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Polymeric nanofibers with good antimicrobial properties are a promising option to thwart wound 

infection and accelerate wound healing. Although PVA/Chitosan possesses many useful 

properties, its antibacterial activity is insufficient for effective wound dressing. Therefore, using 

a hydrophilic drug such as Gentamicin Sulfate (GS) that has a broad-spectrum activity against a 

wide range of bacteria can enhance the nanofibers’ performance. In this study, polyvinyl alcohol 

(PVA) with chitosan nanofibers loaded with gentamicin sulfate was prepared using an 

electrospinning technique and crosslinked with glutaraldehyde for better loading efficiency and 

controlled drug release at the site of interest. Morphological investigation carried out using 

scanning electron microscopy showed smooth and homogeneous nanofibers. FT-IR was used to 

confirm the structure of the nanofibers. In situ crosslinking enabled penetration of the 

crosslinking agent into the nanofibers and improved the thermal stability and drug release 

performance. The thermal stability of PVA/Chitosan nanofibers was reduced with the addition 

of gentamicin sulfate. The kinetic release of gentamicin sulfate followed the Korsmeyer-Peppas 

model with release exponent, n < 0.5. Antibacterial testing of crosslinked nanofibers against 

Escherichia coli and Staphylococcus aureus showed good inhibition of bacterial growth. 

Crosslinked PVA/Chitosan nanofibers loaded with gentamicin sulfate showed multifunctional 

characteristics and thus may be a suitable material for controlled drug delivery and tissue 

engineering applications. 
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Currently, the development of nanoscale fibers has 

become a popular choice for drug delivery systems 

to control the release of drugs to specific sites as it 

can mimic the native extracellular matrix (ECM) of 

human skin, and thus promote tissue regeneration 

and support healing mechanisms. Electrospinning is 

a promising method commonly used to fabricate 

nanofibers as it is easy and cost-effective. To 

produce nanofibers in the electrospinning process, 

a high voltage power supply is required to introduce 

a strong potential difference between the polymer 

solution flowing through a capillary tip and the 

collector [1]. 

 

Polyvinyl alcohol (PVA) is a semi-

crystalline synthetic polymer derived from 

hydrolysis of polyvinyl acetate which has been 

widely used in biomedical applications [2]. The 

hydrophilic properties, biocompatibility, 

biodegradability, excellent thermal stability, 

nontoxicity, high water permeability, simple 

processing, good chemical and physical properties 

of PVA [3] have made it useful in drug delivery 

systems and medical applications [4]. 

 

On the other hand, chitosan is a natural 

polymer derived from chitin that can be found 

abundantly in the exoskeletons of crustaceans, 

insects and molluscs [5]. Chitosan is biodegradable, 

biocompatible, hydrophilic, nontoxic and has 

antibacterial properties [6,7] and it is the preferred 

choice for biomedical applications. It also promotes 

wound healing by producing fibroblasts, regulating 

the deposition and arrangement of fibers, 

facilitating cell migration as well as stimulating 

granulation and vascularization [8,9,10]. Despite its 

various advantages, chitosan also shows low 

chemical strength and a high degradation rate [11]. 

The addition of chitosan to PVA nanofibers 

increases the biocompatibility of the nanofibers 

scaffolds [12]. Moreover, PVA blended with natural 

polymers such as chitosan, gelatin and collagen can 

improve the polymeric adhesion of the scaffold 

[13,14].  

 

Despite its antibacterial properties, chitosan 

alone is insufficient to treat bacterial infections and 

heal wounds. Hence, encapsulation of 

PVA/Chitosan with antibiotics like gentamicin 
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sulfate can further improve its antibacterial 

properties against a wide range of bacteria. In 

addition, it is essential in producing an effective 

polymeric drug carrier to control and sustain drug 

release as well as maintain drug stability in the 

human body. In this study, PVA/Chitosan 

crosslinked nanofibers encapsulated with 

gentamicin sulfate were prepared using the 

electrospinning technique, and its fiber 

morphology, thermal stability, in vitro drug release 

capability and antibacterial activity were evaluated.  

