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ABSTRACT: Hydrogels have emerged as a potential tool for

enhancing bioavailability and regulating the controlled release of - v

therapeutic agents. Owing to its excellent biocompatibility, silk > | Poycaproiactone QYQY
sericin-based hydrogels have garnered interest in biomedical /\ / Ay

applications. This study focuses on synthesizing a soft hydrogel by , -
blending silk sericin (SS) and polycaprolactone (PCL) at room -’issh;gl-o:znd il 7m:§£;j.a/

temperature. The physicochemical characteristics of the hydrogels
have been estimated by different analytical techniques such as UV—
visible spectroscopy, Fourier transform infrared spectroscopy (FTIR),
X-ray diffraction (XRD), and scanning electron microscopy (SEM).
The rheological studies demonstrate the non-Newtonian behavior of ¢
the hydrogels. Further, the porosity analysis indicates a commendable | sombvxmoi  serein
absorption capacity of the hydrogels. The swelling degree of the

hydrogels has been checked in both distilled water and buffer solutions of different pHs (2—10). Moreover, the drug release profile
of the hydrogels, using diclofenac sodium (DS) as a model drug, has revealed a substantial release of approximately 67% within the
first 130 min with a drug encapsulation efficiency of 60.32%. Moreover, both the empty and the drug-loaded hydrogels have shown
antibacterial properties against Gram-positive and Gram-negative bacteria, with the drug-loaded hydrogels displaying enhanced
effectiveness. Additionally, the prepared hydrogels are biodegradable, demonstrating their future prospects in biomedical
applications.
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1. INTRODUCTION been explored to synthesize hydrogels intended for drug
delivery.'® Sericin is obtained as a byproduct during the
degumming of silk cocoons.'' It comprises 18 amino acids
featuring hydroxyl, carbonyl, and amino groups in their side

A drug delivery system involves diverse physicochemical
methods to regulate the release of drugs, 1ncreasmg their
therapeutic effectiveness and reducing side effects." Conven-

tional drug delivery systems have several disadvantages such as chains.'” Sericin’s functional groups facilitate the interlink,
poor drug bioavailability, premature metabolism of drugs, amalgamation, and copolymerization with other polymers,
nonspecific targets, poor patient compliance, and many more.” resulting in biomaterials with improved propert1es ® Sericin
Releasing drugs in a controlled fashion can minimize their exhibits antioxidant, anti-inflammatory, and antibacterial
toxicity, elevate site concentration, and improve patient activities."* However, sericin alone is unsuitable for creating
response.” Encapsulation of drugs within polymer matrices, hydrogels due to its amorphous nature and weak mechanical
such as microemulsions, lipid vesicles, and hydrogel systems, properties.' >~ Hence, cross-linking of sericin is the need of the

enables precise drug release." Among the various drug
encapsulation matrices, hydrogels are soft, three-dimensional
polymeric materials characterized mainly by their water-swelling
properties.” Their versatile nature makes them applicable in
various fields, such as electronics, agriculture, and medicine.®
Both natural and synthetic polymers are employed for the
synthesis of hydrogels.”

Silk, a natural polymer, comprises two different proteins:
sericin and fibroin.” Silk fibroin is hydrophobic, while sericin is a
hydrophilic adhesive protein.” Both sericin and fibroin have

hour to improve its properties for its use in drug delivery
applications.'® Chemical cross-linking agents such as dialdehyde

Received: March 13, 2024
Revised: ~ May 21, 2024
Accepted: May 29, 2024
Published: July 16, 2024

© 2024 The Authors. Published b
American Chemical Societ¥ https://doi.org/10.1021/acsomega.4c02453

v ACS Pu bl ications 32706 ACS Omega 2024, 9, 32706-32716


https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Dona+Deb"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Bably+Khatun"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Bidyarani+Devi+M"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Mojibur+R.+Khan"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Neelotpal+Sen+Sarma"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Kamatchi+Sankaranarayanan"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Kamatchi+Sankaranarayanan"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acsomega.4c02453&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c02453?ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c02453?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c02453?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c02453?fig=agr1&ref=pdf
https://pubs.acs.org/toc/acsodf/9/30?ref=pdf
https://pubs.acs.org/toc/acsodf/9/30?ref=pdf
https://pubs.acs.org/toc/acsodf/9/30?ref=pdf
https://pubs.acs.org/toc/acsodf/9/30?ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acsomega.4c02453?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://http://pubs.acs.org/journal/acsodf?ref=pdf
https://http://pubs.acs.org/journal/acsodf?ref=pdf
https://acsopenscience.org/researchers/open-access/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/

ACS Omega

http://pubs.acs.org/journal/acsodf

Small pieces
of cocoons

Bombyx Mori
Cocoons

Figure 1. Schematic representation of sericin isolation.

