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Abstract 

Recently, there has been a growing interest in multifunctional materials, therefore we de-

veloped a system that combines biocompatibility, gradient changing and antibacterial 

properties. We aim to combine these properties in the development of a biomimetic sys-

tem based on hydroxyapatite (Ca10(PO4)6(OH)2, HA) by incorporating silver nanoparticles 

(Ag NPs) into HA matrices, leveraging their antimicrobial effects, while also exploring 

their role as drug release triggers (absorb infrared (IR) light of 808–960 nm, convert to heat 

energy to induce localized heating and cause a structure leak for drug release) to unmod-

ified HA which cannot be activated by IR in significant amounts. Limited diffusion aggre-

gation is used to form HA (enhanced with glycine or produced with different outer elec-

trolytes) by diffusing calcium phosphates through Na2HPO4-agar. The composite was 

then packed with tetracycline and deposition of polyelectrolytes (PE). The combination of 

polydiallyldimethylammonium chloride (PDADMAC) and heparin forms a robust PE. In-

frared light (808 nm, 1.4 mW/cm2) was utilized as energy source for non-invasive and on-

demand drug release. Physical and chemical characterization of HA was carried out. Gly-

cine did not affect the p-factor of the resulting rings, which is equal to ca. 1.00. NIR in-

creased release rates 2.1-fold (k = 39.21 compared to 18.22). High glycine concentrations 

reduces HA crystallinity (94 to 30%), a 12.5% increased drug loading capacity, increases 

solubility (5× control). NIR reduced the Korsmeyer-Peppas release exponent (n) from 0.42 

(Fickian) to 0.11 (PE-coated HA-Ag), confirming photothermal disruption of diffusion 

barriers due to the presence of silver nanoparticle peaks in the composition. 
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1. Introduction 

This research is devoted to the development of a biomimetic system based on hy-

droxyapatite (Ca10(PO4)6(OH)2, HA), modified by amino acids, silver nanoparticles and 

infrared-sensitive polyelectrolytes (PE) to prolong drug release. Beyond its structural role, 

HA’s multifunctionality confers the essential characteristics required for use as a local 

drug delivery biocompatible coating. This is owing to its near resemblance in composition 

and structure to the primary inorganic component of bones. Nowadays, there has been a 

growing interest in multifunctional materials, therefore we have decided to present a sys-

tem that combines biocompatibility, gradient changing and antibacterial properties. In 

this study, we aim to combine these properties by incorporating silver nanoparticles (Ag 

NPs) into HA matrices, leveraging their well-documented antimicrobial effects, while also 
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exploring their role as drug release triggers to unmodified/pure HA which cannot be ac-

tivated by IR in significant amounts without this functionalization. The Ag NPs are known 

to absorb the IR light of 808–960 nm depending on their size (40–100 nm in diameter) and 

convert it into heat energy which can induce localized heating and cause a structure leak 

or increase the permeability of the matrix which consequently leads to release of the 

packed drugs [1,2]. 

2. Materials and Methods 

Calcium nitrate tetrahydrate (Ca(NO3)2·4H2O, 99% purity), disodium hydrogen 

phosphate (Na2HPO4), sodium hydroxide (NaOH), and glycine bought from Sigma Al-

drich. Hydrochloric acid (HCl, 37%), polydiallyldimethylammonium chloride 

(PDADMAC) solution (20% w/v concentration: 1 mg/mL), Heparin sodium salt solution 

(concentration: 5000 EU). The system involves agar diffusion, resulting in the formation 

of HA (enhanced with glycine of different concentrations or produced with different outer 

electrolytes) through the diffusion of calcium phosphates through Na2HPO4. The compo-

site was then incorporated with tetracycline hydrochloride and deposition of PE [3]. The 

combination of polydiallyldimethylammonium chloride (PDADMAC) and heparin forms 

a robust PE, while HA provides a biocompatible matrix. Infrared (IR) light at (808 nm, 1.4 

mW/cm2) was utilized as a trigger for controlled drug release, offering a non-invasive 

method to modulate therapeutic delivery. 

