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Abstract: Ultraviolet rays – B (UVB) can be efficiently
absorbed by the cellular molecules of skin inducing
damage within skin cells and a major cause of melanoma
cancer. In recent years, several studies have reported the
adverse effects of traditionally used organic and inor-
ganic material-based sunscreens and UVB blockers. In
this study, bovine serum albumin (BSA) has been used
as a precursor to synthesize temperature- and pressure-
dependent phase transition from sol (globular aggregates) –
gel (hydrogels) – sol (carbon quantum dots) using a single-
step hydrothermal method with an objective to develop an
efficient and effective UVB blocker. The synthesized hydro-
gels exhibit UV – attenuation, self-fluorescence, and high
biocompatibility properties that make them a suitable can-
didate for UV-blocker or sunscreen material. The biological
efficacy of the hydrogels was studied through cyto-toxicity

studies. Also, UVB blocking efficiency of developed hydrogel
in primary mice skin cell culture as well as in vivo in mice
model was studied. In vivo study on mice further demon-
strated prominent thickening of stratum corneum and epi-
dermis with perivascular edema in the dermis after 5 days of
UVB exposure. Hence, this suggesting that hydrogel could
be a potential candidate for protecting the skin from UVB
exposure and reducing the threat of skin cancer.
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1 Introduction

Skin, the largest organ in the body, has a surface area of
about 1.8 m2 and occupies 16% of the total body mass
of an adult [1]. The primary and most important function
of the skin in mammals is to provide a protective barrier
against various infections caused by fungi, bacteria, UV
radiation, and other environmental factors [2]. One of
the major reasons for skin cancer is exposure to UV radia-
tion (UV) which is classified as UVA (320–420 nm), UVB
(290–320 nm), and UVC (200–290 nm). Almost all three,
UVC and a part of UVB wavelength get absorbed by the
ozone layer and limit their reach upto the earth’s surface
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[3,4]. UVA has a minor effect on the skin; however, UVB
is the primary threat to human health and is responsible
for skin cancer, photoaging, immune suppression, and
sunburns [5,6].

Cancer is the most challenging disease to treat and
the second most cause of mortality in the world. In recent
years, there is a tremendous increase in skin cancer
worldwide [7,8]. The major types of skin cancers are basal
cell carcinoma, squamous cell carcinoma,Markel cell cancer,
and melanoma in which melanoma is most dangerous
because of its ability to spread faster to other organs if it is
not diagnosed at an early stage and even becomes deadly
[9,10]. Therefore, treating melanoma skin cancer is a big
challenge, and emerging functional materials give a
possible route to treat melanoma by enhancing drug
uptake in cancer cells, minimizing toxicity, increasing
the circulation time in tumor tissue, etc.

Avoiding excessive solar exposure and using sunsc-
reens composed of nanoparticles such as zinc oxide NPs,
are recommended to prevent exposure to UV radiation
[11–13]. Currently, the most commonly used sunscreens
are based on the nano-sized TiO2 and ZnO nanoparticles
[14,15]. Skin exposure to the nano-sized particles con-
taining sunscreens leads to the incorporation of inorganic
material in the stratum corneum which can alter the
attenuation properties due to particle-particle, particle-
skin, and skin-particle-light physiochemical interactions
[16,17]. Photocatalytic effects, nanoparticle stabilization
after chronic exposure, and free radical production are
some other major concerns to using these materials as
sun blockers. The current scenario demands a new alter-
native material for skincare treatments, which can be more
efficient, biocompatible, minimizing the side effects, and
reducing the treatment cost significantly for the patients
[18–21]. In this regard, functional biomaterials could be a
good alternative to the nano-sized inorganic nanoparticle
to prevent sunburns and skin cancer.

Proteins are biomolecules in nature; thus, they are
safe and biocompatible. In recent studies, proteins have
been extensively utilized by Materials scientists to design
novel materials with unique functionality that further
improves their practical applicability [22–25]. The complex
structure of proteins is maintained due to the various inter-
actions such as electrostatic, van der Waals, hydrophobic,
and cation-pi. This gives tremendous opportunity to tune
them into self-assembled hierarchal structures. Another fas-
cinating aspect of self-assembled protein materials is the
formation of hydrogel, which have multifunctional proper-
ties [26–29]. Protein-based hydrogels are a promising material
for variousbiomedical applications because of their hydrophilic
networks, controllable self-assembly, and biocompatibility.