Degumming Sericin
of cocoons

Lyophilized

solution sericin powder

starch, glutaraldehyde, and formaldehyde involve toxicity risks,
emphasizing the importance of physical cross-linking by
blending natural and synthetic polymers."” Physically cross-
linked hydrogels are formed by molecular entanglements and/or
secondary forces including ionic, H-bonding, or hydrophobic
forces” and can further modulate their properties such as
mechanical stren$th, and can be used for controlled drug
delivery systems.”"">> FDA-approved synthetic polymers such as
poly(vinyl alcohol) (PVA), polycaprolactone (PCL), and
poly(vinylpyrrolidone) (PVP) can be employed for physical
cross-linking with silk sericin.”” In this study, we have used PCL
with silk sericin as it is reported to be compatible with antibiotics
and nonsteroidal anti-inflammatory drugs (NSAIDs) and has
been used in sustained-release systems.”* Its hydrophobic nature
facilitates the uniform distribution of hydrophobic drugs within
the support matrix, further enhancing its versatility in medical
applications.” Various biomedical applications of PCL are bone
engineering tissue engineering/repair, wound healing scaffolds,
drug delivery, and many more.

Gang Tao et al. developed an SS/PVA hydrogel for wound
dressing, demonstrating its efficacy in accelerating tissue
restoration, angiogenesis, and collagen deposition to foster
wound healing.27 Zhao et al. devised an SS/PLLA scaffold,
establishing its effectiveness as a wound dressing material.”®
Ekasurya et al. crafted an SS/PVA hydrogel specifically for
diabetic foot ulcer treatment, showcasing its capability to
regenerate skin tissue.”” Tuancharoensri et al. engineered an SS/
PHEMA hydrogel scaffold for tissue engineering, offering
insights into tailoring hydrogel properties for potential use in
skin tissue regeneration within tissue engineering contexts.”’
Critical literature review on the development of sericin-based
hydrogels was conducted by different aspects such as type and
nature of cross-linker, natural and synthetic polymers used in
literature, mode of fabrication of hydrogels, and their different
properties that are studied. To date, to our knowledge, PCL is
novel for blending with sericin to study the controlled drug
delivery system.

Uncontrolled release of most of the drugs used for disease
treatment can cause potential health-related issues.’' ™
Diclofenac sodium (DS), an NSAID, is the sodium form of o-
(2,6-dichlorophenylamino)-phenyl acetic acid, which helps in
treating ankylosing spondylitis, rheumatoid arthritis, and
osteoarthritis because of its fever-reducing, pain-relieving, and
anti-inflammatory properties.”> >’ However, its uncontrolled
delivery can lead to peptic ulcers and gastrointestinal bleeding,
and controlled delivery of DS can mitigate these adverse
effects.”

Herein, we report the development of hydrogels by
combining SS and PCL for the controlled release of DS. The
physicochemical properties of the formed hydrogels have been
validated by different bioanalytical methods. Various concen-

trations of SS and PCL have been combined to obtain a suitable
mechanical strength for optimal drug release. Additionally, the
antibacterial activity and biodegradability studies of the
prepared hydrogels have been done for their suitability in
biomedical applications.

2. EXPERIMENTAL SECTION

2.1. Materials. Bombyx mori silk cocoons were purchased
from a local market and used as a source of sericin.
Polycaprolactone (PCL) with My ~ 14 000 g/mol and My ~
10000 g/mol was purchased from Sigma-Aldrich. Sodium
dihydrogen phosphate, disodium hydrogen phosphate, sodium
hydroxide, and hydrochloric acid (~35%) were obtained from
Merck, Germany. All other chemicals were of analytical grade
and used without further purification.

2.2, Isolation of Sericin. A high-temperature and high-
pressure (HTHP) degummin% method was employed to extract
sericin, a protein found in silk.” 240 Briefly, cocoons were cut into
small fragments, washed thoroughly with double distilled water
to remove dirt, and dried at room temperature for 2—3 days. The
cocoons were then immersed in double distilled water with a
ratio of 1:30 (grams of cocoons:mL of water) and then heated to
120 °C for 30 min in an autoclave (Autoclave ES-315). The
mixture was cooled to room temperature, centrifuged
(Eppendorf Centrifuge $920 Ri), and filtered to remove the
remaining fibroin fibers. The obtained sericin solution was
lyophilized (catalogue no.: 710612070, LABCONCO) to get a
sericin powder. The schematic representation of sericin isolation
is shown in Figure 1.

