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Abstract 

In this work, three polysaccharide matrices were prepared with varying chitosan-to-alginate 

weight ratios (70:30, 50:50, 30:70) and used to develop sericin-reinforced composite 

biomaterials loaded with ciprofloxacin and silver, either as nanoparticles or silver ions 

incorporated into nanocrystalline hydroxyapatite (AgHA). To obtain composites, a solid-liquid 

method was employed in combination with lyophilization. SEM analysis revealed highly 

porous structures with pore sizes ranging from 50 to 200 µm for silver nanoparticle composites 

and below 100 µm for AgHA-containing composites. Ciprofloxacin was loaded with high 

efficiency (95.2±1.1%), while silver loading efficiencies were 29.3±2.6% for nanoparticles and 

20.4±1.3% for AgHA. In vitro release studies demonstrated biphasic ciprofloxacin release over 

28 days, with initial diffusion-driven release followed by a slower phase (Korsmeyer-Peppas 

model, n = 0.035–0.070). Silver ions were released similarly, whereas silver nanoparticles 

exhibited zero-order kinetics in the second phase. Antimicrobial testing revealed significant 

activity against multidrug-resistant Staphylococcus aureus NCTC9789 and Pseudomonas 

aeruginosa PAO1161. Cytotoxicity assays confirmed that all composites were non-toxic to 

BALB/c 3T3 fibroblasts. These results indicate that the developed composites possess dual 

functionality—serving as temporary bone dressings for wounds and local drug delivery 

systems—offering sustained antibiotic release and prolonged antimicrobial protection, which 

may help to prevent infections associated with orthopedic implants. 

Keywords: biomaterials, drug delivery, antibacterial activity, ciprofloxacin, composite 
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Introduction 

Peri-implant infections, also known as Biomaterial-Associated Infections (BAIs), remain a 

significant challenge in reconstructive and restorative surgery, including dental and bone 

implantology, despite numerous preventive measures [1]. Bacterial colonisation of biomaterial 

surfaces, which initiates infection, can disrupt the functional integration of the biomaterial with 

bone tissue. The inflammation induced by the infection leads to resorption of the bone tissue 

surrounding the implant, ultimately resulting in poor implant-to-tissue integration and implant 

loss. A particularly challenging aspect of these infections is the formation of biofilms by 

bacteria, which confer significant resistance to many bactericidal agents. Systemic prophylactic 

antibiotic therapy is not always effective, largely due to poor drug penetration into inflamed, 

hypoxic tissues. Consequently, strategies such as intraoperative localised antibiotic 

administration are actively explored for more effective prevention [2,3]. 

The development of new antibiotics and antibacterial agents is a key priority for the World 

Health Organization (WHO) [4]. At the same time, traditional solutions, such as silver ions and 

nanoparticles, are being revisited due to their potent antibacterial activity. The antibacterial 

efficacy of silver has been recognised since antiquity, with no reports of bacterial resistance to 

date. Silver is currently being investigated for its effectiveness in treating infections caused by 

multidrug-resistant bacterial strains [5–8]. The bactericidal mechanism of silver involves 

interactions between silver ions and thiol (-SH) groups in bacterial proteins, leading to the 

substitution of hydrogen atoms and the formation of S-Ag bonds. This results in protein 

denaturation, deactivation of cellular pumps, membrane dysfunction, and the destruction of 

bacterial cell walls and membranes [6,9]. 

In bone tissue engineering, the current focus includes developing biomaterials, that not only fill 

bone defects or replace degraded tissue but also serve as carriers for drug delivery, such as 

antibiotics. Composite materials are particularly promising in fulfilling these dual roles and 
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offering appropriate biocompatibility, mechanical strength, enhanced tissue-implant 

integration, and prolonged, effective drug release [10–12]. 

Over the past two decades, significant attention has been directed towards materials of natural 

origin, including natural polymers, for composite development. Among these, alginate and 

chitosan have been extensively studied [13–20]. 

Chitosan, a linear polymer composed of randomly distributed β-(1,4)-D-glucosamine and N-

acetyl-D-glucosamine units, commercially produced by deacetylation of chitin, a major 

component of crustacean exoskeletons and fungal cell walls. Chitosan exhibits excellent 

biocompatibility, biodegradability, and non-toxicity. Its chemical structure, particularly the 

presence of protonable amino groups along the D-glucosamine residues, accounts for most of 

its biological properties. These positively charged groups interact with negatively charged cell 

membranes, conferring hemostatic, mucoadhesive, antibacterial, and antifungal properties. 

Furthermore, chitosan’s absorption capacity and ability to form porous, fibrous scaffolds make 

it suitable for controlled drug delivery systems and sustained-release applications [21,22]. 

Alginate, a biodegradable linear copolymer of β-D-mannuronate and α-L-guluronate molecules 

linked by β-1,4-glycosidic bonds, is primarily derived from seaweed and marine algae (e.g., 

Laminaria hyperborea and Macrocystis pyrifera). Alginic acid and its sodium salt form durable 

gels upon cross-linking with divalent cations, a property widely used in biomaterial engineering 

and medicine [23]. The hydrophilic nature of alginate gels makes them effective as wound 

dressings, capable of absorbing exudates and accelerating healing. Numerous studies highlight 

alginates' potential as carriers for controlled drug release [24]. 

In inorganic-organic bone composites, hydroxyapatite (Ca₁₀(PO₄)₆(OH)₂) is the most commonly 

used inorganic component. This material closely resembles biological apatite in composition 

and structure, a key component of the inorganic matrix in mineralised tissues (e.g., enamel, 
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dentin, and bone) [25–27]. Nanocrystalline hydroxyapatite offers excellent biocompatibility, 

osteoconductivity, non-toxicity, and immunogenicity, making it an exceptional bone substitute 

material with high potential for use as a drug delivery vehicle for direct application to bone 

tissue [28,29].  

Our composites were reinforced with sericin, a globular protein present in silk produced by the 

Bombyx mori silkworm. Sericin contains numerous polar groups, enabling interactions with 

other polymers to improve mechanical properties and enhance the stability of biomaterials. 

Moreover, numerous studies have shown that sericin accelerates wound healing and collagen 

production with minimal immune response [30–33]. It also has a bactericidal effect and 

effectively inhibits the development of biofilm [34–36]. In osteoblast studies, sericin increased 

their proliferation and demonstrated regenerative effects on bone tissue [37–39]. 

Our research aimed to develop new polysaccharide composites reinforced with sericin,  capable 

of releasing both the antibiotic and silver to ensure effective antibacterial activity. Until now, 

researchers worldwide have focused on developing biomaterials with a similar composition 

[40–43]; however, their primary objective was to design local wound dressings capable of 

delivering drugs with appropriate release kinetics. In contrast to these studies, our goal was to 

obtain a local dressing intended for application within bone tissue, which could be utilised in 

dentistry or for the treatment of minor bone defects, serving a preventive function by inhibiting 

the development of bacterial infections. It is of utmost importance to develop materials 

specifically targeted for bone tissue, as it is poorly vascularized; consequently, systemic 

pharmacotherapy is often insufficiently effective. We evaluated the efficacy of silver release in 

the form of nanoparticles and silver ions from Ag-substituted nanohydroxyapatite. The 

physicochemical properties of the composites were analysed, and the release profiles of both 

silver and antibiotic (ciprofloxacin) were examined. The antibacterial activity and cytotoxicity 

of the obtained materials were also studied. 
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Materials and Methods 

Synthesis of hydroxyapatite containing silver ions (AgHA) 

Hydroxyapatite containing silver ions was synthesized using the method described in detail by 

Pajor et al. [44]. Briefly, calcium nitrate tetrahydrate Ca(NO3)2∙4H2O (purity 99%) and silver 

nitrate (AgNO3, assay ≥99.0%) were used as sources of calcium and silver ions, respectively, 

and were dissolved in distilled water. Then, an ammonium hydrogen phosphate solution 

((NH4)2HPO4, assay ≥98%) was introduced dropwise in such an amount that the (Ca+Ag)/P 

molar ratio was 1.67 and stirred on a magnetic stirrer. All the reagents were of analytical grade 

and purchased from Sigma Aldrich Chemicals, St. Louis, MO, USA. After mixing the solutions, 

a white precipitate formed. Then, the flasks with the suspension were left with the stirrer on for 

another 1 hour, and then the suspension was made alkaline with a 25% NH4OH solution 

(≥99.99% trace metals basis), adjusting the pH to approximately 11. In the next stage, the 

mixing was turned off and the precipitate in the mother solution was left for 24 hours to age 

(so-called precipitate maturation). After 24 hours, the obtained apatites were centrifuged and 

rinsed several times with distilled water until the pH reached ~ 7. After centrifugation, the 

precipitate was filtered under reduced pressure and then dried at 100°C for 24 hours. After 

drying, the obtained precipitate was micronized using an agate mortar. Subsequently the powder 

was sieved through a <40 μm mesh to eliminate hard agglomerates and subjected to further 

tests. For comparison, the pure, unsubstituted hydroxyapatite (HA) was obtained in the same 

conditions.  

The identity of the obtained powders was examined using the powder X-ray diffraction (PXRD) 

method. A Bruker D8 Discover diffractometer equipped with a position detector and Cu-Kα 

radiation (λ = 0.15418 nm) was used. The measurements used the horizontal Bragg–Brentano 

(θ/θ) geometry (plane reflection mode) in the range from 15° to 60° (2θ) in a continuous scan, 

using steps of 0.03° and 2 s/step (total time 384 s/step). The identification of crystalline phases 
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was obtained by comparing the obtained diffractograms of HA and Ag-HA samples with the 

standard reference (JCPDS 09-0432). The mid-infrared FT-IR spectroscopy method in the 

transmission technique (using a KBr pellet) was used to analyse the chemical structure of 

hydroxyapatites. FT-IR spectra were recorded on a Shimadzu spectrometer with a resolution of 

2 cm-1, in the 4000-400 cm-1 range. Each measurement was performed using 30 scans. The 

crystal morphology was analysed by transmission electron microscopy (TEM) using the high-

performance JEM 1400 transmission electron microscope (TEM-JEOL Co., Tokyo, Japan, 

2008), equipped with Morada G2 TEM camera (EMSIS GmbH, Germany) under an 

accelerating voltage of 80 kV. Sample preparation consisted of dropping a suspension of the 

tested powder previously prepared in ethanol onto a Formvar grid. The silver content of the 

hydroxyapatite sample enriched in silver ions was measured using the F-AAS method 

(ANALYST 400, Perkin Elmer, Llantrisant, UK, with detection at a wavelength of λ = 328.07 

nm). For this purpose, the sample was dissolved in super-pure concentrated nitric acid (63% 

HNO3) and appropriately diluted with deionized water. The calibration curve was prepared by 

dissolving an appropriate amount of calibration AgNO3 standard in deionized water (Avantor 

Performance Materials, Gliwice, Poland). 

Preparation of composites 

To obtain composites, the following reagents were prepared: chitosan (medium molecular 

weight, 75–85% deacetylation degree, viscosity ≤ 300 cP, Sigma-Aldrich, Burlington, MO, 

USA), sodium alginate (Sigma Aldrich, Burlington, MO, USA), sericin from Bombyx mori 

(silkworm, Sigma Aldrich, Burlington, MO, USA), glycerin (Sigma Aldrich, Burlington, MO, 

USA), silver nanoparticles (5 nm particle size, 5 mg/mL, silver nanospheres, in 2mM aqueous 

sodium citrate, nanoComposix), and hydroxyapatite enriched with silver ions (AgHA). A 3 

wt.% suspension of alginate and chitosan was prepared in distilled water and combined in three 

different weight ratios of 30:70, 50:50, and 70:30. To 80 mL of each mixture obtained in this 
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way, 8 drops (~0.4 mL) of pure glycerin (≥99.5%) and 1.0 mL of sericin solution was added 

(prepared by dissolving 0.1 g of Bombyx mori sericin powder in 1.0 mL of distilled water under 

gentle stirring to ensure complete dissolution). After thorough mixing, 3.6 g of AgHA or 0.4 

mL of silver nanoparticle suspension was added (in both cases, the amount corresponded to 6 

mg of silver per 1 gram of composite). Since no aggregation-inducing conditions were 

introduced during the composite preparation, the size of nanoparticles was assumed to remain 

comparable to that in the free form. Finally, 145 mg of ciprofloxacin was added to the obtained 

thick suspension (the amount corresponds to 100 mg of ciprofloxacin per 1 g of the composite). 