Bovine serum albumin (BSA) is a cost-effective, easily, and
widely available protein. Its primary structure contains a
single polypeptide chain of 583 amino acids with a molar
mass of 66.4 kDa. BSA is a water-soluble protein with 76%
sequence homology and identical pH-dependent conforma-
tion with human serum albumin [30,31]. Studies show that
BSA has been conjugated with many organic and inorganic
compounds for the synthesis of bio-nanoconjugates, mono-
layers, and nanoparticles, and holds promising applications
in the biomedical field [32–36].

Thus, BSA has been used as a precursor to synthesize
different self-assembled morphologies using a single-step
hydrothermal thermalmethodwith an objective to develop
an efficient and effective UV-B blocker. By varying the
hydrothermal temperature from 25 to 120°C, different
phases of BSA protein have been synthesized. First, sol-
to-gel transition occurs at 70°C, where BSA protein trans-
forms into a self-assembled hydrogel phase, further
heating of BSA protein at 120°C leads to the second-phase
transition from gel to carbon quantum dots. Developed
phases were thoroughly characterized using various phy-
sical and optical techniques such as SEM, TEM, FTIR, and
SAXS, for studying their efficient applicability in the bio-
medical field. Biological efficacy was studied through cyto-
toxicity studies, and UV-B blocking efficiency of developed
hydrogel was studied in primary mice skin cell culture as
well as in vivo in mice model.

2 Material and methods

2.1 Chemicals and materials

BSA (lyophilized powder, >96% (agarose gel electrophor-
esis), MW = 66,430 Da), rutile nanosized TiO2, sodium
chloride, hydrochloric acid, disodium hydrogen phosphate,
and sodium dihydrogen phosphate were purchased from
Sigma-Aldrich and used without further purification.
Deionized water (12M-cm) from the Millipore water purifica-
tion system was used for all aqueous solution preparations.

2.2 Synthesis of temperature-dependent
phases of BSA

All the temperature-dependent phases of BSA were synthe-
sized using the single-pot hydrothermalmethod. The homo-
genous solutions of concentration 40mg/mL of lyophilized
BSA powder were prepared using Sorensen’s phosphate
buffer (pH-7.4) with a sodium salt concentration of 150mM.
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The prepared solutions were transferred to a 25mL Teflon
cylinder with a steel autoclave and heated for the hydro-
thermal reaction at temperature ranges from 25 to 120°C
for 15 h. During heating at different temperatures, different
phases of BSA were resulted. The resultant samples were
named according to their heating temperature, for example,
H-100 suggests that BSA solution has been heated at 100°C
for 15 h using the hydrothermal method.

2.3 Characterization techniques

A different phase of BSA has been characterized using
suitable physical techniques. UV-Vis measurements have
been performed using JASCO V770 UV-Vis spectrophot-
ometer and Eppendorf Biospectrometer for solid and liquid
samples, respectively. Photoluminescence (PL) properties
have been studied using Fluorolog (Horiba). Fourier trans-
form infrared (FT-IR) spectroscopy was performed using
the Thermo Scientific Nicolet iD7 spectrometer over the
wavenumber 500–4,000 cm−1 region with a resolution of
4 cm−1. Field emission scanning electronmicroscope (FESEM)
images were taken using a FEI Nova NanoSEM 450 FESEM. A
transmission electron microscopy (TEM) image was obtained
using the TECNAI-T-20 (FEI instrument) at 200 kV accel-
erating voltage. LV100ND fluorescence microscope and
Carl Zeiss 780 LSM laser scanning confocal microscopy
system (Germany) were used for fluorescence microscopy.
Rheological characterization of BSA hydrogels was per-
formed using the Anton Paar Physica MCR301 rheometer.
The BSA hydrogels were prepared in a hydrothermal auto-
clave and transferred to the rheological geometry of 8mm
parallel plates having a gap of 1mm at room temperature
for further studies. The measurement for storage and loss
modulus as a function of strain and frequency was also
performed for all hydrogels (H-70 to H-110) between the
frequency range of 0.1 and 10 rad s−1 with a constant strain
of 0.5% at 25°C. Xenocs SAS, model Xeuses 2.0, with a
dual-source module X-ray source (Q range varies from
0.005 to 1.2 Angstrom−1) was used for the small-angle
X-ray scattering (SAXS) measurement.

2.4 In vitro studies

2.4.1 Cell culture

For primary skin cell culture, skin tissue was collected
from the hairless skin of Swiss albino mice, and the iso-
lation of primary epidermal cells, endothelial cells, dermal
cells, and fibroblast cells was performed by following the

protocol given by Pauline Henrot et al. [37]. For experi-
mental purposes, epidermal cells were used.

