International Journal of Nanomedicine Dove

ORIGINAL RESEARCH

Bovine Serum Albumin — Hydroxyapatite
Nanoflowers as Potential Local Drug Delivery
System of Ciprofloxacin

Kornelia Bobrowska ', Kamila Sadowska ', Krzysztof Stolarczyk 2, Marta Przesniak-Welenc 3,

Piotr Golec 4, Renata Bilewicz

'Nalecz Institute of Biocybernetics and Biomedical Engineering, Polish Academy of Sciences, Warsaw, Poland; 2Faculty of Chemistry, University of
Warsaw, Warsaw, Poland; 3Institute of Nanotechnology and Materials Engineering, and Advanced Materials Centre, Gdansk University of Technology,
Gdansk, Poland; *Department of Molecular Virology, Institute of Microbiology, Faculty of Biology, University of Warsaw, Warsaw, Poland

Correspondence: Kamila Sadowska, Nalecz Institute of Biocybernetics and Biomedical Engineering, Polish Academy of Sciences, Ks. Trojdena 4,
Warsaw, 02-109, Poland, Tel +48 22 59 25 140, Email ksadowska@ibib.waw.pl

Introduction: Hybrid nanoflowers are structures consisting of organic (enzymes, proteins, nucleic acids) and inorganic components
(mostly metal phosphates) with a flower-like hierarchical structure. Novel hybrid nanoflowers based on bovine serum albumin (BSA)
and hydroxyapatite (HA) were obtained and characterized. Study on BSA-HA nanoflowers as potential drug delivery system is
reported for the first time.

Methods: Embedding ciprofloxacin in the structure of hybrid nanoflowers was confirmed by ATR-FTIR and thermogravimetric
analysis. The inorganic phase of the nanoflowers was determined by X-ray diffraction. UV—Vis spectroscopy was used to evaluate the
release profiles of ciprofloxacin from nanoflowers in buffer solutions at pH 7.4 and 5. The agar disk diffusion method was used to
study the antibacterial activity of the synthesized nanoflowers against Staphylococcus aureus and Pseudomonas aeruginosa.
Results: Bovine serum albumin — hydroxyapatite nanoflowers were obtained with diameters of ca. 1-2 pum. The kinetics of
ciprofloxacin release from nanoflowers were described by the Korsmeyer-Peppas model. The antibacterial activity of the synthesized
nanoflowers was demonstrated against S. aureus and P. aeruginosa, two main pathogens found in osteomyelitis.

Conclusion: The formulated nanoflowers may act as an efficient local antibiotic delivery system. Due to the use of nonhazardous,
biodegradable components and benign synthesis, hybrid nanoflowers are very promising drug delivery systems that could be applied in
the treatment of skeletal system infections.
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Introduction

A drug delivery system (DDS) is defined as a formulation or device that allows the introduction of a drug substance into the
body and improves the therapeutic effect and safety by controlling the rate, time and location of drug release in the body.'
Using DDS, drugs may be administered locally to the place affected by disease or given systemically and targeted to the
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diseased organ.? Our group used various nanomaterials and molecules, such as gold nanoparticles,®’ cyclodextrins®'° and

cubic phase nanoparticles — cubosomes'' '

— as drug carriers for systemic or local administration of chemotherapeutics. In
this paper, we present a simple, one-step, room temperature synthesis of organic—inorganic hybrid nanoflowers as a potential
DDS of ciprofloxacin for osteomyelitis treatment. Osteomyelitis is an inflammation of the bone tissue and bone marrow,
caused mainly by Staphylococcus aureus and Pseudomonas aeruginosa,'” which is one of the most difficult infectious
diseases to treat. Statistically, it affects 1 in 5000 people under the age of 13 and approximately 2% of all patients after surgical
interventions. Currently, the main problem in the treatment of infections is the increasing resistance of bacteria to antimicrobial
agents. This is mainly due to improper, too short or excessive use of antibiotics. Unfortunately, the number of bacterial strains

showing resistance to antimicrobials and the range of resistance continues to increase. Scientists estimate that by 2050,
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antibiotic resistance may contribute to the death of up to 10 million people.'® Therefore, new treatment strategies are urgently
needed, such as the original approach to local delivery of antimicrobial drugs to infected sites presented in this manuscript. In
this paper, we present the synthesis and characterization of hybrid nanoflowers based on bovine serum albumin (BSA) and
hydroxyapatite (HA) for DDS of ciprofloxacin, a wide-spectrum antibiotic used in osteomyelitis treatment. Considering that
bones are organic—inorganic composites (osteoid and HA), hybrid nanoflowers composed of BSA (organic) and HA
(inorganic) are very interesting as bone treatment materials.

Hybrid organic—inorganic flower-like structures were characterized for the first time in 2012 by Ge and
coworkers.!”” They described protein-copper (IT) phosphate (V) micrometer-sized structures, composed of petals
forming hierarchical assemblies and called them hybrid nanoflowers. The petals were made of nanosized copper
phosphate crystals “glued” by protein molecules, and their thickness was measured in nanometers. Following the
pioneers in this field, the name hybrid nanoflowers has been used by other researchers in subsequent published reports,
and we also describe structures obtained in this study as hybrid nanoflowers. After the first report, where copper ions
and phosphate buffer were used to form nanoflowers with different proteins, further studies with copper and other ions,
including cobalt, calcium, zinc, iron and manganese, were carried out.'®>* However, compared to nanoflowers
synthesized with copper ions, they are still in the minority. Taking into account the potential applications of hybrid
nanoflowers in biomedicine, the usage of nontoxic metal ions must be considered. Copper is a trace element with
a required intake of ca. 1-10 mg per day. Although copper ions are essential for many biological processes,”* excess
copper shows cellular toxicity.> Ingestion of more than 1 g of copper sulfate causes symptoms of poisoning and may
be lethal. For comparison, 1 g per day is the recommended amount of calcium intake, which can be more than doubled
in specific cases. Calcium is an essential element for building bones and teeth. Calcium homeostasis in plasma plays
a vital role in the regulation of hormonal secretion, vascular activities®® and other processes, such as cell growth, cell
migration, and neuronal excitability.’” Therefore, we used calcium as a nontoxic ion to form hybrid nanoflowers with
BSA in phosphate-buffer saline (PBS). Calcium-incorporated nanoflowers were synthesized for the first time with a-
amylase by Wang et al.*® Since then, several biomolecules have been used to develop Ca-based nanoflowers, including
sericin,®” elastin-like polypeptides,*® chymotrypsin,*' a-acetolactate decarboxylase,** chloroperoxidase,* chitosan**
and tandem systems such as concanavalin A-invertase.*> In all of them, calcium triphosphate was the inorganic
component, which was proven by X-ray diffraction.

