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Abstract: The aim of this research was to fabricate a burn dressing in the form of hydrogel films
constructed with cellulose nanofibers (CNF) that has pain-relieving properties, in addition to wound
healing. In this study, the hydrogels were prepared in the form of film. For this, CNF at weight ratios
of 1, 2, and 3 wt.%, 1 wt.% of hydroxyethyl cellulose (HEC), and citric acid (CA) crosslinker with 10
and 20 wt.% were used. FE-SEM analysis showed that the structure of the CNF was preserved after
hydrogel preparation. Cationization of CNF by C6H14NOCl was confirmed by FTIR spectroscopy. The
drug release analysis results showed a linear relationship between the amount of absorption and the
concentration of the drug. The MTT test (assay protocol for cell viability and proliferation) showed the
high effectiveness of cationization of CNF and confirmed the non-toxicity of the resulting hydrogels.

Keywords: burn dressing; cellulose nanofibers; hydrogel; cross-linker

1. Introduction

Hydrogels are a group of polymeric materials made up of three-dimensional (3D)
network structures with physical or chemical cross-links that have unique properties, such
as a hydrophilic nature, high sensitivity to the physiological environment, good water
absorption power, and optimal flexibility [1]. The water absorption capacity of hydrogels
arises from the hydrophilic functional groups in their polymer chains (including hydroxyl,
carboxyl, amine, and sulfonate groups), and their resistance to dissolution is due to cross-
connections between network chains [2]. One application of hydrogels is their use as a
dressing (wound and burn). In film or amorphous form, hydrogels’ hydrophilic nature
accelerates the healing process [3]. Burn dressings can be divided into traditional and
modern dressings. Traditional dressings usually have a non-stick coating on the wound
contact area side that acts as an absorbent layer around the wound [4]. A disadvantage of
conventional skin tissue repair materials, such as gauze, is their strong permeability, which
leads the repair material to firmly adhere to the surface of the dry wound, resulting in new
damage when the dressing is removed. Modern wound dressings developed to facilitate
wound function focus more on protecting the wound from dehydration and wound healing.
Such modern dressings are available in film, foam, hydrogel, and hydrocolloid form. These
dressings act as a barrier against bacteria that can penetrate the wound environment [5,6].
Hydrogels can be used as amorphous gels or in the form of films. Polymer compounds

Polymers 2022, 14, 1207. https://doi.org/10.3390/polym14061207 https://www.mdpi.com/journal/polymers

https://doi.org/10.3390/polym14061207
https://doi.org/10.3390/polym14061207
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/polymers
https://www.mdpi.com
https://orcid.org/0000-0003-3590-175X
https://orcid.org/0000-0003-0946-1965
https://orcid.org/0000-0001-9055-5082
https://doi.org/10.3390/polym14061207
https://www.mdpi.com/journal/polymers
https://www.mdpi.com/article/10.3390/polym14061207?type=check_update&version=3


Polymers 2022, 14, 1207 2 of 14

physically trap water by creating a cross-link to make a hydrogel film. Thus, the hydrogel
dressing needs to be frequently replaced when applied to the wound in the form of a gel,
and a secondary coating, such as gauze, should be used [7]. Semi-permeable polymer
film hydrogel dressings control water vapor transfer and retain moisture; these types of
dressings are very effective for treating and healing burn patients in the shortest time
possible [7,8].