2.4.2 Cell viability

The biocompatibilities of all samples, i.e., H-25, H-60, H-70,
H-80, H-90, H-100, H-110, H-120, and H-200, were deter-
mined by the MTT [3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl
tetrazolium bromide] assay where the primary mice skin
cells were plated at 104 cells/well in 96-well plates (Genetix)
24h prior to the experiments. After completion of 24h, the
cells were treated with H-25, H-60, H-70, H-80, H-90, H-100,
H-110, H-120, and H-200 with the same dose (20mg/mL, i.e.,
1:1 sample: complete media). In control (with cells) and nega-
tive control or blank (without cells) groups, the complete
media were added. After 24h of treatment, the cells were
processed for theMTT assay following the laboratory standard
process [38], and the optical density was measured in tripli-
cate at 595nm in a microplate reader (Biorad).

2.4.3 Cellular uptake

For the cellular uptake study of each sample, primary
mice skin cells were seeded at 6,000 cells/well upon
the round coverslips placed inside the 24 well plates
24 h prior to treatments. After 24 h, the cells were treated
with the samples (H-25, H-60, H-70, H-80, H-90, H-100,
H-110, H-120, and H-200) at the concentration of 20mg/mL
for the next 24 h similarly to MTT assay. After completion of
24 h, treated cells were fixed, permeabilized, and stained
with DAPI according to the laboratory standard procedure
[39], and finally, images were captured by a Carl Zeiss 780
LSM laser scanning confocal microscope (Germany).

2.4.4 UVB treatment study

An UVB lamp (G25T8E, Sankyo Denki) with peak emis-
sion at 306 nm was used for the generation of UVB radia-
tion. For the UVB treatment study, the whole experiment
was divided into two primary groups, i.e., UVB treated
and UVB + H-110 treated. Each group was further sub-
divided into three subgroups according to UVB exposures,
i.e., 5, 10, and 15min according to ref. [17]. For each sub-
group, primary mice skin cells were seeded at 6,000 cells/
well on coverslip (3 wells) and 12,000 cells/well in other 3
wells of 6 well plates [thus 3 separate 6-well plates for 5′,
10′, and 15′ UVB treatment] for 24 h for acclimatization.
After the completion of 24 h, every six-well plates was
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placed under UVB light of the self-made UVB chamber
(Figure S1) for respective 5′, 10′, and 15′ UVB treatment.
On the same day, the cells of the UVB + H-110 group were
first layered and incubated with H-110 for 1 h inside the
CO2 incubator. After 1 h, the cells were treated with UVB as
described earlier. After all treatments, the cells seeded on
the coverslips were fixed permeabilized and stained with
DAPI, and the images were captured by a Carl Zeiss 780
LSM laser scanning confocal microscope (Germany) for
cytological study. Other treated cells were processed for
survival analysis through MTT assay.

2.5 In vivo mice model study

Two weeks prior to experimentations, all-female Swiss
albino mice (N = 30) were maintained at 12 h light: 12 h
dark cycle with 25 ± 2°C temperature at the Department
of Zoology, Banaras Hindu University, Varanasi, Uttar
Pradesh, India. All maintenance procedures along with
experimentations were performed following the revised
Animals Act Government of India, 2007, approved rules
[Committee for the Purpose of Control and Supervision
of Experiments on Animals (CPCSEA), Registration No.
1802/GO/Re/S/15/CPCSEA].

After acclimatization, animals were divided into six
following groups with five animals in each group:
1. Control (n = 5) –without any treatment,
2. H-110 treated group (n = 5) –where a single layer of H-

110 at the backside was applied to each animal,
3. 3 days UVB-treated group (UV 3D, n = 5), treated with

UVB for 20min for 3 days,
4. 5 days UVB-treated group (UV 5D, n = 5), treated with

UVB for 20min for 5 days,
5. 3 days H-110 + UVB-treated group (H-110 + UV 3D, n =

5), where a single layer of H-110 at the backside was
first applied and then the UVB treatment was given for
20min for 3 days,

6. 5 days H-110 + UVB-treated group (H-110 + UV 5D, n =
5), where a single layer of H-110 at the backside was
first applied and then UVB treatment was given for
20 min for 5 days.

During treatment, mild ether anesthesia was conti-
nually given to the animals. After completion of the
experimental periods, part of the treated skin was col-
lected from each animal for further histoarchitectural
analysis. No animals were sacrificed during this experi-
mentation; as after skin collection, animals were given
proper medical care to heal the wounds.

