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Abstract: Wound dressings developed by combining plant extracts with polymers have made a 

great progress in wound care treatment. One plant with remarkable healing properties is Phyllanthus 

emblica Linn (P. emblica), which has been described as having potent antioxidant, antimicrobial and 
anti-inflammatory properties. The aim of this study was to evaluate the biocompatibility of P. 

emblica loaded polyvinylalcohol/gelatin based cryogels (PVA/Gel/P.emblica) through cytotoxicity 
and proliferation tests in HaCaT cells and examine their potential in wound dressing applications. 

Accordingly, PVA/Gel/P.emblica cryogels were successfully synthesized and characterization 

studies and in vitro cell culture studies were performed. The swelling tests and BET analysis results 

showed that swelling and surface area properties of cryogels increased with increasing P. emblica 

amounts. Morphological results displayed that the cryogels had a dense, interconnected pore 

morphology and a macroporous structure. 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium 

bromide (MTT), trypan blue exclusion and live-dead assay results revealed that P. emblica enhanced 

cell proliferation, increased cell number and improved cell viability. Based on the scanning electron 

microscope (SEM), immunofluorescence and giemsa staining images, it was observed that P. emblica 

promoted cell attachment, proliferation and penetration. These findings confirm that 

PVA/Gel/P.emblica cryogels are suitable for use as wound dressing materials and can be developed 

with further studies. 

Keywords: Wound healing; Phyllanthus emblica; cryogel; wound dressing materials 

 

1. Introduction 

The skin is the first line of defense of the human body, which surrounds the body and acts as a 

barrier against external factors [1]. Infections cause illness and death in millions of people worldwide 

due to the lack of effective wound care [2]. The primary purpose of wound care is to protect the 

wounds from further damage caused by the loss of moisture, the presence of microorganisms and 

external factors [3]. Throughout history, wound care and healing have been supported by various 

types of materials and structures to maintain skin integrity [4]. Considering the complex nature of 
the wound healing process, it is of great importance to choose the appropriate treatment method [4]. 
Currently, wound dressings are mainly used to protect wounds from infection and to facilitate the 
regeneration and maintenance of dermal and epidermal tissues during the wound healing process 

[5,6]. Wound dressings should provide a barrier to the wound area against external factors, keep the 

wound area moist, and permit gas exchange to ensure optimal healing. In addition to these 

properties, they should be non-toxic, non-adherent, non-allergenic, non-inflammable, comfortable, 

biocompatible and biodegradable [7]. 
Owing to their distinctive properties, such as adequate flexibility, hydrophilicity, 

superabsorbancy, and softness, hydrogels have become appealing candidates for use as wound 

dressings [8]. However, a major drawback of hydrogels is their low mechanical stability at swollen 

state which complicates their usage [9,10]. In contrast, cryogels which are macroporous structures 

offering superior physical properties compared to hydrogels are highly desirable for various 
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biomedical applications, especially for wound dressings [11,12]. Cryogels are fabricated via 
cryogelation process at subzero temperatures which allows the formation of the large interconnected 

macroporous structure of the cryogel (Figure 1) [13]. This macroporous structure enables mass fluid 
transfer and high surface area to volume ratio for cell growth or drug loading [14]. Cryogels exhibit 
advanced swelling and mechanical properties as well as interconnected porous structures [10]. 

 

Figure 1. Schematic representation of the synthesis of cryogel. A) Solution of monomer and an 
aqueous solvent; B) cryogelation achieved after sub-zero incubation and ice crystal formation. C) 
formation of mature super-macroporous cryogel. 

Cryogels can be composed of natural and synthetic polymers as well as their combinations [15]. 
Synthetic polymers that are used for the synthesis of cryogel wound dressings are poly(vinyl alcohol) 
(PVA), polyglycolic acid, poly-l-lactic acid (PLLA), poly(lactic acid) (PLA) and poly(ethylene glycol) 
(PEG). Natural polymers such as alginate, gelatin (Gel), collagen, silk fibroin (SF), chitosan and 
hyaluronic acid (HA), are also frequently used [16,17]. These polymers can be combined with 

materials such as different drugs and plant extracts to possess antioxidant and antimicrobial 

properties [17,18].  

Plant-based therapies have been a source of medical treatment since ancient times. Nowadays, 
many different medicinal plants and their extracts are being studied and utilized to treat wounds 

because of their potential reparative and therapeutic effects on wounds [19]. The medicinal value of 
plants depends on the presence of phytochemical components such as flavonoids, tannins, alkaloids 

and phenolic compounds. The wound healing process is supported and accelerated by bioactive 

substances found in plants. These herbal extracts are added to wound dressing materials to aid 

wound shrinkage, epithelialization and vascularization, thereby accelerating the wound healing 

process [20]. Recent advances in wound dressings developed with the combination of plants with 
polymers enable great progress in wound care treatment [21].  

Phyllanthus emblica Linn (P. emblica; Emblica officinalis Gaertn) is a medicinal plant from the 
Phyllanthaceae family, also known as the Indian gooseberry or amla. It is distributed throughout 

tropical and subtropical regions of India, Indonesia, Uzbekistan, Pakistan, Southeast Asia, China, 
Srilanka and Malaysia [22,23]. In accordance with the belief in traditional Indian mythology, P. 

emblica is considered as the first tree to be created in the universe [24]. P. emblica has been used in 

medicinal systems including Ayurveda for centuries due to its unique restorative and rejuvenating 

potential. Moreover, it is considered as “the King of Rasyana” in Ayurveda because of its amazing 

rejunavation and reconstructive abilities. P. emblica has been used for the treatment of various 

diseases including asthma, cough, diabetes, diarrhea, cancer, hepatic disorders, peptic ulcer, 

inflammation, jaundice and heart diseases [25,26]. Previous studies revealed that P. emblica extracts 

possess strong antioxidant, anti-microbial and anti-inflammatory properties [27]. Antioxidants are 
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thought to aid tissue repair during wound healing by helping to defend against oxidative stress and 

inflammation [22]. The activity of P. emblica extract on wound healing has also been investigated in 

various studies, and in vitro studies have shown that P. emblica exhibits significant wound healing 

activity through the proliferation and mobilization of fibroblasts and keratinocytes [28–30]. 
Documented that P. emblica has a high antioxidant capacity and improved endothelial wound healing 

at low concentrations. However, it was observed to have an adverse effect on wound healing at high 

concentrations [30]. The wound healing model of P. emblica in the Wistar albino rat was investigated. 

This study demonstrated 95% regeneration of the dermis and epidermis in P. emblica treated rats over 

a 16-day period. Treated rats showed higher amounts of type 1 collagen along with better maturation 

and crosslinking, thus verifying the role of P. emblica in wound healing [31]. In this present work, P. 

emblica was loaded into PVA and Gel based cryogels, and characterization and in vitro studies was 

performed to evaluate the possibility of synthesized cryogels as wound dressing materials. The aim 

of this study was to assess the wound healing, cytotoxicity, migratory activities of P. emblica loaded 

wound dressing materials in HaCaT cells. 

2. Materials and Methods 

2.1. Preparation of P. emblica Loaded Wound Dressing Materials 

P. emblica in powder form was provided by Sabinsa Corporation, USA. PVA powder (99% 
hydrolyzed, Sigma-Aldrich, USA) was dissolved in ultrapure water (10% w/v) under slow stirring at 
80°C. Gel (bovine skin, Sigma-Aldrich, USA) solution was prepared in ultrapure water (3% w/v) at 
40 °C in a water bath. After that, PVA and Gel were mixed at a ratio of 1:2 (v/v). P. emblica powder 

was dissolved in 5% DMSO (v/v) solution and then it was filtered through sterile Millex® Syringe 

Filters (0,22 µm). Different concentrations of P. emblica (0.5%, 1%, 1.5% and 2%) were added into the 
polymeric solution under magnetic stirring. Finally, glutaraldehyde (2% weight of total polymer 

amount) (Merck, Germany) was added as a crosslinker to the polymer mixture. After adding 

glutaraldehyde, the polymer mixture was mixed at low speed for 15 seconds and then poured into a 
24 well plate. The whole mixing process was completed within 5 minutes. For comparison, cryogel 

without P. emblica was also synthesized according to the same protocol. Finally, the mixture was 

poured into 24 well plates and cooled in the freezer at -16 °C for 12 hours. After the polymerization 
process, the cryogels were thawed at room temperature and washed several times with distilled 

water to remove the unreacted polymers and crosslinkers.  

