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ABSTRACT: Wound dressings based on sponges with good antimicrobial performance could be suitable options to 
prevent wound infection and promote wound healing for exudative wounds. In the current study, silver sulfadiazine 
(AgSD) loaded ionically crosslinked pectin (PEC)/ polyvinylpyrrolidone (PVP) based composite sponges were 
fabricated by freeze-dried molding with tunable mechanical features for wound dressing application. The structure of 
composite sponges was confirmed by Fourier transform infrared spectroscopy (FT-IR) and they were characterized in 
terms of gel fraction, mechanical, swelling, degradation and drug release properties. In particular, the longer incubation 
of composite sponges in CaCl2 solution resulted in enhanced mechanical properties. For instance, compressive moduli 
of PEC sponges were improved from 23.30 kPa to 37.24 kPa after 30 minutes and 120 minutes incubation in CaCl2 
solution, respectively. Moreover, the addition of PVP improved the mechanical property of pectin. All composite 
sponges exhibited higher gel fraction in distilled water compared to phosphate buffer saline (PBS, pH: 7.4). 
The composite sponges exhibited rapid and high swelling ability of 802.47±69.31% and 714.56±39.78% for PEC and 
PEC/PVP composite sponges, respectively. They degraded completely after 48 hours. AgSD entrapment efficiency was 
about 70% for all composite sponges. The AgSD release from PEC slightly reduced after blending PVP, and the 
cumulative release was 39.19% and 51.49% after 1 h, respectively. AgSD/PEC and AgSD/PEC/PVP composite 
sponges allowed AgSD release for six hours. In summary, AgSD/PEC/PVP composite sponges with antimicrobial 
activity have a favorable potential to accelerate wound healing by providing wound closure and effectively absorbing 
wound exudates.  
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1 .  INTRODUCTION 

Skin represents a fundamental role in protection, hydration, secretion, and thermal regulation. Serious 
skin disruption upon trauma, burn, and cut could result in increased mortality [1]. Hence, the functional 
management of wounds could present a great challenge to medical staffs and financial burden to healthcare 
system. For instance, skin traumas affect 10 million people in the United States, and $50 billion were spent 
annually for the treatment [2]. Since, there has been growing incidence of skin wounds upon aging population 
paired with chronic diseases, there is an urgent need for functional wound care materials. 

Wound healing is well orchestrated and complicated biological process that requires interaction of 
various cells, cytokines, growth factors [3]. Thereby, wound care materials should be designed according to 
specific needs of wounds. An ideal wound dressing should have biocompatibility, suitable mechanical 
property and flexibility, favorable water vapor transmission and gaseous exchange rate, provide proper 
removal of excess exudate, prevent risk of infection, and enhance tissue-healing rate [4-6]. In particular, 
wounds (both acute and chronic) could include some exudate. In acute wounds that can heal within 8-12 
weeks, the amount exudate could gradually decrease in the healing process. However, large amount of 
exudate generated owing to inflammatory process [7]. 
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Currently, plenty of novel wound dressing materials such films, foams, sponges or hydrogels have been 
developed by using natural or synthetic materials, or a combination of them [8]. Even though there has been 
a growing interest to develop effective wound dressing, wound dressings technology still cannot meet the 
demands of clinical needs because of the complexity of wound healing. Recently, composite sponges have 
presented favorable alternatives for the management of especially exudative wounds due to their superior 
capability of absorbing wound exudates, high porosity, high surface area and pore volume to achieve wound 
healing as well as enhancing hemostasis [8-10]. In this study, silver sulfadiazine incorporated ionically 
crosslinked pectin and polyvinylpyrrolidone (PVP) based composite sponges were developed for intended 
use in exudative wounds. Silver sulfadiazine is an antibacterial agent for topical treatment of wounds due to 
its significant broad-spectrum antimicrobial activities and enhanced patient survival [11, 12]. 