2.5.1 Morphometric analysis

For histological analysis, skin were immediately removed
from each group of animals and fixed in 10% formalin,
followed by dehydration, clearing with xylene, and finally
processed in wax and sectioned (7microns) for hematoxylin
and eosin staining (HE staining) [39]. Histoarchitectures
were observed under a research microscope (Nikon E 200,
Japan) in randomly selected sections.

3 Results and discussion

3.1 Sol–gel–sol transformations of BSA
hydrogel

BSA gels were prepared at different hydrothermal tem-
peratures varying from 25 to 120°C with the 40mg/mL
protein concentration without using any cross-linker or
chemical agent. At 25°C, the BSA solution does not go for
the gelation process even after 15 h of heating, and the
resultant has the same sol phase as the BSA initial solu-
tion. Further heating at 60°C, the turbidity of the solution
is increased; however, no gelation occurs. One of the
plausible reasons is that below the melting temperature
(63°C), protein starts to unfold and thermal energy and
electrostatic forces between the amino acid start to encounter
each other during the hydrothermal process [40]. The
melting temperature of the BSA is above 63°C, so the
BSA solution was heated at 70°C hydrothermally for 15 h.
Heating protein solution at a temperature of 70°C changed
the turbid sol phase into a very fine gel, and this gel phase
remains till the temperature of 100°C. Further heating of
the protein solution above 110°C leads to the formation of
new phases, and the phase separation between sol and gel
was observed. The major portion of the protein solution
changes into gel but the color of the gel becomes brownish
and the remaining liquid was white. When the protein
solution was heated to 120°C, the whole protein solution
was converted into a sol phase and shows the physical and
optical properties of carbon quantum dots. All the phases
of the BSA are shown in Figure 1.

The sol–gel–sol phase transition as a function of
temperature was tested using the tube inversion method.
Thermally elevated phases of BSA show sol-to-gel and
gel-to-sol transformation at 70 and 120°C, respectively.
The melting temperature of BSA is 63°C, and studies
show that BSA has different oligomeric states above
and below its melting temperature [41]. The heating of
proteins above melting temperature results in weakening
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the hydrogen bonds and strengthening the hydrophobic
interaction which alters the diffusion, accessibility, and
exposure of polypeptide chains segment and dilutes the
ligand binding properties [42]. Interactions between elec-
trostatic and hydrophobic interaction result in connecting
the protein molecules and led to form a gel-like structure.
The aggregation of BSA can be elevated with temperature,
pH, ionic strength, and other external stimuli. These fac-
tors play a significant role in the transition temperature of
the various phases. As we heat the protein solution at a
higher temperature, the strength of the gel decreases,
which was further supported by rheological studies and
a tube inversion test. At high temperatures, interactions
present between the gels start to break, and gel-to-sol
phase transition happens. Physical and optical character-
izations of the sol phase confirm the nanostructure of the
carbon quantum dots that are homogeneously dispersed
in the medium [42,38]. Thus, different phases of BSA
hydrogels have been synthesized using a single hydro-
thermal technique just by varying temperatures without
the addition of a cross-linker molecule.

3.2 Optical characterization of various
phases of BSA hydrogels

It was observed that all the BSA hydrogels synthesized at
various temperatures show different colors in appear-
ance. As the heating temperature increases, there is a
change in color. It becomes a transparent solution to
translucent white in the gel phase and dense yellow in
the CQDs phase. UV-Vis spectroscopy was used to ana-
lyze the optical changes shown in Figure 2(a). UV-Vis
spectra of H-25 (hydrogel synthesized at 25°C) show the
typical characteristic peak of BSA observed at 278 nm. As
there is an increase in the temperature, protein starts to

