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Abstract: Human serum albumin (HSA) is a multifunctional protein, known to be a natural carrier
for a number of endogenous and exogenous compounds, including drugs. HSA-based drugs formu-
lation is a clinically validated approach to improve pharmacological properties and biodistribution
(such as in Abraxane). Based on this, one might like to modify HSA in a way that its distribution is
more favorable for certain therapeutic purposes. Levofloxacin (LV), a broad-spectrum antibiotic drug,
could benefit from extended systemic exposure, and stronger interactions with plasma proteins could
be useful for this purpose. We engrafted monomeric or polymeric cyclodextrins (CDs) on the surface
of HSA molecules to strengthen the LV adsorption (the CD−LV dissociation constant is three orders of
magnitude lower than that of HSA−LV). We found that (HSA−HPolS)conj+LV exhibited the highest
activity against E. coli, whereas (HSA−HPCD)conj+LV was the most effective against B. subtilis, and
both HSA conjugates were more potent than LV alone or LV with HSA. Further fine-tuning of HSA
could yield an improvement in biodistribution and thus a more favorable risk/benefit ratio.

Keywords: levofloxacin; human serum albumin; hydroxypropyl-β-cyclodextrin; conjugate; drug
delivery systems; antibacterial activity

1. Introduction

Blood contains essential drug-binding proteins such as human serum albumin (HSA)
and acid glycoprotein as well as lipoproteins and erythrocytes [1,2]. The binding of drugs
to HSA and acid glycoprotein has been extensively studied over the past few decades.
HSA holds a preeminent position as one of the most abundant and compact proteins
within blood plasma. HSA has eight binding sites, which can bind to both endoge-
nous and xenobiotic compounds with varying affinities [3]. However, two major sites
of HSA are primarily involved in ligand binding and exhibit a preference for acidic drugs.
These two sites are also known as Sudlow site I (warfarin-azapropazone site) and Sudlow
site II (indole-benzodiazepine site) [4]. Despite its large size, HSA is not limited to plasma
but is distributed extravascularly, similar to acid glycoprotein [2]. HSA plays a pivotal role
in transporting a wide array of metabolic compounds and therapeutic drugs. For example,
HSA exhibits an intriguing ability to bind with albumin-binding proteins, particularly
membrane-associated gp60 (albondin) and its secreted protein that is acidic and rich in
cysteine (SPARC) [5,6]. Albondin receptors, residing on the endothelial cells of tumor blood
vessels, facilitate the transcytosis of albumin across continuous endothelial barriers. HSA’s
exceptional properties extend beyond its role as a transport protein, and it has emerged as
a promising candidate for gene therapy due to its remarkable ability to avoid unwanted
interactions with serum components. Therefore, the formation of a drug-HSA complex can
significantly impact the bioactivity and bioavailability of drugs [3,7].

Levofloxacin (LV) stands out as a highly esteemed antibacterial agent with a broad spectrum
of applications in the treatment of various diseases rooted in bacterial infections [8–10]. While
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LV demonstrates good efficiency, prolonged therapeutic regimens can give rise to adverse effects
including bacterial resistance. Thus, it becomes imperative to devise drug delivery systems aimed
at mitigating potential side effects. Cyclodextrins are widely used for this purpose [11].

Cyclodextrins (CDs) are cyclic oligosaccharides that have gained widespread recogni-
tion in the field of pharmacology due to their remarkable ability to enhance the bioavailabil-
ity and pharmacokinetics of inherently soluble yet lipophilic drugs [11–13]. Among these,
hydroxypropyl-β-cyclodextrin (HPCD) holds a prominent position as a highly soluble and
easily synthesized CD. We have previously reported that LV forms a remarkably stable
complex with HPCD, characterized by an association constant of (1.0 ± 0.3) × 103 M−1 [14].

To achieve more substantial effects, we proposed the use of macromolecules con-
structed from CDs covalently linked to one another [15,16]. In this study, our focus was on
investigating the complexation of LV with a polymer synthesized through the crosslinking
of HPCD tori with succinic acid (HPolS), denoted as LV+HPolS. Detailed descriptions
of these complexes can be found in our previous publications. The LV+HPolS complex
exhibits an association constant of (2.2 ± 0.4) × 105 M−1 [16].

Human serum albumin (HSA) is a crucial blood plasma protein with multifaceted
functions, including the maintenance of osmotic pressure, pH buffering, and the transport
of diverse substances [17]. Furthermore, HSA plays a pivotal role in shaping the pharma-
cokinetic and biodistribution profiles of drug molecules. Hence, it is promising to devise
drug delivery systems that leverage the modulatory potential of HSA in these physiological
processes [3].

In our current study, we embark on the creation of novel drug delivery systems for
levofloxacin (LV) using HSA grafted with monomeric or polymeric HPCD. These innovative
developments hold great promise, primarily owing to their non-cytotoxic nature and the
capacity for prolonged circulation within the bloodstream. So, we synthesize three types of
HSA-based particles: complexes of LV with (HSA−HPCD) and (HSA−HPolS) conjugates
in comparison with conjugates of non-grafted HSA−LV. Here, we study the molecular
details of the HSA grafting by monomeric or polymeric HPCD (HSA−HPCD)conj and
(HSA−HPolS)conj and its influence on the interaction of HSA with LV. We also seek to
investigate how the creation of such systems would impact the physico-chemical properties
and antibacterial efficacy of levofloxacin (LV) concerning both Gram-positive (Bacillus
subtilis) and Gram-negative (Escherichia coli) bacterial cells.

2. Materials and Methods
2.1. Materials

Levofloxacin (LV), 2-hydroxypropyl-β-cyclodextrin (HPCD) with a hydrogen substitution
degree of 1–1.3 in one D-glucopyranose link, succinic anhydride, and human serum albumin
(HSA), Woodward’s reagent, carbonyldiimidazole, and 2-(N-morpholino)ethanesulfonic acid
(MES) were acquired from Sigma-Aldrich (St. Louis, MO, USA).

2.2. Methods
2.2.1. Synthesis of HPCD-Based Polymer Linked by Succinic Anhydride (HPolS)

In this study, polymers based on HPCD linked by succinic anhydride were synthesized
according to the procedure outlined in reference [15]. Briefly, a specified amount of HPCD
solution (C = 60 mg/mL) was heated at 100 ◦C in the presence of NaH2PO4. Subsequently, the
linker’s aqueous solution (3 M succinic anhydride) was added dropwise to the reaction mixture,
which was stirred for 1.5 h. The molar ratio of HPCD to linker was maintained at 1:15.

The obtained polymer, referred to as HPolS, was purified through dialysis using
a membrane with a molecular weight cut-off of 12 kDa (Serva, Heidelberg, Germany).
The purified polymer was then dried for 24 h at 37 ◦C.