All obtained suspensions were poured into Petri dishes. Then the dishes were frozen at -80°C 

and lyophilised for 48h. Freeze-dried samples were cross-linked using first 1.5% CaCl2 solution 

(cross-linking for 10 min) and then 1M NaOH solution (cross-linking for 10 min). After cross-

linking, the samples were rinsed three times for 15 min in distilled water and subjected to 

freezing and lyophilisation again. The solutions obtained after cross-linking and rinsing were 

collected in tubes to determine the ciprofloxacin content released during cross-linking and 

rinsing. As a result of the above procedures, six different composites were obtained, differing 

in the alginate-to-chitosan ratio and the form of incorporated silver (nano-Ag and AgHA). The 

list of obtained samples is presented in Table 1. 

Table 1. Types of obtained composites. 

Sample 
C1AgH

A 
C1Ag-n  

C2AgH

A 
C2Ag-n 

C3AgH

A 
C3Ag-n 

Polymer ratio 

(alginate: chitosan) 

30:70 
(24 mL of 3% alginate 

and 56 mL of 3% 

chitosan)  

70:30 
(56 mL of 3% alginate 

and 24 mL of 3% 

chitosan) 

50:50 
(40 mL of 3% alginate 

and 40 mL of 3% 

chitosan) 

Glycerin 0.4 mL 0.4 mL 0.4 mL 0.4 mL 0.4 mL 0.4 mL 
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Studies of the obtained composites  

To assess the porosity and topographic structure of the surface of the obtained composites, the 

samples were examined by scanning electron microscopy (SEM, Nova NanoSEM 200, Fei).  

The mid-infrared FT-IR spectroscopy method in the attenuated total reflectance (ATR-FTIR) 

technique was used to analyse the chemical structure of all composites. FT-IR spectra were 

recorded on a Shimadzu IRAffinity-1S spectrometer in the 4000–400 cm⁻¹ range. Each 

measurement was performed using 150 scans. 

The swelling test was performed using the standard gravimetric method. Firstly, the lyophilised 

samples were weighed (initial weight, W0). Then, the samples were immersed in phosphate-

buffered saline (PBS; pH 7.4) at 37 °C. At predetermined time intervals (15 minutes, 30 

minutes, 1 hour, 3 hours, 5 hours, 12 hours, 24 hours and 48 hours) the samples were removed 

from the solution, wiped dry with filter paper to remove excess liquid from the surface, and 

weighed again.  

To calculate the swelling ratio at time t, the following equation was used: 

%SR = 
(Wt-W0)

W0

 × 100              (1) 

where W0 and Wt are the weights of the initial dry and swollen samples at fixed time intervals 

t, respectively. All the measurements were performed in triplicate.  

Sericin 

1.0 mL 

of 10% 

solution 

1.0 mL of 

10% 

solution  

1.0 mL 

of 10% 

solution  

1.0 mL of 

10% 

solution 

1.0 mL 

of 10% 

solution 

1.0 mL of 

10% 

solution 

Hydroxyapatite 

doped with silver 
3.6 g - 3.6 g - 3.6 g - 

Silver 

nanoparticles 
- 

0.4 mL of  

5 mg/mL 
- 

0.4 mL of  

5 mg/mL 
- 

0.4 mL of  

5 mg/mL 

Ciprofloxacin 145 mg 145 mg 145 mg 145 mg 145 mg 145 mg 
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The study of ciprofloxacin and silver release from the obtained composites was carried out 

using the HPLC method and the F-AAS method, respectively. The prepared composite samples, 

in the form of cylindrical discs with a diameter of 15 mm, a height of 10 mm, and a mass of 

300 mg were placed in falcon test tubes, to which 50 mL of distilled water was added. The test 

tubes were placed in a shaker and incubated at 37°C while slowly mixing to ensure conditions 

similar to physiological conditions. The shaking frequency was set at 50 rpm. Samples of the 

incubation media were taken first after 15 and 30 minutes, then after 1, 3, 6, 12, 24, 48 and 72 

hours and then after 7, 14, 21 and 27 days. Before each collection, the contents of the test tubes 

were mixed thoroughly, then 10 mL of the solution was taken using a syringe, filtered into a 

new test tube using membrane filters and, finally, the test tubes with composite samples were 

filled with the same volume of distilled water. Ciprofloxacin release was studied using the 

HPLC method. Sample analysis was performed on an RP-18 column (HPLC Column 250 x 4.6 

mm x 1/4’’ Microsorb-MV 100-5 C18), which was thermostated in a CTO-10ASVP oven from 

Shimadzu. The analysis was performed in a reverse phase system, using a mixture of phosphate 

buffer with pH = 3 and acetonitrile in a volume ratio of 80:20 as the mobile phase. The eluent 

flow rate was 1 mL/min. The chromatograph was connected to a UV-Vis detector (Varian 

Prostar 325). Each time, 20 μl of the solution was introduced into the column. Before starting 

the sample measurements, a calibration curve was prepared using standard solutions. 

Absorbance was measured at a wavelength of 278 nm. To investigate the release profile of 

silver from the composites, the F-AAS method (PerkinElmer AAnalyst 400 AA Spectrometer) 

was used at a wavelength of 328 nm, after preparing a calibration curve. 

To evaluate the release mechanism and kinetics of ciprofloxacin and silver, the experimental 

data were fitted to several mathematical models commonly used to describe drug release from 

polymeric and composite matrices. 

Zero-order model: 
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𝑄𝑡

𝑄∞
= 𝑘0𝑡         (2)   

 

First-order model: 

log (1 −
𝑄𝑡

𝑄∞
) = −𝑘1𝑡/2.303       (3) 

 

Higuchi model: 

𝑄𝑡/𝑄∞ = 𝑘𝐻𝑡1/2        (4) 

 

Korsmeyer–Peppas model (K–P model): 

𝑄𝑡

𝑄∞
= 𝑘𝐾𝑃𝑡𝑛         (5) 

Peppas–Sahlin model: 

𝑄𝑡

𝑄∞
= 𝑘1𝑡𝑛 + 𝑘2𝑡2𝑛        (6) 

 

Weibull model: 

𝑄𝑡

𝑄∞
= 1 − exp [−(

𝑡−𝑇𝑖

𝜏
)𝛽]       (7)  

 

Where k0, k1, k2, kH, kKP, τ refer to the rate constants, Q1/Q∞ represents the fraction of the drug 

released at a time t, n refers to the diffusion coefficient, Ti - the lag time before release onset, 

and β is the shape parameter. Depending on the value of β, the release profile may be 

exponential (β = 1), parabolic (β < 1), or sigmoidal (β > 1) [45,46]. 

All models were fitted to the experimental data using nonlinear regression. The coefficient of 

determination (R2) was used to evaluate the goodness of fit. Model equations and parameters 

were implemented in Kaleidagraph 5 (Synergy Software). 

The cytotoxicity of the materials was evaluated in accordance with ISO 10993-5:2009 

guidelines [47] by the neutral red uptake (NRU) assay and MTT assay, using the mice fibroblast 

cell line BALB/c 3T3 clone A31 (American Type Culture Collection). Due to the observed high 

liquid absorption of the samples, the volume of extraction medium absorbed by each 100 mg 

of material was determined in accordance with ISO 10993-12:2012 protocol prior to extract 
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preparation. This additional volume was then added to every 100 mg in the extraction mixture 

during extraction of the material.  The highest extract concentration tested was 50 mg/mL. The 

materials were UV-sterilized using UV-C light at a wavelength of 254 nm for 30 minutes, 

ensuring uniform exposure by gentle mixing of the powder several times during the process. 

The extracts were sterilized by filtration using a filter with a pore size of 0.2 µm. Extracts were 

prepared by incubating the samples in DMEM medium with 5% bovine serum for 24 hours at 

37 ◦C with stirring. The extracts were sterilized by filtration. The cells were treated with seven 

dilutions of each extract in a two-dilution series for 24 hours. Highly cytotoxic latex and non-

cytotoxic polyethylene film were used as reference materials. A material is considered to have 

cytotoxic potential when the cell viability is less than 70%. In our study, the experiments were 

performed in triplicate (n ≥ 3). The data are presented as mean values ± SD. 

 

Antimicrobial activity 

The antimicrobial activity of the composites was tested against Staphylococcus aureus 

NCTC9789 and Pseudomonas aeruginosa PAO1161 from the IBB strain collection. This was 

assessed via the disk diffusion method, where bacterial suspensions of 0.5 McFarland standard 

were streaked in three different directions on 60 mL Mueller-Hinton agar. Then, the composites 

were placed on the streaked plate and co-incubated with bacteria for 24 hours at 37 °C. After 

the incubation time, the zone of growth inhibition was measured. Statistical analysis was 

performed by GraphPad Prism 10.4.2. Normality was tested using the Shapiro-Wilk test and 

group comparison was carried out by one-way ANOVA with Dunnett post-hoc test. 
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Results and Discussion 

Physicochemical parameters of AgHA powder 

The first step involved the synthesis of hydroxyapatite enriched with silver ions, intended to 

serve as a source of silver in some of the composites. Figure 1S in the Supplementary Materials 

presents the results of physicochemical studies for the AgHA powder and the reference material 

(non-substituted HA). All reflections in both PXRD patterns confirm the successful synthesis 

of hydroxyapatite (compared to JCPDS 09-0432) and the absence of other crystalline phases. 

The reflections in the AgHA diffractogram are broad and diffuse, typical for weakly crystalline 

materials. Crystallite size parameters calculated using the Scherrer formula along the a and c 

axes indicate that both materials are nanocrystalline, with crystals elongated along the c axis. 

This feature is observed in both the HA and AgHA samples (HA: 35±4 nm/16 ± 3 nm; Ag-HA: 

26±4 nm/8 ±2 nm). FT-IR spectra further confirm the nanocrystalline nature of the obtained 

materials. The poor resolution of the ν4 band of orthophosphates in the 650–500 cm⁻¹ range in 

both spectra, along with a very weak band corresponding to structural hydroxyl groups at 3570 

cm⁻¹, supports this conclusion. Additionally, the ν₁+ν₃ bands of orthophosphates are broad and 

less resolved in the spectrum of the AgHA sample, corroborating its lower crystallinity 

compared with the HA sample. 

TEM images (Figure 1S) show small, elongated crystals of the synthesized materials, typically 

compacted into large agglomerates. According to the literature, incorporating silver ions into 

the hydroxyapatite structure reduces crystallinity, suggesting their successful into the crystal 

lattice [44]. The silver content in the AgHA sample, as determined by the F-AAS method, is 

0.25 wt.%, which corresponds to 83% of the nominal amount introduced. 
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SEM microscopy 

Cross-sectional SEM images of the obtained matrices are shown in Figure 1. All samples exhibit 

very high porosity across the entire analysed surface. The pores are interconnected and display 

irregular shapes and sizes, which is typical for polysaccharide materials subjected to freezing 

and lyophilization processes. Samples without hydroxyapatite (Figures C1Ag-n, C2Ag-n, 

C3Ag-n) exhibit a fibrous structure with relatively large pores ranging from 50 to 200 µm. 