Physical and chemical characterization of HA was carried out. Infrared spectra were 

scanned with Nicolet iS5 FTIR Spectrometer (Nicolet Instrument Corporation, WI, USA). 

Scanning electron microscopy Quanta inspect S microscope (FEI Company Scanning Elec-

tron Microscope, USA) was used to study the morphology and size of the samples. Elec-

tron Dispersive Xray Spectroscopy (EDX) EDXA equipment with dispersive Xray was 

used to confirm powder sample composition and identify phase peaks. The X-ray diffrac-

tion (XRD) was used to analyze the crystalline structure phase, purity and crystallinity of 

the HA powders and zeta potential measurements of all samples was determined in water 

before and after loading with tetracycline at room temperature (25 °C). Photocor Compact 

Z Zetasizer (Moscow, Russia). 

Drug Release Kinetics Zero-order kinetics model. Equation (1) 

t = C0 +k0t (1) 

Ct is the concentration of the drug remaining at time t, C0 is the initial concentration of the 

drug, and K0 is the zero-order rate constant. 

First-order kinetics model. Equation (2) 

log Ct = log Co − (k1t)/2.303 (2) 

K1 is the first-order rate constant. 

Korsmeyer-Peppas kinetics model. Equation (3) 

Mt/Mα= ktn (3) 

Mt/Mα is the fraction of the drug released at time t, k is the rate constant, and n is the 

release exponent indicating the drug transport mechanism through the polymer [4]. 

3. Results and Discussion 

The different concentrations of glycine are found to have a significant effect on the 

crystallinity of the HA due to its effect on kinetic of HA crystallization (nucleation of new 

crystals) by enhancing the surface diffusion mechanism in the precipitate. It was found 

that the addition of glycine to the system does not affect the p-factor of the resulting rings, 

which is equal to ca. to 1.00. NIR increased release rates 2.1-fold (k = 39.21 compared to 
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18.22). High glycine concentrations reduces HA crystallinity (94 to 30%), a 12.5% increased 

drug loading capacity, increases solubility (5× control). Furthermore, in the silver nano-

particles infused composites, the NIR light reduced the Korsmeyer-Peppas release expo-

nent (n) from 0.42 (Fickian) to 0.11 (PE-coated HA-Ag), confirming photothermal disrup-

tion of diffusion barriers due to the presence of silver nanoparticle peaks in the composi-

tion (Figure 1). 

 

Figure 1. Research plan. Limited Diffusion Aggregation where outer electrolyte, 1 M CaCl2 (control), 

1 M Ca(NO)3, or a combination of 1 weight percent AgNO3 and Ca(NO)3 was diffused into an inner 

electrolyte solution that contained agar and 0.2M Na2HPO4. 

3.1. Hydroxyapatite Characterization 

Scanning electron microscopy (SEM) showed irregular particle shapes in glycine-

modified hydroxyapatite (HA) composites, with glycine concentration significantly 

influencing particle size. Unmodified HA (0 mg/mL glycine) showed the smallest average 

particle size (55.6 nm), reflecting higher crystallinity (as corroborated by XRD). Glycine-

modified HA exhibits progressive reduction in average particle size with increasing 

glycine concentration—94.3 nm (0.5 mg/mL), 89.3 nm (1 mg/mL), and 75.5 nm (2 mg/mL). 

Glycine inhibits crystal growth and promotes nanostructuring. The study found glycine-

enhanced and pure hydroxyapatite have nearly identical p-factor values, indicating 

glycine’s effects on HA properties may not translate into significant differences. This 

explains higher drug loading and potential bone-targeted applications. 