2.2. Swelling Tests 

Cryogels were dried by lyophilizer (BK-FD10, Biobase) at -55°C for 2 hours and then dry samples 
(md) were weighed. The dried cryogels were immersed in ultrapure water. The swollen cryogels were 
weighed (msw) at regular time intervals until equilibrium was achieved. Excess water was wiped off 
from the swollen cryogels before weighing them. The swelling ratio (SR %) was determined using 
the formula  

 SR (%) = (msw-md)/md × 100% (1) 
where md are the weight of the dry cryogel before swelling, msw is the weight of the swollen cryogel. 

For the polymerization yield of cryogels, the total amount of components added to the polymer 

solution was recorded (mt). The polymerization yield was calculated according to Equation 2. 
 Polymerization yield (%) = (md / mt) × 100% (2) 
The swollen and squeezed cryogel weights were recorded to determine the macroporosity of 

cryogels. In this regard, cryogels were immersed in ultrapure water until swelling. The swollen 

cryogels (msw) was weighted. After the swelling process was completed, swollen cryogels were 
squeezed and weighed (msq) [32,33]. The macroporosity of cryogels were calculated according to 
Equation 3. 

 Macroporosity (%) = (msw − msq)/msw × 100% (3) 
The same calculations were applied for all cryogels. The experiments were repeated three times 

and mean values were calculated. 
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2.3. BET Analysis 

The specific surface area is one of the most important properties of porous materials to be 

detected. BET analysis was carried out to investigate the surface areas of the prepared PVA/Gel and 

PVA/Gel/P.emblica cryogels. BET analysis enables the determination of the surface area of the material 

through the nitrogens’ strong interaction with solids and its availability of high purity. Nitrogen 
adsorption of the vacuum-dried samples was carried out at 77 K (196°C). Finally, the specific surface 
area of the sample was calculated with utilization of the amount of adsorbed nitrogen, as a unit of 

m2/g. 

2.4. Morphology Analysis 

The surface morphology and bulk structures of cryogels were assessed with a Scanning Electron 

Microscope (SEM) (Quanta FEG 650, Thermofisher, Massachusetts, USA). SEM is an effective 

imaging method utilized to display the morphology of cryogels [34]. The cryogels were frozen at -
20°C and frozen cryogels were dried at -55°C via lyophilizer. After that, they were coated with gold-

palladium (2:3) and viewed under an SEM. Image J software was employed to determine the pore 
size and distribution of these pores of the cryogels. In addition, a camera optical microscope was used 

to study the morphology of the cryogel samples. Samples were placed on a glass slide and images 

were recorded at 20X and 40X magnification [35].  

2.5. Cell Culture 

The in vitro studies were conducted with spontaneously immortalized human keratinocyte cell 

line (HaCaT) (at the 20th-25th passages) which obtained from CLS 300493 (Germany). HaCaT cell 
lines were grown in Roswell Park Memorial Institute (RPMI) (Sigma-Aldrich, Germany). The culture 
medium was supplemented with 10% fetal bovine serum (FBS), 1% L-Glutamine (Biowest, Nuaillé, 
France) and 100 U/ml Penicillin/streptomycin (Hyclone, GE Healthcare, USA). The cells were 
incubated at 37°C in a 5% CO2 incubator (IN55, Memmert, Germany). During the cell culture studies, 
all experiments were carried out in a laminar flow cabinet (DEMAIR, MSC-II A, Turkey). 

2.6. Cultivation of HaCaT Cells on Cryogels 

Before going through the cultivation of cells on cryogels, they were sterilized by immersing them 

into increasing concentrations of ethanol (60–100%) (v/v) for 60 min. Afterward, they were washed 
with sterile ultrapure water several times to remove ethanol. Prior to culturing the cells, sterile 

cryogel samples were kept in the medium at 37 °C for 3 h.  

HaCaT cells were seeded on the cryogels with a density of 1×106 cells/sample [36]. For all in vitro 

analyses, the cryogels of identical dimensions (13 mm in diameter 0,5 mm in thickness) and dry 
weight (20 mg) were utilized [37]. The experimental groups include (i) control (only polystyrene-

culture plate), (ii) PVA/Gel (P. emblica free cryogel), (iii) PVA/Gel/P.emblica-0.5 (0.5% of P. emblica 

loaded cryogel) (iv) PVA/Gel/P.emblica-1 (1% of P. emblica loaded cryogel), (v) PVA/Gel/P.emblica-1.5 

(1.5% of P. emblica loaded cryogel) and (vi) PVA/Gel/P.emblica-2 (2% of P. emblica loaded cryogel). 

2.7. MTT Assay 

The MTT (3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyltetrazolium bromide) was employed to 
assess the effect of P. emblica on cell viability and cytotoxicity in cryogels. MTT assay was preformed 

at 24, 48 and 72 h. After the incubation period, the cells incubated with MTT solution (0.5 mg/mL in 
PBS) for nearly 4 hours at 37 °C. Subsequently, DMSO was supplied to the wells to dissolve formazan 

crystals and placed on a shaker (Everlast Rocker 247, Benchmark, USA) for 30 min. The absorbance 
value of each well was measured using a spectrophotometer (Uvmini-1240, Shimadzu, Japan) at 570 
nm. The formula of the percentage of cell viability was: 

 Cell viability (%)  =  
Average OD570 of test cellsAverage OD570 of control cells  × 100 (4) 
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In this Equation, test cells indicate the viability of cells cultured on the cryogels, while control 

cells indicate the viability of cells cultured on culture plate. 

2.8. Trypan Blue Exclusion Assay 

The effect of the P. emblica on cell viability was evaluated by the trypan blue exclusion assay at 

24, 48 and 72 h. After the incubation time, the cryogels were carefully scraped using scissors, and the 
cells were subsequently detached from the surface using trypsin. By dissolving the medium with the 

pellet, the cells and 0.4% trypan blue dye were mixed in ependorf at a ratio of 1:1. Number of viable 
cells was then counted with hemocytometer. The cell viability were calculated using Equation 5. 

 Cell viability (%)  =  
Average viable cell count of test cellsAverage viable cell count of control cells  × 100 (5) 

In Equation 5, the term “test cells” refers to the viable cells that were cultured on cryogels, 

whereas the term “control cells” refers to the viable cells that were cultured on a culture plate. 

2.9. Live-Dead Staining Assay 

The live/dead staining assay was performed to assess the activity of P. emblica loaded wound 

dressing materials on cell viability. After 72 hour cell were seeded on cryogels, 1 µM Calcein-AM (C-

AM) and 1 µM Ethidium homodimer-1 (Eth-1) dyes were added. Following 30 minutes of incubation 
which is under room temperature and shielded from light, staining solutions were discarded from 

the wells and then rinsed with PBS. The stained cells on cryogel samples were viewed under a 

microscope at 20X magnification. The cell viability of cryogels were calculated using Equation 6. 
 Cell viability of cryogels (%) = Live cells / (Live cells + dead cells) x 100  (6) 

2.10. Phase Contrast Microscopy 

In order to monitorize the microscopic images of the synthesized cryogels, 13 mm diameter 

Thermanox coverslips (Thermo Fisher Scientific, Waltham, USA) were placed in the 24-well plate and 

then cryogels were synthesized onto them with a thickness of 0,5 mm. The cryogels were imaged 72 
hours after cell cultivation. Images of the cells cultured in polystyrene-culture plate was used as a 

control to compare and evaluate the cells. The images of cryogels were obtained with phase contrast 

microscope (Leica, Dmil Led Fluo, Germany). 

2.11. Giemsa Staining 

Giemsa staining was performed to investigate the efficacy of P. emblica on HaCaT cell 
morphology. Cryogels were synthesized to form a thin layer on coverslips and cells were cultured 
on them. After 72 hours of incubation, the medium was removed and cells were treated with 
methanol for 15 minutes for fixation [38]. The cryogels were immersed in a 5% Giemsa staining 
solution for 30 minutes. Following the staining step, the cryogels were thoroughly washed with water 

to remove excess stain. The images of cells on cryogels were captured using an inverted microscope 

at a magnification of 20X. 