aggregate and forms a gel. H-70 (hydrogel synthesized at
70°C) and H-110 (hydrogel synthesized at 110°C) also
show the BSA peak but absorb in a broader range from
UV to visible, which make them a suitable candidate for
skin protection from UVB (Figure S2(a)). H-110 shows a
new peak at 340 nm, which reveals the possibility that
there might be a generation of new fluorescent com-
pounds during the gelation process. H-120 shows the
characteristic peak of CQDs at 275 nm which is due to
the π–π* electronic transition of C]C on the CQDs sur-
face. The board absorbance shows the presence of a large
number of functional moieties present on the surface.
Figure 2(b) shows the auto-fluorescence property of var-
ious phases of BSA. It is well established that BSA has
blue auto-fluorescence because of the aromatic amino
acids such as tyrosine, tryptophan, and phenylalanine
[43]. The emission spectra of H-25 and H-60 show intrinsic
fluorescence such as BSA solution centered at 340–350 nm
with the excitation wavelength of 280 nm. The excitation
spectrum is also centered at 270–290 nm and does not
show long-range excitation. Moreover, the gel phases of
the BSA (H-70 to H-110) exhibit a strong fluorescence at
450 nm when excited with 365 nm. The PL spectrum of the
gels (Figure S2(b)) shows a redshift in excitation and emis-
sion compared to the sol phase. The emission spectrum
ranges from 400 to 550 nm for emission with the broad
excitation wavelength ranging from 325 to 375 nm. This
phenomenon can be explained by the fact that the heating
of the protein reduces the steric hindrance of peptide
chains and exposed the aromatic amino acids that can
favor the energy transfer among the C]C and C]O bonds
that existed in the protein as well as the proximity of
amine groups. Another reason could be the formation of
new fluorophores that have been promoted by the tem-
perature-induced gelation process. The intensity of the
fluorescence also increases with the hydrothermal tem-
perature but does not show a strong redshift. Due to the
presence of a larger number of amino acids and the non-
availability of information regarding their interactions, it is
difficult to probe the accurate reason for the red-shifted
and high auto-fluorescence intensity in hydrogels. The
CQDs phase of the BSA shows a blue shift in excitation
and emission wavelength compared to the gel phase
which can be tuned by concentration and excitation
wavelength. Wavelength-dependent emission in CQDs
can be due to the non-uniform size distribution in dis-
persive medium and various surface functional groups
such as carboxyl, hydroxyl, and other oxygen species.

To get more insight into the involvement of various
functional groups to form different phases of BSA at var-
ious temperatures, FTIR analysis has been performed.

Figure 1: Different phases of developed BSA hydrogel at different
temperatures.
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Full scan FITR spectra (4,000–500 cm−1) of all phases of
BSA are shown in Figure 2(c). Intensity variation and
small spectral shifts have been observed during the gela-
tion process, and some new peaks have been observed
when the gel phase is converted to CQDs. The broad peak
at 3,500 cm−1 corresponds to the amide II bond due to the
N–H stretching present in all the phases. From the sol-to-
gel transition, only the peak becomes broader, but during
the gel to CQDs transition, new peak occurs at 3,252 cm−1

corresponding to the N–H bond of the amine (–NH2)
group. Amide band (1,400–1,700 cm−1) exists during both
phase transitions and supports the fact that the protein
main chain remains intact after heating at high temperature
[44]. Peaks due to amide I bond C]O stretch at 1,650 cm−1

become strong with gel formation but amide II bond (C–N
stretch coupledwith N–Hbending) at 1,580 cm−1 disappears
in gel; however, it becomes stronger in the CQD phase.
The decrease of amide II at approximately 1,580 cm−1 and

increase of Amide II at approximately 1,450 cm−1 are
related, which shows the conformational changes at a ter-
tiary structural level. CQDs are nano-dimensional structural
with an exposed functional group on the surface. The very
strong peak around 1,400 cm−1 in the CQD phase corresponds
to the symmetric stretching vibration of COO–, which disap-
pear in gel form due to the CO–NH bond formation and also
the peak at 1,093 cm−1 due to C–O vibration becomes promi-
nent in the CQD phase. The limitation of the FTIR instrument
investigation of new chemical bond formation overrules and
limits the accurate analysis of the sol-to-gel transition.

SAXS has been performed on the samples prepared
namely H-25, H-60, H-70, H-90, H-110, and H-120. No gel
formation was observed in the samples prepared at the
temperatures 25 and 60°C, and they remained in the solu-
tion state. On the other hand, gel formation was observed
in the samples, which was prepared above the transition
temperature. Raw data for the samples are shown in

Figure 2: (a) UV-Vis spectrum of different phases of BSA protein; (b) PL spectrum of different phases of protein at their maximum excitation
wavelength; (c) FTIR spectrum of different phases.
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Figure 3(a). Sample H-25 shows a characteristic curve for
a sphere. BSA in the solution state was found to form a
globular structure, and the radius of the globule has been
calculated by fitting the spherical model. The calculated
radius of the BSA is found to be 3.198 nm. The fitted data
are shown in Figure 3(b).

