mL (B. subtilis), whereas
MICwmax = 0.06 and 0.2 pg/mL for E. coli and B. subtilis respectively. We suggested that the increase of
CF’s MIC value for MAX is due to the limited agar diffusion. In addition, the lower CF’s release rate
from MAX might contribute to the effect. We also found that incubation CF’s forms with HSA does
not influence on MIC (Table 5). The same results were obtained earlier in our research group [54].

Table 5. MIC (pg/mL), pH 7.4 (PBS sterile buffer), agar—well diffusion method, 37 °C.

The presence of

Strain HSA CF CF+MCD MAX
Escherichia coli - 0.02+0.01 0.02+0.01 0.06 £0.01
ATCC 25922 + 0.03 +0.01 0.03 +0.01 0.07 £0.01
Bacillus subtitlis - 0.12 +0.03 0.13+0.03 0.20+0.03

ATCC 6633 + 0.14+0.03 0.14+0.03 0.21+£0.03
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4. Conclusions

For the first time the MCD based polymer with encapsulated CF was obtained via template
synthesis. We compared MAX to the common CF+MCD non-covalent complex in their binding to
HSA, release kinetics and antibacterial activity. MCD prevents CF’s binding to albumin probably due
to the competition with HSA for drug binding, whereas for MAX the increase of Ka (~2.5 times) is
observed. This effect might be explained by the formation of hydrogen bonds between MAX and
HSA that limits CF’s dissociation from protein’s binding site. This effect might contribute to the
pronounced decrease of CF’s release rate from HSA-MAX (100% is achieved at 500 min) that might
consequently enhance the drug’s lifetime in vivo and prolong the therapeutic effect. Also, preventing
the HSA's aggregation during formation complex with CF was achieved in ternary systems. MCD
does not change CF’s in vitro activity, whereas MAX’s MIC values for E. coli and B. subtilis are 0.06
and 0.20 pg/mL, correspondingly, which is ~2.5-3 times higher than for free CF.

Although only 0.6 mg of encapsulated CF was per 1 mg of MAX, we suppose the proposed
system is still more promising compared to MCD due to prolonged drug release, the increase of CF’s
binding efficiency to HSA and satisfied in vitro activity.

Supplementary Materials: The following supporting information can be downloaded at the website of this
paper posted on Preprints.org, Figure S1: title; Table S1: title; Video S1.: title.
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