Hydrogels as a burn dressing have many benefits, including the absorption and
retention of wound secretions, which increase fibroblast proliferation and keratinocyte
migration. These two processes are essential for epithelialization and wound healing. In
addition, the small size of the hydrogel microstructure protects the burn from infection
and prevents microorganisms from reaching the wound. The hydrogel structure allows
the transfer of bioactive molecules, such as antibiotics and drugs, to the burn center.
These molecules can enter the hydrogel networks during the dressing process. In general,
hydrogels have a high ability to absorb wound secretions, accelerate burn healing, reduce
pain and inflammation, are inexpensive, and stable in severe temperature fluctuations.
Most importantly, they do not stick to the burn site and cause pain after detachment
from the wound surface. In addition, they are suitable for tissue regeneration due to
their biocompatibility, transparency, and biodegradability [9,10]. The conventional wound
dressings, including natural or synthetic bandages and cotton wool, have an extended
treatment period and may even adhere to dried wound surfaces. Therefore, hydrogel-based
wound dressing has received special attention due to its multifaceted properties, such as
cooling sensation, humid environment, and absorption of wound secretions [11].

Wounds are defined as a disorder in the integrity of the epithelial lining of the skin
or mucosa caused by physical and thermal damage [4]. In fact, injuries on the skin are
generally considered wounds. Wounds are classified into acute and chronic. An acute
wound is usually superficial and is a type of skin damage that occurs suddenly as a result
of an accident or surgery. Depending on its depth and size in the epidermis of the skin
or dermis layers, it can heal in two to three months. However, chronic wounds are life
threatening because they do not heal in time. Chronic wounds include burns, decubitus
ulcers, infections, leg ulcers, etc. [12,13]. Burn injury reduces the function of the immune
system and increases susceptibility to infection. In addition, the greater the depth of the
burn, the higher the mortality rate [14].

Unfortunately, hydrogels suffer from poor mechanical stability in their swollen state.
This problem can be resolved by using a “composite or hybrid hydrogel membrane”
system made up of more than one polymer in the dressing configuration [8]. In a cross-
linking method, chemical or physical interactions between polymer chains stabilize the
hydrogel. Cross-linking allows the mesh structure of hydrogels to retain large amounts
of absorbed water. Physical and radiation cross-linking are favored over chemical cross-
linking to form a hydrogel, especially for biomedical applications [8]. Chemical and
physical cross-linking between macromolecular chains allows hydrophilic polymers to
adsorb and desorb water without dissolving the polymer. The network structure of the
polymer determines the swelling capacity, the compatibility of the polymer solvent, the
amount of cross-linking, and the ionic reaction. The controlled swelling of the cellulose
nanofiber (CNF) 3D network provides an unparalleled opportunity for this new material to
be used in dressing management [15].

Medical applications of CNF have expanded dramatically in recent years; this includes
creating suitable hydrogels for wound dressing, wound healing, and infection preven-
tion [16]. The extraordinary physical and biological properties of CNF, particularly its
naturalness, great abundance, biocompatibility, biodegradability, stability, non-toxicity, low
price, and outstanding mechanical properties, make these materials attractive for medical
applications. These applications include implants, tissue engineering scaffolds, drug release
agents, wound healing, and cardiovascular applications [17–20]. One advantage of CNF is
that its surface can be easily modified due to the abundant -OH structural moieties. Surface
modification can increase material performance in various ways [21–23]. For example,
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cationic CNF created with quaternary ammonium compounds produce materials with
antimicrobial properties, which have many potential applications in the biomedical and
pharmaceutical fields. Although pristine CNF can be used in wound dressing, it does
not have intrinsic antibacterial properties. Therefore, CNF needs to be activated with an
antiseptic drug [24]. Many studies on wound healing have shown that CNF is an excellent
candidate for wound dressing materials design attributed to the high surface area for
contact and more exposed hydroxyl groups than cellulose fibers [16,24].

Liu et al. (2018) examined hydrogels created from cellulose nanofibers, gelatin, and
aminated silver nanoparticles for wound dressing applications. They concluded that the
manufactured hydrogels have good mechanical properties and good antibacterial and
hemostatic properties. In addition, they have a proper function in balancing the wound
bed and improving wound healing [11]. Portela et al. (2019) discussed the use of bacterial
cellulose as a biopolymer to accelerate wound healing. They showed that bacterial cellulose,
due to its high purity and porosity, permeability to liquid and gases, high water absorption
capacity, high mechanical strength, antibacterial properties, biocompatibility, and potential
for drug delivery, can be used as effective wound dressing material [25]. Abazari et al. (2021)
provided a complete description and analysis of wound-healing structures and dressings
made from cellulose-based biomaterials. They showed that cellulose-based biomaterials
have promising potential as dressings and wound-healing agents. In addition, they can be
integrated with various bioactive agents. In general, cellulose-based biomaterials can form
effective structures for wound dressing and healing [26].