2.3. Ratio Optimization of SS to PCL for Hydrogel
Formation. Hydrogels of SS and PCL were prepared by simple
blending at room temperature without using any cross-linkers.
1% (w/v) SS and 1% (w/v) PCL solutions were prepared
separately in distilled water and acetic acid, respectively. The
PCL solution was prepared by incorporating PCL granules into
glacial acetic acid and placing them in a sonicator (Sonicator
LMUC-3) for 30 min for complete dissolution of the polymer.
Finally, the PCL solution was diluted in water to obtain a
concentration of 1% (v/v) and neutralized with phosphate
buffer solution (PBS) at pH 7.4. SS and PCL solutions were
mixed in different volume ratios such as 1:1, 2:1, 3:1, 4:1, 5:1,
6:1, 1:2, 1:3, 2:3, 5:2, and 7:2 under stirring conditions at room
temperature for 30 min to form different hydrogels, which were
coded as SP1, SP2, SP3, SP4, SPS, SPé6, SP7, SP8, SP9, SP10,
and SP11. The SS/PCL solutions were then left undisturbed to
form hydrogels. The resulting hydrogels were kept in a
refrigerator to avoid any contamination.

2.4. Preparation of Drug-Loaded SS/PCL Hydrogel.
Two different ratios (5:1 and 6:1) of SS and PCL were chosen
for preparing the diclofenac sodium (DS)-loaded SS/PCL
hydrogel based on the optimized ratio of SS and PCL.
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Diclofenac sodium is a poorly water-soluble drug*' and highly
soluble in organic solvents such as ethanol, DMSO, and
dimethylformamide.*”** So, the ethanolic solution of DS was
added to 1% (w/v) SS solution and left under stirring at 70 °C
until ethanol evaporated.** 1% (v/v) PCL solution was then
added, stirred, and left undisturbed to form the hydrogel.

2.5. UV-Visible Spectroscopy. UV—visible spectra of the
hydrogel samples in transmission mode were taken usinga UV—
visible spectrophotometer (SHIMADZU UV-2600) in the
800—200 nm wavelength range. The blank measurements
were taken without samples.

2.6. Fourier Transform Infrared Spectroscopy. Perki-
nElmer Spectrum 2 FTIR spectrophotometer was used to record
the IR spectra of the lyophilized hydrogel samples using a
diamond crystal in total reflection mode in the wavenumber
range of 4000—400 cm ™.

2.7. X-ray Diffraction Analysis. An X-ray diffraction
(XRD) study was conducted to assess the crystallinity of the
lyophilized hydrogel samples. The diffractogram patterns of the
samples were examined using a Bruker D8 advanced
diffractometer equipped with a Cu Ka radiation source,
employing a locked-couple X-ray diffraction technique.

2.8. Scanning Electron Microscopy. Field emission
scanning electron microscopy (FESEM) was employed to
investigate the morphological characteristics of the hydrogel
samples. The lyophilized hydrogel samples were coated with a
gold—palladium layer and then subjected to FESEM imaging
using a Zeiss SIGMA VP-FESEM electron microscope,
operating at S kV with a working distance of 3—5 mm.

2.9. Rheological Study. The rheological experiments were
performed using an Anton Paar MCR-92 Rheometer with a cone
plate (D-CP/PP7) at 25 °C. The results have been presented
using four parameters: viscosity, shear storage modulus (G'),
shear loss modulus (G”), and tan &, which provide information
on elasticity and viscous characteristics.

2.10. Porosity. The porosity of the prepared hydrogel
samples was evaluated by the solvent displacement method. For
this, a predetermined volume of hydrogels was filled in a dialysis
membrane pouch and preweighed before submerging in ethanol
for 24 h. After 24 h, the pouches were removed, excess ethanol
was wiped with filter paper, and then the weight of hydrogel-
containing pouches was measured. The porosity percentage can
be calculated by the following equation:**

porosity(%) = M- M X 100

pv
where M, and M, are the weights of hydrogel samples after and
before submerging in ethanol, respectively. V is the volume of
hydrogel samples, and p is the density of ethanol. The presented
data are the mean + SD of at least three measurements per
sample.

