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ABSTRACT 

Polyvinyl alcohol (PVA)/carboxymethyl cellulose (CMC) hydrogels were fabricated with varying concentrations 
of CMC. The hydrogels underwent cross-linking using non-toxic and biocompatible citric acid (CA) in 
combination with the freeze-thaw technique. FTIR analysis confirmed the hydrogels' chemical structures, while 
SEM characterization determined their pore diameters and porosity ratios. Hydrogels with diverse porosities 
exhibited suitable pore diameters for skin cells. Moreover, the hydrogels demonstrated a high swelling 
capacity, and the augmentation of CMC content resulted in increased water retention capacity. Their water 
vapor transmission, combined with their swelling properties, highlights their potential as suitable materials for 
use in wound dressings. These biopolymer-based hydrogels show promise for various applications, including 
wound dressings and biomimetic artificial skin, effectively replicating the properties of the epidermis and 
dermis. 

 

 
1. INTRODUCTION 

Skin constitutes ~20% of the body weight and is 

one of our largest organs [1]. Skin from the lower 

layer to the upper layers (from inside to outside) are 

listed as hypodermis (subcutaneous tissue), 

reticular dermis, papillary dermis, stratum basale, 

stratum spinosum, stratum granulosum, stratum 

lucidum, and stratum corneum. The predominant 

cell type of the epidermis is keratinocytes, which 

are also involved in forming the epidermal water 

barrier. Moreover, melanocytes manufacture the 

melanin pigment. Langerhans cells process 

antigens that enter the skin, and Merkel cells are 

concentrated in areas where sensory perception 

occurs immediately, such as the fingertips. In 

addition, the skin includes hair follicles and skin 

supplements like hair, sebaceous glands, and 

sweat glands [2]. 

The skin, which covers our body from the 

outside and protects us against physical damage 

from the environment, is injured throughout life for 

various reasons, such as injuries, surgery, and 

burns. These acute wounds heal in an acceptable 
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period, and chronic wounds where healing takes 

longer and complete healing cannot occur. 

Physiology of healing of skin injuries covers the 

stages of hemostasis, inflammation, proliferation, 

and remodeling [3]. Hemostasis is the body's first 

response to a wound to reduce blood loss by 

contracting blood vessels. During the inflammation 

stage, neutrophils migrate to the injured area and 

protect the wound against outside microorganisms. 

The proliferation stage includes granulation tissue 

beginning to form from the wound base and re-

epithelialization [4]. During the remodeling stage, 

type 1 collagen is replaced by type 3 collagen, and 

the extracellular matrix is remodeled into a more 

mature structure with greater integrity [3]. These 

stages do not occur sequentially but rather in 

interlocking periods. In addition to traditional wound 

dressings used in wound healing, alginate 

dressings, polyurethane foam dressings, hydrogel 

dressings, hydrocolloid dressings, and nanofiber 

dressings are being developed to make wound 

healing more comfortable, support cell 

regeneration, and protect the wound against 

pathogens. Apart from wound dressings, artificial 

skin substitutes have also attracted attention in 

recent years. If we review these, Epidex, a 

permanent epidermal skin substitute, was 

commercially available in Switzerland in 2004 and 

produced for treating chronic wounds. MySkin was 

named biomedical product of the year in 2008 and 

is a permanent epidermal skin substitute used to 

treat chronic ulcers. Suprathel is a cell-free 

temporary epidermal skin substitute used in 

second and third-degree burn treatments. 

Alloderm, the most widely used brand of acellular 

dermal matrix, is a permanent dermal substitute. 

Dermagraft is a permanent dermal skin substitute 

derived from cryopreserved human fibroblast. 

Biobrane is a cell-free dermal skin substitute 

composed of nylon mesh and a thin layer of 

silicone, and more commercial products are 

available in addition to the products mentioned 

above.  

Skin substitutes can be developed under in 

vitro, in vivo, and ex vivo conditions [5]. The most 

remarkable skin substitute production methods are 

the biopsy tissue method and the bioprinting 

method. In addition to the advantages of these 

methods, they also have disadvantages, such as 

ethical problems and difficulties in maintaining cell 

viability. Therefore, in this study, we focus on 

hydrogels that offer similar properties to skin. In the 

realm of literature, "hydrogel skin" encompasses 

hydrogels that exhibit both flexibility and electrical 

conductivity [6], [7], [8], in addition to those capable 

of facilitating drug release [9], [10] and possessing 

tissue adhesive [11], [12] properties intended for 

use on the skin. 