Although CNF is a unique biomass material with superior mechanical and physical
properties, few studies have been conducted on the use of CNF in the preparation of burn
repair hydrogels or controlled drug loading and release. The objective of this research
is to fabricate a CNF hydrogel in the form of a film or sheet and evaluate it in a topical
dermal drug delivery system. Compared to traditional wound dressings on the market,
this hydrogel could have the advantage of a gradual and controlled drug release. Thus, the
primary aim of this research is to prepare a hydrogel that has restorative, pain-relieving,
and antiseptic properties. Moreover, the constructed hydrogel’s water absorption capacity
and mechanical strength to provide genuine benefits are evaluated.

2. Materials and Methods
2.1. Materials

In this study, cellulose nanofibers (CNF) from the Weidmann Company (Rapperswil,
Switzerland) were obtained by grinding a disk with an average fiber diameter of 38 nm.
Hydroxyethyl cellulose (HEC) with a molecular weight of 250,000 g/mol and a viscosity
of 80–125 cps was purchased from Sigma Aldrich Germany. Citric acid (CA) used as a
cross-linker was purchased as a powder from Sigma Aldrich Germany. Additionally, the
silver nitrate (AgNO3), used for its antiseptic properties in wound dressing, was supplied
by Sigma Aldrich Germany. It is recognized that AgNO3 has low toxicity and provides
burn repair in burn dressing, pain relief, rapid release, and control of excess tissue [4,27].
All the chemicals and materials used in this study are of the highest purity, and all the
solutions were prepared with the use of distilled water.

2.2. Hydrogel Fabrication

Aqueous suspensions of CNF at three different concentrations (1, 2, and 3 wt.%) were
prepared in distilled water. Since the CNF are suspended in water, they have a high
tendency toward intramolecular interaction and agglomeration. To resolve this challenge,
HEC was incorporated in the CNF suspensions to reduce intramolecular and intermolecular
interactions among CNF chains and increase intermolecular bonds between CNF and HEC.
For this, 1 wt.% CHEC solution was prepared by continuously stirring the HEC powder
in water at room temperature for 2 h until the solution was clear and uniform, and the
viscosity increased. To prepare the CNF/HEC mixtures, the HEC solution was added
to each of the prepared CNF suspensions. The CNF/HEC mixtures were then stirred at
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room temperature for 6 h, and subsequently, 10 and 20 wt.% with respect to the dry weight
of CNF of the CA cross-linker was added (Table 1). Since CA must lose water to make
cross-links, the samples were placed in an oven at 30 ◦C for 24 h to evaporate the excess
water. They were then transferred to an oven at 80 ◦C for 7 h to generate the cross-links.
The constructed hydrogel was placed into a vacuum oven at 50 ◦C and relative humidity of
50% for 24 h to complete the cross-linking process (Figure 1).

Table 1. Sample denotation.

Groups CNF Concentration
(wt.%)

CA Concentration
(wt.%)

HEC Concentration
(wt.%)

C1 1 10 1
C2 2 10 1
C3 3 10 1
C4 1 20 1
C5 2 20 1
C6 3 20 1
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Figure 1. Image of a hydrogel with a ratio of CNF/HEC (3:1 wt.%) and CA 20 wt.% ((A): in the dry
sample and (B) in the wet sample).