As mentioned before, in this paper, a calcium salt solution was used together with BSA to form hybrid nanoflowers in the
presence of phosphate ions. BSA was chosen by us as a model for human serum albumin (HSA), which is the best choice for

6450 e International Journal of Nanomedicine 2023:18
Dove!


https://www.dovepress.com
https://www.dovepress.com

Dove Bobrowska et al

building hybrid protein-inorganic delivery systems, as HSA is the most abundant protein in human plasma. In contrast to HSA,
BSA is easily available and inexpensive; therefore, it is used in experiments instead of HSA. Moreover, serum albumin has
recently found application in enhancing the integration of biomaterials with bone tissue, with research demonstrating its
significance in the context of bone repair and regeneration.*® Albumins are also attractive because they are nontoxic,
nonimmunogenic, soluble in water, temperature resistant and bind weakly and reversibly to both cations and anions, which
is beneficial for delivery systems.*”*® According to recent literature reviews, albumins can transport different ions (Na*, K,
Ca*") and (bio)molecules, including peptides, hormones, antibodies and drugs, such as ciprofloxacin.**>' Ciprofloxacin (CF)
is one of the most important and widely used antibiotics, belonging to the fluoroquinolone family.>? It has bactericidal activity
against most strains of gram-negative and some gram-positive bacteria.”* > Due to good pharmacokinetic properties and the
ability to achieve higher concentrations in tissues than in plasma, ciprofloxacin is widely used to treat respiratory, urinary tract
and gastrointestinal infections.>® It is also used to treat skin, bone and joint infections.”” Ciprofloxacin forms complexes with
BSA, as proven by different methods.*® *° This feature, together with the ability of BSA to form Ca-based hybrid nanoflowers,
encouraged us to study such a system as a potential DDS for ciprofloxacin. Our experiments showed that precipitates obtained
from PBS buffer solutions containing BSA and Ca®" at specific concentrations are composed of interconnected BSA and
hydroxyapatite (Ca;o(PO4)s(OH),) nanoparticles forming flower-like structures. Hydroxyapatite (HA) is one of the most
studied biomaterials and has been used as a drug and protein carrier, which has been summarized in recent reviews.®' **
Hybrid structures with HA as an inorganic component and different organic molecules were described in.>~% However, to the
best of our knowledge, this is the first paper presenting the synthesis of hybrid HA-BSA nanoflowers and studying their usage
as drug delivery systems.

In this article, the synthesis of hybrid nanoflowers based on bovine serum albumin and hydroxyapatite was presented,
and the obtained hybrid structures were tested as ciprofloxacin delivery systems. Flower-like hierarchical structures were
visualized using scanning electron microscopy (SEM). Attenuated total reflectance Fourier transform infrared (ATR-
FTIR) spectroscopy and thermogravimetric analysis (TGA) were applied to confirm the embedding of ciprofloxacin into
the nanoflower structure. X-ray diffraction (XRD) studies proved the presence of nanocrystalline HA. To determine the
release profiles of ciprofloxacin from nanoflowers, UV—Vis spectroscopy was applied, and the process kinetic parameters
were determined. Moreover, antibacterial activity was demonstrated against pathogenic Staphylococcus aureus and
Pseudomonas aeruginosa.

To the best of our knowledge, this is the first paper presenting the synthesis and characterization of hybrid
nanoflowers based on hydroxyapatite. Moreover, this is the first paper in which enzyme-based nanoflowers were used
as a potential DDS for ciprofloxacin, a drug of choice in osteomyelitis treatment. The specific structure of hybrid
nanoflowers enables a high load of CF — up to 60% (wt.). Moreover, hybrid nanoflowers composed of BSA and HA
nanocrystals resemble bone structures and show microporosity and rough surfaces, which are beneficial for the local
treatment of bone infections, as such structures can support the development of extracellular matrix and cell colonization,
leading to faster tissue regeneration.

Materials and Methods

Chemicals

Ciprofloxacin >98.0% (HPLC); Batch # 0000118430, albumin from bovine serum, minimum 98% electrophoresis;
Batch # 017K0722 were purchased from Merck (Darmstadt, Germany) and used without further purification. Drug and
enzyme solutions were prepared in 10 mM phosphate-buffered saline (PBS), pH 7.4. PBS buffer was prepared from
sodium chloride, NaCl and disodium phosphate, Na,HPO, from POL-AURA (Warsaw, Poland), potassium chloride,
KCI and potassium phosphate monobasic KH,PO,4 from Merck (Darmstadt, Germany). Calcium nitrate tetrahydrate,
Ca(NOs),'4H,0, was purchased from CHEMPUR (Piekary Slaskie, Poland). Acetate buffer (10 mM, pH 5.0) was
prepared from acetic acid 99.5%-99.9% and sodium acetate trihydrate from Avantor Performance Materials Poland
(Gliwice, Poland). Water was purified by reverse osmosis in the (RO) Milli-Q station, and its resistivity was 18.2
MQ-cm.
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Instrumentation

Electrochemical characterization was carried out in a three-electrode electrochemical system using a potentiostat/
galvanostat PalmSens system (Houten, The Netherlands). A platinum grid was used as the counter electrode, and
a saturated calomel electrode served as the reference electrode. Glassy carbon electrodes (GCEs) with a diameter of
2 mm were used as the working electrode. The surface of the working electrodes was polished on a water-moistened pad
with alumina powder (Al,O3). Next, the working electrode was rinsed with DI water and wiped with a dust-free cleaning
wipe. The reference and platinum electrodes were also rinsed several times with DI water.