In the study, we discussed poly(vinyl alcohol) 

(PVA) and carboxymethyl cellulose (CMC) based 

hydrogels, which are remarkable in many sectors 

such as biomedical, food packaging, and 

agricultural applications. CMC, a derivative of 

cellulose obtained from natural sources, is a 

biocompatible, water-soluble, non-toxic, and 

biodegradable biopolymer. The low strength 

problem of CMC can be overcome by using it 

together with PVA [13]. Citric acid (CA) is the cross-

linking agent for PVA/CMC-based hydrogels. 

Classified as "generally recognized as safe" by the 

Food and Drug Administration [14], citric acid is an 

aliphatic organic acid known for its environmentally 

friendly, biodegradable properties. It can be quickly 

metabolized and eliminated from the body. Citric 

acid can create both physical and chemical cross-

links. It forms cross-links with polymer chains via 

ionic interactions or hydrogen bonds at room 

temperature [15] esterifies the hydroxyl groups in 

nearby polymer chains to create cross-links at high 

temperatures [16]. 

2. MATERIALS AND METHODS  

2.1. Materials  

Polyvinyl alcohol (PVA, Mw: 60000) and citric acid 

monohydrate (CA, Mw: 210.14) were purchased 

from Merck, Germany. Carboxymethylcellulose 

sodium salt (CMC, Melting Point: >300 °C) was 

purchased from ThermoFisher, Germany. The 

entire chemicals were of analytical grade and were 

used as received without any purification. 

 

2.2. Hydrogel Production for Lower Layer  

 

10%wt. PVA solution and 1.66% wt. CMC solution 

was dissolved in distilled water in separate beakers 

in a magnetic stirrer. When the PVA solution 

became clear, the CMC solution was leisurely 

supplemented while continuing to stir. After mixing 
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the mixture for a while, CA, 20% of the total 

polymer weight, was supplemented to the solution. 

The prepared hydrogel mixture was poured into 

Petri dishes and under room conditions for 1 night 

to remove air bubbles. Petri dishes containing a 

homogeneous hydrogel solution, free of air 

bubbles, were placed at -20 C for freezing. And 2 

cycles of freeze-thaw were applied to the hydrogel 

(S1). The thawing process was carried out under 

room conditions. 

Similarly, the weight ratio of the hydrogel, S2 

polymers, which was later selected as the dermal 

skin substitute, was PVA: CMC 4:3. In the same 

way, CA was added 20% by weight of the total 

polymer, and the Petri dishes were under the room 

conditions for 1 night to remove air bubbles. After 2 

cycles of freeze-thaw, the preparation of hydrogels 

was completed. 

 

2.3. Hydrogel Production for the Upper Layer  

 

Similar production steps were applied to the 

hydrogels prepared as dermal layer substitutes and 

to the hydrogels developed for the epidermal layer 

substitute. The aim of increasing the CMC and, 

therefore, the CA ratio in the hydrogel content is to 

aim for a smaller pore diameter and more cross-

linking than the dermal substitute. This hydrogel 

(S3) was chosen as the epidermal skin substitute 

and had a PVA: CMC 1:1 weight ratio.  

 

2.4. Characterization of PVA/CMC-Based 

Hydrogel  

 

Fourier Transform Infrared (FTIR) spectra of 

lyophilized S1, S2, and S3 hydrogels and PVA, 

CMC, and CA dry powders were recorded with 

Spectrum Two FT-IR Spectrometer (PerkinElmer, 

USA). The samples were scanned in the 

wavenumber range of 400-4000cm-1 (20 scans 

with a resolution of 4 cm−1). 

 

2.5. Determination of Pore Size  

 

All hydrogels were lyophilized and then cut, and the 

inner sides cut images of the hydrogels were 

perused under a field emission scanning electron 

microscope (FESEM, Quanta 450 FEG). 100x and 

500x zoom FESEM images were examined with 

ImageJ software.  