High-magnification images reveal the presence of silver nanoparticles deposited on the surface 

of the fibers (marked with red arrows) [48].  

Figure 1. SEM images of all obtained composites.  

 

The ultrastructure of composites containing Ag-HA appears slightly more compact and dense, 

resembling a sponge. Hydroxyapatite is deposited on the polymer fibers and partially fills the 

structure, effectively reducing porosity (with pore sizes not exceeding 100 µm). Additionally, 

it is observed that samples with the highest chitosan-to-alginate weight ratio (C1AgHA and 

C1Ag-n) exhibit a relatively disordered network and irregular structure, alongside higher 

porosity. This may indicate the formation of more random networks during the freezing process. 
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ATR-FTIR analysis 

The FT-IR spectra of all obtained composites and their individual components are provided in 

the supplementary materials (Figures 2S and 3S). Figure 2S shows the spectra of composites 

containing silver-doped hydroxyapatite (AgHA). By analyzing the spectra of the individual 

components, the presence of hydroxyapatite in all samples can be confirmed, as well as the 

presence of the respective polymers and ciprofloxacin. The detailed band assignments are 

presented below. Characteristic hydroxyapatite bands appear around 1100, 1040, 870, 610, and 

560 cm⁻¹. The bands at 1100 and 1040 cm⁻¹ correspond to phosphate stretching vibrations, 

while the band at 870 cm⁻¹ is attributed to bending vibrations of carbonate groups (CO₃²⁻) 

substituting phosphate groups. Bands near 610 and 560 cm⁻¹ represent phosphate bending 

modes. 

Bands observed at 2930, 1603, 1410, 1305, and 820 cm⁻¹ are mainly attributed to alginate, 

which is the major component of the composite. The 2930 cm⁻¹ band corresponds to -CH 

stretching, 1603 and 1410 cm⁻¹ to asymmetric and symmetric stretching of -O-C-O groups and 

bending of -C-OH, 1305 cm⁻¹ to -C-C-H and -O-C-H bending within the pyranose rings, and 

820 cm⁻¹ to mannuronic acid residues. 

Additional bands at 2865, 1650, and 1170 cm⁻¹ indicate the presence of chitosan. These 

correspond to -CH₂ stretching (2865 cm⁻¹), amide -C=O stretching (1650 cm⁻¹), and -C-O-C 

stretching vibrations (1170 cm⁻¹). 

Moreover, characteristic bands of ciprofloxacin are visible at 1270 and 805 cm⁻¹, associated 

with -C-F stretching and aromatic ring vibrations, respectively, confirming its presence in the 

composites. 
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Analysis of the FT-IR spectra of composite samples containing silver nanoparticles (Figure 3S) 

reveals the presence of intense, broad bands in the 1170–940 cm⁻¹ region, which result from 

overlapping signals characteristic of alginate and chitosan. 

As shown by comparison with  literature data for the characteristic bands of the individual 

components [49–54], not all expected bands are visible in the recorded spectra. This is because 

some bands appear within the same wavenumber range; therefore, more intense bands may 

overshadow those with lower intensity. Nevertheless, the spectral analysis confirms that the 

obtained composites are composed as intended, comprising an organic phase of natural 

polymers, an inorganic hydroxyapatite phase, and the antibiotic ciprofloxacin. 

Swelling behaviour 

A parameter closely associated with the porosity and ultrastructure of biomaterials is the 

swelling coefficient. In this study, the swelling behaviour was evaluated at pH 7.4 and a 

temperature of 37 °C to closely mimic the physiological conditions of the bone tissue 

environment. Notably, porous matrices with swelling capability are highly effective for both 

bone tissue regeneration and reconstruction. This is due to their ability to facilitate fluid flow 

within swollen pores, ensuring nutrient mass transfer to cells while aiding in the removal of 

metabolic waste. Furthermore, swelling biomaterials can serve as carriers for drug substances 

and other biologically active compounds, primarily due to enhanced diffusion properties [55]. 

Figure 2 presents the swelling results for all tested materials over a 48-hour period. The samples 

exhibited variability in both the degree of swelling and the rate at which this process occurred. 

Materials with higher chitosan-to-alginate ratios demonstrated lower swelling capacities 

(absorption of aqueous solution), which can be attributed to the reduced hydrophilicity of 

chitosan compared to alginate. Additionally, the findings reveal that the incorporation of 

hydroxyapatite in the composites significantly reduces their swelling capacity [56]. 
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Consequently, the sample with the lowest swelling coefficient was C1AgHA (approximately 

382%), whereas the highest swelling capacity was observed for C2Ag-n (1170%). 

 

Figure 2. Swelling test. The graph shows the swelling ratio (%) of the obtained materials 

at different times. 

 

 

Antibiotic release 

The ciprofloxacin loading efficiency was determined to be 95.2±1.1% across the tested 

composite. The evaluation of drug loading efficiency was made possible by quantifying the loss 

of ciprofloxacin during the cross-linking and rinsing processes of the composite suspensions. 

This loss corresponded to 4.8±1.1% relative to the total amount of drug introduced per 

composite, i.e. 100 mg of ciprofloxacin per 1 g of the composite. The HPLC chromatograms 
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(Figure 4S in Supplementary Materials) of the drug substance after 28 days confirmed the 

chemical stability of ciprofloxacin, showing consistent retention times and peak shapes 

comparable to the reference standard, with no evidence of degradation products.  

The ciprofloxacin release profiles from each matrix are depicted in Figures 3a and 3b. All curves 

exhibit relatively similar release patterns, differing primarily in the quantity of drug released. 

Hydroxyapatite demonstrates the most pronounced effect on ciprofloxacin release, as its 

presence in the material significantly attenuates drug release. This effect may be attributed to 

the adsorption of ciprofloxacin molecules onto hydroxyapatite crystals through intermolecular 

interactions, such as van der Waals forces or the reduction in porosity within hydroxyapatite-

containing materials [57,58]. 

Figure 3. Ciprofloxacin release profiles from the composite matrices: full release curves 

over 672 hours (a), initial release phase - first 48 hours (b); representative model fittings 

to Korsmeyer-Peppas model for C3AgHA in the short- and long-term release ranges (c, d 

– respectively). 
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The experimental data were fitted to various mathematical models of drug release, including 

the zero-order, first-order, Higuchi, Korsmeyer-Peppas (K-P), Weibull, and Peppas-Sahlin 

models [59–61]. The Peppas–Sahlin and Weibull models were preliminarily tested using one 

representative release profile. However, the obtained fitting parameters and curve shapes were 

inconsistent with the experimental data and the biphasic character of the release process. 

Therefore, these models were not further applied to all samples and were excluded from the 

main analysis. 
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Representative fitting parameters and R² coefficients for selected ciprofloxacin release models 

for one sample are presented in Table 1S in the Supplementary Materials.  

A detailed analysis indicated that the K-P model provided the best fit, dividing the release into 

two phases: an initial phase up to 48 hours and a subsequent phase spanning 48 to 672 hours. 

The K-P model is frequently used to characterize the release of active substances from carriers 

such as hydrogels, polymer films, and biomaterial composites [60]. The fitting data, presented 

in Table 2, reveal that in the first phase, the release mechanism is predominantly diffusion-

driven but atypically slow compared to standard Fickian diffusion (n<0.45). The second phase 

is characterized by an even lower n value (n≪0.45, specifically n=0.035−0.070), suggesting 

extremely slow diffusion. When n approaches zero, the release approximates zero-order 

kinetics, maintaining a nearly constant rate over time. 

In these matrices, the observed slowing of release may result from the depletion of ciprofloxacin 

in readily accessible regions, leading to a significant reduction in the concentration gradient. 

The increased kKP value during this phase (nearly doubling for each sample) suggests the 

involvement of additional release mechanisms, potentially linked to matrix relaxation and 

polysaccharide swelling, particularly alginate [58,61,62]. These complex mechanisms warrant 

further investigation. 
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Table 2. Summary of fitting parameters for ciprofloxacin and silver release. 

 Ciprofloxacin release 

Sample I phase (0-48 hours) II phase (48-672 hours) 

 kKP n R2 Model kKP n R2 model 

C1AgHA 8.7±0.4 0.14±0.01 0.9840 K-P 12.5±0.1 0.036±0.001 0.9955 K-P 

C2AgHA 7.1±0.5 0.23±0.02 0.9831 K-P 13.4±0.1 0.048±0.002 0.9975 K-P 

C3AgHA 9.4±0.6 0.22±0.02 0.9833 K-P 18.3±0.2 0.040±0.002 0.9947 K-P 

C1Ag-n 15.0±0.9 0.19±0.02 0.9799 K-P 26.5±0.2 0.035±0.001 0.9980 K-P 

C2Ag-n 15.4±0.9 0.23±0.02 0.9868 K-P 28.5±0.2 0.070±0.001 0.9996 K-P 

C3Ag-n 13.6±0.8 0.23±0.02 0.9877 K-P 27.9±0.3 0.051±0.002 0.9982 K-P 

 Ag release 

 I phase (0-48 hours) II phase (48-672 hours) 

C1AgHA 6.0±0.4 0.17±0.02 0.9604 K-P 8.8±0.3 0.058±0.005 0.9885 K-P 

C2AgHA 1.04±0.04 0.23±0.02 0.9905 K-P 1.6±0.2 0.14±0.02 0.9627 K-P 

C3AgHA 2.2±0.1 0.27±0.02 0.9850 K-P 4.1±0.2 0.107±0.007 0.9944 K-P 

     Q0 k R2  

C1Ag-n 1.06±0.04 0.24±0.01 0.9921 K-P 2.16±0.06 0.012±0.001 0.9998 Zero order 

C2Ag-n 3.3±0.2 0.21±0.03 0.9671 K-P 7.2±0.2 0.0029±0.0004 0.9682 Zero order 

C3Ag-n 1.64±0.08 0.28±0.02 0.9937 K-P 4.8±0.20 0.0154±0.0005 0.9984 Zero order 

 

Silver Release 

Similar to ciprofloxacin, the loading efficiency of silver nanoparticles and the silver content 

incorporated into HA within the composites were also determined. In contrast to ciprofloxacin, 

significant losses of silver occurred during the cross-linking and rinsing of the composite 

suspensions. The loading efficiency of silver nanoparticles was 29.3±2.6% whereas the 

efficiency of silver incorporation in HA-containing composites amounted to 20.4±1.3%. The 

experimental curves depicting silver release from the composites are analyzed in a similar 

manner. Figure 4a presents the experimental release profiles for all matrices, while Figures 4b-

c and 4d-e detail the fits for samples containing hydroxyapatite enriched with silver ions or 

silver nanoparticles, respectively. Representative fitting parameters and R² coefficients for 

selected Ag+ release models for two samples are presented in Table 2S in the Supplementary 

Materials. 



22 
 

Figure 4. Silver release profiles from all composite matrices (a), model fitting results for 

materials with silver-ion-doped hydroxyapatite (b–c), fitted release curves for composites 

containing hydroxyapatite with embedded silver nanoparticles (d–e). 
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In contrast to ciprofloxacin release, which reaches 75–99% within 28 days (depending on the 

sample), the silver release profiles indicate markedly slower release rates, ranging from 4% to 

15%. Previous studies on ion release (e.g., selenium, zinc, silver, and gallium) from 

nanocrystalline hydroxyapatite and various composite matrices have similarly demonstrated 

slow release over comparable timeframes (4–5 weeks) relative to drug substances [20,44,63]. 