The concentration of cyclodextrin (CD) torus in HPolS was determined using FTIR spec-
troscopy, specifically by analyzing the 1032 cm−1 band corresponding to the C−O−C bond in the
CD torus. Calibration dependence was established for accurate concentration determination.
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2.2.2. Synthesis of HSA Conjugates with HPCD or HPolS

To obtain conjugates of HSA with HPCD or HPolS, in the first stage, the hydroxyl
groups in the ligands were activated using carbonyldiimidazole (CDI). Then, 120 µL of
ligands (a 0.1 M solution of HPCD or a 0.065 M solution of HPolS) and 900 µL of a 0.04
M CDI solution were mixed with 4.980 mL of a PBS buffer. The solutions were incubated
at room temperature and constantly stirred for 2 h. Then, 2 mL of a 0.4 mM solution
of HSA was added to each sample and mixed at room temperature for 12 h. In the last
stage, the conjugates were washed from unreacted reagents by dialysis (cut-off molecular
weight 3.5 kDa membrane, Serva, Heidelberg, Germany) and lyophilized. Atomic force
microscopy (AFM microscope NTEGRA II) was used to visualize the polymeric particles
of HSA Conjugates with HPCD or HPolS and compare it in terms of shape and size with
non-modified HPolS.

2.2.3. Synthesis of HSA Conjugates with LV

To obtain protein conjugates with LV, the carboxyl group of the drug was previously
activated with Woodward’s reagent (WRK). For this, 300 µL of the LV solution (CLV = 8 mM in
MES, pH = 5.0) was added to 600 µL of WRK solution (CWRK = 12 mM, pH = 3.5) and 5 mL MES
buffer solution, and the reaction mixture was incubated at room temperature while constantly
being stirred for 2 h. The molar ratio of the components in the reaction was 1:3 for LV:WRK.
After that, to 2 mL of the resulting solution, the HSA solution (CHSA = 0.08 mM in a PBS buffer
solution, pH = 7.4) was added in a volume of 2 mL and incubated at room temperature while
constantly being stirred for 3 h. The mole ratios of LV:HSA were 1:5 and 1:10. Finally, both
conjugates were washed from unreacted reagents by dialysis (cut-off molecular weight 3.5 kDa
membrane) and lyophilized.

2.2.4. Obtaining Non-Covalent Complexes with LV

Non-covalent conjugate complexes with LV were obtained by mixing the solutions
of LV and (HSA−HPCD)conjor (HSA−HPolS)conj in a molar ratio of 1:1 for LV:CDtori in a
sodium-phosphate buffer solution and incubating at 37 ◦C for 40 min.

2.2.5. UV-Vis Spectrophotometry

UV spectra were acquired utilizing the Ultrospec 2100 Pro apparatus procured from
Amersham Biosciences, San Francisco, CA, USA. Absorption spectra for LV, WRK, and
their mixture were recorded using a quartz cell with an optical path length of 1 cm, sourced
from Hellma Analytics, Jena, Germany, encompassing the spectral range spanning from
200 to 450 nm.

2.2.6. FTIR Spectroscopy

FTIR spectra of the sample solutions were acquired using the FTIR microscope
MICRAN-3 (Novisibirsk, Russia) and a Bruker Tensor 27 spectrometer (Ettlingen, Ger-
many) equipped with an attenuated total reflection cell with a ZnSe single-reflection crystal.
Spectra were recorded within the wavenumber range of 2500–900 cm−1 with a 1 cm−1

resolution, averaging 3 measurements of 70 scans each. Data analysis was conducted using
Opus 7.0 software.

The assessment of secondary structural components in the samples containing albumin
was accomplished through an in-depth analysis of the FTIR spectra within the spectral
region spanning from 1700 to 1600 cm−1. The primary spectral bands were meticulously
identified through the application of the second derivative technique, followed by spectrum
deconvolution employing the Levenberg–Marquardt algorithm.

2.2.7. Circular Dichroism Spectroscopy

Circular dichroism (CD) spectra were recorded using the J-815 spectrometer by Jasco
(Tokyo, Japan).
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The experimental measurements were executed at a temperature of 25 ◦C employing quartz
cuvettes with a path length of 1 mm. The wavelength range covered spanned from 200 to
260 nm. Spectra were obtained through five scans at 1 nm intervals, with the HSA concentration
maintained at 0.02 mM. The content of secondary structures, the obtained spectra were subjected
to analysis using the CDNN program, Version 2. Each experiment was repeated three times, and
the results were reported with a standard deviation (SD) of 3 (n = 3).

2.2.8. Fluorescence Spectroscopy

Fluorescence measurements were performed using the Varian Cary Eclipse spectropho-
tometer, manufactured by Agilent Technologies (Santa Clara, CA, USA). The emission
spectra of HSA were recorded under controlled conditions at 37 ± 0.1 ◦C. A 10 mm quartz
cuvette was employed for the measurements, and the excitation wavelength was set at
280 nm. The emission scans were conducted with a 1 nm step within the wavelength range
of 290–550 nm. It is noteworthy that the protein concentration was consistently maintained
at 0.02 mM using a PBS buffer solution at a pH of 7.4.

To assess the quenching of protein fluorescence by small molecules, we applied the
Stern–Volmer Equation (1). This equation takes into account both statistical and dynamic
quenching effects [18].

F0/F = 1 + KSV [Q] = 1 + kqτo[Q], (1)

This equation incorporates F0 and F, denoting the fluorescence intensities in the ab-
sence and presence of a drug form acting as a quencher. Within its framework, KSV
takes on the role of the Stern–Volmer constant, [Q] signifies the molar concentration
of the quencher, kq characterizes the bimolecular constant governing quenching rate,
and τo corresponds to the lifetime of HSA’s fluorescence in the absence of the quencher.
To ascertain the binding constant (Ka) of HSA to the drug form and the number of binding
sites (n), Equation (2) was employed under controlled temperature conditions:

lg
Fo − F

F
= lgKa + nlg[Q]. (2)

We calculated thermodynamic parameters, including the Gibbs free energy change
(∆G), enthalpy change (∆H), and entropy change (∆S) of the reaction using the Van’t Hoff
Equations (3)–(5):

∆G = −RTlnKa (3)

∆G = ∆H − T∆S (4)

lnKa =
∆S
R

− ∆H
RT

(5)

where R is universal gas constant, and T is the temperature.

2.2.9. Release Kinetic Studies

The release of LV was investigated using a dialysis method. Specifically, 2 mL of the
sample was placed in a dialysis bag with a molecular weight cutoff (MWCO) of 3.5 kDa
(Orange Scientific, Braine-l’Alleud, Belgium). The entire system was incubated at 37 ◦C
with gentle agitation at 150 rpm, and UV or fluorescence spectra of the external solution
were recorded over time.

The experiment considered 100% of LV as released when the concentration of LV inside
the dialysis bag equaled the concentration of LV in the external solution, representing 50%
of the initial LV’s concentration.

2.2.10. Evaluation of Antibacterial Activity In Vitro Studies

In this investigation, two bacterial strains, namely Escherichia coli (ATCC 25922)
and Bacillus subtilis (ATCC 6633), sourced from the National Resource Center’s Russian
collection of industrial microorganisms at the SIC “Kurchatov Institute”, were utilized.



Future Pharmacol. 2024, 4 143

These strains were cultured for a period of 18–20 h at 37 ◦C to attain a concentration of
approximately 2 × 108 colony-forming units per ml (CFU/mL), a quantification method
based on A600 measurements, in the liquid nutrient medium Luria–Bertani (LB) (pH 7.2).
It is noteworthy that E. coli cultures were cultivated without agitation, while B. subtilis
cultures were stirred at 170 rpm.

