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ABSTRACT 

Doxycycline hyclate is a broad-spectrum tetracycline- class antibacterial agent. It is available in 75 mg, 100 mg, and 150 mg delayed-
release tablets for oral use, and widely prescribed in dermatology for treatment of acne vulgaris. Despite the favorable long-term track 
record of safety, the prolonged oral therapy usually applied in acne vulgaris is associated with side effects such as gastrointestinal side 
effects (i.e., esophagitis) and dose-related photosensitivity. To this end, it is essential to develop a topical formulation as an alternative 
to oral dosage forms. The purpose of this study is to formulate chitosan/hyaluronic acid nanogels for the topical delivery of doxycycline 
hyclate for the first time. The selected nanogel formula exhibited a hydrodynamic diameter and polydispersity index (PDI) of 
196.25±1.65 nm and 0.168±0.016, respectively. In addition, it exhibited a positive surface charge (44±2.2 mV), which indicates 
adequate physical stability. With respect to ex vivo permeation, limited drug permeation was noticed within the first 12 hours of 
application onto mouse skin. Findings from antibacterial activity revealed an enhanced antibacterial effectiveness of doxycycline hyclate 
against S. epidermidis upon encapsulation of doxycycline hyclate into chitosan/hyaluronic acid nanogel. The selected formula exhibited 
excellent biocompatibility, maintaining cell viability above 90% across all tested concentrations, with no significant concentration-
dependent cytotoxicity. Accordingly, doxycycline-loaded chitosan/hyaluronic acid nanogels appear to be promising for topical delivery 
and a potential alternative to the conventional tablet formulations. 
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Introduction   

Doxycycline hyclate is a broad-spectrum tetracycline- class 

antibacterial agent and is available in 75 mg, 100 mg, and 150 mg 

delayed-release tablets for oral use. Doxycycline hyclate is a 

water-soluble salt of the doxycycline base and has the molecular 

formula of C22H24N2O8, HCl, ½ C2H6O, ½ H2O, and a 

molecular weight of 512.9 g/mole [1]. Doxycycline hyclate is 

indicated for urinary, intestinal, respiratory, ocular, dental, 

dermatological, and sexually transmitted infections. 

Additionally, it is indicated as adjunctive therapy in acute 

intestinal amebiasis and severe acne [2]. 

Acne vulgaris is a common cutaneous disorder that is 

inflammatory in nature and caused by complex pathologic 

events, involving increased sebum production, follicular 

hyperkeratinization, proliferation of bacteria, most frequently 

Cutibacterium acnes (C. acnes) and Staphylococcus epidermidis (S. 

epidermidis) in pilosebaceous units, and local inflammatory 

cascades. The management of moderate to severe acne vulgaris 

usually involves prolonged oral doxycycline therapy over several 

weeks to months. Although doxycycline has a favorable long-

term track record of safety, it is associated with effects that might 

negatively impact patient compliance and clinical outcomes. 

Among the reported side effects are gastrointestinal side effects 

(i.e., esophagitis) and dose-related photosensitivity [3]. These 
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limitations can be overcome by nano-based platforms for dermal 

delivery, as they offer enhanced permeation and targeting of the 

skin pilosebaceous units where bacterial colonies reside. 

Additionally, nanocarriers protect their loaded drug molecules 

and minimize environmental stability issues [4].  

A nanogel (nanohydrogel) is a nano-sized hydrogel, defined as a 

three-dimensional network of crosslinked hydrophilic polymers 

with an ability to swell by holding a large amount of water while 

maintaining the structure [5, 6]. Nanogels possess desirable 

attributes to be promising delivery systems for dermal and 

transdermal delivery. Nanogels are hydrophilic in nature, boost 

the hydration of the stratum corneum, and cause formation of 

channels for enhanced skin penetration. In addition, the release 

of the encapsulated medicinal agents can be tailored to be 

responsive to stimuli such as temperature, light, pH, or enzymes 

[7]. 