The spectroscopic analyses were conducted by using an S-I-Photonics-Model 440 UV/Vis spectrophotometer in the
wavelength range from 230 to 400 nm. The FTIR spectra were recorded on a Thermo Scientific Nicolet iIS10 FTIR
spectrometer (Thermo Fisher Scientific, Waltham, MA, USA) in the range 3650-650 cm ' using a PIKE Technologies
MIRacle (Madison, WI, USA) accessory equipped with a ZnSe crystal designed for the single reflection horizontal ATR
technique. SEM images of the nanoflowers were taken using a ZEISS CrossBeam 540 scanning electron microscope.
Samples were Au-sputtered before measurements. All of these measurements were carried out at room temperature.

Thermogravimetric measurements were carried out by using a Netzsch STA 449 F1 thermal analyzer in the
temperature range from 40°C to 850°C in an argon atmosphere, with a uniform heating rate of 5°C/min for all samples.

Samples were analyzed with the X-ray diffraction (XRD) method using an X’Pert Pro MPD system with CuKa
radiation. The measurements were acquired over a 20 range of 10-80° at room temperature with powdered samples. The
mean crystallite dimensions were calculated based on the (002) and (211) reflexes using High Score software.

Methods

Synthesis of Hybrid Nanoflowers

Hybrid nanoflowers were synthesized with and without ciprofloxacin. In the first approach, 50 mL of 0.1 mg/mL BSA in
PBS solution (10 mM, pH 7.4) was added to 47.5 mL of 0.5 mM ciprofloxacin in PBS solution (10 mM, pH 7.4). Next,
2.5 mL of 32 mM calcium nitrate tetrahydrate water solution was added, followed by incubation at room temperature for
24 h. After incubation, the white precipitate was centrifuged (13.4k rpm for 5 minutes), rinsed with 2 mL of DI water and
centrifuged again; this step was repeated two times. Next, the precipitate was dried at room temperature. Nanoflowers
without ciprofloxacin were synthesized in a similar way, but instead of a ciprofloxacin solution, 47.5 mL of PBS solution
(10 mM, pH 7.4) was added to the mixture. After 24 hours, essential steps to clean and dry the precipitate were repeated.

Calibration Curve Preparation

Calibration curves were plotted based on cyclic voltammetry and differential pulse voltammetry peak currents recorded
for ciprofloxacin in PBS solution (10 mM, pH 7.4) at concentrations from 10 to 100 uM using a GC electrode as the
working electrode. After each scan, the working electrode was cleaned by polishing on a water-moistened pad with
alumina powder to avoid adsorption of the drug on the electrode surface. The calibration curves were prepared for
comparison for 10100 pM ciprofloxacin using the UV-Vis spectra in the range 230 nm — 400 nm. The calibration
curves were plotted at different pH values using PBS buffer solution (10 mM, pH 7.4) and acetate buffer solution (10
mM, pH 5.0).

Ciprofloxacin Release Profiles from Nanoflowers

UV-Vis spectroscopy was employed to record ciprofloxacin release from 0.05 mg/mL nanoflowers in solutions of PBS
(10 mM, pH 7.4) and acetate buffer (10 mM, pH 5.0). The release of ciprofloxacin was monitored by absorbance read-out
at 270 nm (pH 7.4) and 276 nm (pH 5.0) for 21 hours. In all cases, during the recorded release profiles, the solutions were
continuously stirred (550 rpm) by a magnetic stirrer.

Antibacterial Studies

Clinical isolates of S. aureus and P. aeruginosa from the Department of Molecular Virology University of Warsaw
collection that were sensitive to ciprofloxacin were used in the analysis. The strains were isolated from infections in dogs.
Their identification was performed using the MALDI BIOTYPER®™ system (Bruker), which is a microbial identification
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system based on MALDI-TOF mass spectrometry. The antibiogram of the isolated strains was conducted using the
VITEK-2 system (bioMérieux) and is available as ESI.

Bacteria were grown on LB-agar plates or in LB liquid medium at 37°C. All assays were carried out in triplicate.

For the agar disk diffusion method, overnight cultures of bacteria were spread on LB agar plates. Next, diffusion disks
(5 mm blank discs, BIOMAXIMA) soaked with 25 pL of NF-CF, CF or NF (all at 1 mg/mL concentration) suspensions
were placed on the plate surfaces. Plates were incubated for 16 h, and bacterial growth inhibition zones were measured
and analyzed.

For the bacterial colony counting method, the same overnight cultures were used. To 0.9 mL of fresh LB medium,
100 uL of bacteria was added to obtain final colony-forming units (CFU ~") of approximately 5x10”. Immediately, 25 pL
of NF-CF, CF or NF (all at 1 mg/mL concentration) suspensions were added to the bacteria. The control sample was
supplemented with 25 pL of water. Samples were incubated with shaking at 37°C. At time 0 and after 2 h of incubation,
100 pL of sample was collected for CFU analysis. The serial dilutions in PBS were prepared, and 100 pL of every
dilution was spread on LB-agar plates. After 16 h of incubation, colonies formed on the agar plates were counted, and
CFU x mL™" was calculated.

Results

Electrochemical and Optical Determination of Ciprofloxacin
As ciprofloxacin is electrochemically active and its solutions absorb light in the UV—Vis range, it was possible to analyze
the CF by cyclic voltammetry (CV), differential pulse voltammetry (DPV) and UV—Vis spectroscopy.