For the microbiological tests, the suspensions of the bacterial cultures were stan-
dardized to a 0.5 McFarland standard, resulting in a CFU concentration of approximately
0.3 × 108 (CFU) in the liquid LB nutrient medium (pH 7.2). Subsequent experiments in the
liquid medium involved adding 100 µL of the test samples (the concentration of LV in each
sample was 10 ng/mL or 50 ng/mL) to 5000 µL of the bacterial cultures. These samples
were then incubated at 37 ◦C for a duration of four days. At specific time points, 100 µL
from each sample was extracted and diluted with PBS. Subsequently, the absorbance was
measured at 600 nm, with concurrent CFU controls.

To quantitatively assess the relationship between CFU (cell viability) and the concen-
tration of LV, 50 µL of each sample was diluted in the range of 106–108 times and plated on
Petri dishes. These Petri dishes were subsequently incubated at 37 ◦C for 24 h, after which
the number of colonies (CFU) was determined.

We determined the minimum inhibition concentration (MIC) using the agar well
diffusion method [19–21]. The cell suspension of overnight-cultured Escherichia coli (ATCC
25922) and Bacillus subtilis (ATCC 6633) (grown in the Luria–Bertuni medium for 12 h) was
diluted to a 0.5 McFarland standard. Four wells with diameters of 9 mm were created in
the agar using sterile plastic pipette tips after evenly distributing bacteria over the agar
surface. Subsequently, 50 µL of the samples (including sterile buffer as the negative control;
LV, (HSA−HPCD)conj+LV, and (HSA−HPolS)conj+LV with CLV concentrations of 1, 2, 5
µg/mL; and for (HSA−LV)conj 1:5 and (HSA−LV)conj 1:10 concentrations of LV were 10.0,
20.0, 50.0 µg/mL for each sample) were placed in the wells. The Petri dishes containing
the samples were then incubated at 37 ◦C. After 24 h, the diameters of the inhibition zones
were analyzed.

MICs were determined as the concentration of the sample at which the absence of bacterial
growth equaled that of the removed agar (with a diameter of approximately 9 mm) using the
following Equation (6):

lgC = a × Sinh + lgMIC (6)

where C is the concentration of LV (µg/mL), Sinh is the square of the inhibition zone (mm²),
and a is a constant. Each sample was tested in triplicate, and the data are presented with
standard deviations.

2.2.11. Hemolysis Assay

The hemolysis ratios for the conjugates were assessed using purified erythrocytes obtained
voluntarily from one of the authors. Initially, 3 mL of blood, stored in a tube with 0.3 mL
2% EDTA, underwent centrifugation at 1000 rpm for 10 min. The erythrocyte mass was
subsequently washed with 0.15 M NaCl solution and centrifuged through four repetitions of
this process. Following this, 40 µL of the erythrocyte suspension in 0.15 M NaCl was combined
with 40 µL of the conjugate solution in the same saline solution, each at varying concentrations
(final concentrations: 0.17, 1.70, and 3.30 mg/mL for each conjugate).

For the negative control representing 100% hemolysis, 6 µL of 2% Triton X-100 was added
to a 200 µL erythrocyte solution. Conversely, for the positive control signifying 0% hemolysis,
40 µL of the saline solution was added. The samples were incubated for 2 h at 37 ◦C and
subsequently centrifuged at 1000 rpm for 10 min. The absorbance of the supernatant solutions
was measured using a UV spectrophotometer at a wavelength of 540 nm to quantify the released
hemoglobin. The hemolysis ratios were calculated using Equation (7):

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

A(negative)− A(positive)
× 100 (7)
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3. Results and Discussion

The formation of LV+HPCD or LV+HPolS complexes is advantageous in enhancing sol-
ubility and extending the duration of LV’s therapeutic action. However, cyclodextrins (CDs)
can partially shield LV’s binding sites on HSA. To achieve more significant enhancements
in LV’s pharmacodynamic and pharmacokinetic attributes, in this work, we developed a
new drug delivery system based on the HSA grafted with monomeric or polymeric HPCD.

For synthesis of the conjugates with HSA (HSA grafted with CDs), we used 2-
hydroxypropyl-β-cyclodextrin (HPCD) since this substance is able to form quite stable
inclusion complexes via the «guest-host» mechanism with LV (Ka (LV+HPCD) = (1.0 ± 0.3) ×
103 M−1) [14]. The formation of the HPCD+LV non-covalent complex affects the physico-
chemical parameters of the drug [12]. Previously, we have shown that the polymers based
on CDs have a more significant effect on LV’s biopharmaceutical properties, enhancing
its antibacterial properties, solubility and bioavailability. So, we used a polymer based
on HPCD (the polymer—HPolS), which shows a number of improved properties, such as
higher association constant Ka (LV+HPolS) = (1.0 ± 0.1) × 106 M−1, prolonged action, and
increasing of antibacterial activity. Polymer synthesis was carried out according to our
previous article [15], and succinic anhydride was used as a linker since it is a biocompatible
bifunctional crosslinking agent. The hydrodynamic diameter of polymer nanoparticles is
200 nm, and the ζ-potential is −0.6 mV (Table 1).

Table 1. Physicochemical properties of non-covalent complexes of LV and CDs.

Parameter HPCD HPolS

ζ-potential, mV 0 −0.6 ± 0.02
Hydrodynamic radius, nm 0.15 200 ± 20

Ka with LV, M−1 (1.0 ± 0.3) × 103 (1.0 ± 0.1) × 106

3.1. Synthesis of HSA Grafted by Monomeric and Polymeric HPCD

The synthesis of HSA conjugates with HPCD or HPolS was initiated by the activation
of the hydroxyl group in the ligand using carbonyl diimidazole (CDI) (Figure 1). CDI forms
highly reactive imidazolyl–carbamate intermediates upon reaction with alcohols. The imidazolyl–
carbamate group is highly electrophilic and readily undergoes nucleophilic attacks by a variety of
nucleophiles, including amines, thiols, and carboxylic acids, leading to the formation of amides,
thioesters, and esters with high yields [22–24]. In the second stage, the HSA was added, which
reacted with the activated ligand due to the high content of lysine residues. As a result, conjugates
with a covalent urethane bond were obtained—(HSA−HPCD)conj and (HSA−HPolS)conj—the
formation of which was monitored using FTIR.

To improve the biopharmaceutical characteristics of the LV, in this study, we synthe-
sized conjugates of the LV with HSA with a high degree of the drug’s inclusion. Two types
of HSA conjugates with LV were obtained with a covalent and non-covalent bond between
the protein and the drug molecule. In the first case, a covalent bond was formed between
the carboxyl group of LV and the amino group of lysine residues of the protein (Figure 2A).
To form this, in the first stage, the activation of the carboxyl group was carried out using
Woodward reagent (WRK), which is an isoxazolium salt that causes a specific and rapid
modification of carboxylic groups in various molecules [25]. Initially, this reagent was
developed for the synthesis of peptides [26], but now it is used to activate carboxyl groups
in various compounds [27]. In the next stage, a HSA’s solution was added to the activated
LV molecule, resulting in an amide bond between the protein and LV.
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Upon the reaction of LV with WRK, a novel absorption peak emerged in UV spec-
trum around 345 nm. This spectral feature may serve as an indication of the formation
of a stable enol ester bond, resulting from the modification of LV’s carboxylate group by
the WRK [28,29]. Remarkably, this peak exhibited substantial augmentation within the
initial twenty minutes of the experiment. However, beyond the 20 min mark, no signif-
icant changes were observed in this band. So, the conjugation reaction was completed.
Our scrutiny of the UV spectra over a 2 h period unveiled a gradual diminishment of the
290 nm band (assigned to WRK), indicative of the hydrolysis of WRK [30].