The Ca/P ratios of pure HA (1.41) deviated from stoichiometric HA (1.67), with lower 

ratios indicating non-stoichiometric or defective structures. The defective, non-

stoichiometric, observed HA Ca/P ratio (for 1–2 mg/mL glycine modified HA ranged 

between 1.32–1.14). Glycine’s interaction with HA led to a 3.6-fold increase in HA 

solubility at 2 mg/mL glycine compared to 0.5 mg/mL. This suggests that glycine disrupts 

the HA Lattice, leading to defects and improved drug adsorption. Defective, non-

stoichiometric HA has more surface vacancies and functional groups, improving drug 

adsorption due to factors such as changes in crystal structure, particle size and surface 

properties of HA. 

The micrographs for the powders that were obtained from the HA rings formed with 

different outer electrolytes of 1 M CaCl2, 1 M Ca(NO3)2, a mixture of 1 M Ca(NO3)2 and 1 
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wt. % AgNO3. display fine-grained nanostructures and a uniform distribution. According 

to prior research, this particular form is typical of hydroxyapatite produced by the agar 

diffusion process. [5] The crystallinity trends (HA from CaCl2 electrolyte exhibited 90% 

crystallinity, HA produced with only 1 M Ca(NO3)2 showed 65% crystallinity while HA 

produced with a mixture of 1M Ca(NO3)2 and 1wt. % AgNO3 as electrolyte showed 59% 

crystallinity), as observed by [6], were correlated with the irregularly shaped HA particle 

diameters of ca. 55.6 nm (HA-Cl), 86.8 nm (HA-Ca(NO3)2), and 80.8 nm (HA-Ag) as 

determined by SEM. The particle size and morphology variations reflect the influence of 

electrolyte composition on HA formation and silver doping [7]. 

Electron Dispersive Xray Spectroscopy (EDX) has identified the elemental 

composition and phases of hydroxyapatite (HA) samples, with a mixture of 1 M Ca(NO3)2 

and 1 wt.% AgNO3 producing silver peaks. The HA-Ag composite showed 12.4 wt.% Ag 

incorporation, similar to previous studies on antibacterial efficacy. The samples were 

consistent with hydroxyapatite and were found to be composed of elongated 

nanocrystallites. XRD analysis of HA-Ag powders revealed good crystal structure and 

apatite properties, making it suitable for controlled drug delivery and antibacterial 

coatings. The study also revealed that the surface charge of particles in colloidal systems 

affects their stability and interaction. HA-Cl, a CaCl2-based HA, shows moderate stability 

before and after drug loading of tetracycline into composites. Silver-modified HA, HA-

Ag, shows a significant increase in negativity after TET loading, indicating synergistic 

interactions (Figure 1). 

3.2. In Vitro Tetracycline Drug Loading and IR Controlled Drug Release 

3.2.1. Drug Loading Efficiency 

The UV-Vis spectrophotometry analysis revealed that drug loading efficiency varied 

with glycine concentration. Higher concentrations improved drug loading by 12.5%, 

likely due to increased surface porosity and carboxylate-drug interactions. Films with 0.5 

mg/mL glycine exhibited the lowest loading efficiency, likely due to the interaction 

between glycine and hydroxyapatite eroding binding sites for tetracycline. Glycine 1 and 

2 mg/mL showed better loading than 0.5 mg/mL glycine, suggesting increased porosity 

may have aided with packing hydroxyapatite and subsequently interacting better with 

drug molecules. Glycine can create more functional groups on the hydroxyapatite surface, 

which can interact with drug molecules through hydrogen bonding, electrostatic 

interactions, or van der Waals forces, improving drug loading efficiency [8]. Films 

prepared with different electrolytes showed varying drug loading properties, the mixture 

of 1 M Ca(NO3)2 and 1 wt. % AgNO3 yielded samples that loaded more drugs (0.30 ± 0.03 

mg), than control, CaCl2 at 0.21 ± 0.02 mg despite higher crystallinity (90%). 