First, the electrochemical properties of CF were evaluated. Ciprofloxacin anodic oxidation is a 2-electron transfer
process.’>’° In the cyclic voltammograms, one irreversible oxidation peak at approximately 1 V was recorded, increasing
with CF concentration in the range of 10-100 pM (Figure 1A). The upper concentration of the linear range equal to 100
uM was limited by the low solubility of CF. Based on the CV scans, the calibration curve for ciprofloxacin in PBS
solution (10 mM, pH 7.4) was plotted (Figure 1B). The calculated slope Scy was equal to 5.2+0.3 nA/uM, with a good
correlation coefficient R* = 0.992.

To improve the peak resolution, differential pulse voltammetry (DPV) was used. Solutions of 100 uM ciprofloxacin in
buffers of pH 7.4, 7.0, 6.0 and 5.0 were first measured. As shown in Figure 2A,2C, when the pH value decreased, the
potential of the oxidation peak was shifted toward more positive potentials. Depending on the pH of the solution,
protonation and deprotonation of the carboxylic group in the ciprofloxacin structure also contributes to the change of
peak potential, which was described in."** DPV scans (Figure 2A,2B) for 10100 pM ciprofloxacin in PBS solution (10
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Figure | (A) Cyclic voltammograms recorded for 10—100 uM ciprofloxacin in PBS solution (10 mM, pH 7.4). The potential window from 0.2 to 1.3V, scan rate 0.1 V/s. (B)
Calibration curve based on CV scans.
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Figure 2 (A) Differential pulse voltammograms for 10—-100 uM ciprofloxacin in PBS solution (10 mM, pH 7.4). Potential window 0.4-1.2 V. (B) Calibration curve based on
DPV scans. (C) DPV plots for 100 uM ciprofloxacin in varying pH buffer values (7.4, 7, 6 and5).

mM, pH 7.4) were employed to obtain the calibration curves (Figure 2B,2C). The slope of the calibration curve of Sppy was
nearly two times higher than that of Scy and was equal to 9.1+0.8 nA/uM, with better linearity (R? = 0.998).

In the second approach, UV—Vis spectroscopy was applied to determine CF in the samples. Spectra in the range of 230-400
nm were recorded for ciprofloxacin in PBS, pH 7.4, and acetate buffer solution, pH 5.0 (Figure 3A). The UV—Visible absorbance
spectrum of CF in PBS solution (10 mM, pH 7.4) shows three maxima at 270 nm, 323 nm and 334 nm, and at pH 5.0, the bands
were shifted to 276, 315 and 327 nm. The maximum at the lowest wavelength is connected with the 7 to 7* electronic transition in
the C=C-C=0 group. The shift from 276 nm to 270 nm corresponds to the 7 to ©* electronic transition, which originates from
deprotonation of the carboxylic acid group and is related to the increasing pH of the solution. The maxima corresponding to the
n to * electronic transitions were shifted from 315 nm to 323 nm at pH 7.4 and from 327 nm to 334 nm at pH 5.0.”" The
wavelength corresponding to the maximum absorbance of CF was chosen for analysis. The maximum of the first absorption band
for CF measured at pH 7.4 was observed at 270 nm and was redshifted to 276 nm in the spectrum recorded at pH 5.0. The
calibration curves shown in Figure 3B were plotted as the maximum absorbance vs CF concentration for the two studied pH
buffers. A linear relationship was obtained in the range of 10100 uM. The sensitivities obtained for 7.4 and 5.0 buffer were
similar and equal to 0.0175+0.0001/uM and 0.0178+0.0001/uM, respectively. The correlation coefficients were similar and
equal to 0.998 (pH 5.0) and 0.992 (pH 7.4).

Calibration curves for CF were successfully obtained with a linear relationship in the range of 10-100 uM for both
methods used, that is, DPV and UV—Vis. Due to the low solubility of ciprofloxacin at a pH of approximately 7.4, it was
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Figure 3 (A) UV-Vis spectra for 100 pM ciprofloxacin solutions in 10 mM PBS pH 7.4 (black) and in 10 mM acetate buffer pH 5.0 (red). (B) Calibration curves based on
UV-Vis spectra.
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not possible to obtain a stable solution with a concentration above 100 uM. For the electrochemical method (DPV), the
slope of the calibration curve Sppy was equal to 9.120.8 nA/uM, with linearity R? = 0.998. The sensitivity of UV—Vis
measurement was equal to 0.0175+0.0001/uM. The correlation coefficients were similar for both methods: 0.998 for
DPV and 0.992 for UV—Vis. It is difficult to compare the sensitivity of these two methods, as the slope is given with
different units. However, it can be estimated that in the studied concentration range, the recorded signal increased ca.
10% of its maximum value with a concentration change of 1 uM. This means that these two methods can be successfully
used for CF determination in different samples.

Characterization of Hybrid Nanoflowers
Hybrid nanoflowers (NFs) were synthesized by mixing bovine serum albumin in PBS solution (10 mM, pH 7.4) with
calcium nitrate tetrahydrate solution. After 24 h, the white precipitate was centrifuged and dried at room temperature. For
the formation of nanoflowers, the concentration of metal ions and biomolecules is important because it has a significant
effect on nanoflower morphology; thus, we strictly repeated the protocol published elsewhere.”? Hybrid nanoflowers
incorporating ciprofloxacin (NF-CF) were synthesized in the same manner, mixing BSA with CF in the first step. To
confirm flower-like hierarchical structures, the precipitate was imaged by scanning electron microscopy (SEM, Figure 4).
SEM images confirmed that during the synthesis, hybrid nanoflowers were obtained, with a size of ca. 1-2 pm
(Figure 4A-D). The thickness of petals forming flowers was in the range of several nanometers. As the sample was Au-
sputtered before SEM imaging, it was not possible to determine the correct values of petal thickness. The SEM images
also revealed that the addition of drug had no significant impact on nanoflower morphology (Figure 4C and D).
Moreover, petals of nanoflowers synthesized with ciprofloxacin were better separated than in its absence and were
sharper-edged. Hydroxyapatite was the inorganic component of the hybrid nanoflowers, as was proven by the XRD and
TGA-DSC analysis described in the next parts of the manuscript. The mechanism of BSA-hydroxyapatite hybrid NF
formation is depicted in Figure 5.