Pectin, a natural polysaccharide, has been widely investigated in fabrication of wound dressings thanks 
to its hydrophilic structure, stability in acidic conditions mucoadhesive, antimicrobial and film forming 
behavior as well as its favorable biocompatibility and biodegradability [13-15]. Pectin is obtained from the cell 
walls of most plants and is composed of linear chains of (1–4)-linked α-D-galacturonic acid residues [16, 17]. 
Furthermore, pectin has strong anti-inflammatory effect owing to the high level of esterified galacturonic 
acid residues [18]. The guluronate or galacturonate blocks of pectin can be crosslinked in the presence of 
divalent cations such as Ca2+ to form egg-box model [19, 20]. The calcium and pectin could present a 
hemostatic effect by providing erythrocyte and the platelet accumulation. In addition, the presence of calcium 
ions into wound site could provide the generation of pro-inflammatory cytokines (e.g. tumor necrosis 
factor, interleukins) [21].  

PVP is a synthetic polymer that has been used for many years as a biomaterial, drug carrier, and 
excipients in owing to its biocompatibility, low chemical toxicity, and good transparency [22, 23]. It could be 
generally employed as main ingredient of wound dressings and temporary skin covers [24, 25]. PVP has a 
hydrophilic character beneficial to remove wound exudate and offer suitable moisture in wound bed to avoid 
scab formation and dehydration [26, 27]. PVP and Ag+ ions could strongly interact to generate a complex to 
accelerate formation and stabilization of Ag nanoparticles [28, 29]. Recently, Kumari and coworkers fabricated 
chitosan/PVP/nanocellulose composites by solution casting method. According to water vapor and oxygen 
permeability studies, their designed composites could allow a moist environment over wound bed [23]. Then, 
they coated one side of this composite by using stearic acid to obtain hydrophobic surface, while the other side 
revealed a hydrophilic surface. These asymmetric membranes were cytocompatible and exhibited a superior 
wound healing compared to symmetric dressing [30]. Archana et al. developed silver oxide nanoparticles 
incorporated chitosan/PVP films. These films allowed accelerated wound healing compared to cotton gauge 
and 100% chitosan based dressings [22]. 

Currently, Jung and coworkers developed alginate-pectin composite sponges through ionic 
crosslinking. Sponges with higher pectin concentration exhibited higher water absorption and higher bovine 
seum albumine release [16]. Wang et al. fabricated polyvinyl alcohol/alginate composite sponges by using 
ionic crosslinking and lyophilization process. In particular, composite sponges allowed over 20 fold volume 
expansion with unique shape-adaptive ability which is essential to entirely fill large, irregular, and deep 
wound site [31]. Ngece et al. developed a alginate-gum acacia sponges loaded with a combination of ampicillin 
and norfloxacin [8]. Tavakoli et al. designed a chitosan/PVP sponge containing platelet-rich fibrin for advance 
wound healing [10]. Ma and coworkers prepared nanocomposite sponges of sodium alginate/graphene 
oxide/polyvinyl alcohol for the management of exudative wounds [32]. 

In this initial study, silver sulfadiazine loaded pectin and PVP based composite sponges were fabricated 
by lyophilization method and crosslinked by the divalent cation CaCl2 to form a polymeric network. Firstly, 
the structure of formulation ingredient and active agent and the structure of composite sponges were 
evaluated by using Fourier-transform infrared (FT-IR). Then, initial wound dressing features of composite 
sponges including the mechanical properties, swelling ability, degradation profile, and gel fraction were 
investigated. Finally, in vitro drug release profile was determined. 
 

2. RESULTS AND DISCUSSION 

2.1. Fourier Transform Infrared Spectroscopy (FTIR) 

FT-IR spectroscopy was used to investigate chemical and/or structural characteristics of PEC, PVP and 
AgSD (Figure 1A). In the FTIR spectra of PEC, the strong and sharp absorption band at 1007 cm− 1 may be 
related to C-O and Si-O bonds presented in polysaccharide structure. The peaks located at 1126 cm− 1 and 2929 
cm− 1 were attributed to tertiary alcohol and alkane absorption, respectively, due to polysaccharide structure. 
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The observed peaks at 1560 cm− 1 and 1815 cm− 1 were correspond to stretching vibrations of carboxylate anion 
(COO-) and ester stretching vibrations of carboxyl (C=O), respectively. The broad band at about 3015-3600 cm-