 

MATERIALS AND METHODS 

 

Materials 

 

Polyvinyl alcohol (viscosity: 45-55 cPs) was 

purchased from R&M Chemicals (Essex, United 

Kingdom). Low molecular weight Chitosan (50,000 

– 190,000 Da) was purchased from Sigma-Aldrich 

(Gillingham, UK). Gentamicin sulfate was obtained 

from Henan Province, China. Acetic acid, 

Glutaraldehyde and Hydrochloric acid were 

purchased from Merck (Darmstadt, Germany).  

 

Preparation of PVA/Chitosan Loaded 

Gentamicin Sulfate Nanofibers. 

 

PVA and chitosan solutions were prepared 

separately [15]. 10 % (w/v) PVA was dissolved in 

deionized water and stirred at 50–60 °C while 2.5 

% (w/v) Chitosan was dissolved in 2 % v/v aqueous 

acetic acid solution. Both solutions were left to stir 

at room temperature for 16 h to ensure 

homogenization. PVA and chitosan (PC) were 

combined in a ratio of 85:15 (v/v). Then, 

gentamicin sulfate was added into the PC solution 

in three different concentrations: 1 %, 3 % and 5 % 

(w/v) to produce Gentamicin/PVA/Chitosan (GPC) 

solution. The solutions were stirred for 30 minutes 

at room temperature. The GPC nanofibers were 

fabricated using the electrospinning technique 

(flow rate: 0.5 ml/h, voltage: 15 kV, distance: 12 

cm). The nanofibers obtained were exposed to a 

mixture of 25 % glutaraldehyde and hydrochloric 

acid (3:1 v/v) vapor for 6 h for crosslinking. Then 

the samples were air-dried at room temperature for 

24 h to remove the remaining glutaraldehyde and 

HCl vapour. The crosslinking of nanofibers has 

been shown to enhance the resistance of nanofibers 

towards surrounding moisture and prevent rapid 

degradation of the polymeric nanofibers [16]. 

 

Scanning Electron Microscopy (SEM) 

 

The morphology of PC and GPC nanofibers were 

examined by using SEM (Carl Zeiss S.E Asia/ 

ZEISS Evo 50). Small sections of the nanofibers 

were mounted on a brass stub using double-sided 

adhesive tape and sputtered with gold-palladium 

mixture for 1 h under vacuum using a Sputter 

Coater (Leica EM SCD005). The samples were 

analyzed using SEM under 5000x magnification. 

The average diameters of 100 nanofibers were 

measured at 5 different spots using ImageJ Software 

(ImageJ 1.52a). 

 

Fourier-Transform Infrared Spectroscopy (FT-

IR) 

 

The chemical interactions between the crosslinking 

PC and GPC nanofiber samples were analyzed 

using Attenuated Total Reflectance-Fourier 

Transform Infrared Spectroscopy (ATR-FTIR, 

Perkin Elmer) to identify the presence of functional 

groups in the nanofibers. The ATR-FTIR spectra of 

the nanofiber samples were acquired at a spectral 

range of 600 – 4000 cm-1. 

 

Thermal Stability 

 

The thermal properties of the nanofibers were 

analysed by thermogravimetric analysis (TGA, 

STA7200 Hitachi) using 4-5 mg nanofibers at a 

temperature range of 30 – 600°C at a heating rate of 

10 °C/min under a nitrogen atmosphere. 

 

In vitro Drug Release of Gentamicin Sulfate  

 

The drug release of gentamicin was measured using 

a UV-Vis spectrophotometer (double beam) at λmax 

= 201 nm [17]. The samples were cut into 2 x 2 cm 

squares, weighed and incubated in 20 mL distilled 

water at 37 °C. 4 mL of the soaking solution was 

analyzed using the UV-Vis Spectrophotometer at  

pre-determined time intervals up to 72 h to monitor 

the release rate with time [17]. The calibration 

curve (y = 0.3865x – 0.0271; r2 = 0.9985) was 

constructed as a standard. The cumulative drug 

release was calculated using the following equation:

  

 

     
Total amount of drug released from the membrane

 x 100% 
Total amount of drug present in the membrane

 

 

 

The encapsulation efficiency was calculated by the following equation, 

 

     
Weight of drug in the nanofibers

 x 100%
Theoretical weight of drug in the nanofibers

 

(1) 

(2) 
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The amount of drug in the membrane was determined using the following equation: 
 

 

Initial amount of drug loaded in the nanofibers Theoretical amount of drug in the membrane
 = 

Total weight of the nanofibers Weight of the membrane
  

 

 

The kinetic release of gentamicin was investigated 

using zero-order, first order, Hixson-Crowell, Higuchi 

and Korsmeyer-Peppas models [18]. The in vitro 

gentamicin release followed the model with the 

highest linearity or correlation coefficient (r2) value. 
 