This may result from strong interactions between ions/nanoparticles and the matrix 

components, particularly alginate and/or chitosan. For example, silver ions may bind to 

negatively charged groups within the alginate matrix, while in chitosan matrices, complexes 

may form between silver ions and amine groups [64]. Such binding can impede ion release, 

causing significant delays. 

Figures 4b and 4c suggest that silver ions exhibit stronger binding to alginate than to chitosan. 

A similar trend is observed for silver nanoparticles (Figures 4d and 4e). The fitting parameters 

for silver release are summarized in Table 2. The data suggest that, similar to ciprofloxacin, the 

silver release process can be divided into two distinct phases, with a transition point at 48 hours.  

During the first phase, all curves fit well to the K-P model, with n-values ranging from 0.17 to 

0.28, indicating Fickian diffusion. In the second phase (48–672 hours), the release of silver ions 

from hydroxyapatite-containing matrices is also best described by the Korsmeyer-Peppas 

model. However, as with ciprofloxacin, the diffusion process is significantly restricted 

(n=0.058−0.14). 

For samples C1Ag-n, C2Ag-n, and C3Ag-n (containing nanoparticles), the release data in the 

second phase can be accurately described (R2=0.9682−0.9998) using the zero-order kinetics 

model [59,65]. In this phase, silver ion release occurs at a constant rate, independent of 

concentration. The zero-order release observed in the second phase may be associated with 

matrix swelling, relaxation, and reduced nanoparticle-matrix interactions [61]. 
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The biphasic release profiles observed for ciprofloxacin and silver species can be correlated 

with the hydration behaviour of the matrices. Rapid water uptake during the initial hours 

promoted the swelling of the polysaccharide network, increasing the diffusion pathways for 

drug molecules. As the system reached equilibrium hydration, the matrix structure became 

denser due to partial gelation and polymer rearrangement, which limited further diffusion and 

resulted in a slower release rate. 

Cytotoxicity Assay 

Table 3 shows the results of the MTT and NRU test for the highest tested concentration for the 

silver-doped hydroxyapatite (AgHA) and silver nanoparticle (Ag-N) composites. According to 

the NRU and MTT test methodologies, none of the seven tested dilutions of either material 

extract was classified as cytotoxic, since no decrease in cell viability was observed in either of 

the two cytotoxicity assessment tests (Table 3S and 4S). These results indicate that both silver-

doped hydroxyapatite composites (AgHA) and silver nanoparticles (Ag-N) composites are 

biocompatible with the normal cells used in the tests, suggesting that the applied production 

process and concentrations maintain cell viability and do not cause cytotoxic effects. Similar 

findings were reported by Sinulingga et al. [66], who showed that silver and magnesium or zinc 

co-doped hydroxyapatite did not significantly reduce the viability of MC3T3-E1 cells in MTT 

assay performed according to ISO 10993-5, while providing strong antibacterial properties. On 

the other hand, slight cytotoxicity was observed in a publication from our team [67], where 

silver ion-doped hydroxyapatite granules showed reduced cell viability at higher concentrations 

in standard cell lines, indicating some cytotoxic potential. Additionally, Afhkami et al. [68] 

reported slight decreases in MC3T3-E1 preosteoblast viability after exposure to silver 

nanoparticles. These different outcomes show that the biocompatibility of silver-containing 

biomaterials depends on factors such as the concentration of silver, the form of the nanoparticles 

and the production methods used. 
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 Table 3. MTT and NRU test results for the highest concentrations of test extracts (50 mg/mL) 

compared to the untreated control. 

 

Microbiology 

The disc diffusion method was used to assess the antimicrobial activity of composites enriched 

with silver ions against the multi-drug-resistant bacterial strain S. aureus NCTC9789 and P. 

aeruginosa PAO1161. The zone of growth inhibition was measured and compared between the 

composites and controls. All of the composites exhibited significant antimicrobial activity 

against both pathogenic strains (Table 4). The largest zone of inhibition for S. aureus 

NCTC9789 was observed for the composites C2AgHA, C3Ag-n and C1Ag-n, respectively, 

however, the zone of inhibition for all composites ranged from 2.6-3.2 cm. In turn, for P. 

aeruginosa PAO1161, a higher antimicrobial activity of the composites was observed, 

measuring 3.3-3.7 cm of the zone of growth inhibition. The highest inhibition of growth for this 

pathogen was shown for the composites C3AgHA, C1AgHA and C2AgHA.  

Sample MTT test - cells viability 

± SD (%) 

NRU test - cells viability 

± SD (%) 

Classification 

C1AgHA 

C1Ag-n 

C2AgHA 

C2Ag-n 

C3AgHA 

C3Ag-n 

LT 

PE 

114 ± 1 

118 ± 13 

111 ± 4 

115 ± 4 

139 ± 4 

121 ± 15 

2 ± 3 

113 ± 3 

109 ± 5 

106 ± 15 

94 ± 7 

102  ± 8 

113 ± 5 

94 ± 13 

3 ± 2 

99 ± 1 

Non-cytotoxic 

Non-cytotoxic 

Non-cytotoxic 

Non-cytotoxic 

Non-cytotoxic 

Non-cytotoxic 

Cytotoxic 

Non-cytotoxic 

LT—latex, reference cytotoxic material. PE—polyethylene film, reference non-cytotoxic 

material. SD—standard deviation. A decrease in the cell viability below 70% classifies the 

sample as cytotoxic. 
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Table 4. Zone of growth inhibition for pathogenic strains. Results are shown as mean ± SD (n=3). 

The values for the zone of growth inhibition are presented in cm. C1 and C3 are control 

composites, lacking antibiotics and silver ions (chitosan and alginate matrices). The statistical 

difference between control and treatment is presented by **** p<0.0001. 

Composite/strain S. aureus NCTC9789 P. aeruginosa PAO1161 

C1Ag-n 3.0 ± 0.2 **** 3.3 ± 0.3 **** 

C2AgHA 3.2 ± 0.2 **** 3.6 ± 0.2 **** 

C1AgHA 2.9 ± 0.4 **** 3.7 ± 0.2 **** 

C3Ag-n 3.2 ± 0.2 **** 3.5 ± 0.3 **** 

C2Ag-n 2.8 ± 0.2 **** 3.5 ± 0.1 **** 

C1 0 ± 0 0 ± 0 

C3AgHA 2.6 ± 0.1 **** 3.7 ± 0.1 **** 

C3 0 ± 0 0 ± 0 

 

In the literature, several studies have reported microbiological results for materials containing 

silver or ciprofloxacin, demonstrating their well-established antibacterial potential. When it 

comes to silver nanoparticles, 11.2 to 18.8 mm inhibition zone was shown against E. coli with 

the increase of Ag-NPs content (%) in the composite films [69]. Nano-silver loaded 

poly(styrene-co-acrylic) (nAg-PSA) composites had maximum diameters of inhibition zones 

against the E. coli (1.18 mm) and S. aureus (1.29 mm) [70] and other studies confirm an 

inhibition zone of nanoparticles up to around 20 mm [71].  

For ciproflaxin-loaded composites, e.g. ciprofloxacin-loaded polymeric fiber mats containing 

0.25%, 0.5%, and 1% ciprofloxacin showed inhibition zones against E. Coli (≈28 mm) and S. 

aureus (≈20 mm) [72], other studies showing up to 37 mm inhibition [73]. 
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P. aeruginosa and S. aureus have a strong natural resistance to many antibiotics, which limits 

treatment options. Therefore, silver nanoparticles (AgNPs) are being investigated as promising 

alternatives for preventing and controlling infections [5,6]. Our results show enhanced 

antimicrobial activity of ciprofloxacin as to what is commonly found in other studies testing 

the mere antibiotic activity for these strains (around 25-33mm) [74,75]. Our results also show 

greater antibiotic susceptibility of Gram-negative P. aueruginosa, which can be attributed to the 

thinner peptidoglycan layer as opposed to Gram-positive S. aureus, which with a thicker 

peptidoglycan layer functioning as a barrier against nanoparticles. Moreover, silver ions more 

easily bind to negatively charged surfaces, such as lipopolysaccharides found in the outer 

membrane of Gram-negative bacteria. This observation can be explained by the synergistic 

effect between silver nanoparticles and ciprofloxacin. While ciprofloxacin efficiently penetrates 

the outer membrane of Gram-negative bacteria, silver nanoparticles can further increase 

membrane permeability and induce oxidative stress, leading to enhanced bactericidal activity 

against P. aeruginosa compared to S. aureus. The differences in antibacterial activity among 

the composite materials may result from the composition of their matrices; those containing a 

higher amount of chitosan exhibit slightly increased antibacterial activity, which is consistent 

with the known properties of chitosan. In the future, it would be valuable to investigate the 

antimicrobial activity of the solutions after a prolonged period of silver ion release, once the 

antibiotic has been completely released from the composite. At that point, the composites 

containing silver ions could potentially retain antimicrobial activity, this time due to the action 

of the silver ions themselves. As shown in Figure 4, the release of silver ions increases over 

time, suggesting that such a study could yield highly interesting results. This will be the focus 

of our upcoming research. 
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Conclusions 

In this study, novel polysaccharide-based composite materials were successfully developed 

using chitosan and alginate matrices reinforced with sericin and loaded with ciprofloxacin and 

silver, the latter introduced either as ions within nanocrystalline hydroxyapatite or as silver 

nanoparticles. The combination of the solid–liquid method with lyophilization enabled the 

formation of highly porous structures, as confirmed by SEM observations. The composites 

demonstrated sustained release of both ciprofloxacin and silver species for up to 28 days. 

Mathematical modeling of the release kinetics revealed a biphasic mechanism for ciprofloxacin 

and silver ions, initially governed by diffusion through the swollen matrix and subsequently by 

matrix relaxation and gelation processes. In contrast, silver nanoparticles displayed an increased 

release in the second phase, following zero-order kinetics. 

All silver-containing materials showed pronounced antibacterial activity against 

Staphylococcus aureus (NCTC 9789) and Pseudomonas aeruginosa (PAO1161), including 

multi-drug resistant strains. These results confirm the dual functionality of the composites, 

which can act simultaneously as temporary bone fillers and localized drug delivery systems, 

capable of supporting bone tissue regeneration while preventing infection associated with 

orthopedic implants. 

The present findings emphasize the added value of combining polysaccharide matrices with 

sericin reinforcement and dual antimicrobial agents. Such an approach allows for tunable 

release profiles and prolonged antimicrobial protection, addressing one of the major clinical 

challenges in orthopedic and reconstructive surgery—post-implant infections in poorly 

vascularized tissues. 

However, this study has several limitations. Our research aimed to evaluate the synergistic 

effect of the dual-loaded (silver and ciprofloxacin) composites, rather than to quantify the 
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independent contribution of each component. We plan to continue the studies focusing on 

quantifying the synergistic effect between ciprofloxacin and silver nanoparticles. The biological 

assays were limited to in vitro antibacterial evaluation and the mechanical and degradation 

behavior under physiological conditions was not investigated.  

Future research should therefore focus on detailed mechanical testing and in vivo evaluation to 

validate the biological safety and therapeutic performance of the developed composites. 