2.12. Immunofluorescence Staining 

Immunofluorescence staining was carried out to determine the effectiveness of the P. emblica 

loaded cryogels on keratinocyte morphology, adhesion, infiltration, cell-cell and cell-matrix 

interactions. The cells were seeded on the cryogels in a 24-well cell culture plate for 72 hours. For cell 
fixation, 4% (v/v) paraformaldehyde in PBS was added and incubated at room temperature for 30 
minutes followed by washing with PBS. The samples were permeabilized with Triton-X 100 in PBS 
(0.1%; v/v) for at least 10 minutes. Alexa Fluor 594 phalloidin dye was prepared with 1% Bovine 
Serum Albumin (BSA; w/v) in PBS-T (PBS with Tween 20) at a 1/1000 ratio (v/v). Gap junctional 
protein (Connexin 43, Cx43) was detected under fluorescence microscope using a primary rabit anti-
Cx43 antibody (ab230537, 1:500 dilution) with a secondary goat anti-rabbit IgG H&L antibody (Alexa 

Fluor® 488) (ab150077, 1:1000 dilution) [39]. In addition to staining the actin filaments of the cells, 
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DAPI (4’,6-diamidino-2-phenylindole) dye was employed to stain the cell nucleus. For this purpose, 
DAPI dye was prepared in PBS at a ratio of 1/1000 (v/v). Alexa Fluor 594 and DAPI staining solution 
were added to the fixed cells for 90 minutes in the dark at room temperature. After the incubation 

period, the staining solution was removed and rinsed with PBS. Finally, the cryogels were visualized 

at 20X magnification under a fluorescence microscope (Dmil Led Fluo, Leica, Germany). Also, imageJ 
software was used to analyses fluorescein signals in Cx43 images [40].  

2.13. SEM Analysis 

SEM analysis was performed to assess the effect of cryogels on HaCaT morphology. 72 hours 
after cell seeding, cells were fixed using 2.5% glutaraldehyde solution in PBS for 3 h at room 
temperature to preserve the cellular structures. The cryogel samples were rinsed with PBS and 

dehydrated with increasing concentrations of alcohol (30% to 100%). Cryogel samples were dried 
with lyophilizer and then coated with gold-palladium (2:3) prior to SEM imaging. The coated samples 
were loaded into the SEM chamber and imaged at 1000X and 2500X. 

2.14. Statistical Analysis 

All data were accomplished by Statistical Package for Social Sciences v20.0 software (SPSS, 
Chicago, IL, USA). Results were presented as mean ± standard deviation (SD) of values from three 

independent experiments. Statistical tests were conducted using GraphPad Prism 8.4.3 software 
(GraphPad Software, La Jolla, CA, USA). ImageJ software was used to analyses fluorescein signals. 
A two-way analysis of variance (ANOVA) and Tukey’s test were utilized to compare data when three 

or more variables were present. Statistical differences were considered significant at P <0.05. 

3. Results and Discussion 

3.1. Synthesis of Cryogels 

The properties of five different PVA/Gel-based cryogels containing different amounts of P. 

emblica were investigated. When the P. emblica ratio in the cryogel was increased above 2%, it was 
observed that there was a deterioration in the structure of the cryogel. Therefore, P. emblica 

concentrations in the cryogel were selected as 0.5%, 1%, 1.5% and 2% final concentrations to ensure 
the stability and functionality of the cryogel. The cryogels synthesized in a 24-well plate had a 

diameter of 13 mm. As a result of the morphological examinations, it was observed that the cryogels 

were flexible, good mechanical strength porous and sponge-like structures. Images of cryogels 

synthesized within the scope of the study were given in Figure 2. It was observed that as the amount 

of P. emblica in the cryogels increased, it became slightly whiter.  
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Figure 2. Images of synthesized cryogels. 

3.2. Swelling Studies 

The effect of P. emblica amounts on swelling rate, polymerization yield and porosity of cryogels 

were assessed by swelling tests. The swelling process is defined as the penetration of liquid molecules 

into the polymer network [41]. The high and rapid swelling capabilities of cryogels allow them to 

maintain a moist environment at the wound surface, prevent leakage of body fluids and absorb 

wound fluids; therefore, they are preferable for wound dressings. The synthesized cryogels exhibited 

a rapid and high swelling response when immersed in a liquid solution which is in line with the 

literature [42,43]. 

Within the first 15 minutes, the synthesized cryogels achieved the maximum swelling level and 
thus no change was observed in subsequent measurements and equilibrium was attained. Figure 3 

showed the image of the cryogels dried with a lyophilizer. 
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Figure 3. Dried cryogels. 

The swelling rate, polymerization yield and macroporosity of the cryogels were obtained from 

swelling tests and the results were summarized in Table 1. 

Table 1. Swelling properties of cryogels. 

 Swelling Rate (%) 
Polymerization 

Yield (%) 
Macroporosity (%) 

PVA/Gel 450 ± 4.7 92 ± 2.1 82 ± 2.1 

PVA/Gel/P.emblica-0.5 452 ± 1.2 93 ± 0.6 82 ± 1 

PVA/Gel/P.emblica-1 457 ± 2.5 92 ± 1.2 82 ± 2 

PVA/Gel/P.emblica-1.5 458 ± 2.6 93 ± 1 83 ± 1.2 

PVA/Gel/P.emblica-2 446 ± 5.5 91 ± 2.5 81 ± 3.5 

The swelling ratio of cryogel samples is an important parameter that indicates the extent to 

which they absorb water or swell when immersed in a liquid medium. As can be seen in Table 1, all 

cryogel samples, including the control, exhibited high swelling ratios ranging from 446% to 458%. 
The swelling ratio of PVA/Gel, PVA/Gel/P.emblica-0.5, PVA/Gel/P.emblica-1, PVA/Gel/P.emblica-1.5, 
PVA/Gel/P.emblica-1.5, PVA/Gel/P.emblica-2 cryogels were calculated as 450% ± 4.7%, 452% ± 1.2%, 
457% ± 2.5%, 458% ± 2.6% and 446% ± 5.5% respectively. According to these results, there were slight 
changes in swelling rate with the addition of P. emblica extract at different concentrations. Cryogel 
containing 1.5% P.emblica extract (PVA/Gel/P.emblica-1.5) displayed the highest swelling ratio. When 
P. emblica is added to the cryogel, the hydrophobic components in the P. emblica interact with the 
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cryogel material. These interactions can change the properties of the cryogel, thereby increasing the 

area available for water adsorption within the cryogel network. The increase in P. emblica resulted in 

the formation of cryogel with larger pores and increased swelling ratio. On the other hand, 

PVA/Gel/P.emblica-2 cryogel showed the lowest swelling rate. This may be due to the 2% P. emblica 

increased the hyhrophobic character of the cryogels and the water uptake ratio decreased slightly. 

The polymerization yield is a measure of the efficiency of the polymerization process and 

indicates how much of the monomer material is converted into the final cryogel. It was calculated 

with equation 2. The yield of the polymerization of PVA/Gel, PVA/Gel/P.emblica-0.5, 
PVA/Gel/P.emblica-1, PVA/Gel/P.emblica-1.5, PVA/Gel/P.emblica-1.5, PVA/Gel/P.emblica-2 cryogels 

was calculated as 92% ± 2.1%, 93% ± 0.6%, 92% ± 1.2%, 93% ± 1% and 91% ± 2.5%, respectively. 
Polymerization yields were found to be high in compatible with the other studies [44,45]. The data 

show that a slightly higher yield was achieved when the amount of P. emblica was increased. 

The porosity of cryogels is one of their most important features for tissue engineering 

applications. The interconnected pores provide a large surface area for cell adhesion, proliferation, 

and nutrient diffusion. The synthesized cryogels showed a high amount of porous structure in 

accordance with the literature [46]. The macroporosities were calculated as 82% ± 2.1%, 82% ± 1%, 
82%± 2%, 83% ± 1.2% and 81% ± 3.5% for PVA/Gel, PVA/Gel/P.emblica-0.5, PVA/Gel/P.emblica-1, 

PVA/Gel/P.emblica-1.5, PVA/Gel/P.emblica-1.5, PVA/Gel/P.emblica-2, respectively.  

Based on the results of the swelling tests, the synthesized cryogels exhibit excellent 

macroporosity and swelling rate. The swelling properties of cryogels are associated with mimicking 

the ECM with features such as oxygen migration, diffusion of molecules, cell adhesion that the 

wound dressing materials meet. Accordingly, it was concluded that P. emblica loaded cryogels are 

suitable as wound dressings [43,47]. 

3.3. BET Analysis 

The BET analysis was performed to utilize for determining the surface area of cryogels. The BET 

analysis results of PVA/Gel, PVA/Gel/P.emblica-0.5, PVA/Gel/P.emblica-1, PVA/Gel/P.emblica-1.5, 
PVA/Gel/P.emblica-2 cryogels were determined as 18 m²/g, 18 m²/g, 20 m²/g, 21 m²/g, 20 m²/g. BET 

analysis obtained in three replicates are provided with their standard deviations. Overall, the results 

showed that the addition of P. emblica extract to cryogels slightly increased their specific surface area. 

Cryogels with higher surface area offer more attachment for cells, promoting cell adhesion and 

proliferation. This can result in better compatibility and combination with living tissue [48]. 