XRD Analysis of Nanoflowers

To specify the inorganic phase in the nanoflowers, X-ray diffraction (XRD) analysis was performed. The diffractogram
presented in Figure 6 clearly shows that the inorganic phase in the synthesized nanoflowers is hydroxyapatite (Ca;o(POy)g
(OH),).” The small reflex centered at 20=22.8° confirms the presence of BSA molecules in the sample.”* Hydroxyapatite

Figure 4 (A and B) SEM images of hybrid nanoflowers synthesized without ciprofloxacin. (C and D) SEM images of hybrid nanoflowers synthesized with ciprofloxacin.

International Journal of Nanomedicine 2023:18 https: 6455
Dove:


https://www.dovepress.com
https://www.dovepress.com

Bobrowska et al Dove

Figure 5 lllustration of the formation process of bovine serum albumin — hydroxyapatite nanoflowers. Created with BioRender.com.

JCPDS 00-001-1008 |

10 20 30 40
20 (°)

Figure 6 X-ray diffractogram of nanoflower sample in comparison to XRD pattern of hydroxyapatite (according to JCPDS 009-0432).

"||.| | |
50

(HA) crystalizes mostly in hexagonal (space group P63/m) or, to a lesser extent, monoclinic crystal systems (P21/b space
group). The diffractogram presented in Figure 6 corresponds well to the hexagonal hydroxyapatite crystal pattern (JCPDS
009-0432). Broadening of the reflexes is characteristic for nanosized crystallites. The most intense reflex, located at 2@ =
32.0°, refers to the (211) plane. The reflex at 20 = 25.9° matching the (002) plane is sharper than the other reflexes. This
means more preferable crystal growth along the c-axis. Using dedicated software, the size of the hydroxyapatite crystallites
was calculated utilizing broadening of 25.9 and 32.0° reflexes. The determined length of the HA nanocrystals was 20.4+2.0
nm, and the width was 6.0+£0.5 nm. The results confirmed the preferential growth of HA nanocrystals along the c-axis,
leading to elongated structures. Moreover, the calculated size of the HA crystallites is consistent with the SEM results, which
revealed that the thickness of the petals forming nanoflowers is measured in nanometers.

ATR-FTIR Analysis of Nanoflowers

Attenuated total reflectance Fourier transform infrared spectroscopy was used to identify the functional groups in the
nanoflower structure and to confirm the embedding of ciprofloxacin. Figure 7 presents the spectra of bovine serum
albumin (BSA), ciprofloxacin (CF), nanoflowers synthesized without drug (NF) and nanoflowers synthesized with
ciprofloxacin (NF-CF).

The ATR-FTIR spectrum of hybrid nanoflowers synthesized without ciprofloxacin shows characteristic amide bands:
wide at 3308 cm ' (amide A band), at 1653 cm ' (amide I band) and at 1543 cm™' (amide II band).”> An intense,
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Figure 7 ATR-FTIR spectra of BSA, nanoflowers synthesized without ciprofloxacin, with ciprofloxacin and ciprofloxacin in the range 3650 cm ™' — 650 cm ™' (left), ATR-FTIR
spectra in the range 1700 cm™' — 650 cm™' (right).

characteristic band for the stretching vibration of the phosphate group (PO, v3) at 1023 cm ™' and a less intense band at
961 cm ™' (PO4> v;) are also present.’® These bands confirm the presence of bovine serum albumin and phosphates in the
structure of the nanoflower. The ATR-FTIR spectrum of the nanoflowers with ciprofloxacin shows numerous character-
istic bands of ciprofloxacin, which confirms its presence in the hybrid nanoflower structure. It includes a band at
3029 cm ™' corresponding to C-H stretching vibrations of the aromatic ring, a 2838 cm™' band related to C-H symmetric
and asymmetric stretching vibrations of the methylene groups, a band at 1615 cm™"' due to C=0 stretching vibrations of
the carbonyl group (at the C4 position of the quinoline ring) and bands in the range 1540 cm ' — 1450 cm '
corresponding to symmetric and asymmetric stretching vibrations between carbon atoms in the aromatic ring.”’
Characteristic bands for stretching vibrations of the phosphate group at 1023 cm ' and 961 cm ' are also present in
the spectrum, as well as the amide bands at 3301 cm ', 1653 cm™' and 1533 cm™'. Overall, the ATR-FTIR analysis
confirms the presence of ciprofloxacin in the synthesized hybrid nanoflower structure.

Thermogravimetric Analysis of Nanoflowers

XRD analysis confirmed the presence of hydroxyapatite in the synthesized nanoflowers, while FTIR was used to prove
the presence of all constituents of the NF and NF-CF samples. As BSA-hydroxyapatite NFs and NF-CFs were obtained
for the first time, additional studies using thermogravimetric analysis (TGA) with differential scanning calorimetry
(DSC) were carried out. TGA-DSC analysis further confirmed the presence of HA and BSA in the NF sample and proved
CF incorporation into the NF-CF sample. Thermogravimetric measurements of the CF, NF and NF-CF samples were
carried out in an argon atmosphere in the temperature range from 40°C to 850°C, and the obtained results are presented
in Figure 8.