1 was attributed to stretching of OH groups. The obtained results were consistent with previous findings for 
pectin [33]. In the FTIR spectra of PVP, the characteristic peaks were observed at 2921 cm− 1 and 1645 cm− 1 
correspond to stretching vibrations of C–H and C=O, respectively. In addition, a very broad band at about 
3000-3670 cm1 was related to stretching vibrations of O-H owing to absorbed water in accordance with 
previous literature [34, 35]. The FTIR spectrum of AgSD displayed a characteristic peak at 1229 cm−1 for the 
S=O asymmetric stretching vibration. The peaks associated with vibrational stretching of −NH2 were 
determined at 3341and 3389 cm−1. The peak observed at 1596 was attributed to phenyl structure conjugated to 
the NH2. In addition, the peaks presented at 1551, 1500 and 1412 cm−1 were assigned as pyrimidine skeletal 
vibrations [12, 36]. 

The chemical structures of PEC, PEC/PVP, PEC/AgSD and PEC/PVP/AgSD sponges were 
investigated using FTIR (Figure 1B). The expected peaks of all the components within the sponges were 
observed in the FTIR spectrum with small variations. Compared to PEC and PVP sponges, the hybridization 
of PEC/PVP in composite sponges resulted in the shift of carbonyl stretching vibrations (from 1644 to 1641 
cm−1) and hydroxyl groups (from 3276 to 3271 cm−1). Since carbonyl group tasked hydrogen bonding, the shift 
of this group indicated stronger intermolecular interactions compared to self-associated hydrogen bonding. 
In addition, ester-stretching vibrations were shifted to from 1737 to 1746 cm−1 with the presence of PVP in the 
composite sponges. The displacement of ester stretching vibrations could be attributed to generation of 
hydrogen bonds between PVP (from carbonyl group) and pectin (from oxygen of the C-O covalent bond in 
methoxyl groups) [37]. As a result, the blend of pectin and PVP could provide structural interactive network 
to from a functional structure. In case of PEC/AgSD and PEC/PVP/AgSD, it was not observed an undesired 
interaction between drug and polymers.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1. FTIR spectra of formulation ingredients and composite sponges A) FTIR spectra of AgSD (a), PVP 
(b), and (PEC) (c), B) FTIR spectra of PEC sponges (a), PEC/PVP sponges (b), AgSD/PEC sponges (c), 
AgSD/PEC/PVP sponges (d). 
 
 
2.2. Mechanical Behavior 

To obtain functional wound dressing material, the mechanical properties of material should be similar 
to human skin and possess high durability to adapt to wounds with different shapes [38, 39]. They could also 
have appropriate mechanical features not to break due to load or deformation. The contractility of 
myofibroblasts could lead a significant strain at wound site. The skin also could be faced with external 
mechanical forces. In addition, elastic properties of skin deformations and dressings should be comparable. 
Otherwise, high stresses and possible decohesions could occur at the applied edges [40, 41]. The compressive 
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moduli of designed sponges were calculated from the stress-strain curves. The compressive modulus and 
compressive strength were enhanced by the longer duration of crosslinking in CaCl2 solution and the presence 
on PVP. In particular, compressive moduli were improved from 23.3 ±5.9 kPa to 37.24±3.19 kPa of PEC sponges 
(p<0.01) and from 31.48±8.13 kPa to 43.05±4.12 kPa for PVP/PEC composite sponges (p<0.01) after 30 minutes 
and 120 minutes incubation in CaCl2 solution, respectively (Figure 2A). Moreover, compressive strengths were 
improved from 117.51±32.47 kPa to 198.29±30.23 kPa of PEC sponges (p<0.01) and from 134.85±29.42 kPa to 
219.11±34.69 kPa for PVP/PEC composite sponges (p<0.01) after 30 minutes and 120 minutes incubation in 
CaCl2 solution, respectively (Figure 2B). Since, the highest compressive strength and compressive modulus 
were obtained after 120 minutes of incubation in CaCl2 solution, for the following studies all composite 
sponges were crosslinked for 120 minutes.  
 