2.3. Characterizations
2.3.1. Attenuated Total Reflectance-Fourier Transform Infrared Spectroscopy (ATR-FTIR)

The functional groups, bonds between chemical compounds in hydrogels, and cross-
links were observed using ATR-FTIR spectrometry with a Perkin Elmer Frontier TM
spectrometer in a spectral range from 400 to 4000 cm−1 and a scanning resolution of 4 cm−1

(32 scans for each sample).

2.3.2. Gel Fraction

In order to obtain the gel fraction (cross-linking efficiency), the sample was placed in a
vacuum oven at 50 ◦C for 5 h, and then, the dry weight of the sample was first recorded.
Then, each sample was placed in a separate container in 200 mL of distilled water at room
temperature for a week. During this week, the water was changed 3 times a day. One week
later, the hydrogels were placed in a vacuum oven at 50 ◦C for 12 h. During that week, the
water of the samples was changed 3 times a day. Then, the dry weight of the sample was
measured before (M) and after (M’) washing, and the gel fraction (cross-linking efficiency)
was determined using Equation (1) [28]:

Gel Fraction (%) =
M′

M
× 100 (1)
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2.3.3. Field Emission Scanning Electron Microscope (FE-SEM)

The hydrogels morphology was examined by a field emission scanning electron
microscope (FE-SEM), TESCAN MIRA2 (TESCAN, Brno, Czech Republic) with a voltage of
7 kW. The samples were fixed on copper plates by conductive double-sided adhesive tapes
and coated with 15 nm thick gold.

2.3.4. Rheological Characterization

A flow behavior test was performed to confirm cross-linking and investigate the elastic
modulus of the hydrogels in a completely swollen state. A HAAKE RS 6000 rheometer
(Thermo Fischer Scientific, Waltham, MA, USA) was used to measure the rheological prop-
erties of the hydrogels with a thickness of 2 mm, a diameter of 15 mm, and a temperature
of 32 ◦C. A variable frequency test in the linear viscoelastic region with a constant strain
value was determined for each sample separately, and the modulus of elasticity or storage
modulus (G’) and viscous modulus or loss modulus (G”) were determined with variable
frequency in the range of 0.1–8 Hz.

2.3.5. Drug Uploading

The dried samples were immersed in distilled water, and the hydrogels were weighted
again. Then, the moisture content was brought to 50% of its moisture absorption capac-
ity [29]. The hydrogel samples were then immersed into a 10% solution of silver nitrate
with pH = 7.4 at a temperature of 30 ◦C under stirring (200 rpm), for 24 h. After absorption
of the silver nitrate, the samples were placed in an oven at 40 ◦C for 16 h.

The dried samples were weighed and then immersed in distilled water and weighted
again. Then, the moisture content was adjusted to 50% of its moisture absorption capac-
ity [29]. The hydrogel samples were loaded with a 10% solution of silver nitrate with
pH = 7.4 at a temperature of 30 ◦C under stirring (200 rpm), for 24 h. After absorbing the
silver nitrate drug, the samples were placed in an oven at 40 ◦C for 16 h. Drug loading was
determined according to the concentration of the solution before and after loading.

2.3.6. Drug Release Mechanism

To determine drug release (at room temperature, 32 ◦C), 200 mL of phosphate-buffered
saline (PBS) solution with pH = 7.4 was employed as a release medium. For this purpose,
the loaded hydrogel was taken from the loading solution and transferred to the PBS release
medium. After that, a stirrer with a rotation speed of 200 rpm was used for 12 and 24 h, and
1 mL of the release medium was sampled to measure the concentration of the drug. In order
to keep the volume of the release solution constant, 0.1 normal PBS solution was added to
the release medium at the same rate after each sampling (1 mL). Using ultraviolet-visible
spectroscopy (Cary 60 UV-Vis, company Agilent Technologies, Santa Clara, CA 95051, USA),
the amount of silver ions in the medium was determined after each sampling. Since the
data extracted from this device only show the amount of absorption at a certain wavelength,
a calibration curve was needed to achieve the relationship between the concentration and
the adsorption rate (230 nm). Therefore, the adsorption amount was measured in solutions
with a certain concentration of the drug in the range of concentrations used in the loading by
the UV-Vis. The relationship between the concentration and the amount of adsorption was
determined by fitting the regression line and obtaining the formula of the fitted line, and
the concentration of each test sample was obtained by numbering the amount of adsorption
in the release test samples. Since replacing the amount of the test sample emerging from the
solution with the PBS solution changes the concentration of the release medium, the actual
cumulative concentration of the released drug at each time point (Creal) was calculated
using Equation (2):