Chitosan (CS) is a linear polysaccharide produced by 

deacetylation of chitin and is composed of D-glucosamine and N-

acetyl-D-glucosamine units. By harnessing its cationic nature due 

to the presence of amino groups, chitosan is employed to 

formulate nanogel via electrostatic attraction with negatively 

charged polymers. Besides, chitosan boosts skin permeability 

through its interaction with the negatively charged membranes 

of the epithelial cells [7, 8]. Hyaluronic acid (HA), on the other 

hand, is a linear polysaccharide, an anionic glycosaminoglycan, 

consisting of disaccharide units of D-glucuronic acid and N-

acetyl-D-glucosamine. HA is a natural component of the 

extracellular matrix in the skin, resembling a sponge to retain 

water and provide elasticity. Thus, it is widely employed in 

dermatology as a major component in nanoplatforms and as a 

permeation enhancer owing to its hydration property. 

Additionally, carboxylic acid groups in HA facilitate nanogel 

formulation via electrostatic interactions with cationic polymers 

[9]. 

Both chitosan and hyaluronic acid are biocompatible, non-toxic, 

and biodegradable. Given that, we hypothesize that 

encapsulation of doxycycline hyclate into chitosan/hyaluronic 

acid nanogel offers an alternative to the conventional oral 

therapy. The present study aims to design chitosan/hyaluronic 

acid nanogels for topical delivery of doxycycline hyclate and 

evaluate their physico-chemical characteristics, antibacterial 

activity, cytotoxicity, and ex vivo skin permeation and disposition. 

Materials and Methods 

Materials 
Doxycycline hyclate was purchased from Meyer, China; chitosan 

(low molecular weight was purchased from Central Drug House 

(P) Ltd., India; hyaluronic acid (250 kDa) was purchased from 

Tunchem Pharm (Shanghai) Tech Co., China. Sodium 

tripolyphosphate (TPP) was purchased from Himedia 

Laboratories Pvt. Ltd., India; 3-(4,5-Dimethyl-2-thiazolyl)-

2,5diphenyl-2H-tetrazolium bromide (MTT) was purchased 

from Ambeed, USA. 

Methods 

Formulation of blank and doxycycline 

hyclate-loaded nanogels  
Blank nanogel formulations were prepared using the ionic 

gelation technique. Briefly, chitosan was dissolved in 0.1N acetic 

acid solution at a concentration of 5 mg/mL. Hyaluronic acid 

(250 kDa) was dissolved in distilled water (D.W) at a 

concentration of 1 mg/mL. The cross-linking agent, sodium 

tripolyphosphate (TPP), was also dissolved separately in D.W. at 

a concentration of 20 mg/mL. Thereafter, the polyanion phase, 

comprised of HA and TPP solutions, was added dropwise into 

chitosan solution under magnetic stirring at 200 rpm for about 

60 minutes. At this stage, the solution turned turbid 

(characteristic Tyndall effect), implying nanogel formation. 

Then, the nanogel formulations were probe sonicated for 20 

seconds. Different formulations were prepared by altering the 

mass ratio of chitosan and TPP while HA concentration was kept 

constant (Table 1). Loaded nanogel formulations were prepared 

using the same method, but including doxycycline hyclate in the 

chitosan solution [10]. 

 

Table 1. Composition of blank and doxycycline hyclate-

loaded nanogels 
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Chitosan: 

TPP: HA 

mass ratio 

Drug: 

carrier 

ratio 

F1 2.5 2.5 0.125 1:1:0.05 ---- 

F2 2.5 5 0.125 1:2:0.05 ---- 

F3 2.5 1.25 0.125 1:0.5:0.05 ----- 

F4 2.5 5 0.125 1:2:0.05 1:2 

F5 2.5 5 0.125 1:2:0.05 1:4 

 

Characterization of blank and doxycycline 

hyclate-loaded nanogels 

Dynamic light scattering (DLS) 
Determination of the hydrodynamic diameters and size 

distribution (polydispersity index) of nanogels was performed by 

a dynamic light scattering system (DLS) using a 90Plus Particle 

Size Analyzer (Brookhaven Instruments Corporation, USA). 

Each sample was diluted with an equal volume of distilled water 

(DW) and analyzed at a temperature of 25⁰C [11]. 

Determination of zeta potential (ζ) 
Zeta potential (ζ) is a measure of the surface charge of the 

prepared nanogels. It was determined by the laser Doppler 

microelectrophoresis technique using a Zeta Plus zeta potential 

analyzer (Brookhaven Instruments Corporation, USA). Each 
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sample was diluted properly with distilled water (DW) and 

analyzed at a temperature of 25⁰C [12]. 