Zero-order model 
 

The cumulative amount of drug released (Qt) is plotted 

against time. The rate of drug release is independent 

of its concentration as shown below:  
 

t 1Q  = k t  

 

where Qt is the total drug release (in percentage 

concentration) at time, t and k1 is the constant of the 

zero-order model (in concentration/time).  
 

First-order model 
 

The log of cumulative percentage of drug remaining is 

plotted against time. The rate of drug release is 

assumed to be dependent on its concentration as stated 

below:  
 

2.303

2
10 t 10 0

k t
Log  Q  - Log  Q  = -  

 

where Q0 is the initial concentration of the drug, k2 is 

the constant of first-order model and t is time.  
 

Hixson-Crowell model 
 

Based on this model, the area of the particle is 

proportional to the cubic root of its volume. The drug 

release profile is described by considering the 

diminishing surface of the drug particle during 

dissolution as in the following equation:  
 

Q0 1/3 – Qt
1/3 = k3t 

 

where Q0 is the initial concentration of the drug, Qt is 

the amount of drug released at time t, and k3 is the 

constant of the Hixson-Crowell model. A straight-line 

graph can be obtained by plotting (Q0
1/3 - Qt

1/3) against 

t while the slope indicates the Hixson-Crowell 

constant. 
 

Higuchi model 
 

The equation below represents the simplified Higuchi 

model. 
 

Q = k4 t1/2 

 

where Q is the amount of drug released in time t, and 

k4 is the Higuchi dissolution constant. The amount of 

drug released in the fixed timespans, represented as a 

function of the square root of time, fits a straight line. 
 

Korsmeyer-Peppas model 
 

The equation below represents the simplified 

Korsmeyer-Peppas model. The amount of drug 

released in the fixed timespans is represented on a log-

log basis. 
 

Mt/M = k5 tn  (8) 

 

where Mt and M are the amount of drug at time t, k5 is 

the kinetic constant related to the delivery system 

while n is the release exponent that depends on the 

type of transport, geometry and polydispersity of the 

solute which illustrates the solute transport 

mechanism such that: 
 

(1) n < 0.5 corresponds to a pseudo-Fickian 

diffusion 
 

(2) n = 0.5 suggests Fickian behavior 
 

(3) 0.5 < n < 1 indicates an anomalous diffusion 

or non-Fickian transport 
 

(4) n = 1 shows non-Fickian diffusion 

 

In vitro Antibacterial Activity Assay 

 

The antibacterial activity of gentamicin sulfate-loaded 

PVA/Chitosan (GPC) nanofibers against E. coli 

(ATCC 25922) and S. aureus (ATCC 25923) was 

determined using a  disc diffusion technique (Kirby 

Bauer method) in duplicate [19]. The bacteria were 

cultured using Mueller Hinton agar and broth for 24 h 

at 37.5 °C. PC and GPC nanofibers were cut into 5 mm 

diameter discs and place in each agar plate. The 

antibiotic disc with 10 µg of gentamicin was placed in 

the center of MH agar as a positive control. A blank 

paper disc was placed in each plate as a negative 

control. The plates were incubated at 37.5 °C for 24 

hours. The bacteria inhibition zones were measured 

and compared on the 1st, 3rd and 5th days. 

 

RESULTS AND DISCUSSION 

 

Morphology of PC and GPC nanofibers 

 

SEM images of PC and 1, 3 and 5% GPC electrospun 

nanofibers are presented in Figure 1. The PC (Figure 

1a) nanofibers showed smooth non-woven nanofibers 

(4) 

(5) 

(6) 

(7) 

(3) 
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without beads and broken strands but were irregular 

in size with an average fiber diameter of 228 ± 75 

nm. To obtain smooth and homogeneous 

nanofibers, the solution parameters (concentration 

and solubility) and processing parameters (flow 

rate, viscosity and voltage supply) need to be 

optimized [20]. The incorporation of 1-5% 

gentamicin sulfate in PC solution increased the 

diameter of the fibers and several defects can be 

observed due to higher drug loading into the 

nanofibers. In Figure 1(b)-(d), 1% GPC showed 

smooth and bead-free nanofibers with a smaller 

average diameter of 288 ± 114 nm. As the GS 

concentration was increased up to 3%, the diameter 

increased to 332 ± 87 nm and there were beads 

observed due to the irregularly dissolved drug in the 

 

polymer solution [21]. 