3.4. Morphology Analysis 

In biomaterial applications, a porous structure is required for the polymeric material to be 

compatible with cell growth [49]. The macroporous structure of the cryogels were evaluated using 
SEM and optical microscopy. In this thesis, cryogels used for SEM analyzes were first frozen at -20˚C 
and then dried with a lyophilizer. In Figure 4, the internal morphology of each cryogel sample was 
visualized by SEM. The PVA/Gel and P. emblica loaded PVA/Gel cryogels possess similar structures 

and pore sizes of 30-120 µm and 30-100 µm, respectively. The diameter of HaCaT cells varies between 

20-25 micrometer [50]. Considering the size of the Hacat cell, the pore size was sufficient for the cell 
to settle. Moreover, SEM results displayed that the synthesized cryogels had an dense, thin and 

interconnected pore morphology and a macroporous structure. This macroporous structure makes 

the cryogel appear opaque. The macroporous polymeric structure of the cryogel is suitable to serve 

as a scaffold for cell adhesion, proliferation, and migration [51–53]. In addition, the morphological 

surface properties of the synthesized cryogels were visualized using optical microscope images 

(Figure 5). Although increasing amounts of four different P. emblica concentrations were used to 

synthesize the cryogels, P. emblica did not significantly affect the macroporous morphological 

structure and surface matrix of the cryogels. 
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Figure 4. The surface and structures of cryogels without cells by scanning electron microscopy (SEM). 
SEM images images taken (A) at 1000X magnification, scale bar: 50 µm and (B) at magnification 2500X, 
scale bar: 30 µm. 

 

Figure 5. The surface morphology of PVA/Gel, PVA/Gel/P.emblica-0.5, PVA/Gel/P.emblica-1, 

PVA/Gel/P.emblica-1.5 and PVA/Gel/P.emblica-2 cryogels without cells by optical microscope. Optical 

microscope images taken (a) at 20X magnification, scale bar: 100 µm and (b) at magnification 40X, 
scale bar: 50 µm. PVA/Gel: Poly (vinyl alcohol)/Gelatin cryogels; PVA/Gel/P.emblica: P. emblica loaded 

PVA/Gel cryogels; P. emblica: Phyllanthus emblica. 

3.5. Assessment of Cell Viability of Cryogels by MTT Assay, Trypan Blue Exclusion Assay and Live/Dead 

Staining 

The cytotoxic impact of PVA/Gel, PVA/Gel/P.emblica-0.5, PVA/Gel/P.emblica-1, 

PVA/Gel/P.emblica-1.5 and PVA/Gel/P.emblica-2 cryogels on keratinocytes was investigated by the 

MTT assay at 24th, 48th and 72nd hour (Figure 6). The cell viability in the control significantly 
increased by 40.7% at 48th hour compared to 24th hour, but decreased by 4.22% at 72nd hour as 
compared to the 48th hour (P< 0.0001, P= 0.0663). Also, the cell viability in PVA/Gel cryogel 
significantly increased by 29.78% and decreased by 6.99%, respectively (P< 0.0001, P= 0.0006). In 
PVA/Gel/P.emblica-0.5 cryogel, it increased significantly by 46.98% and 15.53%, respectively. (P< 
0.0001, P= 0.0006). In PVA/Gel/P.emblica-1 cryogel it increased significantly by 48.26% and 17.73%, 
respectively (P< 0.0001, P= 0.0133). In PVA/Gel/P.emblica-1.5 cryogel, it increased significantly as 
52.33% and 14.47%, respectively (P< 0.0001, P= 0.0049). In PVA/Gel/P.emblica-2 cryogel, it increased 

significantly as 34.32% and 6.92%, respectively (P< 0.0001, P= 0.0272) (Figure 6a). 
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Figure 6. Determination of cytotoxic effect of PVA/Gel and PVA/Gel/P.emblica cryogels by MTT assay. 

The viability of HaCaT cell line on cryogels was assessed by MTT assay at 24, 48, and 72 hour. Cell 
cultured in polystyrene-culture plate was used as a control. (A) Quantitative evaluation of cell 
viability. The amount of MTT-formazan was determined by 570 nm absorbance as the wavelength. 
(B) Cell viability (%) of keratinocytes on cryogels compared with the control. The control cells were 
considered to have 100% survival. The histograms illustrate the percentage of viable cells, relative to 

the control cells. Three measurements were conducted from each well, and the data was reported as 

the mean± standard deviation (SD). Tukey test and One-ANOVA were conducted for statistical 
analysis. *P< 0.05 is significantly different from 24 h. **P< 0.05 is significantly different from 48 h. *P< 

0.05 and **P< 0.05 are significantly different from control. ***P< 0.05 is significantly different from 
PVA/Gel. #P< 0.05 is significantly different from PVA/Gel/P.emblica-2. ##P< 0.05 is significantly 
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different from PVA/Gel/P.emblica-0.5. ###P< 0.05 is significantly different from other PVA/Gel/P.emblica 

cryogels. PVA/Gel: Poly (vinyl alcohol)/Gelatin cryogels; PVA/Gel/P.emblica: P. emblica loaded 

PVA/Gel cryogels; P. emblica: Phyllanthus emblica; MTT: (3-(4,5-dimethylthiazol-2) 2,5-

diphenyltetrazolium bromide; SD: Standard deviation. 

In comparision with the control, cell proliferation was decreased in the PVA/Gel cryogel by 

3.77% ± 2.05%, 10.90% ± 0.75%, and 13.47% ± 1.86% at 24th, 48th and 72nd, respectively (P= 0.2530, P= 
0.0049, P= 0.0001, respectively). On the other hand, cell proliferation in PVA/Gel/ P.emblica-0.5 
showed an increase of 10.88% ± 2.20%, 10.88% ± 2.20%, and 40.25 ± 8.36%, respectively, compared to 
control (P= 0.0380, P= 0.0076, P< 0.0001, respectively). The cell proliferation was higher in 
PVA/Gel/P.emblica-1 cryogel by 13.39% ± 7.85%, 19.93% ± 3.10%, and 47.42 ± 6.16%, respectively, 
compared to control (P= 0.0185, P= 0.0008, P< 0.0001, respectively). The cell proliferation was 
increased in PVA/Gel/P.emblica-1.5 cryogel by 16.74% ± 6.10%, 26.87% ± 5.96% and 51.63 ± 7.74%, 
respectively, compared to control (P= 0.0171, P= 0.0013, P< 0.0001, respectively). The cell proliferation 
was significantly increased in PVA/Gel/P.emblica-2 cryogel by 9.83% ± 5.31%, 5.25% ± 3.89% and 17.50 
± 6.68%, respectively, compared to control (P= 0.0574, P= 0.2082, P= 0.0039, respectively). 

According to MTT assay, cell proliferation in PVA/Gel/P.emblica-0.5 cryogel was 15.22%, 24.44% 
and 62.09% higher at 24, 48 and 72 h, respectively, compared to PVA/Gel (P= 0.0003, P< 0.0001, P< 
0.0001). Moreover, the cell proliferation was increased in the PVA/Gel/P.emblica-1 cryogel compared 

to PVA/Gel by 17.83%, 34.60% and 70.37% (P= 0.0014, P< 0.0001, P< 0.0001). The cell proliferation was 
significantly increased in the PVA/Gel/P.emblica-1.5 cryogel compared to PVA/Gel by 21.30%, 42.38% 
and 75.24% (P= 0.0005, P< 0.0001, P< 0.000l). Also, the cell proliferation was 14.13%, 18.12% and 
35.79% higher in the PVA/Gel/P.emblica-2 cryogel compared to PVA/Gel by (P= 0.0011, P= 0.0002, P= 
0.0002, respectively).  

According to MTT assay, the cell proliferation in the PVA/Gel/P.emblica-1, PVA/Gel/P.emblica-

1.5 and PVA/Gel/P.emblica-2 cryogels showed increases of 2.26%, 5.28% and -0.94% at 24 hour, 
respectively, compared to PVA/Gel/P.emblica-0.5 (P= 0.5198, P= 0.0958, P= 0.07148). In addition, the 
cell proliferation significantly increased at 48 h and 72 h by 8.17%, 14.42%, -5.07% and 5.11%, 8.11%, 
-16.22% (P= 0.0016 P= 0.0008, P= 0.0187 for 48th hour and P= 0.0252, P= 0.0066, P= 0.00297 for 72nd h). 
Moreover, the cell proliferation was increased in the PVA/Gel/P.emblica-1.5 and P.emblica-2 cryogel 

compared to PVA/Gel/P.emblica-1 cryogel by 2.95% and -3.14% respectively at 24th h (P= 0.5232, P= 
0.3486). Also, the cell proliferation significantly increased at 48th and 72nd hours by 5.78%, -12.24% 
and 2.85%, -20.30% (P= 0.0479, P= 0.0001 for 48th hour and P= 0.0379, P= 0.0010 for 72nd hour, 
respectively). Also, the cell proliferation was decreased in the PVA/Gel/P.emblica-2 cryogel compared 

to PVA/Gel/P.emblica-1.5 by -5.91%, 17.04%, 22.51% respectively at 24, 48, 72 hours (P= 0.967, P= 
0.0005, P= 0.0014, respectively) (Figure 6b). 