Figure 8A shows the thermogravimetric (TG) and derivative thermogravimetric (DTG) curves recorded for cipro-
floxacin. The distinct mass loss observed between 250-350°C and 350-500°C in the TG curve, with maxima of 340°C
and 412°C, respectively, in DTG, could be attributed to ciprofloxacin decomposition with the release of the following
molecules: acetylene, ethylene, hydrogen fluoride, hydrogen and mono nitrogen oxide, which was reported elsewhere.”’
As shown in Figure 8B, the process is endothermic, with an energy consumption of ca. 5.5 mW/mg. Above the
temperature of ca. 450°C, sample melting is observed, as small endothermic peaks are present in the DSC curve with
no mass loss in the TG. The total mass loss of free ciprofloxacin was equal to 69%.

Figure 8C shows the TG and DTG curves obtained for nanoflowers without ciprofloxacin. In the temperature range up
to 150°C, the observed mass loss in TG is associated with surface water desorption, with maxima ca. 100°C in the DTG
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Figure 8 TG and DTG curves of CF (A), NF (C) and NF-CF (E). DSC curves of CF (B), NF (D) and NF-CF (F).

curve. A higher mass loss was detected in the temperature range from 200°C to 500°C, with a maximum at 350°C.
Similar observations were reported by Kollath et al for BSA decomposition.”® In the same temperature range, hydroxyl
groups from hydroxyapatite are released.”” The last mass loss was observed in the temperature range from 500-800°C
with a maximum of 750°C. The total mass loss of the nanoflowers was 18% from the initial sample. Based on this result,
it can be concluded that hydroxyapatite is the major component of NF and that the protein content does not exceed 18%.
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The DSC analysis shown in Figure 8D confirmed the endothermic process of water desorption and BSA denaturation
(two small peaks in the range of 50-150°C). The second mass loss observed in the TG curve above 250°C occurs with
energy release, as an exothermic peak is present in the DSC curve of this sample. This can be attributed to crystallization
of the inorganic phase present in the sample. Figure 8D shows that the second exothermic process starts above 700°C.
This is consistent with previous studies in which hydroxyapatite decomposition to oxyapatite was reported.*’

Figure 8E shows the TG and DTG curves of NF-CF, which revealed two decomposition steps similar to those of
nanoflowers without drug. The maxima can be observed at 100°C and 350°C, similar to the NF sample; however, the
decomposition rates are different. As the temperature-dependent processes occurring in the NF and CF samples are
revealed at similar temperature ranges, it is not possible to differentiate them in the TG/DTG. The total mass loss of the
nanoflowers synthesized with ciprofloxacin was approximately 26%.

More differences can be seen in the DSC (Figure 8F) obtained for the NF-CF sample. In the NF sample, a constant
energy increase is observed up to 700°C with a visible exothermic peak, which starts ca. 300°C and ends at 500°C.
However, NF-CF shows a decrease in energy in the 50-300°C region, which is connected with the endothermic
decomposition process of the drug. Additionally, the heat flow rate in the NF-CF sample is negative, which is a result
of the addition of two processes occurring in the sample: the endothermic process of ciprofloxacin decomposition and the
exothermic crystallization of the inorganic phase.

Kinetics of Ciprofloxacin Release from Nanoflowers

UV-Vis spectroscopy was applied to determine the release profiles of ciprofloxacin from the nanoflowers. Release of the drug
was conducted in phosphate buffer saline solution (10 mM, pH 7.4) and in acetate buffer solution (10 mM, pH 5.0). As shown
in Figure 3A, the maximum absorption shifts toward higher wavelengths in acidic environments. The maximum absorption is
present at 270 nm at pH 7.4 and 276 nm at pH 5.0; therefore, these values were used for CF release monitoring in different
buffers. In all cases, drug release profiles were recorded from 0.05 mg/mL nanoflowers in buffer solution, and during
measurements, the solution was continuously stirred (550 rpm) by a magnetic stirrer. Data were collected for 21 hours.
Figure 9 shows the release profiles of ciprofloxacin from nanoflowers in PBS (pH 7.4) and acetate buffer (pH 5.0) solutions.
The release profiles are presented as the mean of three independent release curves with standard deviation.

FITTETLAARMAN

time (h)

Figure 9 Release profile of ciprofloxacin from NF-CF (0.05 mg/mL) in 10 mM PBS pH 7.4 (black) and in 10 mM acetate buffer pH 5.0 (red).
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The curves show the release (in %) of CF from nanoflowers over time. The release drug profiles were nonlinear. In the
first hour, approximately 50% of the drug was released from the nanoflowers, and another 30% was released in the next four
hours. Fourteen hours after starting release, no significant changes in absorbance values were observed (plateau). Based on the
calibration curve, the total ciprofloxacin concentration in PBS solution was calculated to be 101.05 £ 1.70 uM. A similar
release profile was recorded in acetate buffer solution at pH 5.0. However, in this case, the maximum concentration was higher
than that in solution at pH 7.4. According to the A,,.x values, the ciprofloxacin concentration reached in acidic solution was
calculated to be 126.68 £+ 6.25 uM. This is 25.36% more released ciprofloxacin than at pH 7.4. This is probably because
ciprofloxacin solubility depends on pH, and the solubility profile has a “U” shape, with minimum solubility at approximately
pH 7 and higher solubility below 5 and above 108

In compliance with the literature, 1 to 1.5 h after administration of ciprofloxacin, the mean concentrations in serum
were 4.07-4.29 uM, 7.85-8.72 pM and 10.29-12.71 pM after 250, 500 and 750 mg doses, respectively.** Based on the
calculated ciprofloxacin concentration after release from 0.05 mg/mL nanoflowers in PBS solution per 0.001 mg/mL
(1 mg/1), the drug concentration was equal to 2.02 puM. This means that with appropriately increasing concentrations of
nanoflowers, achieving therapeutic ciprofloxacin concentrations could be possible.