3.2.2. Drug Release 

Experimental conditions accelerating release such as infrared (IR) light (808 nm, 1.4 

mW/cm2) disrupts electrostatic/drug bonds, causing photothermal burst release. This 

artificially inflates initial rates, shortening apparent t½. For example, NIR increased 

release rates 2.1-fold (k = 39.21 compared to 18.22). High glycine concentrations reduces 

HA crystallinity (94% to 30%) and increases solubility (5× control), creating porous 

matrices that accelerate diffusion. At 1–2 mg/mL glycine, faster release aligns with smaller 

particle sizes (75.5–89.3 nm, SEM data) and also uncoated HA samples without 

polyelectrolyte (PE) coatings showed 78.6% release in 1 h), as no diffusion barrier exists. 

The study found that IR light effectively triggered the release of tetracycline from 

films, with rapid release followed by a prolonged liberation phase. HA samples with 

different electrolytes released more drugs under NIR triggering, confirming Ag NPs’ 

ability to enable photothermal-triggered release. HA Sample powders from a mixture of 
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1 M Ca(NO3)2 and 1 wt. % AgNO3 as electrolyte released tetracycline (0.06 mg/mL at 400 

min) 4 times faster than CaCl2 (0.02 mg/mL at 400 min) and Ca(NO3)2. (0.02 mg/mL at 400 

min). The 4-fold increase in drug release from HA-Ag under NIR confirms the hypothesis 

that Ag NPs enable photothermal-triggered release by converting NIR to localized heat 

[9]. 

3.2.3. Kinetics Analysis 

The overall interpretation of the study suggests that the presence of NIR (808 nm, 1.4 

mW/cm2) tends to result in faster release rates disrupts electrostatic/drug bonds, causing 

photothermal burst release and potentially more complex release mechanisms. (Figure 

2A) This artificially inflates initial rates, shortening apparent t½. For example, NIR 

increased release rates 2.1-fold (k = 39.21 compared to 18.22). High glycine concentrations 

reduces HA crystallinity (94% to 30%) and increases solubility (5× control), creating 

porous matrices that accelerate diffusion. At 1–2 mg/mL glycine, faster release aligns with 

smaller particle sizes (75.5–89.3 nm, SEM data) and also uncoated HA samples without 

polyelectrolyte (PE) coatings showed 78.6% release in 1 h, as no diffusion barrier exists. 

 

Figure 2. Drug release profiles of HA powder samples (obtained using CaCl2: plot 1), HA (obtained 

using Ca(NO3)2: plot 2), and HA modified by Ag nanoparticles (NPs): plot 3, and/or encapsulated 

with 0.125M PDADMAC/0.125M heparin and/or assisting with NIR. (A) HA samples coated with 

PDADMAC/Heparin PE and assisted with NIR (plot 1–3) as compared with PDADMAC/Heparin 

PE only (plot 1b–3b). (B) HA-GLY samples coated with PDADMAC/Heparin PE and assisted with 

NIR (plot 1–4) as compared with PDADMAC/Heparin (plot 1b–4b). 

The primary release mechanism (identified as Fickian diffusion, swelling, or erosion) 

using the Korsmeyer-Peppas model and the release exponent (n). The composite system 

involves glycine-induced porosity (SEM), PE coatings (diffusion barriers) and NIR-

triggered disruption (photothermal effects). The results reveal that uncoated HA showed 

Fickian diffusion (n < 0.45), where release is pore mediated. PE-coated HA showed non-

Fickian (n = 0.66–0.81), suggesting combined diffusion/polymer relaxation. 

The release mechanism of a material is affected by the presence of different 

electrolytes (1 M CaCl2, 1 M Ca(NO3)2, a mixture of 1 M Ca(NO3)2 and 1 wt. % AgNO3). 

Fickian diffusion is the most common, with HA-Ag showing slower release rates without 

PE coating (Figure 2B). The Fickian diffusion mechanism (n = 0.42) aligns with [10], who 

observed similar kinetics in mesoporous HA. The heparin/PDADMAC PE coating 
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reduced the release rate constant (k) from 0.04 h−1 to 0.001 h−1). Ref. [11] found similar 

results for coatings made of calcium phosphate that are modified with iron and have 

antibacterial qualities. 