Trypan blue assay was performed to investigate the efficacy of PVA/Gel, PVA/Gel/P.emblica-0.5, 
PVA/Gel/P.emblica-1, PVA/Gel/P.emblica-1.5 and PVA/Gel/P.emblica-2 cryogels on keratinocytes 

viability at 24th, 48th and 72nd h (Figure 7). In comparision with control, the cell number of PVA/Gel 
cryogel was declined by 7.23% ± 8.45%, 7.84% ± 3.81%, and 10.94% ± 3.47%, respectively (P= 0.0913, 
P= 0.0471, P= 0.0641 respectively). Moreover, the cell number in the PVA/Gel/P.emblica-0.5 cryogel 
was significantly increased by 11.45% ± 7.69%, 20.41% ± 2.3%, and 39.29 ± 4.72%, respectively, 
compared to control (P= 0.0177, P< 0.0001, P= 0.0003, respectively). Also, the cell number in the 
PVA/Gel/P.emblica-1 cryogel was increased by 31.93% ± 10.36%, 43.71% ± 3.94%, and 40.85 ± 2.31%, 
respectively, compared to control (P= 0.0002, P< 0.0001, P= 0.0001, respectively). The cell number in 
the PVA/Gel/P.emblica-1.5 cryogel was significantly increased by 48.19% ± 4.88%, 56.08% ± 4.10% and 
67.63 ± 3.83%, respectively, compared to control (P< 0.0001 for all). The cell number in the 
PVA/Gel/P.emblica-2 cryogel was significantly increased by 1.41% ± 2.69%, 8.87% ± 2.07% and 10.71 ± 
4.99%, respectively, compared to control (P= 0.0585, P= 0.0013, P= 0.0393, respectively).  
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Figure 7. The efficacy of PVA/Gel and PVA/Gel/P.emblica cryogels on number of viable cells. The 

viability of HaCaT cell line on cryogels was assessed by trypan blue exclusion assay at 24, 48 and 72 

hours. Cell cultured in polystyrene-culture plate was utilized as a control. Three measurements were 

conducted from each well, and the data was reported as the mean± standard deviation (SD). Statistical 
analysis was performed using the Tukey and One-way ANOVA tests. *P< 0.05 and **P< 0.05 are 
significantly different from control. ***P< 0.05 is significantly different from PVA/Gel. #P< 0.05 is 
significantly different from PVA/Gel/P.emblica-2. ##P< 0.05 is significantly different from 
PVA/Gel/P.emblica-0.5. ###P< 0.05 is significantly different from other PVA/Gel/P.emblica cryogels. 

PVA/Gel: Poly (vinyl alcohol)/Gelatin cryogels; PVA/Gel/P.emblica: PVA/Gel cryogels based loaded 
with P. emblica; P. emblica: Phyllanthus emblica; SD: Standard error. 

According to trypan blue assay, the number of cells in the PVA/Gel/P.emblica-0.5 cryogel was 
increased by 20.13%, 30.65% and 56.39% at 24, 48 and 72 hours compared to PVA/Gel, respectively 
(P= 0.0061, P< 0.0001, P< 0.0001). The number of cells was 42.21%, 55.93% and 58.15% higher in 
PVA/Gel/P.emblica-1 cryogel compared to PVA/Gel (P= 0.0004, P< 0.0001, P< 0.0001). The cell number 
was significantly increased in the PVA/Gel/P.emblica-1.5 cryogel compared to PVA/Gel by 59.74%, 
69.35% and 88.22% (P< 0.0001, for all). In addition, the number of cells was 9.31%, 18.12% and 24.31% 
higher in the PVA/Gel/P.emblica-2 cryogel compared to PVA/Gel (P= 0.0766, P= 0.0007, P= 0.0005, 
respectively).  

According to trypan blue assay, the viable cell number was significantly increased in the other 

PVA/Gel/P.emblica-1, PVA/Gel/ P.emblica-1.5 and PVA/Gel/ P.emblica-2 cryogels compared to 

PVA/Gel/P.emblica-0.5 by 18.38%, 32.97% and -9.01%, respectively at 24 h (P= 0.0139, P= 0.0002, P= 
0.0379). In addition, the cell number significantly increased at 48 and 72 hours by 19.35%, 29.62%, -
9.59% and 1.12%, 20.35%, -20.51% (P< 0.0001, P< 0.0001, P= 0.0006 for 48 h and P= 0.4492, P= 0.0003, 
P= 0.0008 for 72 h). Furthermore, the cell number in the PVA/Gel/P.emblica-1.5 and PVA/Gel/P.emblica-

2 cryogel showed significant increases of 12.33% and -23.14% compared to PVA/Gel/P.emblica-1 

cryogels at 24 hour, respectively (P= 0.0047, P= 0.0004). Also, the cell number significantly increased 
at 48 and 72 hours by 8.61%, -24.25% and 19.02%, -21.39% (P= 0.0024, P< 0.0001 for 48 h and P< 0.0001, 
P< 0.0001 for 72 h). Also, the cell number was significantly decreased in the PVA/Gel/P.emblica-2 

cryogel compared to PVA/Gel/P.emblica-1.5 by 31.57%, 30.25%, 33.95% at 24, 48, 72 h, respectively (P< 
0.0001 for all). 
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A live/dead assay was performed to evaluate the cell viability of cells, where green fluorescence 

indicated viable cells and red fluorescence indicated dead cells. (Figure 8). Cells were seeded on 
PVA/Gel, PVA/Gel/P.emblica-0.5, PVA/Gel/P.emblica-1, PVA/Gel/P.emblica-1.5 and 
PVA/Gel/P.emblica-2 cryogels for 24th, 48th and 72nd h. As seen in Figure 8a–c relatively similar 

numbers were determined in live and dead cells cultured in control and PVA/Gel/P.emblica-0.5, 
PVA/Gel/P.emblica-1, PVA/Gel/P.emblica-1.5 and PVA/Gel/P.emblica-2 cryogels for all hours. The cells 

cultured on the PVA/Gel P.emblica-0.5, PVA/Gel/P.emblica-1, PVA/Gel/P.emblica-1.5 and 
PVA/Gel/P.emblica-2 cryogels exhibited a higher percentage of green fluorescence, which indicates 

viable cells compared to the PVA/Gel. The majority of cells cultured on the PVA/Gel/P.emblica-0.5, 
PVA/Gel/P.emblica-1, PVA/Gel/P.emblica-1.5 and PVA/Gel/P.emblica-2 cryogels emitted green 

fluorescence, which indicates a high level of cell viability and cell proliferation. As shown in 8a, 8b 

and 8c, the addition of P. emblica extract to the PVA/Gel cryogels did not adversely affect cell viability 

relative to the live/dead assay. The percentage of viable (green) cells was higher in cultured in 
cryogels loaded with P. emblica. Unlike controls, cells cultivated especially in PVA/Gel/P.emblica-0.5, 
PVA/Gel/P.emblica-1, PVA/Gel/P.emblica-1.5 cryogels showed viable (green) cells with more rounded 
contours. In addition, compared to PVA/Gel cryogels, PVA/Gel/P.emblica-0.5, PVA/Gel/P.emblica-1, 

PVA/Gel/P.emblica-1.5 and PVA/Gel/P.emblica-2 cryogels have more viable cells. 

 

Figure 8. Determination of cell viability of PVA/Gel and PVA/Gel/P.emblica cryogels by live/dead 

staining. Live-dead assay was performed at 24, 48 and 72 hours. Cell cultured in polystyrene-culture 

plate was utilized as a control. Fluorescent microscope images showed cells on PVA/Gel, 

PVA/Gel/P.emblica-0.5, PVA/Gel/P.emblica-1, PVA/Gel/P.emblica-1.5 and PVA/Gel/P.emblica-2 cryogels 

stained with (A) C-AM (green fluorescent) and (B) Eth-1 (red fluorescent) and (C) both C-AM and 

Eth-1 to obtain merged images (Scale bar: 100 µm). The quantitative data for live and dead cells was 
obtained using the live/dead assay at (D) 24 h, (E) 48 h, (F) 72 h. Cryogels were visualized and 

analyzed using a microscope and ImageJ software. The data are expressed as the total percentage of 
live and dead cells, accompanied by the mean ± standard deviation (SD). Statistical analysis was 
conducted using the Tukey test and One-way ANOVA. *P<  0.05 is significantly different from 
control. **P< 0.05 is significantly different from PVA/Gel. ***P< 0.05 is significantly different from 
other PVA/Gel/P.emblica cryogels. #P< 0.05 is significantly different from PVA/Gel/P.emblica-2. ##P< 

0.05 is significantly different from PVA/Gel/P.emblica-0.5. C-AM: Calcein Acetomethoxy; Eth-1: 
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Ethidium homodimer-1; PVA/Gel: Poly (vinyl alcohol)/Gelatin cryogels; PVA/Gel/P.emblica: P. emblica 

loaded PVA/Gel cryogels; P. emblica: Phyllanthus emblica; SD: Standard deviation. 