Then, to determine the kinetics of ciprofloxacin release from the nanoflowers, each of the release curves was fitted to
the following kinetic models: zero-order, first-order, Higuchi and Korsmeyer-Peppas. At pH 7.4 and pH 5.0, the best
correlation coefficients were obtained for the Korsmeyer-Peppas kinetic model, with R? values of 0.9578 and 0.9616,
respectively. According to the model, release of the drug from the carrier is regulated by diffusion; when the value of n <
0.49, diffusion follows Fick’s law. Based on the equations, the values of n = 0.25 at pH 7.4 and n = 0.23 at pH 5.0, ergo
the release of ciprofloxacin from nanoflowers occurs by diffusion, according to Fick’s law. The hybrid nanoflowers are
matrix carriers (without coating), so initially, ciprofloxacin is released rapidly. Then, as the diffusion distance increases,
a decrease in the rate of released ciprofloxacin is observed.®

We recorded two release profiles of ciprofloxacin from nanoflowers by differential pulse voltammetry and compared
them to UV—Vis spectroscopy. Both methods gave satisfactory results; however, the electrochemical approach was truly
time consuming due to ciprofloxacin adsorption on the working electrode and the necessity of cleaning the electrode
surface before each scan. Moreover, the electrochemical approach does not allow measurements to be taken exactly at the
same time for different samples, and thus, the standard deviation of such measurements was substantially higher than that
for the UV—Vis method. However, the electrochemical method can be used in situations where UV—Vis fails, eg, in turbid
or opaque samples.

Antibacterial Properties of Ciprofloxacin-Loaded Hybrid Nanoflowers

The agar disk diffusion method was used to study the antibacterial properties of CF-loaded hybrid nanoflowers in comparison
to free drug (positive control) and bare nanoflowers (negative control) (Figure 10). Staphylococcus aureus and Pseudomonas
aeruginosa, known to be sensitive to ciprofloxacin, were chosen as examples of Gram-positive and Gram-negative bacteria,
respectively, recognized as the main pathogens in osteomyelitis. Microbial growth was determined by measuring the diameter
of the zone of inhibition. In the case of P. aeruginosa plates, inhibition zones with diameters of 22+1 mm and 26+2 mm were
observed when analyzing NF-CF and CF, respectively. For S. aureus, inhibition zones with 25+1 mm and 26+2 mm diameters
were observed when analyzing NF-CF and CF, respectively. No inhibition zone was observed in the case of NF antibacterial
activity analysis.

The colony counting method was used for antibiotic susceptibility of S. aureus and P. aeruginosa analysis in liquid
cultures (Figure 11). The initial colony forming unit (CFU) concentration in both S. aureus and P. aeruginosa cultures
was approximately 5x107 CFU/mL. After 2 hours of incubation, the bacterial number decreased by at least three orders
of magnitude, indicating that 99.9% of bacteria were killed. In the case of NF, a small increase in CFU was observed for
both bacteria, which means that NF alone did not influence bacterial growth.

Discussion
Currently, antimicrobial resistance (AMR) of bacteria is a major problem in the treatment of infectious diseases. It is
mainly caused by an inappropriate, too short or too excessive use of antibiotics. Unfortunately, the number of bacterial
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A) Pseudomonas aeruginosa |B) Staphylococeus aureus

Figure 10 Susceptibility testing of P. aeruginosa (A) and S. aureus (B) using the disk diffusion method. The blank discs containing NF-CF, NF and free CF were used in the
analysis. The inhibition zones (marked with circles) were present around NF-CF and CF only.

P. aeruginosa

S. aureus

Figure |1 Antibacterial test based on CFU counting method. The initial CFU for both P aeruginosa (A) and S. aureus (E) was around 5x 107 CFU/mL (around 300-500
colonies on dilution 1x107*). CFU decrease of at least three orders of magnitude was observed after 2h of incubation in the presence of CF (B and F) or NF-CF (C and G).
No influence -of NF on bacterial growth was observed (D and H).

strains that have antimicrobial resistance and the range of resistance continues to increase. Therefore, it is necessary to
overcome this problem, and nanotechnology may provide a solution. Depending on the organic and inorganic compo-
nents of hybrid nanoflowers, it is possible to develop systems with different properties needed for specific applications.
Due to promising features such as one-step, environmentally friendly synthesis, biocompatible components and facile
functionalization, hybrid nanoflowers are candidates for designing efficient drug delivery systems, but they are currently
in the early stage of development in this field. To date, only a few complex nanoflower systems have been used for drug
delivery.g“*86 Jin et al developed nanoflowers based on DNA and magnesium ions as cancer therapeutic systems for
targeted dual gene silencing.®® In another paper, doxorubicin and a photosensitizer were bound in the structure of
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magnetic RNA nanoflowers. This codrug delivery system was used for targeted cancer therapy.*® To the best of our
knowledge, the synthesis of BSA-HA nanoflowers incorporating ciprofloxacin has not yet been published.
Hydroxyapatite, which is a natural component of bones and teeth, is the material of choice for different types of