Expanding this concept towards multifunctional scaffolds with enhanced osteoinductive and 

angiogenic properties could further advance their application in bone tissue engineering and 

localized infection control using such materials as local dressings for bone wounds. 
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Abstract 

In this work, three polysaccharide matrices were prepared with varying chitosan-to-alginate 

weight ratios (70:30, 50:50, 30:70) and used to develop sericin-reinforced composite 

biomaterials loaded with ciprofloxacin and silver, either as nanoparticles or silver ions 

incorporated into nanocrystalline hydroxyapatite (AgHA). To obtain composites, a solid-liquid 

method was employed in combination with lyophilization. SEM analysis revealed highly 

porous structures with pore sizes ranging from 50 to 200 µm for silver nanoparticle composites 

and below 100 µm for AgHA-containing composites. Ciprofloxacin was loaded with high 

efficiency (95.2±1.1%), while silver loading efficiencies were 29.3±2.6% for nanoparticles and 

20.4±1.3% for AgHA. In vitro release studies demonstrated biphasic ciprofloxacin release over 

28 days, with initial diffusion-driven release followed by a slower phase (Korsmeyer-Peppas 

model, n = 0.035–0.070). Silver ions were released similarly, whereas silver nanoparticles 

exhibited zero-order kinetics in the second phase. Antimicrobial testing revealed significant 

activity against multidrug-resistant Staphylococcus aureus NCTC9789 and Pseudomonas 

aeruginosa PAO1161. Cytotoxicity assays confirmed that all composites were non-toxic to 

BALB/c 3T3 fibroblasts. These results indicate that the developed composites possess dual 

functionality—serving as temporary bone dressings for wounds and local drug delivery 

systems—offering sustained antibiotic release and prolonged antimicrobial protection, which 

may help to prevent infections associated with orthopedic implants. 

Keywords: biomaterials, drug delivery, antibacterial activity, ciprofloxacin, composite 
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Introduction 

Peri-implant infections, also known as Biomaterial-Associated Infections (BAIs), remain a 

significant challenge in reconstructive and restorative surgery, including dental and bone 

implantology, despite numerous preventive measures [1]. Bacterial colonisation of biomaterial 

surfaces, which initiates infection, can disrupt the functional integration of the biomaterial with 

bone tissue. The inflammation induced by the infection leads to resorption of the bone tissue 

surrounding the implant, ultimately resulting in poor implant-to-tissue integration and implant 

loss. A particularly challenging aspect of these infections is the formation of biofilms by 

bacteria, which confer significant resistance to many bactericidal agents. Systemic prophylactic 

antibiotic therapy is not always effective, largely due to poor drug penetration into inflamed, 

hypoxic tissues. Consequently, strategies such as intraoperative localised antibiotic 

administration are actively explored for more effective prevention [2,3]. 

The development of new antibiotics and antibacterial agents is a key priority for the World 

Health Organization (WHO) [4]. At the same time, traditional solutions, such as silver ions and 

nanoparticles, are being revisited due to their potent antibacterial activity. The antibacterial 

efficacy of silver has been recognised since antiquity, with no reports of bacterial resistance to 

date. Silver is currently being investigated for its effectiveness in treating infections caused by 

multidrug-resistant bacterial strains [5–8]. The bactericidal mechanism of silver involves 

interactions between silver ions and thiol (-SH) groups in bacterial proteins, leading to the 

substitution of hydrogen atoms and the formation of S-Ag bonds. This results in protein 

denaturation, deactivation of cellular pumps, membrane dysfunction, and the destruction of 

bacterial cell walls and membranes [6,9]. 

In bone tissue engineering, the current focus includes developing biomaterials, that not only fill 

bone defects or replace degraded tissue but also serve as carriers for drug delivery, such as 

antibiotics. Composite materials are particularly promising in fulfilling these dual roles and 
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offering appropriate biocompatibility, mechanical strength, enhanced tissue-implant 

integration, and prolonged, effective drug release [10–12]. 

Over the past two decades, significant attention has been directed towards materials of natural 

origin, including natural polymers, for composite development. Among these, alginate and 

chitosan have been extensively studied [13–20]. 

Chitosan, a linear polymer composed of randomly distributed β-(1,4)-D-glucosamine and N-

acetyl-D-glucosamine units, commercially produced by deacetylation of chitin, a major 

component of crustacean exoskeletons and fungal cell walls. Chitosan exhibits excellent 

biocompatibility, biodegradability, and non-toxicity. Its chemical structure, particularly the 

presence of protonable amino groups along the D-glucosamine residues, accounts for most of 

its biological properties. These positively charged groups interact with negatively charged cell 

membranes, conferring hemostatic, mucoadhesive, antibacterial, and antifungal properties. 

Furthermore, chitosan’s absorption capacity and ability to form porous, fibrous scaffolds make 

it suitable for controlled drug delivery systems and sustained-release applications [21,22]. 

Alginate, a biodegradable linear copolymer of β-D-mannuronate and α-L-guluronate molecules 

linked by β-1,4-glycosidic bonds, is primarily derived from seaweed and marine algae (e.g., 

Laminaria hyperborea and Macrocystis pyrifera). Alginic acid and its sodium salt form durable 

gels upon cross-linking with divalent cations, a property widely used in biomaterial engineering 

and medicine [23]. The hydrophilic nature of alginate gels makes them effective as wound 

dressings, capable of absorbing exudates and accelerating healing. Numerous studies highlight 

alginates' potential as carriers for controlled drug release [24]. 

In inorganic-organic bone composites, hydroxyapatite (Ca₁₀(PO₄)₆(OH)₂) is the most commonly 

used inorganic component. This material closely resembles biological apatite in composition 

and structure, a key component of the inorganic matrix in mineralised tissues (e.g., enamel, 
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dentin, and bone) [25–27]. Nanocrystalline hydroxyapatite offers excellent biocompatibility, 

osteoconductivity, non-toxicity, and immunogenicity, making it an exceptional bone substitute 

material with high potential for use as a drug delivery vehicle for direct application to bone 

tissue [28,29].  

Our composites were reinforced with sericin, a globular protein present in silk produced by the 

Bombyx mori silkworm. Sericin contains numerous polar groups, enabling interactions with 

other polymers to improve mechanical properties and enhance the stability of biomaterials. 

Moreover, numerous studies have shown that sericin accelerates wound healing and collagen 

production with minimal immune response [30–33]. It also has a bactericidal effect and 

effectively inhibits the development of biofilm [34–36]. In osteoblast studies, sericin increased 

their proliferation and demonstrated regenerative effects on bone tissue [37–39]. 

Our research aimed to develop new polysaccharide composites reinforced with sericin,  capable 

of releasing both the antibiotic and silver to ensure effective antibacterial activity. Until now, 

researchers worldwide have focused on developing biomaterials with a similar composition 

[40–43]; however, their primary objective was to design local wound dressings capable of 

delivering drugs with appropriate release kinetics. In contrast to these studies, our goal was to 

obtain a local dressing intended for application within bone tissue, which could be utilised in 

dentistry or for the treatment of minor bone defects, serving a preventive function by inhibiting 

the development of bacterial infections. It is of utmost importance to develop materials 

specifically targeted for bone tissue, as it is poorly vascularized; consequently, systemic 

pharmacotherapy is often insufficiently effective. We evaluated the efficacy of silver release in 

the form of nanoparticles and silver ions from Ag-substituted nanohydroxyapatite. The 

physicochemical properties of the composites were analysed, and the release profiles of both 

silver and antibiotic (ciprofloxacin) were examined. The antibacterial activity and cytotoxicity 

of the obtained materials were also studied. 
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Materials and Methods 

Synthesis of hydroxyapatite containing silver ions (AgHA) 

Hydroxyapatite containing silver ions was synthesized using the method described in detail by 

Pajor et al. [44]. Briefly, calcium nitrate tetrahydrate Ca(NO3)2∙4H2O (purity 99%) and silver 

nitrate (AgNO3, assay ≥99.0%) were used as sources of calcium and silver ions, respectively, 

and were dissolved in distilled water. Then, an ammonium hydrogen phosphate solution 

((NH4)2HPO4, assay ≥98%) was introduced dropwise in such an amount that the (Ca+Ag)/P 

molar ratio was 1.67 and stirred on a magnetic stirrer. All the reagents were of analytical grade 

and purchased from Sigma Aldrich Chemicals, St. Louis, MO, USA. After mixing the solutions, 

a white precipitate formed. Then, the flasks with the suspension were left with the stirrer on for 

another 1 hour, and then the suspension was made alkaline with a 25% NH4OH solution 

(≥99.99% trace metals basis), adjusting the pH to approximately 11. In the next stage, the 

mixing was turned off and the precipitate in the mother solution was left for 24 hours to age 

(so-called precipitate maturation). After 24 hours, the obtained apatites were centrifuged and 

rinsed several times with distilled water until the pH reached ~ 7. After centrifugation, the 

precipitate was filtered under reduced pressure and then dried at 100°C for 24 hours. After 

drying, the obtained precipitate was micronized using an agate mortar. Subsequently the powder 

was sieved through a <40 μm mesh to eliminate hard agglomerates and subjected to further 

tests. For comparison, the pure, unsubstituted hydroxyapatite (HA) was obtained in the same 

conditions.  

The identity of the obtained powders was examined using the powder X-ray diffraction (PXRD) 

method. A Bruker D8 Discover diffractometer equipped with a position detector and Cu-Kα 

radiation (λ = 0.15418 nm) was used. The measurements used the horizontal Bragg–Brentano 

(θ/θ) geometry (plane reflection mode) in the range from 15° to 60° (2θ) in a continuous scan, 

using steps of 0.03° and 2 s/step (total time 384 s/step). The identification of crystalline phases 
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was obtained by comparing the obtained diffractograms of HA and Ag-HA samples with the 

standard reference (JCPDS 09-0432). The mid-infrared FT-IR spectroscopy method in the 

transmission technique (using a KBr pellet) was used to analyse the chemical structure of 

hydroxyapatites. FT-IR spectra were recorded on a Shimadzu spectrometer with a resolution of 

2 cm-1, in the 4000-400 cm-1 range. Each measurement was performed using 30 scans. The 

crystal morphology was analysed by transmission electron microscopy (TEM) using the high-

performance JEM 1400 transmission electron microscope (TEM-JEOL Co., Tokyo, Japan, 

2008), equipped with Morada G2 TEM camera (EMSIS GmbH, Germany) under an 

accelerating voltage of 80 kV. Sample preparation consisted of dropping a suspension of the 

tested powder previously prepared in ethanol onto a Formvar grid. The silver content of the 

hydroxyapatite sample enriched in silver ions was measured using the F-AAS method 

(ANALYST 400, Perkin Elmer, Llantrisant, UK, with detection at a wavelength of λ = 328.07 

nm). For this purpose, the sample was dissolved in super-pure concentrated nitric acid (63% 

HNO3) and appropriately diluted with deionized water. The calibration curve was prepared by 

dissolving an appropriate amount of calibration AgNO3 standard in deionized water (Avantor 

Performance Materials, Gliwice, Poland). 

Preparation of composites 

To obtain composites, the following reagents were prepared: chitosan (medium molecular 

weight, 75–85% deacetylation degree, viscosity ≤ 300 cP, Sigma-Aldrich, Burlington, MO, 

USA), sodium alginate (Sigma Aldrich, Burlington, MO, USA), sericin from Bombyx mori 

(silkworm, Sigma Aldrich, Burlington, MO, USA), glycerin (Sigma Aldrich, Burlington, MO, 

USA), silver nanoparticles (5 nm particle size, 5 mg/mL, silver nanospheres, in 2mM aqueous 

sodium citrate, nanoComposix), and hydroxyapatite enriched with silver ions (AgHA). A 3 

wt.% suspension of alginate and chitosan was prepared in distilled water and combined in three 

different weight ratios of 30:70, 50:50, and 70:30. To 80 mL of each mixture obtained in this 
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way, 8 drops (~0.4 mL) of pure glycerin (≥99.5%) and 1.0 mL of sericin solution was added 

(prepared by dissolving 0.1 g of Bombyx mori sericin powder in 1.0 mL of distilled water under 

gentle stirring to ensure complete dissolution). After thorough mixing, 3.6 g of AgHA or 0.4 

mL of silver nanoparticle suspension was added (in both cases, the amount corresponded to 6 

mg of silver per 1 gram of composite). Since no aggregation-inducing conditions were 

introduced during the composite preparation, the size of nanoparticles was assumed to remain 

comparable to that in the free form. Finally, 145 mg of ciprofloxacin was added to the obtained 

thick suspension (the amount corresponds to 100 mg of ciprofloxacin per 1 g of the composite). 