For the second system, non-covalent LV complexes were obtained with the conjugates
HSA−HPCDconj and HSA−HPolSconj described above (Figure 2B). Cyclodextrins are able
to form inclusion complexes with large binding constants of ~104–106 M−1 [31,32] and
non-covalent complexes with antibacterial molecules. One may expect that the forma-
tion of non-covalent complexes between LV and (HSA−HPCD)conj or (HSA−HPolS)conj
(Figure 2B) would exhibit high binding affinities. The binding constants for these sys-
tems were subsequently calculated through fluorescence spectroscopy analysis and are
thoroughly discussed in the next section.

3.2. FTIR and Structure Features of Synthesized Molecules

Figure 3a,b provides a visualization of the FTIR spectra for the conjugates HSA–HPols
and HSA–HPCD in comparison with free HSA, HPCD, and HPolS. The cross-linking
between HSA and HPolS or HPCD involves the formation of carbamate (urethane) bonds.
These bonds appeared between lysine (Lys) residues in HSA and hydroxyl groups within
the CDs activated using CDI.
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Figure 3. (a) The FTIR spectra of HSA, (HSA–HPCD)conj, and HPCD at CHSA = 0.1 mM, CHPCD = 1.5
mM H2O, pH 7.0, 22 ◦C; (b) The FTIR spectra of HSA, (HSA–HPolS)conj, and HPolS at CHSA = 0.1
mM, CHPolS = 1.5 mM H2O, pH 7.0, 22 ◦C.

Notably, carbamate bonds manifest distinctive peaks in the FTIR spectra, specifically
the C–N and C–O stretching modes, observed at 1076 cm–1 and 1024 cm–1, respectively.
Additionally, the presence of a shoulder peak at 1069 cm–1 is likely attributed to the
second C–N stretching mode. Furthermore, carbamate bonds are anticipated to exhibit
characteristic vibration modes at 1645 cm–1 and 1600 cm–1, specifically related to N–H
rocking [33–35].

Upon examination of the FTIR spectra for HSA–HPCD and HSA–HPolS, the emer-
gence of novel peaks indicative of carbamate bonds suggests the formation of covalent
bonds between lysine (Lys) residues within HSA and hydroxyl groups present in the CDs
during the synthesis process. In the FTIR spectra of the conjugates, we also observe distinc-
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tive peaks related to bonds within HSA. Specifically, the amide I band (1600–1700 cm–1)
represents oscillations involving ν(C=O) (~80%) and ν(C–N) (~15%). Additionally, the
amide II bands (1500–1600 cm–1) correspond to δ(N–H) (~60%), ν(C–N) (~20%), and (C–C)
(~10%) [36–38]. Furthermore, bands characteristic of oligosaccharides are evident in the
conjugates. Prominent absorption bands in the range of 1100–1000 cm−1 were identified,
corresponding to C–O–C glycoside bonds [39]. The formation of the HSA–HPolS conjugate
resulted in the appearance of bands at 1717 cm−1 and 1226 cm−1, indicative of the presence
of C=O in carboxylic and ester groups as well as C−O−C in ester groups, respectively [40].

The secondary structure of proteins is intricately linked to their biological functionality,
which is a critical factor when proteins are employed as carriers for therapeutic drugs.
The preservation of a protein’s biological activity is of paramount importance, particularly
in the context of drug delivery, as it dictates the protein’s ability to interact with its intended
targets. Previous studies have extensively documented alterations in the secondary struc-
ture of albumin as a consequence of complexation with various drugs [33,38–44]. In this
research, we harnessed the power of FTIR spectroscopy to meticulously scrutinize these
structural changes in albumin stemming from the creation of HSA conjugates with either
HPCD or HPolS. Our specific focus was channeled towards the examination of the amide
I and amide II bands within the FTIR spectra, known for their heightened sensitivity to
variations in the protein’s secondary structure.

Using deconvolution techniques on the amide I band, we extracted quantitative in-
sights into the shifts in α-helixes, β-structures, and random coils, shedding light on the
nuanced alterations within HSA’s secondary structure (Figure 4a). Our findings revealed
that the covalent binding between Lys residues in the HSA and hydroxyl groups in CD tori
(the formation of (HSA−HPCD)conj or (HSA−HPolS)conj) did not induce significant struc-
tural deviations in HSA (Table 2). This observation negates the likelihood of aggregation
events. The primary deviation detected was a minor increment in the content of a random
coil in HSA’s secondary structure. We obtained the same results through the analysis of
CD-spectra of HSA, (HSA−HPCD)conj, and (HSA−HPolS)conj (Figure 4b).
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Vigilantly monitoring the secondary structure of proteins within drug delivery sys-
tems is of utmost importance, as it influences protein stability, drug loading and release,
biocompatibility, functionality, quality control, formulation optimization, and overall safety
and efficacy.

In the second systems where we aimed to form the conjugate of HSA and LV, we
observed a noteworthy increase in the intensity of the amide I and amide II bands.
This observation suggests that we successfully formed amide bonds between Lys residues
within HSA and the carboxylic group of the LV in the conjugates (Figure 5).
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The reaction yield, as measured by HPCD/HPolS, denotes the percentage of HPCD
tori in the (HSA−HPCD)conj or (HSA−HPolS)conj particles relative to the amount employed
during the synthesis. HPCD’s content was quantified using FTIR spectroscopy, with the
intensity of the 1047 cm−1 absorption band corresponding to the oscillation of the C-O-C
bond of the CD. In the case of (HSA−LV)conj, the reaction yield was determined by LV. LV’s
content was ascertained through FTIR spectroscopy, with the intensity of the 1490 cm−1
absorption band corresponding to the oscillation of the C−Caromatic bonds of LV. Based on
the analysis of the HSA conjugates using FTIR, it was found that the entire ligands (HPCD,
HPolS or LV) were sewn to the protein globule during the synthesis reaction (Table 3).

Table 3. Physicochemical properties of conjugates of HSA and LV or CDs.

Parameter (HSA−LV)conj 1:5 (HSA−LV)conj 1:10 (HSA−HPCD)conj (HSA−HPolS)conj

Molecular weight,
kDa 66.8 68.6 88.1 80.1

LV, % (w/w) 2.7% 5.4% − −
Molar ratio 1 1:5 1:10 1:15 1:10

1 Molar ratio of LV to HSA or CD torus to HSA.

3.3. Fluorescence Spectroscopy

For further elucidation of the molecular details, it is important to understand how CDs
carriers would affect the binding of chemical fragments of LV with HSA.
Moreover, we were interested in how the covalent that bound HPCD and HPolS to HSA
would alter the thermodynamic parameters of HSA’s interactions with LV.

Fluorescence is a valuable approach to studying the Trp-214 interaction of HSA with
different molecule types since the fluorescence of Trp residues is sensitive to a protein’s
microenvironment. The measurement of intrinsic fluorescence quenching in proteins
stands as a widely employed approach to unravel the intricate mechanisms underlying
their interaction with ligands or drug molecules [41–43]. The detailed description of
the interaction between LV and HSA has been previously elucidated [18,44,45]. In our
previous works, we studied ternary systems where the drug is the included in the complex
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with monomeric or polymeric CDs [16,32,46,47]. Here, we studied the interactions of
levofloxacin (LV) with HSA grafted with cyclodextrins (CDs) or CD polymers (CDPols).