6169 \while

delivery systems (eg, nanoparticles, thin films on prostheses, cements, etc.) used for bone infection treatment,
ciprofloxacin is one of the most commonly used antibiotics to treat osteomyelitis (bone infection). Osteomyelitis, if not
properly treated, can leave bone permanently damaged. Therefore, it is important to develop new delivery systems that
can be used to treat osteomyelitis in place of its occurrence. Regarding efficient local delivery systems, two things should
be emphasized. First, a therapeutic concentration of drug should be achieved directly after insertion of the delivery
system, avoiding excessive drug release leading to overdosage. Second, long-term sustained release at the required level
should be guaranteed. Drug delivery nanosystems for the sustained release of CF have been recently summarized,®’” with
a very optimistic conclusion made by the authors, who predict that nanotechnology will be a game changer in the
reduction of AMR. Among others, HA structures are of major interest for treating hard tissue diseases, especially in
bones and teeth.®* °° HA microstructures with CF were obtained from alkaline solution (pH 11) containing Ca®", PO,>"
and drug and heated to 90°C. The precipitate collected after cooling the reaction mixture was in the form of
microparticles with sizes in the range of 0.3—1 pm and a drug load of ca. 18%.%® However, it was shown in many
reports that the drug release profile from nonmodified HA does not meet requirements in terms of time and dose.®' ** For
example, a publication cited as®® reports HA microspheres loaded with ciprofloxacin at 0.5-2% (wt./wt.), which showed
complete release of the drug within one hour. Mixing HA with natural or synthetic polymers is the main method used to
overcome this issue. Polycarbohydrates, such as alginate, chitosan, and cyclodextrin polymers, are examples of
biopolymers used to develop delivery systems for CF based on HA.”*** CF-loaded sodium alginate and HA nanorods
have shown less than 40% drug release in 16 h, which was too low to achieve a therapeutic effect.”® In contrast, sodium
alginate and HA microspheres have shown burst release in the first 5 h, which was extended to 70 h by mixing such
a system with gelatin.”' The controlled CF release ability (60% in 11 days) was reported for a chitosan-alginate matrix
incorporating fluorinated HA.®* Cyclodextrins and their polymers were also used together with HA to develop a local
delivery system. Cyclodextrins form inclusion complexes with many drugs, including CF. CF loading in the cyclodextrin-
HA system increased 2.5-fold in comparison to nonmodified HA and displayed a burst release at the very beginning and
then a progressive slowdown of the release up to 24 h.%?

Trials with biodegradable synthetic polymers, such as polyurethane, polyvinyl alcohol and polylactide, were carried out
with different results.”*® Polyurethane scaffolds loaded with nano-HA and CF were fabricated by in situ polymerization and
simultaneous foaming methods. The developed system exhibited an initial burst release during the first 2 h and showed
antibacterial activity even after two weeks of immersion in PBS.”* Composite nanofibers made of polyurethane with nano-HA
and CF were electrospun and used to produce antibacterial mats for multipurpose applications such as antibacterial packaging,
filtration, and wound dressing.”® Multistep synthesis of a delivery system based on HA nanoparticles and polyvinyl alcohol/k-
carrageenan hydrogel was presented in.”® Studies have shown that 35% of ciprofloxacin burst release occurred during 10 h,
and no burst release was seen if the HA content in the hydrogel was doubled. Special attention should be given to the results
presented in”” and”® published by one group of authors. In both papers, HA, tricalcium phosphate, polylactide and CF in
different ratios were used to create implantable scaffolds for the in vivo treatment of multibacterial bone infection. For the
optimized composition, the in vivo antibacterial behavior of bone implants was observed for 8 weeks.

In addition to polymers, lipid molecules were also used to “timely arrest” CF in HA-based delivery systems, but without
breakthrough results.””'* In both cases, the CF loading was rather low, and ca. 50% of CF was released in the first hour.

The antimicrobial tests carried out in this study clearly demonstrated the antibacterial activity of NF-CF against
Pseudomonas aeruginosa and Staphylococcus aureus, two main pathogens found in osteomyelitis.'"> Both tests
used, that is, the disk diffusion and plate counting methods, showed comparable results obtained for pristine CF
and NF-CF, proving the release of ciprofloxacin from the studied drug delivery system at the required rate. Similar
results were reported for the CF delivery system discussed above. However, in those papers, mainly S. aureus and

68,91,93,94

E. coli were selected for the antimicrobial studies, and in one paper, P. aeruginosa and E. coli were

selected to verify the antibacterial properties of HA hydrogels loaded with CF.”
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Although HA has been studied for decades, there is no report concerning simple BSA-HA nanoflower-like structures as
potential drug carriers. Moreover, in all reports presenting Ca-based hybrid nanoflowers, tricalcium phosphate was proven to
be an inorganic component, while among the various synthetic biomaterials, hydroxyapatite gives the best results.®!*7-77-%8
Considering that bones are organic—inorganic composites (osteoid and HA), hybrid nanoflowers composed of BSA (organic)
and HA (inorganic) are very interesting as bone treatment materials. Moreover, the rough surface of hybrid nanoflowers is

beneficial for cell adhesion, and microsized porosity is essential for osteogenesis.

Conclusion

In this paper, we present the synthesis and characterization of hybrid nanoflowers based on BSA and HA. Formulated
nanoflowers were examined as potential delivery systems for ciprofloxacin. The release of ciprofloxacin from the nanoflowers
was conducted in buffer solutions at pH 7.4 and 5, and nonlinear release profiles were obtained. According to the correlation
coefficient values, the kinetics of ciprofloxacin release from nanoflowers were well described by the Korsmeyer-Peppas
model. Based on the calculated directional coefficients (n < 0.49), it was determined that the release of CF from nanoflowers
occurs by diffusion. A burst release of 50% CF was recorded in the first hour, while a plateau was reached after approximately
14 hours. Hybrid nanoflowers are able to bind a significant amount of CF (up to 60% wt./wt.) due to their favorable surface-to-
volume ratio and used components, which were proven to bind CF. The synthesized NF-CF showed efficient antibacterial
properties against P. aeruginosa and S. aureus, which are two main pathogens responsible for osteomyelitis. Based on these
results, it is anticipated that the formulated NF-CF may act as an efficient local antibiotic delivery system. There is a constant
demand for new materials, including composite and nanostructured ones to support medical diagnostics and regenerative
medicine therapies. Such research is aimed at maintaining a high quality of life in society, through the use of biomedical
technology solutions providing access to individualized medicine and disease prevention. Due to the use of nonhazardous,
biodegradable components and benign synthesis, hybrid nanoflowers are very promising drug delivery systems that could be
applied in the treatment of skeletal system infections. In contrast to other reported methods, our approach is a one-step
synthesis carried out at room temperature without the necessity of pH adjustment, utilizing biocompatible components. In this
paper, preliminary results are reported, and additional studies will be carried out to improve the release profiles of CF and
evaluate newly synthesized systems for other drugs.
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