According to live/dead assay, viable cells in the PVA/Gel cryogel decreased by 11.81% ± 1.38%, 
12.86% ± 1.72%, and 25.77% ± 2.16% at 24, 48, and 72 hours compared to control, respectively (P= 
0.0288, P= 0.0145, P= 0.0008). The viable cell ratio in PVA/Gel/P.emblica-0.5 was significantly increased 
by 10.48% ± 3.97%, 14.86% ± 2.74%, 34.05% ± 1.37% respectively cryogel compared to control (P= 
0.0004, P= 0.0008, P< 0.0001). Also, the viable cell ratio in PVA/Gel/P.emblica-1 cryogel was 

significantly increased by 10.67% ± 1.03%, 17.07% ± 1.86% and 52.76% ± 0.75% respectively cryogel 

compared to control (P= 0.0002, P= 0.0034, P= 0.0001). Also, the viable cell ratio in PVA/Gel/P.emblica-

1.5 cryogel was significantly increased by 9.33% ± 1.17%, 21.95% ± 1.79%, 66.87% ± 2.61% 10.06 
respectively cryogel compared to control (P= 0.0060, P= 0.0004, P< 0.0001). Also, the viable cell ratio 
in PVA/Gel/P.emblica-2 cryogel was significantly enhanced by 1.52% ± 1.37%, 5.99% ± 1.03%, 15.03% 
± 1.63%, respectively cryogel compared to control (P> 0.9999, 0.0342, P> 0.9999). Moreover, the viable 
cells in the PVA/Gel/P.emblica-0.5 cryogel increased significantly by 25.27%, 31.38% and 80.58%, 
respectively compared to PVA/Gel (P= 0.0042, P= 0.0017, P< 0.0001). Also, the viable cells in the 
PVA/Gel/P.emblica-1 cryogel increased by 25.49%, 34.35% and 105.79%, respectively compared to 
PVA/Gel (P= 0.0026, P= 0.0005, P< 0.0001). The viable cells in the PVA/Gel/P.emblica-1.5 cryogel 
increased by 23.97%, 39.95% and 129.79%, respectively compared to PVA/Gel (P= 0.0069, P= 0.0003, 
P< 0.0001). The viable cells in the PVA/Gel/P.emblica-2 cryogel increased significantly by 15.12%, 
21.63% and 54.96%, respectively compared with PVA/Gel (P= 0.0361, 0.0036, P= 0.0002).  

According to live/dead assay, dead cells in the PVA/Gel cryogel increased by 82.67% ± 1.38%, 
38.93 % ± 1.72%, and 30.66 % ± 2.16% at 24, 48, and 72 hours, respectively, compared to control (P= 
0.0288, P= 0. 0145, P= 0.0008). Furthermore, the dead cell ratio in PVA/Gel/P.emblica-0.5 was decreased 
significantly by 73.33% ± 3.97%, 44.97% ± 2.74%, and 40.51% ± 1.37%, respectively cryogel compared 
to control (P= 0.0004, P= 0.0008, P< 0.0001). Also, the dead cell ratio in PVA/Gel/P.emblica-1 was 

significantly decreased by 74.67% ± 1.17%, 51.68% ± 1.86%, and 62.77% ± 0.75%, respectively 
compared to control (P= 0.0002, P= 0.0034, P= 0.0001). Moreover, the dead cell ratio in 
PVA/Gel/P.emblica-1.5 was significantly decreased by 65.33% ± 1.17%, 66.44% ± 1.79%, and 79.56% ± 
2.61%, respectively cryogel compared to control (P= 0.0060, P= 0.0004, P< 0.0001). The dead cell ratio 
in PVA/Gel/P.emblica-2 was decreased by 10.67% ± 1.37%, 18.12% ± 1.03%, and 17.88% ± 1.63%, 
respectively cryogel compared to control (P> 0.9999, P= 0.0342, P> 0.9999). The dead cells in the 
PVA/Gel/P.emblica-0.5 cryogel decreased significantly by 85.40%, 60.39% and 54.47%, respectively 
compared to PVA/Gel (P= 0.0042, P= 0.0017, P< 0.0001). Also, the dead cells in the PVA/Gel/P.emblica-

1 cryogel declined by 86.13%, 65.22% and 71.51%, respectively compared to PVA/Gel (P= 0.0026, P= 
0.0005, P< 0.0001). Moreover, the dead cells in the PVA/Gel/P.emblica-1.5 cryogel decreased 
significantly by 81.02%, 75.85% and 84.36%, respectively compared to PVA/Gel (P= 0.0069, P= 0.0003, 
P< 0.0001). The dead cells in the PVA/Gel/P.emblica-2 cryogel declined significantly by 51.09%, 41.06% 
and 37.15%, respectively compared with PVA/Gel (P= 0.0361, P= 0.0036, P= 0.0002) (Figure 8d–f). 

Cell scaffolds must be mechanically stable, biocompatible, biodegradable, but also porous with 
good interconnectivity for cell viability, proliferation, migration and other metabolic needs [51]. PVA 
is a synthetic polymer widely used to produce macroporous, spongy matrices in tissue engineering 

applications due to its biocompatibility, non-carcinogenic and non-toxic properties [54]. Gel is 
frequently preferred in biomaterial synthesis as an attractive natural polymer with its chemical 

structure, biocompatibility, and biodegradability properties that increase cell adhesion [55,56]. 

However, studies have revealed that biocompatible PVA and Gel-based scaffolds maintain the 

functionality of cells metabolically thanks to their strong, elastic and porous 3D structure, at the same 

time they support cell viability, adhesion, proliferation, mobility and allow the absorption of the 

necessary substrate for cell nutrition. For these reasons, it has been reported to be a promising 

platform in tissue engineering. Pterostilbene-loaded PVA/Gel cryogels have been reported as a 

potential dressing material in wound therapy, promoting cell viability and proliferation [57–59]. 
However, it has been reported that PVA/Gel cryogel promotes the viability and proliferation of 

endothelial cells and is particularly suitable for vascular tissue engineering applications [59]. In 
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addition, it was determined that there was no cytotoxic effect for human skin cells cultured in 

PVA/Gelatin cryogel and the scaffold exhibited good biocompatibility [43]. The antioxidant, 
antidiabetic, anti-inflammatory, antiaging, wound healing, cryoprotective and hepatoprotective 

activities of P. emblica extracts used in traditional medicine were studied [25–27]. In in vitro studies, 

it has been reported that P. emblica extract promotes wound healing by supporting endothelial cells, 

fibroblast, and keratinocyte vitality, proliferation, migration, and angiogenesis through its high 

bioactive component content [28–30]. In addition, it has been shown in an in vivo animal model that 

P. emblica treatment increases tissue regeneration by reducing oxidative stress in the wound area, 

inducing collagen expression and angiogenesis [31,60]. In a different study, the potential of using the 

spray solution prepared with polyvinylpyrrolidone solution containing silver nanoparticles and P. 

emblica extract as an antibacterial, antioxidant and biocompatible wound dressing for fibroblasts and 

keratinocytes was demonstrated [61]. In addition, green tea, ginger, and P. emblica extracts loaded 

hydrgel have been reported to treat acne and accelerate wound healing in humans [62]. However, to 
the best of our knowledge, the effect of P. emblica binding to cryogel on cytotoxicity and its potential 

in tissue regeneration as a wound dressing are not yet known. Evaluation of cell viability and 

proliferation in the microenvironment as an indicator of biocompatibility in synthesized scaffold 

structures is very important in tissue engineering applications [62,63]. Therefore, in our study, for the 

first time in the literature, cell viability, and proliferation were evaluated after different incubation 

times with MTT and trypan blue exclusion assay in cells cultured in PVA/Gel cryogels to which 

different concentrations of P. emblica were added. In addition, live/dead assay was applied to 

visualize live and dead cells in culture medium to understand the effect of scaffolds on cell behavior 

[40,63].  