3.3.1. Impact of HPCD, HPolS, and Conjugate Formation on the Fluorescence Spectra of
HSA and LV

We investigated the interaction between LV and HSA, LV+HPCD and HSA, LV+HPolS
and HSA, LV and (HSA-grafted-HPCD)conj, and LV and (HSA-grafted-HPolS)conj using flu-
orescence spectroscopy. At an excitation wavelength of 280 nm, LV and HSA demonstrated
distinct emission peaks at 456 and 340 nm, respectively (Figure ??a). HPCD and HPolS had
no signal under the present conditions.
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In our previous studies, we reported that the formation of complexes between LV and
HPCD, as well as the encapsulation of LV in HPolS particles, led to a slight redshift of the
emission maxima of the drug by 3–5 nm [16]. This shift signifies an augmentation in the
hydrophilic nature of the microenvironment surrounding the drug, concomitant with a
modest increase in the intensity of LV’s emission spectrum. Importantly, the presence of
HPCD or HPolS, even in concentrations up to 100 mM, did not exert a significant influence
on the fluorescence properties of HSA [48].

The emission spectra of (HSA−HPCD)conj and (HSA−HPolS)conj closely mirrored the
emission profile of pure HSA (Figure ??a). This conformity suggests that this polysaccharide
and oligosaccharide do not instigate substantial structural alterations or modifications in
the fluorophores of HSA, thereby preserving its emission characteristics.

Most intriguingly, the formation of a conjugate between HSA and LV elicited profound
spectral modifications. In particular, we noted a significant (two-fold) reduction in the
intensity of HSA’s emission spectra (depicted by the pink curve in Figure ??a) compared to
HSA alone at an equivalent concentration level (as shown by the purple curve in Figure ??a).
Astonishingly, the formation of HSA−LVconj resulted in the complete quenching of LV’s
emission (as indicated by the absence of the LV peak in the pink curve, contrasting with
the red curve representing LV alone at the same concentration). These observations offer
compelling evidence of an alteration in the microenvironment surrounding LV.

We observed that an increase in the LV concentration in the presence of (HSA−HPCD)conj
or (HSA−HPolS)conj leads to a reduction in protein fluorescence, indicating a change in the
microenvironment of Trp214 and the formation of a complex between LV and albumin (Figures
5b and ??a).
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It is worth noting that the position of the protein emission peak shifts towards longer
wavelengths, and the magnitude of this shift becomes stronger with higher concentrations
of the quencher (e.g., with a molar excess of LV equal to five, the shift is approximately
20 nm). This suggests that the Trp214 residue experiences a less hydrophobic environ-
ment [44,45,49].

The determination of Stern–Volmer constants for the interactions between LV and
(HSA−HPCD)conj or (HSA−HPolS)conj provides valuable insights (Figure 7b and Table S1).
The obtained data suggest that the fluorescence quenching is primarily of a static nature.
In other words, the quenching of fluorescence is mostly due to the formation of stable
complexes between LV and (HSA−HPCD)conj or (HSA−HPolS)conj.
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Further investigation into the static quenching phenomenon under different condi-
tions can yield important thermodynamic parameters. These parameters offer a deeper
understanding of the energetics and stability of complex formation and shed light on the
intricacies of drug–protein interactions.

3.3.2. Thermodynamic Parameters and Mechanisms of the Complex Formation of HSA and LV

Given the static nature of fluorescence quenching at low concentrations of LV, Equation
(1) was modified into Equation (2), enabling the determination of binding constants (Ka)
and stoichiometric coefficients (n). A noticeable reduction in both binding constant (Ka)
and n was observed upon temperature variation. To gain a more comprehensive under-
standing of the overall process of complex formation between the antibacterial drug LV
and (HSA−CD)conj, we proceeded to determine the associated thermodynamic parameters,
as summarized in Table 4.

Consequently, the thermodynamic parameters of ∆H (enthalpy change), ∆S (entropy
change), and ∆G (Gibbs free energy change) for the complexation reaction were deter-
mined using Equations (3)–(5), and the outcomes are detailed in Table 4. The primary
forces driving the process of complex formation encompass the establishment of hydrogen
bonds, electrostatic interactions, hydrophobic forces, and van der Waals interactions [50].
These interactions can either positively or negatively impact the changes in enthalpy (∆H)
and entropy (∆S) [44,51–57]. The arrangement of the fluoroquinolone plays a crucial role in
determining the primary forces involved in its interaction with HSA [44,52]. For example,
Enrofloxacin engages in complex formation with HSA through hydrophobic interactions,
resulting in positive values for both enthalpy and entropy changes. On the other hand,
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Sparfloxacin and HSA exhibit a slightly negative ∆H and positive ∆S, indicating that
electrostatic interactions play a primary role in the formation of the complex [44].

Table 4. Thermodynamic parameters of the interaction of human serum albumin with levofloxacin,
pH 7.4 (CI = 0.95, n = 4, r = 0.999).

T, K n Ka, 105 M−1 ∆G, kJ/mol ∆H, kJ/mol ∆S, J/mol/K

HSA+LV [32]

298 1.34 ± 0.07 23.4 ± 0.5 −36.3 ± 0.1

−57.7 ± 0.8 −71 ± 2
302 1.33 ± 0.02 17.9 ± 0.3 −36.1 ± 0.1
306 1.32 ± 0.03 13.1 ± 0.4 −35.8 ± 0.1
310 1.33 ± 0.05 9.9 ± 0.2 −35.6 ± 0.1

HSA+(LV+HPCD) [32]

298 1.51 ± 0.08 110 ± 1.2 −40.1 ± 0.2

−217.6 ± 1.4 −596 ± 4
302 1.41 ± 0.04 34.0 ± 0.5 −37.7 ± 0.4
306 1.33 ± 0.03 12.6 ± 0.2 −35.7 ± 0.4
310 1.24 ± 0.03 3.5 ± 0.5 −32.9 ± 0.3

(HSA+HPCD)conj+LV

298 1.37 ± 0.01 17 ± 3 −35.6 ± 0.1

−187 ± 7 −510 ± 20
302 1.29 ± 0.02 6 ± 1 −33.5 ± 0.1
306 1.23 ± 0.02 2.7 ± 0.7 −31.8 ± 0.1
310 1.12 ± 0.01 0.9 ± 0.1 −29.4 ± 0.1

(HSA+HPolS)conj+LV

298 1.21 ± 0.05 3.3 ± 1.9 −31.48 ± 0.3

−149 ± 8 −400 ± 20
302 1.14 ± 0.05 1.4 ± 0.8 −29.73 ± 0.3
306 1.09 ± 0.02 0.68 ± 0.12 −28.33 ± 0.1
310 1.01 ± 0.04 0.31 ± 0.13 −26.68 ± 0.2

HSA and LV Interactions

It was ascertained that the interaction between LV and HSA occurs spontaneously
within the designated temperature range, as evidenced by the negative value of ∆G. The ob-
servation of negative values for ∆H and ∆S in the HSA+LV system suggests that complex
formation is primarily driven by van der Waals forces and the establishment of hydrogen
bonds. This finding aligns with similar conclusions reported in other works [18,44,52].
However, it is important to note that the ∆H, ∆S, and ∆G values calculated in our study are
of the same order of the magnitude compared with the literature values for HSA and LV
interactions (Table 5).