Creal = Ct +
Vt

Vr
∑i=t−1

i=1 Ci (2)
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where Ct, Vt, and Vr are the apparent cumulative concentration of the drug released at
time t, the amount of substance taken out each time, and the total amount of the released
solution, respectively.

The cumulative amount of drug released at time t (Mt) is obtained by multiplying
the concentration of the released test specimens by the amount of 0.1 normal PBS release
solution according to Equation (3):

Mt = VrCt + Vt ∑i=t−1
i=1 Ci (3)

Finally, according to Equations (2) and (3), the result is the cumulative percentage of
drug release (Z) over time which M∞ and Mt are the cumulative amounts of drug released
at the infinite time and the amount of drug in the hydrogel after loading, respectively. This
was calculated using Equation (4) [30]:

Z =
Mt

M∞
× 100 =

VrCt + Vt ∑i=t−1
i=0 Ci

M∞
× 100 (4)

The Peppas-Ringer quasi-experimental equation (Equation (5)) was used to model the
release data [31]:

Mt

M∞
= Kn (5)

The percentage of cumulative release logarithms [log (Mt/M∞)∗100] was drawn in the
range of 5 to 60% compared to the logarithm of the release time [log (t)]. A linear regression
line was fitted to the data, and the slope (n = diffusion power) was used as an indicator
for the release mechanism. The release mechanism of the exponential coefficient (n) is
described in Equation (6):

Mt

M∞
= Ktn (6)

The values of n equal to 0.45 and 0.5 in the cylindrical and plate-shape samples indicate
the release mechanism as Fick’s infiltration. In fact, Fick’s release is the same as Higuchi’s
release model, where release control is performed through Fick’s release. In this case,
the release of the drug is controlled by infiltration, whereas a release mechanism with
exponential coefficients of 0.89 and 1 in cylindrical and plate-shape samples, respectively,
is affected by the control system through swelling.

2.3.7. Biocompatibility of Hydrogels

The biocompatibility and non-toxicity of the hydrogels were evaluated according
to the ISO 10993-1 standard (Biological Evaluation of medical devices) using MTT assay.
Briefly, from NIH3T3 cells used, 1000 cells were seeded in each sterile hydrogel (6 mm
in diameter). Cell groups cultured on a 96-well plate comprised the control group. Then,
3 h after cell attachment, suspensions prepared from each of the CNF and HEC materials
were mixed with the concentration used in the hydrogel in the culture medium and poured
onto the cells. After 24 and 72 h, the cells were incubated with 100 µL of MTT dye solution
(0.5 mg/mL, Sigma-Aldrich, St. Louis, MO, USA, Cat. R8755). After 3 h of incubation, the
dye solution was discarded, and the formazan crystals in the cells were dissolved in 100 µL
of dimethyl sulfoxide (DMSO). Then, optical density (OD) was analyzed using an ELISA
plate reader (BioTek) at 230 nm. Finally, Equation (7) was used to evaluate cell survival rate
(P) in the presence of hydrogels:

P(%) =
ODh
ODc

× 100 (7)

where, ODh is the average OD for the sample in the presence of a hydrogel, and ODC is the
average OD for the control sample.
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2.4. Statistical Analysis

SPSS statistical software (version 20.0) was used to analyze the data in a completely
randomized design. The data are presented as mean ± SD, and the comparison was
conducted via the analysis of variance (ANOVA) followed by Tukey’s tests at a 95%
confidence level.