In our study, the MTT test showed that cells were viable in PVA/Gel and PVA/Gel/P.emblica 

cryogels. Furthermore, a highly increased cellular metabolic activity was observed over time in 

cryogels with different concentrations of P.emblica. However, in the control, although the cell viability 

increased until the 2nd day of the cell culture, the cell viability decreased. This may be due to the 

rapid confluence of cells in the flat culture system compared to the 3D culture system, as the doubling 

time of the HaCaT cell is about 26.4-48 h [64,65]. Cells in monolayer culture with limited substrate 
area proliferate rapidly until they are confluent, but when the limit is reached, cell viability decreases 

due to contact inhibition [66]. In agreement with the characterization study data, the 3D macroporous 

structure, high swelling rate, pore sizes, the large surface area of the PVA/Gel/P.emblica cryogels were 

sufficient to facilitate the diffusion of macromolecules necessary for the metabolic activity of the cells 

and the removal of wastes. In this way, unlike the 2D culture medium, cell viability and proliferation 

continuously increased in PVA/Gel/P.emblica cryogels until the end of the 3rd day of culture, so that 

the cells filled the pores of the matrix [67]. Also, the increase in cell viability and proliferation was 
very limited in PVA/Gel cryogels compared to containing P. emblica cryogels. It has been reported in 

the literature that high antioxidant activity originating from bioactive secondary compounds reduces 

intracellular oxidative stress and increases cell viability [28,30,68]. It is known that P. emblica has 

strong antioxidant activity mainly due to the presence of phenolics, flavonoids and various gallic acid 

derivatives [27,29,69]. This high bioactive capacity of P. emblica may have promoted the viability and 

proliferation of cells cultured in cryogels. Similarly, in agreement with the MTT assay data, the trypan 

blue exclusion test confirmed that PVA/Gel/P. emblica cryogels provide a biosafe environment that 

promotes cell viability and increase in number. More importantly, the live/dead assay results 

confirmed other results from direct cytotoxicity studies by providing visible evidence that the P. 

emblica extract, together with the polymers used in the manufacture of cryogels, promotes cell 

viability by a functionally significant difference. These results demonstrate the high potential of the 

macroporous scaffold synthesized with natural P. emblica extract as a suitable dressing material with 

its good biocompatibility. 

3.6. Investigation of Cell Morphology, Adhesion, Viability, Cell-Cell and Cell-Matrix Interactions on 

Cryogels via Phase Contrast Microscopy, Giemsa Staining, Immunofluorescence Staining and SEM 
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Cells secrete ECM proteins in response to chemical-mechanical signals through their receptors 

and exhibit a characteristic morphology [70]. Cell-cell and cell-cryogel interaction can be investigated 

by using microscopic imaging of features such as focal adhesion of the cell, cytoskeleton with 

fluorophores, and nuclear distribution. [71]. Microscopic examination, giemsa, F-Actin/DAPI and 

Calcein-AM/Eth-1 staining was performed to assess the proliferation and morphology of cells 

cultured on control, PVA/Gel, PVA/Gel/P.emblica-0.5, PVA/Gel/P.emblica-1, PVA/Gel/P.emblica-1.5 
and PVA/Gel/P.emblica-2 cryogels at 72nd h [72] (Figure 9). Phase contrast microscopy and giemsa 

staining showed that the cells adhered to the surface of the cryogels and penetrated the pores. 

Moreover, especially in the PVA/Gel/P.emblica cryogels, cells proliferated extensively, forming large-

sized contiguous colonies/spheroids. In addition, cells in PVA/Gel/P.emblica cryogels were dose-

dependently affected by P. emblica in terms of proliferation and distrubition. In contrast, cells in 

PVA/Gel grew in scattered colonies and in fewer numbers. Unlike control cells, which grew in a 

monolayer in polystyrene, adherence and infiltration of cells into the cryogel were observed and their 

3D structure was clear (Figure 9a,b). Cells show different structural conformations from typical 
images of cells adhering to 2D surfaces when in contact with 3D scaffolds. [73]. Cells in PVA/Gel and 
PVA/Gel/P.emblica cryogels retained a tightly arranged cubic/spherical morphology. F-Actin/DAPI 

staining showed peripheral accumulation of strongly organized F-actin following cell contours 

(Figure 9c) [74]. In this paper, it was observed that loading P. emblica on cryogel effectively enhanced 

cell number and adhesion in spherical morphology. However, morphological studies should be 

confirmed molecularly and biochemically for known morphological differentiation markers such as 

involucrin, cytokeratin, keratin and vimentin [75,76]. According to C-AM/Eth-1 staining, the 

compounds used in the synthesis of PVA/Gel and PVA/Gel/P.emblica cryogels did not affect cell 

viability. It was observed as live (green) and dead (red) cells with cubic boundaries inside the scaffold 
(Figure 9d). Our microscopic imaging data confirmed the cell viability and proliferation data, 
demonstrating good compatibility of PVA/Gel/P.emblica cryogels to keep a high number of cells 

viable in healthy morphology. Our data showed that PVA/Gel/P.emblica cryogels are suitable for use 

in skin tissue engineering applications and can be developed with advanced studies. 

 

Figure 9. The effect of PVA/Gel and PVA/Gel/P.emblica cryogels on cells morphology, adhesion, 

viability cell-cell and cell-matrix interactions. Cell morphology was analyzed at 72 hour. The cells 
cultivated in polystyrene-culture plate were utilized as a control. Representative (A) phase contrast 

microscopy, (B) giemsa staining (pink-purple), (C) immunofluorescence of F-Actin (red)/ DAPI (blue) 
staining merge and (D) C-AM (green)/Eth-1 (red) staining images of seeded cells on control, PVA/Gel, 
PVA/Gel/P.emblica-0.5, PVA/Gel/P.emblica-1, PVA/Gel/P.emblica-1.5 and PVA/Gel/P.emblica-2 cryogels 

(all magnifications X20, scale bar: 100 µm). DAPI: 4’,6-diamidino-2-phenylindole; C-AM: Calcein 
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Acetomethoxy; Eth-1: Ethidium homodimer-1; PVA/Gel: Poly (vinyl alcohol)/Gelatin cryogels; 
PVA/Gel/P.emblica: P. emblica loaded PVA/Gel cryogels; P. emblica: Phyllanthus emblica. 

In a skin injury, migration and proliferation of keratinocytes are triggered first due to the 

inflammatory response, then they interact with the ECM and their adhesion changes [77]. Activation 
of keratinocyte migration is closely related to intercellular transmission and signal transduction 

regulated by Connexins, (Cx) proteins, which form an intercellular space junction [78]. In particular, 

gap junction protein Cx43 is involved in inducing signaling pathways including growth factors and 
ECM deposition that are key in wound closure [79]. Cx43 distribution in cells cultured on control, 
PVA/Gel, PVA/Gel/P.emblica-0.5, PVA/Gel/P.emblica-1, PVA/Gel/P.emblica-1.5 and 
PVA/Gel/P.emblica-2 cryogels was visualized under the microscope at 72nd h by immunofluorescence 
staining (Figure 10). Cx43 emits intense and bright fluorescent light in direct proportion to the 
increase in cell-cell interaction [71]. An overall increase in gap junction density was observed for cells 

cultured on PVA/Gel/P.emblica cryogels compared to control and PVA/Gel (Figure 10a–c). According 
to the quantitative analysis of immunofluorescent staining, Cx43 antibody fluorescence intensity in 

PVA/Gel/P.emblica-0.5, PVA/Gel/P.emblica-1, PVA/Gel/P.emblica-1.5 and PVA/Gel/P.emblica-2 

cryogels was increased by 38.41% ± 8.02%, 131.03% ± 7.80%, 186.87% ± 10.62%, 311.93% ± 14.42% and 
63.21% ± 8.35%, respectively, compared to control (P< 0.0001 for all). Moreover, gap junction density 
increased by 275.12%, 365.77%, 568.84% and 165.51% in PVA/Gel/P.emblica-0.5, PVA/Gel/P.emblica-1, 

PVA/Gel/P.emblica-1.5 and PVA/Gel/P.emblica-2 compared to PVA/Gel cryogel (P< 0.0001 for all). In 
addition, the fluorescence intensity of Cx43 increased by 56.09%, 69.64% and 39.70% in 
PVA/Gel/P.emblica-1.5 compared to other PVA/Gel/P.emblica cryogels, respectively (Figure 10d) (P< 
0.0001 for all). This data generally indicates enhanced cell-to-cell interaction in cryogels loaded with 

P. emblica (P= 0.0007 for P.emblica-0.5/P.emblica-1; P< 0.0001 for P.emblica-0.5/P.emblica-2 and P< 0.0001 
for P.emblica-1/P.emblica-2). 