All obtained suspensions were poured into Petri dishes. Then the dishes were frozen at -80°C 

and lyophilised for 48h. Freeze-dried samples were cross-linked using first 1.5% CaCl2 solution 

(cross-linking for 10 min) and then 1M NaOH solution (cross-linking for 10 min). After cross-

linking, the samples were rinsed three times for 15 min in distilled water and subjected to 

freezing and lyophilisation again. The solutions obtained after cross-linking and rinsing were 

collected in tubes to determine the ciprofloxacin content released during cross-linking and 

rinsing. As a result of the above procedures, six different composites were obtained, differing 

in the alginate-to-chitosan ratio and the form of incorporated silver (nano-Ag and AgHA). The 

list of obtained samples is presented in Table 1. 

Table 1. Types of obtained composites. 

Sample 
C1AgH

A 
C1Ag-n  

C2AgH

A 
C2Ag-n 

C3AgH

A 
C3Ag-n 

Polymer ratio 

(alginate: chitosan) 

30:70 
(24 mL of 3% alginate 

and 56 mL of 3% 

chitosan)  

70:30 
(56 mL of 3% alginate 

and 24 mL of 3% 

chitosan) 

50:50 
(40 mL of 3% alginate 

and 40 mL of 3% 

chitosan) 

Glycerin 0.4 mL 0.4 mL 0.4 mL 0.4 mL 0.4 mL 0.4 mL 



9 
 

 

Studies of the obtained composites  

To assess the porosity and topographic structure of the surface of the obtained composites, the 

samples were examined by scanning electron microscopy (SEM, Nova NanoSEM 200, Fei).  

The mid-infrared FT-IR spectroscopy method in the attenuated total reflectance (ATR-FTIR) 

technique was used to analyse the chemical structure of all composites. FT-IR spectra were 

recorded on a Shimadzu IRAffinity-1S spectrometer in the 4000–400 cm⁻¹ range. Each 

measurement was performed using 150 scans. 

The swelling test was performed using the standard gravimetric method. Firstly, the lyophilised 

samples were weighed (initial weight, W0). Then, the samples were immersed in phosphate-

buffered saline (PBS; pH 7.4) at 37 °C. At predetermined time intervals (15 minutes, 30 

minutes, 1 hour, 3 hours, 5 hours, 12 hours, 24 hours and 48 hours) the samples were removed 

from the solution, wiped dry with filter paper to remove excess liquid from the surface, and 

weighed again.  

To calculate the swelling ratio at time t, the following equation was used: 

%SR = 
(Wt-W0)

W0

 × 100              (1) 

where W0 and Wt are the weights of the initial dry and swollen samples at fixed time intervals 

t, respectively. All the measurements were performed in triplicate.  

Sericin 

1.0 mL 

of 10% 

solution 

1.0 mL of 

10% 

solution  

1.0 mL 

of 10% 

solution  

1.0 mL of 

10% 

solution 

1.0 mL 

of 10% 

solution 

1.0 mL of 

10% 

solution 

Hydroxyapatite 

doped with silver 
3.6 g - 3.6 g - 3.6 g - 

Silver 

nanoparticles 
- 

0.4 mL of  

5 mg/mL 
- 

0.4 mL of  

5 mg/mL 
- 

0.4 mL of  

5 mg/mL 

Ciprofloxacin 145 mg 145 mg 145 mg 145 mg 145 mg 145 mg 
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The study of ciprofloxacin and silver release from the obtained composites was carried out 

using the HPLC method and the F-AAS method, respectively. The prepared composite samples, 

in the form of cylindrical discs with a diameter of 15 mm, a height of 10 mm, and a mass of 

300 mg were placed in falcon test tubes, to which 50 mL of distilled water was added. The test 

tubes were placed in a shaker and incubated at 37°C while slowly mixing to ensure conditions 

similar to physiological conditions. The shaking frequency was set at 50 rpm. Samples of the 

incubation media were taken first after 15 and 30 minutes, then after 1, 3, 6, 12, 24, 48 and 72 

hours and then after 7, 14, 21 and 27 days. Before each collection, the contents of the test tubes 

were mixed thoroughly, then 10 mL of the solution was taken using a syringe, filtered into a 

new test tube using membrane filters and, finally, the test tubes with composite samples were 

filled with the same volume of distilled water. Ciprofloxacin release was studied using the 

HPLC method. Sample analysis was performed on an RP-18 column (HPLC Column 250 x 4.6 

mm x 1/4’’ Microsorb-MV 100-5 C18), which was thermostated in a CTO-10ASVP oven from 

Shimadzu. The analysis was performed in a reverse phase system, using a mixture of phosphate 

buffer with pH = 3 and acetonitrile in a volume ratio of 80:20 as the mobile phase. The eluent 

flow rate was 1 mL/min. The chromatograph was connected to a UV-Vis detector (Varian 

Prostar 325). Each time, 20 μl of the solution was introduced into the column. Before starting 

the sample measurements, a calibration curve was prepared using standard solutions. 

Absorbance was measured at a wavelength of 278 nm. To investigate the release profile of 

silver from the composites, the F-AAS method (PerkinElmer AAnalyst 400 AA Spectrometer) 

was used at a wavelength of 328 nm, after preparing a calibration curve. 

To evaluate the release mechanism and kinetics of ciprofloxacin and silver, the experimental 

data were fitted to several mathematical models commonly used to describe drug release from 

polymeric and composite matrices. 

Zero-order model: 
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𝑄𝑡

𝑄∞
= 𝑘0𝑡         (2)   

 

First-order model: 

log (1 −
𝑄𝑡

𝑄∞
) = −𝑘1𝑡/2.303       (3) 

 

Higuchi model: 

𝑄𝑡/𝑄∞ = 𝑘𝐻𝑡1/2        (4) 

 

Korsmeyer–Peppas model (K–P model): 

𝑄𝑡

𝑄∞
= 𝑘𝐾𝑃𝑡𝑛         (5) 

Peppas–Sahlin model: 

𝑄𝑡

𝑄∞
= 𝑘1𝑡𝑛 + 𝑘2𝑡2𝑛        (6) 

 

Weibull model: 

𝑄𝑡

𝑄∞
= 1 − exp [−(

𝑡−𝑇𝑖

𝜏
)𝛽]       (7)  

 

Where k0, k1, k2, kH, kKP, τ refer to the rate constants, Q1/Q∞ represents the fraction of the drug 

released at a time t, n refers to the diffusion coefficient, Ti - the lag time before release onset, 

and β is the shape parameter. Depending on the value of β, the release profile may be 

exponential (β = 1), parabolic (β < 1), or sigmoidal (β > 1) [45,46]. 

All models were fitted to the experimental data using nonlinear regression. The coefficient of 

determination (R2) was used to evaluate the goodness of fit. Model equations and parameters 

were implemented in Kaleidagraph 5 (Synergy Software). 

The cytotoxicity of the materials was evaluated in accordance with ISO 10993-5:2009 

guidelines [47] by the neutral red uptake (NRU) assay and MTT assay, using the mice fibroblast 

cell line BALB/c 3T3 clone A31 (American Type Culture Collection). Due to the observed high 

liquid absorption of the samples, the volume of extraction medium absorbed by each 100 mg 

of material was determined in accordance with ISO 10993-12:2012 protocol prior to extract 
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preparation. This additional volume was then added to every 100 mg in the extraction mixture 

during extraction of the material.  The highest extract concentration tested was 50 mg/mL. The 

materials were UV-sterilized using UV-C light at a wavelength of 254 nm for 30 minutes, 

ensuring uniform exposure by gentle mixing of the powder several times during the process. 

The extracts were sterilized by filtration using a filter with a pore size of 0.2 µm. Extracts were 

prepared by incubating the samples in DMEM medium with 5% bovine serum for 24 hours at 

37 ◦C with stirring. The extracts were sterilized by filtration. The cells were treated with seven 

dilutions of each extract in a two-dilution series for 24 hours. Highly cytotoxic latex and non-

cytotoxic polyethylene film were used as reference materials. A material is considered to have 

cytotoxic potential when the cell viability is less than 70%. In our study, the experiments were 

performed in triplicate (n ≥ 3). The data are presented as mean values ± SD. 

 

Antimicrobial activity 

The antimicrobial activity of the composites was tested against Staphylococcus aureus 

NCTC9789 and Pseudomonas aeruginosa PAO1161 from the IBB strain collection. This was 

assessed via the disk diffusion method, where bacterial suspensions of 0.5 McFarland standard 

were streaked in three different directions on 60 mL Mueller-Hinton agar. Then, the composites 

were placed on the streaked plate and co-incubated with bacteria for 24 hours at 37 °C. After 

the incubation time, the zone of growth inhibition was measured. Statistical analysis was 

performed by GraphPad Prism 10.4.2. Normality was tested using the Shapiro-Wilk test and 

group comparison was carried out by one-way ANOVA with Dunnett post-hoc test. 

 

  



13 
 

Results and Discussion 

Physicochemical parameters of AgHA powder 

The first step involved the synthesis of hydroxyapatite enriched with silver ions, intended to 

serve as a source of silver in some of the composites. Figure 1S in the Supplementary Materials 

presents the results of physicochemical studies for the AgHA powder and the reference material 

(non-substituted HA). All reflections in both PXRD patterns confirm the successful synthesis 

of hydroxyapatite (compared to JCPDS 09-0432) and the absence of other crystalline phases. 

The reflections in the AgHA diffractogram are broad and diffuse, typical for weakly crystalline 

materials. Crystallite size parameters calculated using the Scherrer formula along the a and c 

axes indicate that both materials are nanocrystalline, with crystals elongated along the c axis. 

This feature is observed in both the HA and AgHA samples (HA: 35±4 nm/16 ± 3 nm; Ag-HA: 

26±4 nm/8 ±2 nm). FT-IR spectra further confirm the nanocrystalline nature of the obtained 

materials. The poor resolution of the ν4 band of orthophosphates in the 650–500 cm⁻¹ range in 

both spectra, along with a very weak band corresponding to structural hydroxyl groups at 3570 

cm⁻¹, supports this conclusion. Additionally, the ν₁+ν₃ bands of orthophosphates are broad and 

less resolved in the spectrum of the AgHA sample, corroborating its lower crystallinity 

compared with the HA sample. 

TEM images (Figure 1S) show small, elongated crystals of the synthesized materials, typically 

compacted into large agglomerates. According to the literature, incorporating silver ions into 

the hydroxyapatite structure reduces crystallinity, suggesting their successful into the crystal 

lattice [44]. The silver content in the AgHA sample, as determined by the F-AAS method, is 

0.25 wt.%, which corresponds to 83% of the nominal amount introduced. 
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SEM microscopy 

Cross-sectional SEM images of the obtained matrices are shown in Figure 1. All samples exhibit 

very high porosity across the entire analysed surface. The pores are interconnected and display 

irregular shapes and sizes, which is typical for polysaccharide materials subjected to freezing 

and lyophilization processes. Samples without hydroxyapatite (Figures C1Ag-n, C2Ag-n, 

C3Ag-n) exhibit a fibrous structure with relatively large pores ranging from 50 to 200 µm. 

High-magnification images reveal the presence of silver nanoparticles deposited on the surface 

of the fibers (marked with red arrows) [48].  

Figure 1. SEM images of all obtained composites.  