3. Results
3.1. ATR-FTIR

Fourier transform infrared (FTIR) spectroscopy was performed to identify the func-
tional groups in the hydrogel samples and the CA-mediated cross-links in the hydrogel
samples (Figure 2). Samples C1 and C4 were destroyed in the water absorption test. In
other words, they were solved. Therefore, spectroscopy was performed on the remaining
prepared samples (C2, C3, C5, and C6). Additionally, a hydrogel made from a mixture
of CNF, HEC, and CA cross-linkers in ratios of 10 and 20 wt.%, respectively, without
applying heat, was considered as a control sample. The peak observed in the range of
3600 cm−1 to 3100 cm−1 is related to the stretching vibration of the OH groups [32]. The
peak at 1600 cm−1 corresponds to the bending of OH groups from adsorbed water [21,33],
and the peak present at about 1430 cm−1 in the spectra is attributed to the symmetric
CH2 bending vibration [34,35]. The broad peak at 1100 cm−1 indicates stretching of the
C–O ether bond [36]. The vibration peak at 890 cm−1 is assigned to C–O–C stretching at
β-(1-4)-glycosidic linkages. In other words, the glycoside bonds, which are symmetric in
polysaccharides, represent the ß-glycoside linkage between glucose units in cellulose [21,36].
In addition, it was observed that the peak in the control sample (a mixture of materials
before heating) in the 1715 cm−1 region is related to the strong C=O bond in the carboxyl
group in CA, and a new peak is observed in the 1738 cm−1 and 1740 cm−1 regions in the
C3 and C6 hydrogel samples, respectively [37]. This may be the result of stretching bond of
the carbonyl ester group due to the creation of an ester bond between CNF and CA [37].
Therefore, peak ester formation indicates the proper performance of CA as cross-linking
and hydrogel formation, while the absence of this peak in samples C2 and C5 indicates that
cross-linking in the lower ratio of CNF to HEC is inadequate, and these samples cannot be
used in hydrogel applications.
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3.2. Gel Fraction

Figure 3 shows the gel fraction of the prepared samples, which is an indicator of
crosslinking efficiency. It should be noted that samples C1, C2, and C4 were broken
immediately after immersion in water. This breakage is probably due to the lower
amount of CNF used in these samples. Thus, they were removed from the gel fraction
test. As can be seen in Figure 3, the gel fraction increased as the amount of CA cross-
linker increased from 10 wt.% to 20 wt.%. The amount of gel fraction of each hydrogel
indicated the degree of cross-linking, and an increase in this index is quite normal due to
the increase in the amount of the cross-linker. The reason for this could be a gap created
between the CNF and the physical barrier, which reduced network formation [38].
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3.3. Field Emission Scanning Electron Microscopes (FE-SEM)

The morphological properties of the hydrogels, such as the homogeneity of the
hydrogel, the dispersion quality of the CNF, and the presence of agglomerated particles,
were examined by FE-SEM electron microscopy (Figure 4). The hydrogel produced is
composed of tangled microfibrils in a random arrangement without specific orientation
or angle. As can be seen, the diameter of the CNF is in the range of 70 to 90 nm.
Accordingly, the structure of CNF was preserved after the preparation of the hydrogel,
and an accumulation of fibers did not occur during the hydrogel preparation process.
It is also observed that the hydrogels have a relatively uniform texture and good CNF
dispersion quality, especially in sample C6, as compared to sample C3, which may
be due to the use of 20 wt.% CA cross-linkers in sample C6. The CNF in sample C6
have a smaller section than those in C3 due to the higher concentration of CA, which
can form more bonds. The preservation of the nano-scale cellulose fibers structure
shows that CNF did not agglomerate during the hydrogel preparation process. The
presence of HEC in the reaction mixture helped to reduce the accumulation of CNF.
Thus, CNF suspended in water has a high tendency for intermolecular reaction and
agglomeration [32]. However, the use of HEC creates a gap between the OH groups of
CNF, which reduces the intermolecular reactions in CNF [39].
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3.4. Rheological Properties of Hydrogels