 

2.6. Swelling Study 

 

The hydrogels were lyophilized and placed in 15 

mL volume Falcon centrifuge tubes at room 

temperature, and the Falcon centrifuge tubes were 

filled with 10 mL distilled water. The initial weights 

(W0) of the hydrogels were determined, and the 

weights of the hydrogels continued to be measured 

at regular intervals. The hydrogels' swelling ratios 

(%) in distilled water can be determined using the 

following equation: 

 

𝑆𝑅% = ((WT-W0)/W0) × 100%                (1) 

 

W0 is the initial weight of the hydrogels, while WT is 

the weight of the hydrogels exposed to the 

application during time (t). 

 

2.7. Water Retention Capacity of Hydrogels  

 

Lyophilized hydrogels were swollen for 24 hours in 

Falcon centrifuge tubes filled with distilled water. 

The excess water (bulk water) on the surface of the 

hydrogel was eliminated with filter paper, and then 

the weight (WW) of the hydrogel was determined. 

Hydrogels were placed in a hot air oven (37 °C) in 

open-top petri dishes. Water retention capacity (%) 

was calculated via Eq. (2): 

 

W𝑅𝐶%=  ((WW-WD)/WW) × 100%             (2) 

 

WW is the initial swollen (wet) weight of the 

hydrogels. WD is the weight of hydrogels that lose 

water (dry) over time. 

 

2.8. Determined of Water Vapor Transmission   

 

Water vapor transmission of hydrogels (WVTH) 

characterization was performed under room 

conditions in a desiccator assembly. An open-

mouth rectangular container (10.5 cm x 17 cm) was 

filled with 500 mL of water. The container filled with 

water was placed in the lower compartment of the 

desiccator. On top of the desiccator disc was a 50 

mL falcon tube (ISOLAB, Turkey) filled with 

anhydrous calcium chloride. CaCl2 was dried in the 

oven and weighed before being filled into the tube. 

The cap part of the CaCl2-filled falcon tube was 

covered with hydrogel. There is no hygroscopic 
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material other than CaCl2 in the WVTH assembly. 

Finally, the CaCl2 kept in the WVTH assembly for 1 

night was weighed. 

 

2.9. Gel Fraction Test 

 

The lyophilized hydrogels were cut into square 

shapes (0.8 mm × 0.8 mm) and weighed 15±0.3 mg 

(W0). For one day, hydrogels were swollen in 15 

mL falcon tubes as in the swelling test. The excess 

water was removed from the surface of the 

hydrogel using filter paper and dried in an oven at 

37±1°C for approximately 1 day until the weights of 

the hydrogels reached equilibrium and their 

weights were weighed (Wd). 

The gel fraction (%) of hydrogels is determined 

using the following equation: 

 

GF (%) = ((W0 − Wd)/W0) × 100%                       (3) 

 

W0 is the initial weight of the hydrogels, while Wd is 

the reached equilibrium weight of the hydrogels. 

3. RESULTS AND DISCUSSION  

3.1. FTIR Analysis  

 

A broad band of O-H stretching occurs at around 

3400 cm-1. The peak at 1086 cm-1 is characteristic 

for the C-O group of PVA [17]. The peak at 1586 

cm-1 corresponds to the C=O stretching of the CMC 

carboxylate group. The band between wavelengths 

1428 – 1282 cm-1 correlates with the CH groups' 

planar deformation. The band around 1057 cm-1 

represents the C-O stretching of cellulose, 

hemicellulose, and aliphatic primary and 

 

Figure 1. FT-IR spectra of (a) PVA powder, (b) CMC powder, (c) CA powder, (d) S1 hydrogel, (E) S2 
hydrogel, (f) S3 hydrogel. 
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secondary alcohols. The peaks at 1744 cm-1, 1721 

cm-1, and 1689 cm-1 refer to carboxylic acid and 

ester bonds [18]. Additionally, the peaks at 1107 

cm-1 and 778 cm-1 are characteristic peaks of CA 

for C-O and C-C stretchings, respectively. The 

presence of a peak at 2937 cm-1, corresponding to 

the saturated aliphatic C-H group in the cellulose 

chain, and the extension of the C-O-C band of the 

hydrogels to the 1078 cm-1 peak provides further 

evidence that CA participates in the structure as a 

cross-linker in the hydrogel matrix. 