 

The ultrastructure of composites containing Ag-HA appears slightly more compact and dense, 

resembling a sponge. Hydroxyapatite is deposited on the polymer fibers and partially fills the 

structure, effectively reducing porosity (with pore sizes not exceeding 100 µm). Additionally, 

it is observed that samples with the highest chitosan-to-alginate weight ratio (C1AgHA and 

C1Ag-n) exhibit a relatively disordered network and irregular structure, alongside higher 

porosity. This may indicate the formation of more random networks during the freezing process. 
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ATR-FTIR analysis 

The FT-IR spectra of all obtained composites and their individual components are provided in 

the supplementary materials (Figures 2S and 3S). Figure 2S shows the spectra of composites 

containing silver-doped hydroxyapatite (AgHA). By analyzing the spectra of the individual 

components, the presence of hydroxyapatite in all samples can be confirmed, as well as the 

presence of the respective polymers and ciprofloxacin. The detailed band assignments are 

presented below. Characteristic hydroxyapatite bands appear around 1100, 1040, 870, 610, and 

560 cm⁻¹. The bands at 1100 and 1040 cm⁻¹ correspond to phosphate stretching vibrations, 

while the band at 870 cm⁻¹ is attributed to bending vibrations of carbonate groups (CO₃²⁻) 

substituting phosphate groups. Bands near 610 and 560 cm⁻¹ represent phosphate bending 

modes. 

Bands observed at 2930, 1603, 1410, 1305, and 820 cm⁻¹ are mainly attributed to alginate, 

which is the major component of the composite. The 2930 cm⁻¹ band corresponds to -CH 

stretching, 1603 and 1410 cm⁻¹ to asymmetric and symmetric stretching of -O-C-O groups and 

bending of -C-OH, 1305 cm⁻¹ to -C-C-H and -O-C-H bending within the pyranose rings, and 

820 cm⁻¹ to mannuronic acid residues. 

Additional bands at 2865, 1650, and 1170 cm⁻¹ indicate the presence of chitosan. These 

correspond to -CH₂ stretching (2865 cm⁻¹), amide -C=O stretching (1650 cm⁻¹), and -C-O-C 

stretching vibrations (1170 cm⁻¹). 

Moreover, characteristic bands of ciprofloxacin are visible at 1270 and 805 cm⁻¹, associated 

with -C-F stretching and aromatic ring vibrations, respectively, confirming its presence in the 

composites. 
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Analysis of the FT-IR spectra of composite samples containing silver nanoparticles (Figure 3S) 

reveals the presence of intense, broad bands in the 1170–940 cm⁻¹ region, which result from 

overlapping signals characteristic of alginate and chitosan. 

As shown by comparison with  literature data for the characteristic bands of the individual 

components [49–54], not all expected bands are visible in the recorded spectra. This is because 

some bands appear within the same wavenumber range; therefore, more intense bands may 

overshadow those with lower intensity. Nevertheless, the spectral analysis confirms that the 

obtained composites are composed as intended, comprising an organic phase of natural 

polymers, an inorganic hydroxyapatite phase, and the antibiotic ciprofloxacin. 

Swelling behaviour 

A parameter closely associated with the porosity and ultrastructure of biomaterials is the 

swelling coefficient. In this study, the swelling behaviour was evaluated at pH 7.4 and a 

temperature of 37 °C to closely mimic the physiological conditions of the bone tissue 

environment. Notably, porous matrices with swelling capability are highly effective for both 

bone tissue regeneration and reconstruction. This is due to their ability to facilitate fluid flow 

within swollen pores, ensuring nutrient mass transfer to cells while aiding in the removal of 

metabolic waste. Furthermore, swelling biomaterials can serve as carriers for drug substances 

and other biologically active compounds, primarily due to enhanced diffusion properties [55]. 

Figure 2 presents the swelling results for all tested materials over a 48-hour period. The samples 

exhibited variability in both the degree of swelling and the rate at which this process occurred. 

Materials with higher chitosan-to-alginate ratios demonstrated lower swelling capacities 

(absorption of aqueous solution), which can be attributed to the reduced hydrophilicity of 

chitosan compared to alginate. Additionally, the findings reveal that the incorporation of 

hydroxyapatite in the composites significantly reduces their swelling capacity [56]. 



17 
 

Consequently, the sample with the lowest swelling coefficient was C1AgHA (approximately 

382%), whereas the highest swelling capacity was observed for C2Ag-n (1170%). 

 

Figure 2. Swelling test. The graph shows the swelling ratio (%) of the obtained materials 

at different times. 

 

 

Antibiotic release 

The ciprofloxacin loading efficiency was determined to be 95.2±1.1% across the tested 

composite. The evaluation of drug loading efficiency was made possible by quantifying the loss 

of ciprofloxacin during the cross-linking and rinsing processes of the composite suspensions. 

This loss corresponded to 4.8±1.1% relative to the total amount of drug introduced per 

composite, i.e. 100 mg of ciprofloxacin per 1 g of the composite. The HPLC chromatograms 
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(Figure 4S in Supplementary Materials) of the drug substance after 28 days confirmed the 

chemical stability of ciprofloxacin, showing consistent retention times and peak shapes 

comparable to the reference standard, with no evidence of degradation products.  

The ciprofloxacin release profiles from each matrix are depicted in Figures 3a and 3b. All curves 

exhibit relatively similar release patterns, differing primarily in the quantity of drug released. 

Hydroxyapatite demonstrates the most pronounced effect on ciprofloxacin release, as its 

presence in the material significantly attenuates drug release. This effect may be attributed to 

the adsorption of ciprofloxacin molecules onto hydroxyapatite crystals through intermolecular 

interactions, such as van der Waals forces or the reduction in porosity within hydroxyapatite-

containing materials [57,58]. 

Figure 3. Ciprofloxacin release profiles from the composite matrices: full release curves 

over 672 hours (a), initial release phase - first 48 hours (b); representative model fittings 

to Korsmeyer-Peppas model for C3AgHA in the short- and long-term release ranges (c, d 

– respectively). 



19 
 

 

The experimental data were fitted to various mathematical models of drug release, including 

the zero-order, first-order, Higuchi, Korsmeyer-Peppas (K-P), Weibull, and Peppas-Sahlin 

models [59–61]. The Peppas–Sahlin and Weibull models were preliminarily tested using one 

representative release profile. However, the obtained fitting parameters and curve shapes were 

inconsistent with the experimental data and the biphasic character of the release process. 

Therefore, these models were not further applied to all samples and were excluded from the 

main analysis. 
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Representative fitting parameters and R² coefficients for selected ciprofloxacin release models 

for one sample are presented in Table 1S in the Supplementary Materials.  

A detailed analysis indicated that the K-P model provided the best fit, dividing the release into 

two phases: an initial phase up to 48 hours and a subsequent phase spanning 48 to 672 hours. 

The K-P model is frequently used to characterize the release of active substances from carriers 

such as hydrogels, polymer films, and biomaterial composites [60]. The fitting data, presented 

in Table 2, reveal that in the first phase, the release mechanism is predominantly diffusion-

driven but atypically slow compared to standard Fickian diffusion (n<0.45). The second phase 

is characterized by an even lower n value (n≪0.45, specifically n=0.035−0.070), suggesting 

extremely slow diffusion. When n approaches zero, the release approximates zero-order 

kinetics, maintaining a nearly constant rate over time. 

In these matrices, the observed slowing of release may result from the depletion of ciprofloxacin 

in readily accessible regions, leading to a significant reduction in the concentration gradient. 

The increased kKP value during this phase (nearly doubling for each sample) suggests the 

involvement of additional release mechanisms, potentially linked to matrix relaxation and 

polysaccharide swelling, particularly alginate [58,61,62]. These complex mechanisms warrant 

further investigation. 



21 
 

Table 2. Summary of fitting parameters for ciprofloxacin and silver release. 

 Ciprofloxacin release 

Sample I phase (0-48 hours) II phase (48-672 hours) 

 kKP n R2 Model kKP n R2 model 

C1AgHA 8.7±0.4 0.14±0.01 0.9840 K-P 12.5±0.1 0.036±0.001 0.9955 K-P 

C2AgHA 7.1±0.5 0.23±0.02 0.9831 K-P 13.4±0.1 0.048±0.002 0.9975 K-P 

C3AgHA 9.4±0.6 0.22±0.02 0.9833 K-P 18.3±0.2 0.040±0.002 0.9947 K-P 

C1Ag-n 15.0±0.9 0.19±0.02 0.9799 K-P 26.5±0.2 0.035±0.001 0.9980 K-P 

C2Ag-n 15.4±0.9 0.23±0.02 0.9868 K-P 28.5±0.2 0.070±0.001 0.9996 K-P 

C3Ag-n 13.6±0.8 0.23±0.02 0.9877 K-P 27.9±0.3 0.051±0.002 0.9982 K-P 

 Ag release 

 I phase (0-48 hours) II phase (48-672 hours) 

C1AgHA 6.0±0.4 0.17±0.02 0.9604 K-P 8.8±0.3 0.058±0.005 0.9885 K-P 

C2AgHA 1.04±0.04 0.23±0.02 0.9905 K-P 1.6±0.2 0.14±0.02 0.9627 K-P 

C3AgHA 2.2±0.1 0.27±0.02 0.9850 K-P 4.1±0.2 0.107±0.007 0.9944 K-P 

     Q0 k R2  

C1Ag-n 1.06±0.04 0.24±0.01 0.9921 K-P 2.16±0.06 0.012±0.001 0.9998 Zero order 

C2Ag-n 3.3±0.2 0.21±0.03 0.9671 K-P 7.2±0.2 0.0029±0.0004 0.9682 Zero order 

C3Ag-n 1.64±0.08 0.28±0.02 0.9937 K-P 4.8±0.20 0.0154±0.0005 0.9984 Zero order 

 

Silver Release 

Similar to ciprofloxacin, the loading efficiency of silver nanoparticles and the silver content 

incorporated into HA within the composites were also determined. In contrast to ciprofloxacin, 

significant losses of silver occurred during the cross-linking and rinsing of the composite 

suspensions. The loading efficiency of silver nanoparticles was 29.3±2.6% whereas the 

efficiency of silver incorporation in HA-containing composites amounted to 20.4±1.3%. The 

experimental curves depicting silver release from the composites are analyzed in a similar 

manner. Figure 4a presents the experimental release profiles for all matrices, while Figures 4b-

c and 4d-e detail the fits for samples containing hydroxyapatite enriched with silver ions or 

silver nanoparticles, respectively. Representative fitting parameters and R² coefficients for 

selected Ag+ release models for two samples are presented in Table 2S in the Supplementary 

Materials. 
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Figure 4. Silver release profiles from all composite matrices (a), model fitting results for 

materials with silver-ion-doped hydroxyapatite (b–c), fitted release curves for composites 

containing hydroxyapatite with embedded silver nanoparticles (d–e). 
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In contrast to ciprofloxacin release, which reaches 75–99% within 28 days (depending on the 

sample), the silver release profiles indicate markedly slower release rates, ranging from 4% to 

15%. Previous studies on ion release (e.g., selenium, zinc, silver, and gallium) from 

nanocrystalline hydroxyapatite and various composite matrices have similarly demonstrated 

slow release over comparable timeframes (4–5 weeks) relative to drug substances [20,44,63]. 

This may result from strong interactions between ions/nanoparticles and the matrix 

components, particularly alginate and/or chitosan. For example, silver ions may bind to 

negatively charged groups within the alginate matrix, while in chitosan matrices, complexes 

may form between silver ions and amine groups [64]. Such binding can impede ion release, 

causing significant delays. 

Figures 4b and 4c suggest that silver ions exhibit stronger binding to alginate than to chitosan. 