Field emission scanning electron microscopy 

(FESEM) 
The morphology of doxycycline hyclate-loaded nanogel (selected 

formula) was examined by means of Field Emission Scanning 

Electron Microscopy (FESEM) (Inspect TM F50, FEI company, 

USA). Samples were allowed to dry at room temperature on a 

glass slide, then coated with gold under vacuum to make them 

electrically conductive. Thereafter, samples were examined by 

FESEM, with an accelerating voltage from 200 V to 30 kV [13]. 

Ex-vivo studies 
Ex vivo studies were undertaken with approval of the ethical 

committee in the College of pharmacy/Al-Nahrain University 

(nah.c.pha.41). The skin was obtained from healthy male Swiss 

albino BALB/c mice (n = 3) with an average weight of 25 g, kept 

under 12 hours light/dark cycle at 25±2˚C with free access to 

water and food. The hair was shaved, mice were sacrificed, and 

then dorsal skin was harvested. 

Permeation and skin disposition assessments 
 Ex vivo permeation was performed for doxycycline hyclate-

loaded nanogel (selected formula) using a vertical Franz cell with 

an effective permeation area of 4.91cm2. In brief, skin was 

hydrated with D.W.  for about one-hour prior use, and mounted 

between the donor and receptor compartments, where the 

stratum corneum faced the donor compartment. Then, a 

quantity of formulation equivalent to 1 mg of doxycycline hyclate 

was placed in the donor compartment. The receptor 

compartment comprised 35 mL of phosphate-buffered saline PBS 

(pH 7.4), and the entire device was maintained at a constant 

temperature of 37°C ±0.5 ºC and a constant stirring speed of 

100 rpm. Then, at specified time intervals (1,2,4,8,12 and 24 

hours), 1-mL samples were collected from the receptor and 

replaced immediately with an equal volume of pre-heated PBS.  

Sample solutions were protected from light and stored at 4°C 

until analysis by High-Performance Liquid Chromatography 

(HPLC). After a 24-hour duration, whole skin was removed 

from franz cell, and the surface was cleaned with filter paper 

soaked with DW and dried thoroughly. In order to remove the 

stratum corneum, nine strips of adhesive Scotch tape were used, 

which were then soaked in methanol to obtain the amount of 

drug deposited in this layer. The remaining skin, which 

comprised viable epidermis and dermis, was cut into small 

pieces, soaked in methanol overnight, ultrasonicated, and 

centrifuged for complete extraction of the drug, followed by 

filtration. The filtrates were then assayed by HPLC. All 

measurements in this study were conducted in triplicate [14]. 

HPLC assay 

The method employed for the quantification of doxycycline 

hyclate was adapted from previous study by Elshater NS et al. 

using mobile phase composition: acetic acid 5%: acetonitrile: 

methanol 55:25:20. The method was conducted using (Azura 

ASM 2.1L, KNAUER, Germany) HPLC instrument and 

reversed-phase column C18 (4.6IDx250 mm) in isocratic elution 

at 1 mL/ minute flow rate, injection volume of 25 µL, 

temperature of 25°C and total duration for each run of 10 

minutes. A calibration curve for doxycycline hyclate was 

constructed by dissolving the drug in methanol and preparing 

serial dilutions detected at a UV wavelength of 347 nm [15].  

Antibacterial activity 

Evaluation of antimicrobial activity using the 

alamar blue assay  
The antibacterial activity of doxycycline hyclate-loaded nanogel 

(selected formula) or aqueous doxycycline hyclate solution was 

evaluated against S. epidermidis using the alamar blue assay. 

Alamar blue is a redox indicator that exhibits a color change with 

the proliferation state of bacterial cells. It is blue-colored in its 

oxidized state and changes color in response to cellular metabolic 

reduction to the red (reduced state) [16].  

In order to determine the values of minimum inhibitory 

concentration (MIC), serial dilutions of nanogel and doxycycline 

hyclate solution were prepared in sterile Mueller-Hinton Broth 

(MHB). Then, 150 µL of each concentration was added into a 

sterile 96-well plate, followed by 50 µL of bacterial suspension, 

in triplicate. The plates were incubated at 37 °C for 24 hours 

under aerobic conditions. Subsequently, alamar blue reagent was 

added to the wells, and the plates were further incubated in the 

dark at 37 °C for 2 hours. The MIC was then determined visually 

as the lowest concentration at which the well displayed a 

completely blue color, indicating total inhibition of bacterial 

growth [17]. 