 

3.2. Study on the Pore Size of Hydrogels  

 

Human skin cells have an average diameter of 40 

μm [19]. The optimal pore size required for skin cell 

regeneration in adult mammals is 20-125 μm [20]. 

The predominant cell type of the epidermis is 

keratinocytes [21]. If the keratinocytes are less than 

11 μm in diameter, it is able to proliferate (this can 

be up to 20 μm), but if the keratinocytes are larger 

than 20 μm in diameter, they cannot proliferate 

 

Figure 2. SEM images of hydrogels captured at various magnification levels are represented as follows: 
(a) S1, (b) S2, and (c) S3. 
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[22], they grow. Nonproliferating keratinocytes can 

grow up to 30 μm in diameter [23]. The papillary 

layer, located just below the epidermis, is rich in 

collagen (mainly type 1 collagen) and elastic fibrils 

[21]. Mizukoshi et al., as a result of their studies 

[24], [25], assumed that the dermal papillary 

structure' diameter was approximately 20 μm. 

S1 has a porosity of 45.479% and pore sizes 

ranging from 2.714 to 69.158 μm. S2, chosen as 

the dermal layer substitute, has 63.722% porosity 

and pore sizes ranging from 2.244 to 73.539 μm. 

S3, selected as the epidermal skin substitute, has 

a porosity of 42.529% and pore sizes ranging from 

3.429-32.620 μm. Hydrogel artificial skin 

substitutes with micropore sizes have a pore size 

appropriate for the regeneration of dermis and 

epidermis cells and a pore size sufficient for the 

growth of cells, as supported by the literature. 

While pores with an average diameter of 40 μm 

support new cell formation, pores <40 μm serve as 

cell scaffolds. Moreover, hydrogel artificial skin 

substitutes are in a range that will not prevent the 

adhesion of cells (cells cannot attach to >150μm 

pores [26], [27]). These results, obtained with FE-

SEM images and ImageJ software, state that, as 

intended, the layers have different surface porosity 

ratios. 

 

3.3. Swelling Analysis  

 

When a dry hydrogel begins to swell in an aqueous 

environment, the most polar hydrophilic groups 

begin to hydrate first, called primary-bound water. 

As the polar groups hydrate and swell, the 

hydrophobic groups that interact with the remaining 

water molecules bind to the water, called 

secondary-bound water [28]. In the study, we noted 

that with the initial swelling of the hydrogels, their 

dry weight increased by 5.7 (S1), 6.25 (S2) and 3.1 

(S3) times, respectively. The water capacity of the 

 

Figure 3. a) Swelling ratio (%) graph, b) Changes in the weight of hydrogels as they swell over time,        
c) Water retention capacity (%) graph, d) Water loss of hydrogels over time graph. 
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hydrogels reached equilibrium in approximately 90 

minutes. The swelling analysis was continued 

throughout this period.  

The results show that the swelling capacity of 

the hydrogel changes with the amount of CMC and 

the cross-linker effect, as reported by Bucak et al. 

(2022) [29]. Depending on the amount of CMC and 

total polymer in the hydrogels, the swelling capacity 

first increased with the increase in the amount of 

CA. Then, as our predictions and FESEM images 

show, the amount of water taken into the hydrogel 

matrix is restricted due to a tight network structure 

of S3. 

 

3.4. Water Retention Analysis  

 

The hydrogels were swollen for 24 h, and bulk 

water was removed from the hydrogels with filter 

paper. The water retention capacities of the 

hydrogels kept at 37 °C, representing the human 

body temperature, were determined with Equation 

2. The hydrogels, which were measured 4 times, 

showed weight loss of 24.04%, 23.08%, and 

12.31% of their WW, respectively, in the first half 

hour. Conclusions show that S1 and S2 exhibited 

similar water retention capacity results, just like in 

the swelling analysis. Moreover, after two hours, 

the hydrogels lost 62.52%, 56.85%, and 34% of 

their weight. As supported by the literature [29], 

[30], we can also say that the hydrogel containing 

more CMC has a higher water retention capacity. 