For the sample H-60, it is near the phase-transition
temperature. It was observed that it was neither showing
the characteristic curve for a sphere nor a gel. As the
samples are prepared near the phase transition tempera-
ture, it can be assumed that SAXS data will be a combi-
nation of both the solution state sample and hydrogels.
The mathematical equation used to fit the curve is given
by equation (1) [45]:
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where I(0) is the scaling factor, C is the Lorentz scale, G is
the Guinier scale, a1 is the correlation length, a2 is related
to the radius of gyration of the globule structures of the
BSA formed and can be given as a2

2 = Rg
2/3, and D is the

fractal dimension of the system.
The fitted curve for the H-60 is shown in Figure 3(c).

Fitted parameters for the H-60 are listed in Table S1. The
value of D indicates the solvent condition. D value greater
than 2 indicates a bad solvent condition; D value less
than 2 indicates that the BSA is in good solvent condition
and equal to 2 indicates that BSA is in the theta solvent
condition. For the H-60 sample, the value of D is 1.75
which is close to the value of 5/3 indicating that the
BSA below the transition temperature is in good solvent
condition. a1 indicates the mesh size of the crosslinks
formed. The fitted mess size comes out to be 22 nm. The
Rg

2 value calculated is 5.9 nm. From this fitted data, it can

Figure 3: (a) Small-angle X-ray diffraction analysis of all phases of BSA protein; (b) shows that fitting of the SAXS of the H-25 samples using
the spherical model; (c) H-60 is prepared near the transition temperature, SAXS for H-60 is fitted using the combination of Lorentz and
Guinier equation; (d) shows the fitting of H-70, H-90 and H-110 using the Lorentz and porod fitting.
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be confirmed that near the transition temperature BSA
molecules start to swell and start to form the network.
The force between the molecules is not strong enough to
form a strong network of BSA. Thus, there is a possibility
of the existence of both globular structures along with a
mesh. For gel samples, namely H-70, H-90, and H-110
fitted data are shown in Figure 3(d). To fit the experi-
mental data, equation (2) has been used [46–48].

( )
( ( )

= +
+

I q A
q

C
q a1 ⁎

,n m
1

(2)

where A is the porod constant, C is the Lorentz constant,
n is the porod factor, m is the Lorentz factor, and a1 is the
mesh size.

The fitting parameters are shown in Table S2. n is the
factor that corresponds to t homogeneity of the system. n
value above 2 indicates that formed gels are homoge-
neous. As the temperature is increased, the value of n
also increases indicating that with an increase in tempera-
ture, BSA molecules unfold and form a homogeneous
structure. For H-70, as the temperature is closer to the
transition temperature, n is a little less than 2 which indi-
cates that the gel structure is not fully homogeneous and
the interaction between the molecules to form the cross-
links is not strong enough. For samples H-90 and H-110,
the n value is above 2, and it indicates that the samples are

homogeneous, and the bonds are strong enough to form
the crosslinks to form stable hydrogels.

Lorentz part of the curve has two parameters m and
a1. Lorentz factor m suggests the interaction of the mole-
cules with the solvent. m above the value of 2 indicates
that the molecules are in poor solvent condition, and the
interaction between the molecules is dominating. As the
temperature is increased, m value also increases indi-
cating that the molecules are coming together to form
the denser crosslinks. a1. value is found to decrease
with an increase in temperature which tells us that the
distance between the crosslinks is decreasing. Therefore,
this indicates that gels formed at higher temperatures are
much denser. Also, for the H-70 sample, as the tempera-
ture is near the phase transition, mess size is larger when
compared with samples prepared at a higher tempera-
ture. This indicates that gels formed are not very dense,
and the bonding between the molecules is not strong
enough to form denser gels. For H-120, SAXS scattering
is very weak and is very close to the background; so, it is
not possible to analyze the same.

To investigate the surface morphology and mechan-
ical strength of the temperature elevated self-assembled
hydrogels, SEM and rheology studies were employed.
The SEM images of lyophilized powder of BSA hydrogels
(H-70, H-90, H-110) are shown in Figure 4(a)–(c). All

Figure 4: SEM images of hydrogel: (a) H-70; (b) H-90; (c) H-110; and (d) histogram of the area of voids.
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hydrogel phases exhibit a three-dimensional highly porous
honeycomb-like structure with irregularities in shape and
size. During the lyophilization process, water gets evapo-
rated and lefts the voids between the interconnected areas
[49]. As there is an increase in the hydrothermal tempera-
ture, the pore size of the hydrogels gets smaller. Relative
decreases in pore size of hydrogels are shown in Figure 4(d).