Table 5. Comparison of calculated and published thermodynamic parameters for the levofloxacin-
human serum albumin system.

T, K n Ka, 105 M−1 ∆G, kJ/mol ∆H, kJ/mol ∆S, J/mol/K

present study 310 1.33 ± 0.05 9.9 ± 0.2 −35.6 ± 0.1 −57.7 ± 0.8 −71 ± 2

present study 1 298 1 0.6 ± 0.1 −27 ± 1 −38 ± 3 −37 ± 10

Zhang et al. 2 [18] 298 1.04 0.49 −27.0 −42.2 −62.6

Zhang et al. 3 [18] −27.4 −54.7 −91.6
1 Calculation of thermodynamic parameters was made based on the equation: log(Fo − F)/F = logKa + log[Q] and
Equations (3)–(5) (n = 4, r = 0.987). 2 Calculation using Equations (2)–(5) based on fluorescence spectroscopy data
(r = 0.987). 3 Calculation based on affinity capillary electrophoresis data (r = 0.955).

Some discrepancy can be attributed to the assumption made by Zhang et al. re-
garding a 1:1 stoichiometry of the complex formation (i.e., n = 1 in Equation (2)) [18,44].
This assumption led to underestimated values of Ka and overestimated values of ∆H, ∆S,
and ∆G. Notably, if these parameters are calculated with the assumption of n = 1, they fall
within the range of literature values. Furthermore, Zhang L.W. et al. indicated that the
values of ∆H and ∆S, derived from affinity capillary electrophoresis data, were significantly
lower than those obtained through fluorescence spectroscopy, as displayed in Table 5.
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HSA and LV+CD Inclusion Complex Interactions

At 25 ◦C, the binding constant (Ka) for the ternary system involving HSA and LV+HPCD
was five-fold higher than that observed for the binary system of HSA and LV alone. This sub-
stantial increase indicates that the hydroxyl group within the HPCD substituent contributes
additional hydrogen interactions with the albumin’s surface, resulting in the stabilization of
the HSA+(LV+HPCD) complex. Furthermore, the pronounced reduction in both ∆H (by ap-
proximately 4 times) and ∆S (by approximately 8.5 times) in comparison to the binary system
underscores the heightened role of hydrogen interactions in the formation of the HSA+(LV+HPCD)
complex (Figure 8).

Figure 8. (a) The binding constants for HSA+LV, HSA+HPCD, (HSA–HPCD)conj+LV, and (HSA–
HPolS)conj+LV at 25 and 37 ◦C, PBS, pH 7.4; (b) The thermodynamic parameters for HSA+LV,
HSA+HPCD, (HSA–HPCD)conj+LV, and (HSA–HPolS)conj+LV, PBS, pH 7.4.

Similar to the interaction of free LV, the binding constant (Ka) decreased as the temper-
ature rose when HSA interacted with the LV+HPCD complex. However, this effect was
significantly more pronounced in the ternary system. In fact, as the temperature increased
from 25 to 37 ◦C, Ka decreased by 30 times. This outcome implies that the LV+HPCD, which
possesses a larger molecular size compared to the free drug, is less capable of penetrating
the hydrophobic binding pockets of HSA. Consequently, it predominantly interacts with
the hydrophilic groups present on the albumin surface. Indeed, in the ternary system, the
distance between the donor (HSA) and the fluorescence acceptor (LV+HPCD) increased in
comparison to the binary system (Table S2).

(HSA−HPCD)conj and (HSA−HPolS)conj Non-Covalent Interactions with LV

In contrast to the ternary systems, HSA interacted with the LV+HPCD complex.
For the conjugates HSA−HPCD or HPolS, the binding constants (Ka) of LV with HSA
grafted with CD exhibited consistently lower values across the entire temperature range.
Notably, the most significant changes were observed at 37 ◦C.

For instance, in the case of (HSA−HPCD)conj+LV, the binding constant at 37 ◦C was
determined to be (9 ± 1) × 104 M−1, which is 10-fold lower than that observed for the
unmodified protein (Table 4). The covalent cross-linking of HSA with HPolS led to an even
more pronounced reduction in the interaction constant. In the (HSA+HpolS)conj+LV system,
Ka was measured at (3.1 ± 1.3) × 104 M−1, representing a 30-fold decrease compared to
HSA+LV (Figure 8a,b).

Our explanation is that the toroidal structures of HPCD, anchored to the HSA surface,
impede the penetration of LV into the hydrophobic binding sites of HSA, necessitating
LV to predominantly interact with the modified HSA surface. Given the profusion of
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hydrophilic oligosaccharides adorning the HSA surface, the principal binding forces in
these interactions are hydrogen bonds and van der Waals forces.

Notably, the enthalpy change (∆H) in the cases of (HSA−HPCD)conj+LV and (HSA−HPolS)
conj+LV is diminished by factors of 3.2 and 2.5, respectively, relative to HSA+LV. Furthermore, there
is a marked reduction in the entropy change (∆S) by factors of 7 and 5.5 for (HSA−HPCD)conj+LV
and (HSA−HPolS)conj+LV, respectively, in comparison to HSA+LV (Figure 8). These phenomena
align with the characteristics of systems where the principal driving forces for complex formation
are hydrogen bonds and van der Waals forces, as previously elucidated by [51].

Of particular interest, the decline in both enthalpy change (∆H) and entropy change
(∆S) for systems involving HSA’s conjugates is not as pronounced as in the case where LV
was encapsulated within the HPCD torus.

Thus, changes in enthalpy and entropy affect drug–protein interactions by influencing
the spontaneity and strength of binding. A balance between these two factors determines
whether an interaction is thermodynamically favorable. The surface modification of HSA
results in a notable reduction in the binding constants. These findings provide valuable
insights into the control and modulation of drug carrier properties.

3.4. Kinetics of Levofloxacin Release

To gain insights into the impact of complexation on drug release kinetics, we adopted
the equilibrium dialysis method as a model system. This parameter is pivotal for as-
sessing the potential for extended drug release. The formation of drug complexes with
cyclodextrin (CD) carriers has been known to exert a nuanced influence on the release rate.
For instance, earlier research on ciprofloxacin complexes with β-CD derivatives indicated
that complexation correlated with a deceleration in drug release, aligning with the dissocia-
tion constants of these complexes [16,21,58].

Our initial focus was to examine the impact on the release rates within binary systems,
encompassing non-covalent LV complexes with HPCD, HPolS, and HSA. As anticipated,
the formation of the LV+HPCD or LV+HPolS complex led to a decrease in the release
rate by 10–20% compared to free LV (Figure 9 and Table 6). This behavior mirrors that
of ciprofloxacin when encapsulated in a 3D-matrix system intertwined with covalent
complexes of ciprofloxacin with methyl-β-CD via 1,6-hexamethylene diisocyanate [46].

Table 6. Release rates of LV and LV+CD carriers in the absence and presence of HSA 1 with pH 7.4, 37 ◦C.