The half-maximal inhibitory concentration (IC50) was 

determined by exposing a standardized bacterial suspension 

(10^5 CFU/mL) to serial dilutions of nanogel and doxycycline 

hyclate, followed by incubation at 37°C for 24 hours. Bacterial 

growth was measured spectroscopically at 600 nm, and the IC50 

value was calculated as the concentration that inhibited 50% of 

bacterial growth compared to the untreated control. The dose-

response curve and IC50 were obtained using GraphPad Prism 

software, version 9.0 [18].  

Evaluation of antimicrobial activity using the 

well-diffusion method 
Bacterial suspensions were adjusted to the 0.5 McFarland 

standard and spread evenly on Mueller-Hinton agar (MHA) 

plates. Wells of 6 mm diameter were aseptically punched into 

the agar. Then, 100 µL of doxycycline hyclate-loaded nanogel 

(selected formula) or aqueous doxycycline hyclate solution at 

different concentrations (5 mcg/mL and 20 mcg/mL) were 
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added into each well and incubated at 37°C for 24 hours. 

Thereafter, zones of inhibition were measured in millimeters. All 

experiments were carried out in triplicate [19]. 

In vitro cytotoxicity using the MTT assay 
The safety and biocompatibility of doxycycline hyclate-loaded 

nanogel (selected formula) was assessed in mouse L929 fibroblast 

cells. Cells were exposed to different concentrations (0.62– 20 

µg/mL) of doxycycline hyclate-loaded nanogel or aqueous 

doxycycline hyclate solution for 48 hours duration.at 37°C. 

MTT solution was then added into wells and further incubated 

for 4 hours. Thereafter, supernatants were removed, and the 

resulting formazan crystals were dissolved with DMSO, and the 

optical density of the wells was examined using a microplate 

reader at 570 nm [20]. 

Fourier transform infrared spectroscopy 

(FTIR) 
Samples of pure doxycycline hyclate, chitosan, hyaluronic acid, 

TPP, and doxycycline hyclate-loaded nanogel (selected formula) 

were ground into fine powders, mixed with potassium bromide, 

and pressed into discs. FT-IR spectra were recorded in the range 

of 4000–400 cm−1 using an FT-IR spectrometer (Shimadzu, 

Japan) [21]. 

Analysis by SEM and energy-dispersive X-ray 

(EDS) 
A sample of doxycycline hyclate-loaded nanogel (selected 

formula) was examined using (Axia™ ChemiSEM, Thermo 

Scientific™) to obtain information on the elemental makeup of 

the sample at an acceleration voltage of 30 kV. 

Statistical analysis 
Data are expressed as the mean ± SD. One-way analysis of 

variance (ANOVA) with Tukey’s post-test was carried out to 

evaluate significance (p < 0.05) using GraphPad Prism version 9 

(GraphPad Software LLC, San Diego, CA, USA). 

Results and Discussion  

Chitosan/hyaluronic acid nanogel formulas were prepared by the 

ionic gelation technique. This technique is based on the 

electrostatic interaction that occurs spontaneously between the 

protonated amine groups of chitosan solution and the anionic 

carboxylate and phosphate groups of hyaluronic acid /TPP 

solution [22, 23].  

Firstly, three blank nanogel formulas (F1-F3) were prepared at 

different (chitosan: TPP: HA) mass ratios to study the effect of 

crosslinker concentration on the physicochemical properties of 

the prepared nanogels, while keeping chitosan and hyaluronic 

acid concentrations constant. The hydrodynamic diameters of 

the prepared nanoparticles were monitored using the DLS 

technique. 

It was observed that the formula F2 containing the highest 

concentration of TPP among the three formulas had a 

significantly         (p < 0.05) smaller diameter (202.45 ±25.8 

nm), as presented in Table 2. The polyanion, sodium 

tripolyphosphate (TPP, is a negatively charged crosslinker that 

can interact with chitosan chains through non-covalent 

crosslinking. Therefore, a high concentration of TPP anion can 

generate a more condensed polymeric network and smaller 

particle-size nanogels [24].  

Zeta potential (ζ) values represent the surface charge of the nano-

formulation and indicate the stability of the formulation. As 

shown in Table 2, the values were positive, except in F1, 

suggesting the predominance of protonated amine groups of 

chitosan on the surface of the nanogel formulation [11]. The 

negative charge for formula F1 might be due to the adsorption of 

negatively charged HA or TPP to the surface. Based on the above 

observations, formula F2 was selected for drug loading. 