3.3 Rheological analysis

Rheological studies have been performed to investigate
the viscoelastic behavior of the hydrogels. Strain sweep
test and frequency sweep test were performed to get
insight into change in storage and loss modulus of gels
as a function of strain and frequency. To evaluate the
limits of the viscoelastic region, strain sweep tests were

carried out on all the hydrothermally synthesized gel
phases of BSA. In the linear viscoelastic region, the sto-
rage modulus G′ and viscous modulus G′′ are indepen-
dent of strain and frequency [50]. Under higher strain
conditions, the stress response of the gels is no longer
sinusoidal, and similarly, higher harmonic contributions
lead to a nonlinear stress–strain relationship. In the case
of the strain sweep test, G′ and G′′ were plotted as a
function of strain (%). As we increase the hydrothermal
temperature from 70 to 90°C, both G′ and G′′ increase
linearly as shown in Figure 5(a). However, at 100°C, the
G′ and G′′ start to decrease, which suggests that due
to the hydrothermal process, the lower-order structure
starts to form that alters the viscoelastic property of
hydrogel. Also, for the H-110 phase, we are getting similar
viscoelastic trends as H-70. Additionally, in the case of
the frequency sweep test, both G′ and G′′ moduli also

Figure 5: (a) Strain sweep test: G′ and G′′ modulus as a function of strain and (b) frequency sweep test: G′ and G′′ modulus as a function of
frequency.
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increase as we increase the temperature from 70 to 110°C
(Figure 5(b)). The higher values of G′ over G′′ indicate that
the elastic component is predominant on the viscous one
in a swiped frequency range.

3.4 Biological studies

3.4.1 Cell toxicity and cellular uptake analysis

BSA has been extensively used in biomedical applica-
tions due to its higher bioavailability, biocompatibility,
and biodegradability properties [51]. Herein, our objec-
tive was to study the cytotoxicity aspect of synthesized
BSA hydrogel using BSA at various temperatures. In vitro,
the biocompatibility of all hydrogel samples, i.e., H-25, H-
60, H-70, H-80, H-90, H-100, H-110, H-120, and H-200. is
studied and shown in Figure 6. The MTT assay results
demonstrated that all samples showed the % cell survival
between 93.6 and 99.16%, which suggests its excellent
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Figure 6: Cell viability study of hydrogel samples for 24 h. Vertical
bars representing mean ± SEM. Significance was tested using one-
way ANOVA followed by Tukey post-hoc test.

Figure 7: Confocal imaging of cellular uptake of H-60, H-70, H-80, H-90, H-100, and H-110.
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Figure 8: (a) UVB attenuation using different phases of BSA hydrogels, (b) protective role of H-110 from UVB-induced cytological damage primary
skin cell culture by % cell viability assay, time-dependent experimental settings (5–15min). Vertical bars representing mean ± SEM. Significance
was tested using one-way ANOVA followed by Tukey Post-hoc test. The symbol * shows the significance level between control and only UVB, #
shows the significance level between only UVB and H-110 + UVB, and @ shows the significance level between only control and H-110 + UVB. Data
were considered statistically significant as ***/###/@@@ for P < 0.0001, **/##/@@ for P < 0.01, and */#/@ for P < 0.05.

Figure 9: Protective role of H-110 from UVB-induced cytological damage primary skin cell culture by confocal bioimaging, time-dependent
experimental settings (5–15 min).
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biocompatibility. Among all of them, H-110 showed the
highest % cell survival of 99.16%.

Cellular uptake studies further confirm its good bioi-
maging green autofluorescence capacity in all hydrogel
samples. Interestingly, H-110 has shown maximum cel-
lular penetration (Figure 7) with a higher cytoplasmic
and nuclear distribution. Hence, we have applied H-110
for further experimental studies.

3.4.2 Studying the protective role of H-110 on UVB
induced cytological damaged primary skin cells

UVB attenuation activity of all the samples is tested and
shown in Figure 8(a). All the gel phases have shown a
significant reduction in UVB intensity. However, max-
imum attenuation is shown by H-110 with a density of
5 mg/cm2. The maximum UVB irradiance emitted by the
UVB rod was 790 µW/cm2 at 11 cm away from the rod
where all the UV attenuation studies were performed.
The maximum attenuation is observed by H-110 hydrogel
with a 36.7% decrease. Our MTT data have demonstrated
aggressive normal skin cell death except UVB treated