 

 When the concentration of GS was increased to 

5%, the solution turned cloudier and the Taylor’s cone 

formed was unstable due to the higher drug 

concentrations, leading to the formation of droplets 

and beaded nanofibers with a larger diameter [22]. 

Therefore, the addition of 5 % GS in PC solution 

results in the formation of larger diameter nanofibers 

(354 ± 113 nm). This may be due to the formation of 

intermolecular hydrogen bonding, Van der Waals 

forces and dipole-dipole interactions between GS, 

PVA and Chitosan molecules [18]. Since PVA is a 

water-soluble polymer and easily degraded in water, 

crosslinking of the nanofibers is necessary to slow 

down its degradation [23].

 

    

    
 

Figure 1. SEM images of (a) PC, (b) 1GPC, (c) 3GPC and (d) 5GPC nanofibers. (5000x magnification)   

 
Figure 2. Fiber diameters of (a) PC, (b) 1GPC (c) 3GPC (d) 5GPC nanofibers 
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ATR-FTIR Spectroscopy 

 

Figure 3 shows the ATR-FTIR spectra of crosslinking 

PC and GPC electrospun nanofibers. The 

characteristic bands of non-crosslinking PC (Figure 

3(a)) include the broad peak at 3295 cm-1 caused by 

the O-H stretching bond from the hydroxyl group of 

PVA [17]. The peak at 2914 cm-1 is due to asymmetric 

C-H stretching of the methyl group. The presence of 

chitosan in the PC nanofibers was indicated by a sharp 

peak at 1715 cm-1 which belongs to the C=O stretching 

of the carbonyl group of the remaining vinyl acetate 

repeat units in the PVA, as PVA is produced by 

copolymerization of vinyl alcohol and vinyl acetate 

repeat units [24,25]. The small peak at 1561 cm-1 was 

assigned to NH-bending of the amide group in 

chitosan and the peak at 1025 cm-1 to the C-O aryl 

stretch. The crosslinking of the PC nanofibers (Figure 

3(b)) increased the intensity of the O-H group and 

C=O group peaks. This indicates the presence of 

glutaraldehyde (GA) crosslinking, which might 

prevent the nanofibers from absorbing surrounding 

water and moisture [23]. 

 

Similarly, the peaks that appeared in 

crosslinking PC nanofibers were also present in the 

crosslinking GPC spectra (Figure 3c-3e). It can be 

observed from this figure that the intensity of the 

carbonyl stretching peak at 1715 cm-1 increased when 

gentamicin is added into the nanofibers as a result of 

intermolecular hydrogen bond interactions between 

GS and PC molecules (Figure 4). In addition, the peak 

of the C-O stretch in PC shifted to 1055 cm-1, 

indicating the presence of the C-O aryl group from 

gentamicin in the nanofibers. As the concentration of 

gentamicin was increased, the intensity of the peaks 

also increased, confirming that gentamicin was 

successfully encapsulated into the nanofibers. 

 

 

 
 

Figure 3. ATR-FTIR spectra of (a) non-crosslinking PC, (b) crosslinking PC, (c) crosslinking 1GPC, (d) 

crosslinking 3GPC and (e) crosslinking 5GPC nanofibers respectively. 
 