Next, nanogel formulas F4 and F5 were prepared to study the 

influence of drug loading at drug-to-carrier ratios (1:2) and 

(1:4), respectively, on the particle size of the prepared nanogels.  

Compared to the blank formula (F2), a non-significant decrease 

(p>0.05) in mean particle diameter was observed in F4 and F5. 

It was also found that changing the drug: carrier ratio from (1:2) 

in F4 to (1:4) in F5 caused a non-significant (p> 0.05) increase 

in mean particle diameter.  

Size reduction upon doxycycline hyclate loading can be 

interpreted by different mechanisms. Firstly, drug molecules can 

intercalate between polymer chains, acting as crosslinkers, 

preventing polymer chains from swelling. Secondly, the 

hydrophobic portion of the drug might decrease water entry into 

the polymer chains and inhibit further polymer swelling, 

resulting in more compact structures [25]. 

Comparing zeta potential (ζ) in F4 to the blank nanogel formula 

F2, the significant (p<0.05) reduction in the magnitude of zeta 

potential (ζ) upon drug loading can be explained by the negative 

charge of hyclate anions neutralizing the positive charge of amino 

groups of chitosan. Formula F5, on the other hand, prepared at 

a drug: carrier ratio (1:4), exhibited a zeta potential (ζ) of 

44±2.2 mV, which provides a strong electrostatic repulsion 

barrier and adequate physical stability [26]. Besides, F5 exhibits 

a particle diameter of 196.25±1.65 nm and a polydispersity 

index (PDI) of 0.168±0.016, suggesting a monodisperse system. 

Therefore, based on the above data, formula F5 was chosen to 

perform further analyses. 

 

Table 2. The Physicochemical Properties of Blank and 

Doxycycline Hyclate - Loaded Nanogels 

Formula 

code 

Particle diameter 

(nm) 

Polydispersity 

(PDI) 

Zeta potential 

(mV) 

F1 408.3±8.48 0.369± 0.077 -68.17±3.408 

F2 202.45±25.8 0.551±0.129 38.04±1.902 

F3 299.7±23.6 0.504±0.033 15.67±0.123 

F4 154.2±32.2 0.125±0.115 2.335±0.705 

F5 196.25±1.65 0.168±0.016 44±2.2 
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Field emission scanning electron microscopy 

(FESEM) 
FESEM micrographs of doxycycline hyclate-loaded nanogel (F5) 

(Figures 1a and1b) show high agglomeration of nanoparticles 

in the dry state. However, nanogels show an almost spherical 

shape in the nanosized range [27]. Additionally, they exhibit 

rough or porous surfaces, typical for hydrogels, usually resulting 

from the crosslinking process [28]. When observed under AFM 

(Figure 1c), the resulting images were consistent with FESEM 

micrographs. 

 

 
a) 

 
b) 

 
c) 

Figure 1. (a and b): FESEM images of F5. (c): AFM image 

of F5 

 

Ex vivo studies 

Permeation and skin disposition assessments 
Ex vivo permeation and skin disposition analyses were examined 

for doxycycline hyclate-loaded nanogel (F5). Following a 24-

hour duration of the experiment, the amount of doxycycline 

hyclate retained in the mouse skin (viable epidermis and dermis) 

was found 11.789± 2.4 percent (Table 3), while no detectable 

amount of drug was found in the stratum corneum. 

With respect to drug permeation, it was observed that during the 

first 12 hours of the experiment, no amount of drug was detected 

in the receptor compartment, suggesting limited permeation 

through the skin. Interestingly, after 24 hours, 21.74±5.2 

percent of doxycycline was detected [29-35]. The molecules of 

doxycycline hyclate are water-soluble; thus, their penetration 

across the stratum corneum represents a significant obstacle. 

Upon encapsulation into chitosan/hyaluronic acid nanogel, skin 

permeation can be enhanced due to electrostatic interactions 

between positively charged chitosan and the negatively charged 

skin, promoting both transcellular and paracellular transport of 

drug across the skin [36]. 