 

                                                                                  
 
Figure 2. Mechanical properties of PEC and PEC/PVP sponges. A) Compressive modulus and B) Compressive 
strength of composite sponges (n=4) (ns > 0.05,*p < 0.05, **p < 0.01). 
 
 
2.3. Gel Fraction Analysis 

Since the strength and flexibility of hydrogels have directly affected by gel fraction, gel fraction of 
composite hydrogels is of particular interest [16, 42]. Figure 3 displays the gel fraction of composite sponges. 
All composite sponges exhibited higher gel fraction in distilled water (DW) with 54.05± 3.31% and 57.45±4.42% 
for PEC and PEC/PVP, respectively. After immersion in PBS, PEC and PEC/PVP composite sponges revealed 
31.61±2.48% and 39.52±2.89% of gel fraction, respectively. In particular, the gel fraction decreased with the 
immersion in PBS, whereas increased by the presence of PVP. Herein, the composite sponges were crosslinked 
due to the immersion of pectin in a calcium chloride solution to form insoluble gels. The crosslinking density 
could be reduced by the exchange between sodium and calcium ions. Hence, composite sponges provided 
lower crosslinking in PBS solution, leading to a reduction of the gel fraction. 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3. Gel fraction of PEC and PEC/PVP sponges in PBS or DW (n=4) (ns > 0.05,*p < 0.05, **p < 0.01; ***p 
< 0.001). 
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For the application of wound dressings, the absorption of large volume exudates from the surface of 
wounds has a great importance. Hence, wound dressing materials need to have moderate swelling ability to 
remove exudate, maintain appropriate moisture preventing wound from drying, and further promoting 
healing [16, 22, 32, 43]. One of the main advantages of sponges in wound management is their ability to provide 
optimal moisture at the wound site due to outstanding water absorption [16, 38]. Figure 4 demonstrates the 
swelling ability of developed composite sponges in DW and PBS. All designed sponges exhibited a rapid and 
high swelling with greater than 500% swelling. All composite sponges swelled rapidly and reached swelling 
equilibrium in PBS after 60 minutes. However, the duration to reach swelling equilibrium has been reduced 
to 15 minutes in DW. The swelling capabilities of PEC sponges were higher compared to PEC/PVP composite 
sponges, after incubation in PBS or DW. Moreover, the swelling ability of all sponges was accelerated in PBS 
compared to DW. Particularly, after 2 hours, the swelling ratios (%) for PEC and PVP in PBS were 
802.47±69.31% and 714.56±39.78%, respectively. The swelling ratios (%) for PEC and PVP in DW after 2 hours 
were 762.46±64.25% and 637.71±54.16%, respectively. It is known that pectin could exhibit lower cross-linking 
density because of its low calcium content, which leads higher water absorption. Additionally, degree of 
crosslinking could be decreased by the exchange between sodium and calcium ions. Accordingly, the exchange 
of calcium ions in pectin based sponges immersed in PBS could lead relaxation of polymer chains, resulting 
in higher water absorption [16, 44]. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4. Swelling ratio (%) of PEC and PEC/PVP sponges in PBS or DW (n=4) 
 
 
2.5. Degradation Study 

The degradation profile of wound dressing is important factor for clinical application. Since rapid 
degradation could lead to the release of absorbed exudates, decreased hydration and finally rapid release 
of active agent, wound dressing material should not degrade too fast [41]. Figure 5 presents the degradation 
profile of composite sponges. The presence of PVP increased the weight remaining (%) of the composite 
sponges. After 6 hours of incubation, remaining masses of PEC and PEC/PVP were found to be 53.67±7.59% 
and 65.79±4.57%, respectively. The remaining mass (%) of all sponges was over 45% after 12 hours of 
incubation. After 24 hours of incubation, remaining masses were determined as 21.48±11.23% and 24.22±8.62% 
for PEC and PEC/PVP, respectively. The complete degradation of all composite sponges took about 48 hours.  
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Figure 5. Degradation studies of PEC and PEC/PVP sponges. A) The photographs of PEC and PEC/PVP 
sponges before and 6, 12, and 24 h after incubation in PBS, B) Degradation profile of PEC and PEC/PVP 
sponges in PBS (n=4). 
 