 

 

 
 

Figure 4. Schematic illustration of the possible formation of intermolecular hydrogen bonds in the blending of 

PC and GPC nanofibers [26,27].  
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Figure 5. TGA weight loss of crosslinked nanofibers (a) PC (b) GPC 

 

 

Thermal Stability 

 

TGA analysis was performed to examine the thermal 

stability of both PC and GPC crosslinked nanofibers 

(Figure 5). The TGA curve indicates that thermal 

degradation of these nanofibers happened at three 

stages: 30-60, 230-350 and 400-500 °C. The initial 

weight loss (below 100 °C) was due to the loss of 

volatile components such as moisture via evaporation  

[28]. A significant decomposition of the PC and GPC 

nanofibers started at 284 °C (a weight loss of 65.89%) 

and 249 °C (a weight loss of 43.1%) respectively. The 

significant weight loss continued up to 429 °C (a 

weight loss of 84.75%) for PC nanofibers and to 413 

°C for GPC nanofibers (a weight loss of 71.55 %). The 

degradation of both nanofibers was almost complete 

at 544 and 567 °C respectively, with a slight amount 

(0.52% of PC and 6.54% of GPC) remaining 

undecomposed. The addition of gentamicin to PC 

nanofibers reduced the thermal stability of the PC 

nanofibers (Figure 4a and 4b). The decrease in thermal 

stability might be related to the morphological change 

in  PC [28] due to the addition of gentamicin as shown 

in the SEM results (Figure 1(a-d)). The addition of 

gentamicin sulfate further increased the surface area 

of PC nanofibers, providing a greater area for water 

adsorption [29]. In addition, gentamicin sulfate 

powder is hygroscopic in nature. Hence, it increases 

the water content adsorbed on the nanofibers and 

reduces its thermal stability [30]. 

 

In vitro Drug Release Study 

 

The drug encapsulation efficiencies are recorded in 

Figure 6(a). The higher the concentration of 

gentamicin loaded in the PC nanofibers, the higher the 

encapsulation efficiency.  This may be attributed to the 

increased intermolecular hydrogen bonding between 

gentamicin and PVA/chitosan as the drug carrier 

[26,27]. Gentamicin in the nanofibers showed an 

initial burst release effect for the first 12 hours, 

followed by sustained release at a slower rate up to 72 

hours. 1 % GPC showed a higher cumulative release 

rate of about 70 % compared to 3 % and 5 % GPC 

(Figure 6(b)) which had release rates of about 26 % 

and 14 % respectively. This might be due to the higher
 
 

 

 

 
 

 

Figure 6. (a) Encapsulation efficiency of 1, 3 and 5 % GPC nanofibers, (b) Cumulative drug release of 1, 3 and 5 

% GPC nanofibers. 
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encapsulation efficiency (Figure 6(a)) of gentamicin 

in 3 % and 5 % GPC, where the drug is mainly 

confined in the nanofibers [17], and thus has difficulty 

separating from the nanofibers due to the strong 

intermolecular hydrogen bonding between GS and 

PVA. In addition, the smaller the diameter of the 

nanofibers, the higher the drug release rate. 

 

From observation, the PC solution became 

cloudy as the concentration of GS loaded was 

increased. This indicates that the undissolved 

gentamicin was being suspended in the polymer fiber 

matrix. In the case where undissolved drug 

particulates were suspended in the polymer fiber 

matrix, the drug is distributed in the polymer matrix as 

crystalline or amorphous particles [21]. The drug is 

initially dissolved and embedded in the surrounding 

polymer fiber matrix. The dissolved drug reaches the 

surface layer of the nanofibers by diffusion and 

attaches itself to the aqueous boundary layer of the 

nanofibers interface. The drug molecules are then 

delivered through diffusion across the boundary layer 

into the aqueous medium (as illustrated in Figure 7). 

As gentamicin has a low solubility and is not 

completely miscible in PVA and chitosan solution, it 

showed an unexpectedly high initial rate of release 

(usually referred to as burst release) [21]. Another 

alternative to improve the miscibility of gentamicin 

with PVA and chitosan is by chemically modifying the 

polymer backbone or adding molecules that consists 

of both hydrophobic and hydrophilic moieties (i.e. 

surfactant) [31].  The diameter of the nanofibers and 

the drug’s physical properties such as solubility and 

drug-polymer interactions may significantly affect the 

drug release rate [28]. 

 

The cumulative release data were fitted into 

five mathematical kinetic release models (zero-order, 

first-order, Hixson-Crowell, Higuchi and Korsmeyer-

Peppas models) to observe and understand the 

mechanism of drug release. The correlation 

coefficients, r2, are tabulated in Table 1. 