 

Table 3. Results of Ex-Vivo Permeation and Skin 

Disposition Assessments 

Formula 

Code 

Percent drug 

permeated after 

24 hours 

Percent drug deposited in skin 

(viable epidermis and dermis) 

after 24 hours 

F5 21.74±5.2 11.789± 2.4 

Antibacterial activity 
Doxycycline hyclate is a tetracycline-class antimicrobial agent, 

primarily bacteriostatic. The antibacterial effect is attributed to 

the inhibition of bacterial protein synthesis by binding to the 30S 

ribosomal subunit and blocking the association of the charged 

aminoacyl-tRNA (aa-tRNA) with the ribosomal A site. The 

antibacterial test findings imply enhanced antibacterial 

effectiveness of doxycycline hyclate against S. epidermidis upon 

encapsulation of doxycycline hyclate in chitosan/hyaluronic acid 

nanogel [37-45]. Formulation F5 exhibited a significantly 

(p<0.05) lower MIC and IC50 (5.2±0.26 and 10±0.6 mcg/mL) 

than those of doxycycline hyclate solution (6.5±0.325 and 

12±0.72), respectively. Furthermore, doxycycline hyclate-

loaded nanogel (F5) exhibited a higher zone of inhibition than 

that of doxycycline hyclate solution, as demonstrated in Figure 

2. Similar findings have been reported for doxycycline-loaded 

niosomal gels, thymol-loaded chitosan nanogels, and 

carboxymethyl chitosan lysozyme nanogels loaded with tea 

polyphenols, silver nitrate (AgNO3), and chlorhexidine [3, 46, 

47]. 

 
a) 
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b) 

 
c) 

 
d) 

Figure 2. a) Minimum inhibitory concentration (MIC) of 

nanogel (F5) and doxycycline hyclate solution, b) Half 

maximal inhibitory concentration (IC50) of nanogel (F5) and 

doxycycline hyclate solution, c&d) Zones of inhibition of 

nanogel (F5) and doxycycline hyclate solution against S. 

epidermidis 

 

In vitro cytotoxicity using the MTT assay 
Figure 3a shows the cell survival percentage of L929 fibroblast 

cells after 48 hours of treatment with doxycycline hyclate-loaded 

nanogel (F5) relative to the DMSO-treated control.  Based on 

the data obtained, it can be concluded that F5 exhibited excellent 

biocompatibility, maintaining cell viability above 90% across all 

tested concentrations (0.62–20 µg/mL), with no significant 

concentration-dependent cytotoxicity. In contrast, doxycycline 

hyclate solution exhibited a concentration-dependent decrease in 

cell viability, with minimal cytotoxicity at low concentrations 

(0.62–5 µg/mL) and a marked reduction in cell survival at higher 

concentrations (10–20 µg/mL) and a half-maximal inhibitory 

concentration (IC₅₀ = 9.36 µg/mL) (Figures 3b and 3c). Drug 

encapsulation in chitosan/hyaluronic acid nanogel formulation 

minimized the direct contact of doxycycline with the cells, 

rendering the formulation safe for topical application. Similar 

observations have been reported by Della Sala et al. and Simpson 

et al. [22, 48]. 

Reasons for biocompatibility arise from the biocompatible 

ingredients in the formulation, where hyaluronic acid is a natural 

constituent in the connective tissue of skin [49-55]. Chitosan, on 

the other hand, is a natural biopolymer with a positive impact on 

the growth of normal skin fibroblasts, as reported by Gao et al. 

[56]. Additionally, the safety and biocompatibility of TPP are 

proven and documented in the literature [57]. 

 

 
a) 

 
b) 

 
c) 

Figure 3. a) Effect of F5 on the viability of L929 fibroblast 

cells after 48 h of treatment, as determined by the MTT assay. 

Cell survival fraction (%) is expressed relative to the DMSO-

treated control (100%). Data are presented as mean ± SD from 

independent experiments. b) Effect of doxycycline on the 
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viability of L929 fibroblast cells after 48 h of treatment, as 

determined by the MTT assay. c) Dose–response curve 

showing the effect of doxycycline on L929 fibroblast cell 

viability after 48 h of treatment, as determined by the MTT 

assay. Cell survival fraction (%) was plotted against 

doxycycline concentration (0.62–20 µg/mL), and the data 

were fitted using nonlinear regression to estimate the half-

maximal inhibitory concentration (IC₅₀ = 9.36 µg/mL). Data 

are presented as mean ± SD from independent experiments. 