 
2.6. AgSD Entrapment And In Vitro Drug Release 

AgSD, an antimicrobial drug, was selected to characterize the drug carrying capabilty and in vitro 
release properties of PEC and PEC/PVP sponges.  Entrapment efficiency of AgSD was found as 70.19±8.21% 
and 73.27±7.94% for PEC and PEC/PVP sponges, respectively. In addition, drug loading of PEC and PEC/PVP 
sponges were 30.28 mg/g sponge and 28.99 mg/g composite sponge, respectively. The in vitro drug release 
result showed that drug release slightly reduced in PEC/PVP sponges compared to PEC sponges (Figure 6). 
After 30 minutes, 33.88±3.13% and 35.24±5.16% drug release occurred for PEC/PVP and PEC sponges, 
respectively. After 1 hour, drug release from PEC sponges reached 51.49±3.76%, while drug release from 
PEC/PVP composite sponges reached 39.14±6.74%. Drug release from the PEC and PEC/PVP sponges 

A) 

B) 
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reached 100.23±7.45% and 97.12±9.23% after 6 hours. The release curves of PEC and PEC/PVP sponges were 
applied to zero-order, first-order, Higuchi model, Korsmeyer Peppas, and Hixson Crowell. The results were 
shown in Table 1. In particular, Higuchi kinetic model exhibited a better fit. The release profile of silver 
sulfadiazine represented a linear relationship with the square root of time for PEC and PEC/PVP sponges, 
which indicated that the silver sulfadiazine released by diffusion. 
 
 

 
 
Figure 6. In vitro release profile of AgSD from AgSD/PEC and AgSD/PEC/PVP sponges (n=4). 
 
 
 

Table 1. Determination coefficient (R2) values of drug release kinetics of AgSD/PEC and AgSD/PEC/PVP 
sponges 
 

Code Zero order First order Higuchi Korsmeyer-
Peppas 

Hixson 
Crowell 

PEC 0.8938 0.9513 0.9851 0.9435 0.9405 

PEC/PVP 0.9163 0.9344 0.9624 0.8953 0.9379 

 
 

3. CONCLUSION 

Sponges with highly porous structure could be favorable alternatives for the management of exuding 

wounds [7-9]. In this study, PEC and PEC/PVP composites sponges based wound dressings were developed 

through freeze-dried molding by crosslinking in the presence of divalent cation CaCl2 for the delivery of AgSD. 

Herein, crosslinking density and the addition of PVP accelerated the mechanical properties. The PEC and 

PEC/PVP composite sponges showed rapid and high swelling ability as 802.47±69.31% and 714.56±39.78%, 

respectively. The complete degradation of all composite sponges completed after 48 hours. In addition, the 

entire release of AgSD from composite sponges completed after 6 hours. As a result, the developed composite 

sponges could be promising options to prevent wound infection and accelerate wound healing for exudative 

wounds. 

 
4. MATERIALS AND METHOD 

4.1. Materials 
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AgSD was kindly donated from Deva Pharmaceuticals (Turkey). High methoxy pectin was purchased 
from Herbstreith and Fox KG (Germany). PlasdoneTM C-30 was purchased from Ashland (Switzerland). All 
other chemicals and reagents were of analytical grade and purchased from Sigma-Aldrich (Germany). 
 
4.2. Preparation of Pectin/PVP Composite Sponges 

Pectin/PVP based composite sponges were fabricated by freeze drying molding [32] and crosslinked 
by the CaCl2. Briefly, 6% (w/v) pectin or pectin 6% (w/v) and PVP %4 (w/v) were dissolved in distilled water 
and stirred at 40 ⁰C for 3 h by magnetic stirrer to obtain a homogeneous gel. Afterwards, this gel poured into 
a mold, frozen at −20 °C for 24 h and lyophilized for 48 h. Following lyophilization process, obtained sponges 
were cross-linked with 0.1 M calcium chloride for 30, 60, 90 and 120 minutes. Afterwards, obtained constructs 
were washed by using distilled water, frozen at −20 °C for 24 h, and lyophilized for 48 h.  