A similar trend is observed for silver nanoparticles (Figures 4d and 4e). The fitting parameters 

for silver release are summarized in Table 2. The data suggest that, similar to ciprofloxacin, the 

silver release process can be divided into two distinct phases, with a transition point at 48 hours.  

During the first phase, all curves fit well to the K-P model, with n-values ranging from 0.17 to 

0.28, indicating Fickian diffusion. In the second phase (48–672 hours), the release of silver ions 

from hydroxyapatite-containing matrices is also best described by the Korsmeyer-Peppas 

model. However, as with ciprofloxacin, the diffusion process is significantly restricted 

(n=0.058−0.14). 

For samples C1Ag-n, C2Ag-n, and C3Ag-n (containing nanoparticles), the release data in the 

second phase can be accurately described (R2=0.9682−0.9998) using the zero-order kinetics 

model [59,65]. In this phase, silver ion release occurs at a constant rate, independent of 

concentration. The zero-order release observed in the second phase may be associated with 

matrix swelling, relaxation, and reduced nanoparticle-matrix interactions [61]. 
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The biphasic release profiles observed for ciprofloxacin and silver species can be correlated 

with the hydration behaviour of the matrices. Rapid water uptake during the initial hours 

promoted the swelling of the polysaccharide network, increasing the diffusion pathways for 

drug molecules. As the system reached equilibrium hydration, the matrix structure became 

denser due to partial gelation and polymer rearrangement, which limited further diffusion and 

resulted in a slower release rate. 

Cytotoxicity Assay 

Table 3 shows the results of the MTT and NRU test for the highest tested concentration for the 

silver-doped hydroxyapatite (AgHA) and silver nanoparticle (Ag-N) composites. According to 

the NRU and MTT test methodologies, none of the seven tested dilutions of either material 

extract was classified as cytotoxic, since no decrease in cell viability was observed in either of 

the two cytotoxicity assessment tests (Table 3S and 4S). These results indicate that both silver-

doped hydroxyapatite composites (AgHA) and silver nanoparticles (Ag-N) composites are 

biocompatible with the normal cells used in the tests, suggesting that the applied production 

process and concentrations maintain cell viability and do not cause cytotoxic effects. Similar 

findings were reported by Sinulingga et al. [66], who showed that silver and magnesium or zinc 

co-doped hydroxyapatite did not significantly reduce the viability of MC3T3-E1 cells in MTT 

assay performed according to ISO 10993-5, while providing strong antibacterial properties. On 

the other hand, slight cytotoxicity was observed in a publication from our team [67], where 

silver ion-doped hydroxyapatite granules showed reduced cell viability at higher concentrations 

in standard cell lines, indicating some cytotoxic potential. Additionally, Afhkami et al. [68] 

reported slight decreases in MC3T3-E1 preosteoblast viability after exposure to silver 

nanoparticles. These different outcomes show that the biocompatibility of silver-containing 

biomaterials depends on factors such as the concentration of silver, the form of the nanoparticles 

and the production methods used. 
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 Table 3. MTT and NRU test results for the highest concentrations of test extracts (50 mg/mL) 

compared to the untreated control. 

 

Microbiology 

The disc diffusion method was used to assess the antimicrobial activity of composites enriched 

with silver ions against the multi-drug-resistant bacterial strain S. aureus NCTC9789 and P. 

aeruginosa PAO1161. The zone of growth inhibition was measured and compared between the 

composites and controls. All of the composites exhibited significant antimicrobial activity 

against both pathogenic strains (Table 4). The largest zone of inhibition for S. aureus 

NCTC9789 was observed for the composites C2AgHA, C3Ag-n and C1Ag-n, respectively, 

however, the zone of inhibition for all composites ranged from 2.6-3.2 cm. In turn, for P. 

aeruginosa PAO1161, a higher antimicrobial activity of the composites was observed, 

measuring 3.3-3.7 cm of the zone of growth inhibition. The highest inhibition of growth for this 

pathogen was shown for the composites C3AgHA, C1AgHA and C2AgHA.  

Sample MTT test - cells viability 

± SD (%) 

NRU test - cells viability 

± SD (%) 

Classification 

C1AgHA 

C1Ag-n 

C2AgHA 

C2Ag-n 

C3AgHA 

C3Ag-n 

LT 

PE 

114 ± 1 

118 ± 13 

111 ± 4 

115 ± 4 

139 ± 4 

121 ± 15 

2 ± 3 

113 ± 3 

109 ± 5 

106 ± 15 

94 ± 7 

102  ± 8 

113 ± 5 

94 ± 13 

3 ± 2 

99 ± 1 

Non-cytotoxic 

Non-cytotoxic 

Non-cytotoxic 

Non-cytotoxic 

Non-cytotoxic 

Non-cytotoxic 

Cytotoxic 

Non-cytotoxic 

LT—latex, reference cytotoxic material. PE—polyethylene film, reference non-cytotoxic 

material. SD—standard deviation. A decrease in the cell viability below 70% classifies the 

sample as cytotoxic. 
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Table 4. Zone of growth inhibition for pathogenic strains. Results are shown as mean ± SD (n=3). 

The values for the zone of growth inhibition are presented in cm. C1 and C3 are control 

composites, lacking antibiotics and silver ions (chitosan and alginate matrices). The statistical 

difference between control and treatment is presented by **** p<0.0001. 

Composite/strain S. aureus NCTC9789 P. aeruginosa PAO1161 

C1Ag-n 3.0 ± 0.2 **** 3.3 ± 0.3 **** 

C2AgHA 3.2 ± 0.2 **** 3.6 ± 0.2 **** 

C1AgHA 2.9 ± 0.4 **** 3.7 ± 0.2 **** 

C3Ag-n 3.2 ± 0.2 **** 3.5 ± 0.3 **** 

C2Ag-n 2.8 ± 0.2 **** 3.5 ± 0.1 **** 

C1 0 ± 0 0 ± 0 

C3AgHA 2.6 ± 0.1 **** 3.7 ± 0.1 **** 

C3 0 ± 0 0 ± 0 

 

In the literature, several studies have reported microbiological results for materials containing 

silver or ciprofloxacin, demonstrating their well-established antibacterial potential. When it 

comes to silver nanoparticles, 11.2 to 18.8 mm inhibition zone was shown against E. coli with 

the increase of Ag-NPs content (%) in the composite films [69]. Nano-silver loaded 

poly(styrene-co-acrylic) (nAg-PSA) composites had maximum diameters of inhibition zones 

against the E. coli (1.18 mm) and S. aureus (1.29 mm) [70] and other studies confirm an 

inhibition zone of nanoparticles up to around 20 mm [71].  

For ciproflaxin-loaded composites, e.g. ciprofloxacin-loaded polymeric fiber mats containing 

0.25%, 0.5%, and 1% ciprofloxacin showed inhibition zones against E. Coli (≈28 mm) and S. 

aureus (≈20 mm) [72], other studies showing up to 37 mm inhibition [73]. 
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P. aeruginosa and S. aureus have a strong natural resistance to many antibiotics, which limits 

treatment options. Therefore, silver nanoparticles (AgNPs) are being investigated as promising 

alternatives for preventing and controlling infections [5,6]. Our results show enhanced 

antimicrobial activity of ciprofloxacin as to what is commonly found in other studies testing 

the mere antibiotic activity for these strains (around 25-33mm) [74,75]. Our results also show 

greater antibiotic susceptibility of Gram-negative P. aueruginosa, which can be attributed to the 

thinner peptidoglycan layer as opposed to Gram-positive S. aureus, which with a thicker 

peptidoglycan layer functioning as a barrier against nanoparticles. Moreover, silver ions more 

easily bind to negatively charged surfaces, such as lipopolysaccharides found in the outer 

membrane of Gram-negative bacteria. This observation can be explained by the synergistic 

effect between silver nanoparticles and ciprofloxacin. While ciprofloxacin efficiently penetrates 

the outer membrane of Gram-negative bacteria, silver nanoparticles can further increase 

membrane permeability and induce oxidative stress, leading to enhanced bactericidal activity 

against P. aeruginosa compared to S. aureus. The differences in antibacterial activity among 

the composite materials may result from the composition of their matrices; those containing a 

higher amount of chitosan exhibit slightly increased antibacterial activity, which is consistent 

with the known properties of chitosan. In the future, it would be valuable to investigate the 

antimicrobial activity of the solutions after a prolonged period of silver ion release, once the 

antibiotic has been completely released from the composite. At that point, the composites 

containing silver ions could potentially retain antimicrobial activity, this time due to the action 

of the silver ions themselves. As shown in Figure 4, the release of silver ions increases over 

time, suggesting that such a study could yield highly interesting results. This will be the focus 

of our upcoming research. 
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Conclusions 

In this study, novel polysaccharide-based composite materials were successfully developed 

using chitosan and alginate matrices reinforced with sericin and loaded with ciprofloxacin and 

silver, the latter introduced either as ions within nanocrystalline hydroxyapatite or as silver 

nanoparticles. The combination of the solid–liquid method with lyophilization enabled the 

formation of highly porous structures, as confirmed by SEM observations. The composites 

demonstrated sustained release of both ciprofloxacin and silver species for up to 28 days. 

Mathematical modeling of the release kinetics revealed a biphasic mechanism for ciprofloxacin 

and silver ions, initially governed by diffusion through the swollen matrix and subsequently by 

matrix relaxation and gelation processes. In contrast, silver nanoparticles displayed an increased 

release in the second phase, following zero-order kinetics. 

All silver-containing materials showed pronounced antibacterial activity against 

Staphylococcus aureus (NCTC 9789) and Pseudomonas aeruginosa (PAO1161), including 

multi-drug resistant strains. These results confirm the dual functionality of the composites, 

which can act simultaneously as temporary bone fillers and localized drug delivery systems, 

capable of supporting bone tissue regeneration while preventing infection associated with 

orthopedic implants. 

The present findings emphasize the added value of combining polysaccharide matrices with 

sericin reinforcement and dual antimicrobial agents. Such an approach allows for tunable 

release profiles and prolonged antimicrobial protection, addressing one of the major clinical 

challenges in orthopedic and reconstructive surgery—post-implant infections in poorly 

vascularized tissues. 

However, this study has several limitations. Our research aimed to evaluate the synergistic 

effect of the dual-loaded (silver and ciprofloxacin) composites, rather than to quantify the 
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independent contribution of each component. We plan to continue the studies focusing on 

quantifying the synergistic effect between ciprofloxacin and silver nanoparticles. The biological 

assays were limited to in vitro antibacterial evaluation and the mechanical and degradation 

behavior under physiological conditions was not investigated.  

Future research should therefore focus on detailed mechanical testing and in vivo evaluation to 

validate the biological safety and therapeutic performance of the developed composites. 

Expanding this concept towards multifunctional scaffolds with enhanced osteoinductive and 

angiogenic properties could further advance their application in bone tissue engineering and 

localized infection control using such materials as local dressings for bone wounds. 
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Captions: 

Figure 1. SEM images of all obtained composites.  

Figure 2. Swelling test. The graph shows the swelling ratio (%) of the obtained materials 

at different times. 

Figure 3. Ciprofloxacin release profiles from the composite matrices: full release curves 

over 672 hours (a), initial release phase - first 48 hours (b); representative model fittings 

to Korsmeyer-Peppas model for C3AgHA in the short- and long-term release ranges (c, d 

– respectively). 

Figure 4. Silver release profiles from all composite matrices (a), model fitting results for 

materials with silver-ion-doped hydroxyapatite (b–c), fitted release curves for composites 

containing hydroxyapatite with embedded silver nanoparticles (d–e). 
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Figure 4. Silver release profiles from all composite matrices (a),
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