The Presence of
HSA LV LV+HPCD LV+HPolS

tg α 2
− 2.4 ± 0.2 2.2 ± 0.2 2.9 ± 0.2

free 2.1 ± 0.2 2.2 ± 0.2 2.9 ± 0.2
conjugate 3 2.1 ± 0.2 2.7 ± 0.2

1 Release rates represent the slopes of the initial sections of the LV release curves depicted in Figure 9, re-
flecting relative changes in concentration per minute at pH 7.4 and 37 ◦C; 2 first 20 min; 3 in these cases,
(HSA−HPCD/HPols)+LV were considered.

In the presence of HSA, a discernible reduction in the release of LV by 15% was
observed as compared to free LV. This reduction is in accordance with the (Kdis) values.
Indeed, LV+HPCD exhibited a Kdis of (1.0 ± 0.3) × 10−3 M, while HSA+LV featured a
substantially lower Kdis of (1.0 ± 0.1) × 10−6 M. Consequently, the binding of LV to HSA is
notably stronger than its interaction with HPCD, resulting in a diminished release rate for
LV in the presence of HSA.
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Figure 9. (a) Free LV, LV complex with HPCD (HPCD+LV), LV complex with HpolS (HpolS+LV), 
and LV complex with HSA (HSA+LV) release curves; (b) HPCD+LV, HSA+LV, LV complex with 

Figure 9. (a) Free LV, LV complex with HPCD (HPCD+LV), LV complex with HpolS (HpolS+LV),
and LV complex with HSA (HSA+LV) release curves; (b) HPCD+LV, HSA+LV, LV complex with
(HSA−HPCD)conj, and LV+HPCD complex with HSA; (c) HPolS+LV, HSA+LV, LV complex with
(HSA−HPolS)conj, and LV+HPolS complex with HSA with CHSA = 0.02 mM, 37 ◦C, PBS, pH 7.4. All
data were obtained in three repetitions and calculated with errors.

Subsequently, we investigated the influence of a ternary system formation on the
release rate of LV. Apparently, in systems involving HPolS, we observed a notably higher
release rate compared to HSA+LV. Both (HSA−HPolS)conj+LV and HSA+HPolS+LV exhib-
ited nearly identical release rates, both approximately 30% higher than that of HSA+LV
(Figure 9c). This phenomenon can be attributed to a 30-fold lower binding constant for
(HSA−HPolS)conj+LV compared to HSA+LV.

Interestingly, in systems featuring HPCD, the release rate closely paralleled that of
the HSA+LV system, as depicted in the figure. This observation can be attributed to
the relatively modest, approximately 10-fold difference in binding constants between
(HSA−HPCD)conj+LV and HSA+LV, which is not as pronounced as the difference observed
in systems with HPolS (Figure 9b).

3.5. Conjugates Safety

In this investigation, we studied the impact of HSA−HPCD and HSA−HPolS (con-
jugates without LF) on bacterial cells to ascertain that these conjugates do not possess
antibacterial activity. The study utilized the agar well diffusion method—a swift and
reliable technique illustrated in Figure 10.
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Figure 10. The scheme of the agar well diffusion method.

As it was expected, no inhibition zones were detected on Petri dishes surrounding
wells containing solutions of the conjugates (HSA−HPCD and HSA−HPolS). This observa-
tion affirms that HSAconj does not impede the growth of bacterial cultures, even at a high
concentration of 5 mg/mL. This outcome aligns with our previous research [21,32], wherein
both CDs and HSA exhibited no inhibition zones. The absence of antibacterial activity in
these CD-based polymers is not a critical factor in the progression of drug delivery systems,
as numerous drug carriers lack inherent antimicrobial properties.

The assessment of materials’ blood compatibility, particularly in terms of their potential
for hemolysis, is a critical aspect. To estimate the impact of particles on red blood cells,
an in vitro hemolysis test was conducted using a purified erythrocyte mass isolated from
human blood. The classification of biomaterials is based on their hemolysis ratio: non-
hemolytic materials exhibiting a ratio of 0–2%, slightly hemolytic in the range of 2–5%, and
hemolytic at a ratio of 5–100% [59,60]. In this study, a negative control for 100% hemolysis
and a positive control for 0% hemolysis were employed, utilizing Triton X-100 and a saline
solution, respectively. This methodology allows for a comprehensive evaluation of the
potential adverse effects of materials on red blood cells in a blood environment.

The particles, namely (HSA−HPCD)conj, (HSA−HPolS)conj, (HSA−LV)conj 1:5, and
(HSA−LV)conj 1:10, have demonstrated non-hemolytic characteristics up to a concentration
of 3.3 mg/mL. This observation aligns logically with the composition of these particles
that are based on HSA, which is a major blood protein. The safety and hemocompatibility
exhibited by these particles make them promising candidates for the development of drug
formulations for intravenous administration. Biocompatibility is a crucial attribute for drug
carriers, and the results from this study support the suitability of these particles for such
applications.

In our previous research, we established that HPolS itself is non-hemolytic up to a
concentration of 1.7 mg/mL. Additionally, literature data suggests that certain components
of human blood, particularly albumins, play a protective role by significantly mitigating
the cytotoxic effects of CDs [61]. This information underscores the potential of the studied
particles for safe and effective drug delivery systems, aligning with the protective properties
associated with blood components.

3.6. Antibacterial Activity of Conjugates

Nanoparticles constructed from HSA have garnered significant attention due to the
numerous advantages associated with HSA. These include biocompatibility, biodegrad-
ability, well-established tolerability in human subjects, non-toxic and non-immunogenic
attributes, and remarkable stability in various environments [6,62,63].

In this study, we investigated the impact of conjugates with HSA formation on the
antibacterial activity of LV. In the case of Escherichia coli, Gram-negative bacteria, all of the
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studied samples containing LV exhibited a notable reduction in the rate of bacterial growth
after 20 h (Figure 11a).
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significant inhibitory effects across all formulations (Figure 12 and Table 7). The covalent 
conjugate HSA with LV (HSA−LV 1:10)conj and (HSA−LV 1:5)conj displayed a marginal re-
duction in activity, comparable to that at 10 ng/mL LV system. This observation can be 
attributed to the reduced availability of free LV in the HSA−LV systems in comparison to 
other systems where LV was not covalently linked (Figure 11b). 

Figure 11. Kinetic curves depicting the dependency of optical absorbance at 600 nm (relative to control) at
37 ◦C in correlation with the number of colony-forming units (CFU). The curves span the incubation time
of 0 to 72 h, focusing on E. coli cells treated with antibacterial drugs, specifically CLV at a concentration of
10 ng/mL. (a) CLV = 50 ng/mL; (b) for B. subtilis cells, CLV = 10 ng/mL; (c) for B. subtilis cells,
CLV = 50 ng/mL at 37 ◦C; (d) All data were obtained in three repetitions and calculated with errors.

The most potent inhibitory effect was observed in the system featuring a non-covalent
complex of LV with the HSA grafted with polymeric CD (HSA−HPolS)conj. These pro-
nounced changes were particularly noticeable at LV concentration of 10 ng/mL. Remark-
ably, (HSA−HPolS)conj+LV at this concentration displayed 40% higher activity compared
to free LV at the same concentration level. For monomeric CD, (HSA−HPCD)conj+LV
demonstrated a 30% increase in antibacterial activity relative to free LV (Figure 11a,b).