cells after all three-time points, i.e., 5, 10, and 15 min
(P < 0.000, one-way ANOVA, followed by Tukey post-
hoc test, Figure 8(b)). Minimum % cell survival was
observed after 15 min UVB treatment (29.39 %) in com-
parison to control skin cells (P < 0.000, one-way ANOVA,
followed by Tukey post-hoc test). No significant cell death
was observed after 5 min UVB exposure in H-110 applied
skin cells in comparison to control skin cells (P = 0.997,
one-way ANOVA, followed by Tukey Posthoc test). After
20 and 15 min of UVB exposure, the H-110 applied cells
showed 84.06 and 77.76% cell survival. Interestingly, the
H-110 layer on skin cells significantly increased skin cell
survival at 47.33, 39.09, and 50.36% after respective 5, 10,
and 15 min UVB exposure (P < 0.000, one-way ANOVA,
followed by Tukey Posthoc test) [52].

It was observed that the confocal imaging data (Figure 9)
are also in the accordance with the results of the MTT assay
with the protective role of H-110 after UVB treatment. In our
study, with an increase of UVB exposure time to cells from 5
to 15min, the intensity of emitted red fluorescence decreases.
This might be due to the disruption of cellular components
with increased time of UVB exposure as the morphology of
cells was also changed toward dead cells at 15min UVB

Figure 10: Transverse section showing histoarchitecture of skin tissue of M. musculus: (a) control, (b) H-110 treated, (c) UVB treated for
3 days, (d) UVB treated for 5 days, (e) H-110 + UV treated for 3 days, and (f) H-110 + UV treated for 5 days; Ep represents epidermis, Sc
represents stratum corneum, Tep represents thickening epidermis, and Ed represents edema. (g) The vertical bar represents the epidermal
thickness of different treatment groups (mean ± SEM). Significance was tested using one-way ANOVA followed by Tukey post-hoc test. The
symbol * shows the significance level between control and only UVB 5 days, # shows the significance level between control and H-110 + UVB
5 days, and @ shows the significance level between only UVB 5 days and H-110 + UVB 5 days. Data were considered statistically significant
as ***/###/@@@ for P < 0.0001.
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exposed group. Previous studies have reported that the cell
partially absorbs the smaller UV wavelength and emit a
longer wavelength [52,53]. However, in the case of the H-
110 applied group of cells, there was no significant morpho-
logical changes were observed after UVB exposure. Hence,
this clearly shows that H-110 has the potential to protect the
skin cells from UVB exposure.

3.4.3 In vivo protective role of H-110 on UVB-induced
skin damage in mice

Our histological results with 3 days of UVB exposure
(Figure 10(c)) showed no significant change, whereas 5
days of UVB exposure (Figure 10(d)) produced pathomor-
phological changes in the skin of mice, i.e., significant
thickening of stratum corneum (SC) and epidermis (Tep,
P < 0.000), and perivascular edema (Ed) in the dermis
was prominent. At H-110, the monolayer applied group
showed no significant morphometric changes after 3 days
of UVB exposure (Figure 10(e)). Interestingly, 5 days of
UVB exposure at H-110 monolayer (Figure 10(f)) applied
group showed significant epidermal thickening as com-
pared with the control tissues (P < 0.007); however, when
the epidermal thickness of H110 + UV5D skin tissues was
compared with the epidermal thickness of the UV5D skin
tissue, the epiderma was significantly thinner in the H-
110 + UV5D skin tissue (P < 0.000, Figure 10(g)). Hence,
our mice model study also supports our finding that the
topical administration of H-110 is potentially effective in
protecting the skin from UVB-induced skin damage.

4 Conclusion

Using a simple and efficient hydrothermal method, a
wide range of phases varying from sol–gel–sol of BSA
hydrogel were synthesized. This is the first-of-this-kind
of study wherein we observed that even without using
cross-linkers, we can synthesize different phases of pro-
tein by varying the hydrothermal temperature. Extensive
physico-chemical and optical characterization data of
synthesized hydrogels has shown its potential applica-
tion as a UVB blocker for skin protection. To ensure, in
vitro cytotoxicity and UV protection ability of hydrogels
were tested using primary skin cells. Among all, the H-
110 sample has shown extraordinary applicability. Thus,
in vivo protective role of H-110 on UVB-induced skin
damage in the mice model was studied, and the results
have confirmed that the topical administration of H-110 is

potentially effective in protecting the skin from UVB-
induced skin damages. The present study ensures that
using BSA protein as a precursor, it is possible to prepare
hydrogels with various functionalities, no cytotoxicity
and it holds a prominent role in the biomedical field for
the protection of skin and in the cure of skin cancer.
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