The viscoelastic properties and lattice stability of hydrogels were analyzed using
rheological studies (Figure 5). Treatments were subjected to variable frequency tests in the
range of 0.1 to 8 Hz, in the drawn state. The variable frequency test determines the variable
behavior of the viscous and elastic material by changing the frequency. In all treatments,
the modulus of elasticity or reserve (G′), as the most sensitive parameter in viscoelastic
measurements [40], was higher than the modulus of viscosity or drop (G”), which indicates
its dominant behavior. Thus, the fabricated hydrogel is elastic, which was in agreement
with the general behavior of all hydrogels with a completely collapsed structure. The
value of G’, which was used to estimate the elastic properties, was almost constant and
independent of frequency. In addition, the value of G” was a constant viscosity index,
which indicates the formation of a stable network with strong bonds [41,42]. In general, a
CNF with good intrinsic properties, such as high surface to volume ratio, flexibility, high
OH groups on the surface, and high water-holding capacity, can form gels with high elastic
modulus values, which increases the strength of the gel network. Paakko et al. (2007)
reported that the modulus of elasticity of CNF suspension is much higher than its modulus
of loss [43].

 

Figure 5. Changes in the elastic and loss modulus of C3 and C6 hydrogels relative to frequency. 
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Figure 5. Changes in the elastic and loss modulus of C3 and C6 hydrogels relative to frequency.
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3.5. Biocompatibility

Generally, it is very important to study the biocompatibility of hydrogels used in
wound dressing and other medical applications [44]. Therefore, the biocompatibility and
non-cytotoxicity of the produced hydrogels were evaluated by MTT assay. The results of
the MTT test showed that the biocompatibility of the cells in the suspension containing
CNF on day 1 and day 3 was 103.6 ± 4.3% and 97.6 ± 1.9%, respectively, and for HEC, it
was 91.5 ± 2.8% and 78 ± 4.5%, respectively. Overall, the results of the MTT test confirmed
the biocompatibility of the prepared hydrogels. Thus, the experimental results showed no
cytotoxicity of the biocompatible hydrogels. The complete similarity of the morphology of
cultured cells on the plate with and without the hydrogel also confirms the non-toxicity of
the hydrogel.

3.6. Drug Release

Figure 6A shows the calibration curve for silver nitrate absorption in PBS in the
concentration range of 0 to 200 µg/mL at six points. Light absorption of silver nitrate at
230 nm was measured by ultraviolet/visible spectroscopy (UV-Vis). The results of the drug
release analysis showed that there is a linear relationship between the amount of absorption
and the concentration of the drug. As can be seen, the fitted regression line was obtained
with an R2 value greater than 0.99. A value above R2 indicates a proper fit of the regression
line and the calibration curve [45].
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Using the fitting formula, the concentration of each sampled solution from the release
medium was obtained, and the cumulative drug release percentage was calculated for both
treatments. Figure 6B shows the change of these values with respect to sampling times. The
treatments showed an exponential release profile for the cumulative release percentage of
silver nitrate from different hydrogels relative to time. A high drug release percentage from
61.6% for C6 treatment to 78.5% for C3 treatment was observed within the first 2 h of drug
release, and then the drug was slowly released from the hydrogel for up to 24 h. Total drug
release in hydrogels varied from 80.1% in the C6 treatment to 925% in the C3 treatment
after 24 h. In a study by Rodriguez et al. (2003), the relatively rapid release of diclofenac
sodium, which has a similar solubility to silver nitrate, was reported to be about 70 to 90%
in the first 2 h of the test. The drug was then gradually released from the hydrogel derived
from the HEC cation [46]. These drug release conditions make hydrogels suitable for use
as wound dressings. This is because the system rapidly increases the drug concentration
in the burn area, so that the burn reaches the required dose at the beginning of the repair,
and the following slower release helps maintain the drug level on the burn area [47]. The
gradual release of the drug in the second phase of the experiment, with a final release of
81.8–93.7%, is probably due to the chemical interactions between the OH group of CNF
and the positive charge of silver nitrate. By creating a distance between CNF molecules
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and reducing the intermolecular reaction of OH from CNF, the presence of HEC increases
the binding conditions between the drug and the matrix.