Subsequent testing of the samples at a higher LV concentration (50 ng/mL) revealed
significant inhibitory effects across all formulations (Figure 12 and Table 7). The covalent
conjugate HSA with LV (HSA−LV 1:10)conj and (HSA−LV 1:5)conj displayed a marginal
reduction in activity, comparable to that at 10 ng/mL LV system. This observation can be
attributed to the reduced availability of free LV in the HSA−LV systems in comparison to
other systems where LV was not covalently linked (Figure 11b).
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Table 7. The number of colony-forming units (CFU) in the cells’ suspension with antibacterial agents
(in all samples, the LV concentration was maintained 50 ng/mL).

Strain Time, h
109 CFU 1

LV (HSA−HPCD)conj+LV (HSA−HPolS)conj+LV HSA−LV 1:5 HSA−LV 1:10

E. coli
24 1.6 ± 0.2 2.0 ± 0.2 0.2 ± 0.2 1.0 ± 0.1 1.1 ± 0.1
48 2.1 ± 0.2 2.3 ± 0.2 0.7 ± 0.1 1.7 ± 0.2 1.6 ± 0.1

B. subtilis
24 0.9 ± 0.1 0.4 ± 0.1 0.8 ± 0.1 0.45 ± 0.05 1.1 ± 0.1
48 1.0 ± 0.1 0.5 ± 0.1 0.9 ± 0.1 0.51 ± 0.05 1.2 ± 0.1

1 In this experiment, the cells were treated with antibacterial agents, and the number of CFUs was determined by counting
the colonies that grew on Petri dishes after incubation. The incubation was carried out at 37 ◦C for 24–48 h. All data were
obtained in three repetitions.

Further, we conducted similar experiments with Gram+ bacteria Bacillus Subtilis, yield-
ing intriguing results. Firstly, we noted that HSA−LV exhibited comparable activity to
(HSA−HPolS)conj+LV (Figure 11c,d), in contrast to the findings with E. coli. This discrep-
ancy is likely associated with the fact that B. subtilis forms robust biofilms, hindering the
penetration of LV into bacterial cells and thereby limiting its antibacterial properties [64].

We determined the minimum inhibition concentration (MIC) values for LV, (HSA−HPCD)
conj+LV, (HSA−HPolS)conj+LV, (HSA−LV)conj 1:5, and (HSA−LV)conj 1:10 (Table 8) using the agar
diffusion method (Figures 10 and 13). The MIC for free LV was 1.3 µg/mL and 0.9 µg/mL for E.
coli and B. subtilis, respectively. Interestingly, in the case of E. coli, complexation of LV with grafted
HSA did not result in a decrease in MIC values. However, covalent binding of LV with HSA led
to an increase in MIC up to 9 µg/mL. These findings align well with the antibacterial activity
observed in liquid media (Figure 11).

Table 8. Minimum inhibition concentration (MIC) values (µg/mL) determined under conditions of
pH at 7.4 using a PBS sterile buffer and employing the agar well diffusion method at 37 ◦C for 24 h.

Strain LV (HSA−HPCD)conj+LV (HSA−HPolS)conj+LV (HSA−LV)conj 1:5 (HSA−LV)conj 1:10

E. coli ATCC 25922 1.3 ± 0.1 1.3 ± 0.1 1.3 ± 0.1 9 ± 1 9 ± 1

B. subtilis
ATCC 6633 0.9 ± 0.1 0.7 ± 0.1 0.8 ± 0.1 3 ± 1 5 ± 1
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For B. subtilis, complexation of LV with grafted HSA resulted in a slight decrease in MIC
values to 0.7 µg/mL, whereas covalent binding of LV with HSA increased MIC to 3 mg/mL.
Again, these results correlate with the antibacterial activity observed in liquid media (Figure 11).

Within this context, the conjugation of LV with HSA serves as an antiadherent com-
pound, potentially inhibiting the formation of biofilms. This, in turn, significantly con-
tributes to the enhanced antibacterial activity of HSA−LV conjugates. Furthermore, in the
case of B. subtilis, (HSA−HPCD)conj+LV emerges as the most effective drug carrier.

In the realm of antibacterial activity, the strategy of preventing biofilm formation on
non-living surfaces has yielded varied outcomes [65–68]. Significantly, certain proteins have
shown the ability to reduce bacterial biofilm formation on non-living surfaces, rendering
these surfaces less hydrophobic [65,69–71]. Moreover, there is a wealth of information
underscoring the advantageous influence of HSA in this context.

In addition to conjugates for antibacterial activity, conjugates with albumin are also
promising for creating formulations for cytostatic drugs. So, the research of Kinoshita
and colleagues has demonstrated the potential of HSA-doxorubicin conjugates in tumor
treatment compared to free doxorubicin [72], where tumor cells actively utilize endogenous
HSA as a source of amino acids to support their rapid proliferation, facilitated by HSA
receptors such as gp60 or SPARC [73].

4. Conclusions

The novel drug delivery systems for Levofloxacin (LV)-based HSA grafted with
monomeric or polymeric HPCD is suggested. We developed three HSA-based particles:
HSA−LV conjugate, the non-covalent complexes of LV with HSA conjugated with cy-
clodextrins (HSA−HPCD) and with polymeric cyclodextrins (HSA−HPolS). We employed
FTIR-spectroscopy to confirm the structural characteristics of these conjugates. In the
case of HSA−LV conjugates, we observed an increase in the intensity of the amide I and
amide II bands, indicative of changes in the protein’s secondary structure. Additionally, for
(HSA−HPCD)conj and (HSA−HPolS)conj, we detected distinctive bands corresponding to
urethane bonds in the FTIR spectra.

The CD(polymers)-LV association constant is two to three orders of magnitude higher
than that of HSA+LV. So, we engrafted monomeric or polymeric CDs on the surface of HSA
molecules to strengthen the LV adsorption on HSA. Our primary objective was gaining
insights into the interactions between LV and the (HSA−HPCD)conj and (HSA−HPolS)conj
systems. Through fluorescence quenching experiments, we determined the binding con-
stants (Ka) for LV+(HSA−HPCD)conj and LV+(HSA−HPolS)conj to be (9 ± 1) × 104 M−1
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and (3.1 ± 1.3) × 104 M−1, respectively. The thermodynamic parameters, ∆H and ∆S, of
the LV and (HSA−HPCD)conj/(HSA−HPolS)conj complex formations were determined,
revealing that hydrogen bonds and van der Waals interactions play a significant role in
complex formation.

Furthermore, we explored the impact of these HSA grafted by CDs conjugates on
the antibacterial properties of LV. We have found that LV+(HSA−HPolS)conj exhibited the
highest antibacterial activity against E. coli (showing 40% higher activity compared to free
LV), whereas LV+(HSA−HPCD)conj was the most effective against B. subtilis. Both HSA
conjugates were more potent than LV alone or LV with HSA.

Further fine-tuning of HSA could yield an improvement in biodistribution and thus, a
more favorable risk/benefit ratio.

Supplementary Materials: The following supporting information can be downloaded at:
https://www.mdpi.com/article/10.3390/futurepharmacol4010010/s1, Table S1. Temperature depen-
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parameters for the interactions of the drugs with human serum albumin (25 ◦C, PBS, pH 7.4).
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