4.3. Fourier-Transform Infrared (FTIR) Spectroscopy 

Firstly, to investigate the structure of formulation ingredients, the FTIR spectra of pectin, PVP, silver 
sulfadiazine were evaluated. Then, the FTIR spectra of composite sponges were investigated. FTIR 
spectroscopy was conducted using a FTIR spectrometer equipped with ATR sampling accessory (Jasco FT/IR-
4600) between 4000 and 400 cm−1 at a resolution of 4 cm−1[45]. 

4.4. Mechanical Properties 

To determine the mechanical properties of composite sponges, lyophylized PEC and PEC/PVP sponges 
were cut in the cylindrical shapes with a diameter of about 7 mm and thickness of about 2.5 mm. Then, samples 
were immersed in DW for 30 minutes to equilibrate, and mechanical properties were evaluated by 
compression tests using a mechanical testing machine (TA Instruments) [45]. Briefly, composite PEC or 
PEC/PVP sponges were loacated on the platen, and compressive strength of composite sponges were 
determined at a cross speed of 1 mm s-1 and a 80% strain level. The compressive modulus was calculated as 
the slope of the linear region in the 0-10% strain. 

4.5. Gel Fraction Analysis 

To investigate the gel fraction of the composite sponges, the sponges were weighed following 
lyophilization and incubated in distilled water or phosphate buffer saline (PBS, pH = 7.4) at 37ᵒC for 24 h to 
allow entirely dissolution of the ionically cross-linked polymer chains from the networks. Subsequently, the 
composite sponges were lyophilized for 48 h and weighed (n=4). The gel fraction percentage was determined 
by using following equation [46]: 
 

Gel fraction (%) =
The dry weight of sponges following incubation

The dry weight of sponges before incubation
x100 

 

4.6. Swelling  

The swelling capacity of the composite sponges in distilled water or PBS (pH=7.4) was evaluated by 
using gravimetric method. The composite sponges were lyophilized and weighed. Then, they incubated in 
distilled water or phosphate buffer saline (PBS, pH 7.4) at 37ᵒC, and at predetermined time intervals, the 
composite materials were weighed following removing the residual surface water or PBS with a filter paper 
(n=4). The swelling percentage was determined by using following equation[8]: 
 

Swelling ratio (%) =
The weight of swollen  sponges − The weight of dried sponges

The weight of dried sponges
x100 

 

4.7. Degradation Studies  

For the evaluation of in vitro degradation behavior of the composite sponges, formulations were 
incubated in PBS (pH 7.4) at 37ᵒC and they removed from the PBS after predetermined time points. The 
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composite sponges were dried by lyophylization and weight loss was monitored (n=4). The percentage of 
degradation was calculated by using following Equation [47]: 

 

Mass remaining (%) =
The final weight of composite  sponges

The initial weight of sponges
x100 

 

4.8. Determination of Encapsulation Efficiency and Drug Loading 

The fabricated drug loaded sponges were cut into small pieces and immersed in 10 ml of deionized 
water by stirring at 1000 rpm and 37 ⁰C for 24 hours. Afterwards, obtained solution was filtered and UV 
absorbance was determined at 287 nm. Drug entrapment efficiency (EE) was determined by using following 
equation: 

 
 

Entrapment Efficiency (%) =
Mass of drug found in sponges

Mass of the drug initially present
x100 

 

4.9. In vitro Release Studies 

Composite sponges were incubated in 10 mL of PBS (pH 7.4) at 37ᵒC to investigate in vitro release 
behavior [32]. At predetermined time intervals, 1 ml solution was withdrawn, and equal volume of fresh buffer 
was added to provide sink condition. The concentration of drug was determined at a wave-length of 287 nm 
(n=4). 
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