3.7. Investigation of Drug Release Mechanism

Table 2 shows the linear regression equations fitted to the logarithmic curve with
the cumulative percentage of relative release against the logarithm of the time with the
regression coefficient R2, which indicates the closeness of linear regression to the curve.
In studying the mechanism of drug release, the regression coefficients of 0.99 confirm
that a suitable line is fitted to each of the curves, and the Peppas-Ritger model is con-
sistent with our results. In this study, the exponential coefficients (n) obtained from
the linear regression slope are in the range of 0.51 and 0.53 from plate hydrogels pre-
pared from two different types of cross-linkers. Accordingly, the release kinetics in-
clude both diffusion and delamination processes. Given that n values are closer to
the emission range (n = 0.5), the predominant mechanism in this release study is dif-
fusion (Table 2). Since the concentration gradient is the driving force in drug release,
the concentration difference between the environment and the hydrogel is probably
responsible for directing drug release [48]. Therefore, the quasi-experimental Peppas-
Ritger equation used to model the drug release from the hydrogel showed that the drug
release was affected by two factors: Fick’s release (Higuchi model) and swelling. Our
results showed the possibility of hydrogel swelling, in contact with wound secretions,
is low due to the use of a semi-wet hydrogel dressing with a humidity of about 70%.
In addition, the results of the release modeling assigned a small share to the mecha-
nism of release through swelling and introduced Fick diffusion as the predominant
release mechanism.

Table 2. Linear equations, regression coefficients and exponential coefficient obtained from the
Peppas-Ritger model of the hydrogels.

Sample Linear Formula Diffusion Coefficient (n) Regression Coefficient (R2)

C3 y = 0.5294X + 1.7899 0.5394 0.9994

C6 y = 0.5352X + 1.6911 0.5171 0.9966

4. Conclusions

According to the FE-SEM image, the structure of the CNF was preserved after the
preparation of the hydrogel; minimal fiber agglomeration occurred during the hydrogel
preparation process, but the distribution of the components was uniform. The hydrogels
were loaded with silver nitrate disinfectant to create burn-healing properties in a burn
dressing. The release of the drug was very rapid in the first 2 h, providing the required dose
at the beginning of the repair, after which the release was slower and more gradual for the
next 24 h, helping to maintain the drug on the surface of the burn. These drug release condi-
tions are suitable for using the hydrogels as a burn dressing. Thus, hydrogels burn dressing
used for drug delivery and gradual release of the drug reduces the dose of the drug, which
reduces its side effects and prevents the need for rapid and frequent changes of the dressing.
The results of release modelling using the Peppas-Ritger quasi-experimental equation made
a small contribution to the controlled release mechanism and introduced Fick’s diffusion as
the dominant release mechanism. Among the prepared samples, hydrogels with a ratio
of 3:1 between NFC and HEC have better strength properties and cross-linking efficiency,
and due to their suitable rheological properties and non-cytotoxicity, the potentiality to be
used as a burn dressing. In addition to having ideal properties for use in dressings, they
also have antimicrobial and pain-relieving burn repair properties when loaded with silver
nitrate disinfectant. The developed hydrogels have a dual benefit: on the one hand, they
cause a rapid drug concentration in the wound area due to the immediate release. On the
other hand, attributed to their antibacterial properties, they repair the burn and relieve
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pain. In summary, biodegradable hydrogel constructed with CNF containing silver nitrate
can be used as a suitable and practical product for burn repair.
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