 

Figure 10. The effect of PVA/Gel and PVA/Gel/P.emblica cryogels on Cx43 distribution in cells by 
immunofluorescence staining. Cx43 staining was performed 72nd h after incubation. The cells 
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cultivated in polystyrene-culture plate were utilized as a control. Representative (A) DAPI (blue), (B) 
Cx43 (green) and (C) immunofluorescence of Cx43 (green)/ DAPI (blue) staining merge images of 
seeded cells on control, PVA/Gel, PVA/Gel/P.emblica-0.5, PVA/Gel/P.emblica-1, PVA/Gel/P.emblica-1.5 
and PVA/Gel/P.emblica-2 cryogels (all magnifications X20, scale bar: 100 µm). (D) Quantitative data 
of relative intensity of anti-Cx43 immunofluorescent staining. Six individual regions that randomly 
selected were imaged on each sample and the relative of fluorescent dye was measured using ImageJ 
software. Data were defined as relative variation of fluorescent signal intensities and mean ± SD (n= 
3). One-way ANOVA test was used for statistical analysis. *P< 0.001 differ significantly from control. 
**P< 0.001 is significantly different from the PVA/Gel. ***P< 0.001 is significantly different from the 

PVA/Gel/P.emblica-1.5. DAPI: 4’,6-diamidino-2-phenylindole; Cx43: Connexin 43; PVA/Gel: Poly 
(vinyl alcohol)/Gelatin cryogels; PVA/Gel/P.emblica: P. emblica loaded PVA/Gel cryogel; P. emblica: 
Phyllanthus emblica. 

The purpose of biomaterial production is to form good cellular adhesion areas for controlling 

cell migration, proliferation, differentiation and ECM synthesis [80]. Cells were visualized 72 h after 
incubation to evaluate the effect of control, PVA/Gel, PVA/Gel/P.emblica cryogels on cell proliferation, 

morphology, localization and cell-matrix interaction by SEM. SEM can visualize cell attachment, 

spread, and morphology within the porous structure of the cryogel, revealing important information 

about the distribution of cells and their interaction with the surrounding matrix [81]. Cells with 
indistinct borders located in the pores of the scaffold and inside the polymeric walls grew on the 

cryogels and the presence of ECM was observed. There was also strong contact between cells and 
formed colonies/spheroids. It was observed that cells also encompass the interpore spaces, as 

evidenced by the spherical morphology covering the surface [74]. Notably, in the PVA/Gel/P.emblica 

cryogel compared to PVA/Gel, cells settled over the entire surface of the scaffold, forming diffuse, 

proliferating and contiguous colonies/spheroids with ECM formation. Cell number and density were 
affected by the P. emblica concentration in the cryogels (Figure 11). P. emblica contains bioactive 

secondary metabolites such as gallic acid, ascorbic ecid, quercetin, punigluconin, apigenin 7-

glucoside, kaempferol and so on [29]. P. emblica loaded cryogels possess bioactive components with 

multiple hydroxyl functional groups that promote cell attachment as well as cell proliferation. 

Macroporosity in biomaterials allows nutrient supply and metabolic waste diffusion for cell-cell 

network formation [82]. The ECM is vital for cell adhesion, receiving-transmitting physical external 

stimuli, and has a significant impact on cellular behavior [70]. SEM data revealed that the 

macroporous structure of PVA/Gel/P.emblica cryogels promotes cell adhesion and growth to simulate 

epithelialization by synthesizing proinflammatory and growth factors from keratinocytes for wound 

healing [83]. In vitro results showed that the PVA/Gel/P.emblica cryogel, which provides versatile 

support for cell-material interaction with its 3D structure, has the potential to pave the way for the 

design of more efficient next generation tissue engineering materials and implants. 

 

Figure 11. SEM images of PVA/Gel and PVA/Gel/P.emblica cryogels with cells. The cells cultivated in 

polystyrene-culture plate were utilized as a control. SEM images of seeded cells on control, PVA/Gel, 

PVA/Gel/P.emblica-0.5, PVA/Gel/P.emblica-1, PVA/Gel/P.emblica-1.5 and PVA/Gel/P.emblica-2 cryogels 
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(A) at 1000X magnification, scale bar: 50 µm and (B) at magnification 2500X, scale bar: 30 µm. SEM: 
Scanning electron microscopy; PVA/Gel: Poly (vinyl alcohol)/Gelatin cryogels; PVA/Gel/P.emblica: P. 

emblica loaded PVA/Gel cryogels; P. emblica: Phyllanthus emblica. 

3.7. Cell adhesion and Infiltration on PVA/Gel and PVA/Gel/P.emblica Cryogels by DAPI and F-Actin 

Staining 

In tissue engineering applications, the suitability of the biomaterial is important for cells to 

attach, infiltrate, multiply, grow and differentiate [52]. Cell nuclei and cytoplasm were stained with 
DAPI and phalloidin to test cell adhesion and infiltraion matrix cultured on PVA/Gel, 

PVA/Gel/P.emblica-0.5, PVA/Gel/P.emblica-1, PVA/Gel/P.emblica-1.5 and PVA/Gel/P.emblica-2 

cryogels at 72 h [83]. (Figure 12). Thanks to the porous structure of the cryogels, homogeneous cells 
that adhered to the matrices were visualized under a fluorescent microscope by staining with DAPI 

and F-Actin. A strong fluorescence was observed showing a highly populated, matrix-penetrating 

cells evenly dispersed within the pores of the PVA/Gel/P.emblica cryogels compared to the control 

and PVA/Gel. The interconnected pores forming the structure of the cryogel allowed the cells to settle. 

In contrast, an opaque and weakly fluorescence was observed in PVA/Gel, indicating a limited 

number of diffuse, clustered, and few cells on the surface. PVA and gelatin scaffolds are widely used 

for tissue engineering applications with their biocompatible nature [56]. It has been reported that 
vascularization, epithelialization, cell proliferation, adhesion and migration can be stimulated by 

loading different bioactive compounds into the PVA/Gel cryogel [43,59]. It is known that P. emblica is 

rich in phytochemicals, has high free radical scavenging and antioxidant activity, as well as wound 

healing ability by inducing cell attachment, proliferation and migration in many cell types [28,29,85]. 

The release of biomolecules in the P. emblica extract into the matrix was not specifically investigated 

in this study. However, considering the literature, it is thought that the molecules in the P. emblica 

remain active even after P. emblica added into PVA/Gel cryogel, thus ultimately increasing the 

bioactivity of the material and promoting cell attachment and penetration [29,69,86]. 

 

Figure 12. The effect of PVA/Gel and PVA/Gel/P.emblica cryogels on interaction of cells matrix via 

DAPI and F-actin staining. The cells cultivated in polystyrene-culture plate were utilized as a control. 

Representative (A), (B) DAPI and (C), (D) F-Actin and (E) (F) DAPI/F-Actin staining merge images of 

cells in control, PVA/Gel, PVA/Gel/P.emblica-0.5, PVA/Gel/P.emblica-1, PVA/Gel/P.emblica-1.5 and 
PVA/Gel/P.emblica-2 cryogels. Top row images at 10X magnification, scale bar: 150 µm and bottom 

row images at magnification 20X, scale bar: 100 µm. DAPI: 4’,6-diamidino-2-phenylindole; PVA/Gel: 
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Poly (vinyl alcohol)/Gelatin cryogels; PVA/Gel/P.emblica: P. emblica loaded PVA/Gel cryogels; P. 

emblica: Phyllanthus emblica. 

4. Conclusion 

In this study, P. emblica, a natural compound known to have antioxidant, anti-inflammatory and 

antimicrobial properties, was synthesized by adding into PVA/Gel cryogels. This study provides 

valuable insights into the development and characterization of cryogels loaded with P. emblica extract 

for potential use as wound dressings. P. emblica has a strong effect on accelerating wound healing, 

therefore PVA/Gel/P.emblica cryogels offered better cell viability and proliferation rate than PVA/Gel 

cryogels. Macroporous PVA-Gel/P.emblica cryogel was found to be non-cytotoxıc and biocompatible. 
The PVA/Gel/P.emblica-1.5 cryogel showed promising results with the highest swelling rate, cell 
viability and cell infiltration. Overall, it has been observed that P. emblica loaded cryogels have the 

potential to be used as wound dressings and scaffolds in tissue engineering applications. The study 

was based on in vitro analysis. Therefore, further studies and evaluations including in vivo studies 

can be needed to confirm and optimize the PVA/Gel/P.emblica cryogels for specific wound dressing 

applications and to understand the release profile of bioactive compounds from P. emblica within the 

cryogel. 
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