As explained in the introduction, keratinocytes are 

the dominant cells of the epidermis, and they 

participate in the epidermal water barrier. S3 

provided the closest properties to the epidermal 

water barrier, having a higher water retention 

capacity and lower swelling capacity than other 

hydrogels. Another reason why we chose S3 as an 

epidermal skin substitute is its pore size (Fig. 2.). 

Although the hydrogels in our study do not fully 

provide the epidermal water barrier feature, 

increasing the amount of CMC shows that it will be 

effective in making the hydrogels similar to the 

epidermis layer. 

 

3.5. Water Vapor Transmission  

 

The air permeability of the hydrogel dressing was 

assessed by examining the water vapor 

permeability of S2, characterized by the highest 

pore volume and identified as the dermis 

equivalent with the highest gel fraction value. 

PVA/CMC-based hydrogels are designed as 

biomimic skin equivalents and wound dressings. 

Wound dressings should not completely deprive 

the wound of oxygen. They should allow gas inflow 

and outflow [31]. However, sudden discharge of 

water vapor dehydrates the wound and may cause 

the dressing to stick to the wound and cause 

secondary trauma. 

The WVTH test was carried out using a 

desiccator setup. The water in the lower section of 

the desiccator evaporated and was retained by the 

hygroscopic CaCl2 passing through the hydrogel 

membrane. The desiccator was sealed for one 

night, and the CaCl2, initially with an oven-dried 

weight of 49.38 g, increased by 3.36% to reach 

51.04 g. 

The test, conducted under normal room 

conditions using a desiccator setup, confirmed that 

the hydrogel dressing allowed gas to enter the 

injured area. 

 

3.5. Gelation Degrees of Hydrogels  

 

Gel fraction analysis was performed to obtain 

information about the cross-linking capacity of 

hydrogel matrices. Gelling agents are divided into 

natural and synthetic group ensuring that the 

material becomes viscous or, in other words, 

thixotropic [32]. To determine the gelation degrees 

of PVA/CMC-based hydrogels, the lyophilized 

hydrogels were swollen and their weights were 

measured. Then, the hydrogels were dried until 

they reached their equilibrium weight, and their 

weights were measured again. 

Cellulose derivatives are used as gelling 

agents. However, as mentioned in the literature 

[33], CMC-based hydrogels offer a gelation degree 

of approximately 40%. Similar to the literature, as a 

result of gel fraction analysis, the gelation degree 

of S1 (2:1) was measured as 38.73%, the gelation 

degree of S2 (4:3) as 48.61%, and the gelation 

degree of S3 (1:1) as 45.33%. 

Compared to CMC-based hydrogels, recent 

hydrogel studies [34], [35] offer gelation degrees of 

>90%. In this context, the cross-linker ratio (CA 

ratio) is planned to increase the gelation degrees 

of CMC-based hydrogels in future studies.  
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4. CONCLUSIONS   

PVA/CMC hydrogels were prepared at different 

ratios: S1 (2:1), S2 (4:3), and S3 (1:1). A non-toxic 

cross-linker, CA, was added at 20% by weight of 

the polymer, and the hydrogels were successfully 

produced using 2 cycles of the freeze-thaw 

process. The hydrogels exhibit a notable swelling 

capacity, which can swell up to 15 times their dry 

weight. An increased CMC ratio correlates with a 

higher water retention capacity in the swollen 

hydrogels. FESEM images analyzed with the 

ImageJ program show that the pore size of S1 

ranges from 2.714 to 69.158 μm. S2 has a pore 

size ranging from 2.244 to 73.539 μm, and S3 

exhibits pore sizes ranging from 3.429 to         

32.620 μm. The hydrogels possess diverse pore 

sizes with suitable pore diameters that facilitate the 

proliferation and growth of skin cells while also 

functioning as a scaffold for skin cell growth. In 

addition to meeting the properties of biomimicry 

artificial skin, these hydrogels are also suitable for 

wound dressings; hydrogels have been proven to 

allow the exchange of gases. The results of the gel 

fraction of the hydrogels were found to be 

43.67±4.94%. CMC-based hydrogels will be 

supported with different cross-linking techniques in 

future studies.  
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