 

Fourier transform infrared spectroscopy 

(FTIR) 
FT-IR spectra of doxycycline hyclate, chitosan, HA, TPP, and 

doxycycline hyclate-loaded nanogel (F5) are shown in Figure 

4a. FT-IR spectrum of doxycycline hyclate shows N-H stretching 

vibrations of primary amides: asymmetrical stretching at 

3452.58 cm-1 and symmetrical stretching at 3332.99 cm−1, 

overlapped with O-H stretching vibrations in the same range; an 

absorption band at 1678.07 cm-1 due to C=O stretching (amide 

I band), absorption band at 1614.42 cm-1 corresponding to N-H 

bending vibrations (amide II) [58]. 

FT-IR spectrum of chitosan showed multiple bands in the range 

3200-3500 cm-1 attributed to overlapped stretching vibrations of 

N-H and O-H; a band at 2872.01 cm-1 reflecting symmetric C-

H stretching vibrations of the methylene group commonly 

observed in the spectra of polysaccharides. Additionally, an 

absorption band was detected at 1654.92 cm-1 mainly attributed 

to C=O stretching (amide I band) due to the residual N-acetyl 

groups present in chitosan, and a band at 1560.41 cm-1 attributed 

to N-H bending (amide II) [59]. 

In the spectrum of sodium tripolyphosphate, a broad band was 

observed in the range of 3000-3200 cm-1 corresponding to OH 

stretching because the sample was provided in hydrated form. In 

addition, distinct bands corresponding to the stretching vibration 

of P=O, PO2, and PO3 groups in TPP appeared at 1041.56, 

1010.70, and 972.12 cm-1 (26). The spectrum of hyaluronic acid 

shows peaks at 3460.30 cm-1 corresponding to O-H stretching 

vibration; 2891.30 cm-1 due to C-H stretching; and 1647.21 cm-

1 due to C=O stretching vibration. In addition, both amide I 

(C=O stretching) and amide II (N-H bending) bands appear at 

1622.13 and 1556.55 cm-1, respectively [60].  

In the spectrum of doxycycline hyclate-loaded nanogel (F5), it 

can be observed that C=O stretching (amide I band) and N-H 

bending vibrations (amide II) of doxycycline hyclate have shifted 

to lower frequencies to 1645.28 and 1587.42 cm-1, suggesting 

the involvement of doxycycline in hydrogen bonding or 

electrostatic attraction with polymer chains or the crosslinking 

agent [61-66]. On the other hand, bands corresponding to the 

phosphate group in TPP have disappeared, while the 

characteristic bands of chitosan related to amide I (C=O 

stretching) and amide II (N-H bending) have shifted to lower 

frequency, with similar observations for hyaluronic acid. These 

observations confirm the bonding undertaken between 

phosphate groups in TPP and amino groups in chitosan and/or 

hyaluronic acid chains [22, 60].  

Analysis by SEM and energy-dispersive X-ray 

(EDS) 
The results of EDS provide elemental mapping of the sample. It 

can be observed (Figure 4b) that the sample consists of C, N, 

O, Na, P, and CL. The presence of Na and P implies the presence 

of sodium tripolyphosphate in the structure of the nanogel 

formula, while C, N, and O are constituents of chitosan, 

hyaluronic acid, and doxycycline hyclate. On the other hand, CL 

implies the presence of drug molecules since it is only present in 

the structure of doxycycline hyclate. This study confirms the 

formation of nanogel and incorporation of drug molecules within 

its structure [67]. 

 

 
a) 

 
b) 

Figure 4. a) FTIR spectra of doxycycline hyclate, chitosan, 

hyaluronic acid, sodium tripolyphosphate (TPP), doxycycline 

hyclate-loaded nanogel (F5), b) EDS mapping of doxycycline 

hyclate loaded nanogel (F5) 

Conclusion 

Based on the results obtained, chitosan/hyaluronic acid nanogels 

were successfully prepared by the ionic gelation technique. The 

prepared nanogels were in the nanosized range suitable for 

topical delivery, with enhanced antibacterial activity and 

biocompatibility. Chitosan/hyaluronic acid nanogels might 

represent a promising approach for dermal delivery, though 

further investigations are required. These investigations include 
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evaluating the antimicrobial activity against other bacterial 

strains; incorporating the nanogel formulation into semisolid 

vehicles and studying their rheological properties, spread ability, 

and ex vivo permeation; stability studies; and in vivo studies. 
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