 

In vitro release of crosslinked GPC nanofibers 

showed the best linearity in the Korsmeyer-Peppas 

model as it shows the highest correlation coefficient. 

The Korsmeyer-Peppas slope exponent (n) was less 

than 0.5 which confirmed that the release mechanism 

of GS followed the pseudo-Fickian diffusion 

mechanism for both nanofibers. This indicates that the 

gentamicin release mechanism is due to the kinetic 

degradation and erosion of the polymer matrix via 

hydrolysis [25]. The erosion of nanofibers happens in 

three stages: Firstly, the drug is released from the 

polymer surfaces or pores. Then, a little polymer 

degradation occurs causing the remaining drug to be 

trapped in the matrix. Lastly, the trapped drug is 

released rapidly when the polymer chains disintegrate. 

However, it is possible for the polymer system to leave 

the site before the drug is completely released due to 

very slow erosion [29]. 

 

In vitro Antibacterial Activity Assay 

 

The antimicrobial activity of gentamicin released from 

crosslinked PC nanofibers was estimated by 

measuring the diameter of the bacterial inhibition 

zones for 1, 3 and 5 days. Figure 8 shows the 

antibacterial activity of GPC nanofibers against E. coli 

and S. aureus bacteria. The inhibition zones of GPC 

nanofibers were larger than the positive control. This 

is because chitosan used in the formulation also has  

antibacterial properties [30], which further enhances 

the antibacterial activity. The GPC nanofibers showed 

a better antibacterial activity against both bacteria. For 

E. coli (Figure 8(a-b)), the higher the concentration of 

GS loaded, the greater the diameters of the inhibition 

zones observed. In addition, the diameters of the
 
 

 
Figure 7. Illustration of gentamicin dissolution in PC nanofibers 

 

 

Table 1. Comparison of kinetic release models for crosslinked GPC nanofibers. 

 

Nanofibers 

r2  

Zero order  First order  Hixson-Crowell  Higuchi 
Korsmeyer-

Peppas 
n 

1 % GS 0.2069 0.1782 0.1987 0.4027 0.7019 0.1399 

3 % GS 0.2056 0.1540 0.1743 0.4069 0.6672 0.1796 

5 % GS 0.2498 0.1942 0.2159 0.4742 0.7613 0.2156 

 

PC Nanofibers  

Gentamicin sulfate (GS) 
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Figure 8. (a) Inhibition zones of GPC nanofibers against E. coli, (b) Average diameters of E. coli inhibition 

zones over 5 consecutive days, (c) Inhibition zones of GPC nanofibers against S. aureus, (d) Average diameters 

of S. aureus inhibition zones over 5 consecutive days. 

 

 

bacteria inhibition zones increased by 1 to 2 mm from 

day 1 to day 5. On the other hand, the 5 % GPC 

showed the highest inhibition zone diameters for S. 

aureus while 3 % GPC showed the smallest bacteria 

inhibition zones (Figure 8(c-d)). This might be due to 

the irregular dissolution of the drug in the nanofibers. 

Further work in this area should include analysis in 

triplicate or more to achieve higher accuracy on the 

inhibition zone measurements. 

 

CONCLUSION 

 

Crosslinked PC nanofibers loaded with gentamicin 

sulfate at different concentrations were successfully 

fabricated using an electrospinning technique. Fine 

nanoscale fibers with a diameter of approximately 288 

nm to 354 nm were obtained. ATR-FTIR confirmed 

the presence of gentamicin sulfate molecules 

encapsulated in the network of PC nanofibers. The 

thermal stability of PC nanofibers decreased with the 

addition of gentamicin sulfate. The in vitro drug 

release profile revealed that PC has great potential as 

a drug carrier as it can provide a sustained release of 

gentamicin sulfate for up to 72 hours. The kinetic drug 

release followed the Korsmeyer-Peppas model with 

release exponent, n < 0.5. The fabricated nanofibers 

successfully inhibited the growth of Gram-negative 

(E. coli) and Gram-positive (S. aureus) bacteria. In 

conclusion, crosslinked PC loaded with gentamicin 

sulfate shows a promising future as an excellent drug 

delivery system for controlled release of hydrophilic 

drugs. The data obtained in this study can be used to 

further optimize drug loading and drug release 

capacity for effective targeted application. 
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