The following key findings on electrolyte-dependent structural properties, p-factor 

and Liesegang ring formation show that HA-Cl (CaCl2) and HA-Ca(NO3)2 exhibited p-

factors ≈ 1.00, indicating regular ring spacing and homogeneous nucleation. Electrolyte 

impact on Ca/P ratios shows HA-Cl (1.41), HA-Ca(NO3)2 (1.97) and HA-Ag (0.97), where 

Ag+ substitution created Ca-deficient HA, disrupting nucleation in the HA lattice. The 

crystallinity and phase content of HA-Cl revealed it has the highest crystallinity (90%) 

with minimal defects, favoring rapid drug diffusion. HA-Ca(NO3)2 had lower crystallinity 

(65%) and higher porosity, enhancing drug adsorption and HA-Ag recorded intermediate 

crystallinity (59%) with 12.4 wt. % Ag, confirmed by EDX, introducing defects but 

improving photothermal response. Korsmeyer-Peppas best fit all samples, showing 

Fickian diffusion (n ≈ 0.3–0.4), with R2 > 0.92. NIR reduced n to 0.11 for PE-coated HA-Ag, 

confirming photothermal disruption. 

Future directions include optimization of Ag loading to balance antibacterial efficacy 

with release kinetics. In vivo validation tests on PE-coated HA-Ag in bone defect models 

and advanced modeling using Density Functional Theory simulations to predict drug-HA 

binding energies 

4. Conclusions 

The findings indicated that varying glycine amino acid concentrations had a number 

of important effects on the system, including on the hydroxyapatite’s crystallinity because 

they improved the precipitate’s surface diffusion mechanism and influenced the kinetics 

of hydroxyapatite crystallization, or the formation of new crystals. 

This work demonstrates that electrolyte choice, CaCl2, Ca(NO3)2 or Ag modification 

critically tune HA’s structure, drug affinity, and release profiles. The Ca(NO3)2 + 1 wt. % 

AgNO3 system (p-factor = 0.81) emerges as the most versatile, offering: high drug loading 

(HA-Ag loaded 52% more tetracycline than HA-Cl, 0.30 ± 0.03 mg), photothermal respon-

siveness (4× faster release under NIR) and PE-compatible sustained release. 

These findings could pave the way for smart, multifunctional HA coatings in ortho-

pedics, dentistry, and targeted therapy. The study finds applications in biomedicine such 

as bone implant coatings, and HA-Ag assisted with NIR for on-demand infection control 

(t1/2 = 2.57 h) under irradiation). As wound dressings, PE-coated HA-Ag combines sus-

tained antimicrobial action (Ag+) with triggerable drug release. In cancer therapy, NIR-

responsive HA-Ag could deliver chemotherapeutics locally with spatiotemporal control. 

Glycine addition to hydroxyapatite enhances even bioactivity, and compatibility with 

bone tissue, making it a promising candidate for regenerative medicine and bone repair 

strategies, providing insights for optimizing biomaterials. 

Funding: This research received no external funding. 

Institutional Review Board Statement: Not applicable. 

Informed Consent Statement: Not applicable. 

Data Availability Statement: Available on request. 

Acknowledgments: Great appreciation to Svetlana Ulasevich and Ekaterina Skorb for guidance on 

the project. 

Conflicts of Interest: The authors declare no conflicts of interest. 

  



Chem. Proc. 2025, x, x FOR PEER REVIEW 7 of 7 
 

 

Abbreviations 

The following abbreviations are used in this manuscript: 

PDADMAC Polydiallyldimethylammonium chloride 

HA Hydroxyapatite 

PE Polyelectrolyte 

AgNPs Silver nanoparticles  

TET Tetracycline 

NIR Near Infrared Radiation 

CDR Cumulative Drug Release 

R2 Correlation coefficient 
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