2.11. Swelling Experiments. The swelling behavior of
hydrogels was checked in both distilled water and buffer
solutions. For this, hydrogels were filled in a dialysis membrane
pouch and were preweighed before submerging in distilled water
and buffer solution of pHs 2, 4, 6, 8, and 10. At predetermined
time intervals, pouches were removed, excess water and buffer
solutions were wiped with filter paper, and then the weight of
hydrogel-containing pouches was taken. The swelling percent-
age was calculated using the following equation:***®

swelling(%) = W= W X 100

Wa

where Wy is the weight of dry gel and W is the weight of swollen
gel. This procedure was repeated for triplicate samples.

2.12. In Vitro Drug Encapsulation Efficiency (DEE). To
determine the drug encapsulation efficiency (DEE), predeter-
mined weights of hydrogel samples were immersed in PBS
solution having pH 7.4 for 24 h. After 24 h, it was stirred for 15
min and filtered. After adequate dissolution, the drug content in
the filtrate was analyzed using a UV—visible spectrophotometer
(SHIMADZU UV-2600) at 535 nm. DEE was calculated by the
following equation:*”*’

actual drug content
X 100

DEE(%) =
theoretical drug content

This procedure was repeated for triplicate samples.

2.13. In Vitro Drug Release Profile. The drug-loaded
hydrogels were put separately into two different dialysis
membrane pouches, placed in two different beakers containing
100 mL of PBS solution each, and left at 37 °C. At intervals of 10
min for 3 h, S mL aliquots of this solution were withdrawn, and
an equivalent amount of fresh PBS solution was added to
maintain the total volume of 100 mL. The absorbance of each
sample was measured at 535 nm using a UV-—visible
spectrophotometer (SHIMADZU UV-2600) to determine the
percentage of drug released. This procedure was repeated for
triplicate samples.

2.14. Drug Release Kinetics. The release kinetics of
diclofenac sodium from the prepared hydrogels was studied
using four different mathematical models, i.e., zero-order,*®
pseudo-first-order,” Korsmeyer—Peppas law,” and Higuchi
square root law.”' The mathematical expressions of these
models are shown below:

zero order M, = M, + kgt
—k,

M) = + log M
% 2.303t § e

pseudo first order log (M, —

M
Korsmeyer—Peppas law F = Ht = Kt"

e

Higuchi square root law M, = kztl/ 2

where F is the fractional swelling ratio, M; and M, are the drug
release at different time t and equilibrium conditions
respectively, and K, k, k;, and k, are the rate constants.

2.15. In Vitro Antibacterial Analysis. To determine the
antibacterial potential of the drug-loaded and without drug-
loaded hydrogels, the previously described well diffusion
method®” was used following Clinical & Laboratory Standards
Institute (CLSI) Guidelines™ of two pathogens Staphylococcus
aureus (Gram-positive) and Klebsiella pneumoniae (Gram-
negative). To maintain sterile conditions, the necessary
materials were autoclaved at 121 °C for 20 min. Both pathogens
were cultured overnight at 37 °C in Nutrient Broth. The
pathogens were collected in the exponential phase and
incorporated with soft agar (2 X 10° CFU (colony forming
unit)/mL) and let solidify for 15—20 min. The solidified agar
was then punctured with an 8 mm diameter gel puncher. The
hydrogels were then introduced into the holes, and the agar
plates were incubated at 37 °C. After 24 h, the zone of inhibition
was recorded.

2.16. In Vitro Biodegradation Analysis. For the in vitro
biodegradation investigation, a phosphate buffer (PBS) solution
(pH 7.4) was prepared, and the hydrogel samples were
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immersed in that solution at 37 °C under gentle stirring
conditions. At predetermined intervals (1, 3, S, and 7 days), the
PBS solution was removed, the samples were superficially
cleaned with blotting paper, and their weights were recorded.
The extent of biodegradation was determined using the
following equation:>**

W - W,
D=—1 1
W,

1

where W, and W, are the initial weight and the weight of the
sample degraded at an arbitrary time, respectively. This
procedure was repeated for triplicate samples.

2.17. Statistical Analysis. Antibacterial activities by the
hydrogels against two different pathogens were analyzed using
one-way analysis of variance (ANOVA) within SigmaPlot
software, and the data were expressed as the mean =+ standard
error mean. The differences in the values were considered
statistically significant at P < 0.05. The significance of the
samples against two different pathogens is displayed in Figure
8E,F, respectively, as *** (P <.001) and NS as nonsignificant.

3. RESULTS AND DISCUSSION

3.1. Ratio Optimization. We first evaluated the formation
of a stable hydrogel by optimizing various concentrations of SS
and PCL as summarized in Table 1. The hydrogel formation

Table 1. Ratio Optimization of the Hydrogels

hydrogel code SS to PCL volume ratio gel formation (yes/no)
SS 1:0 yes
SP1 1:1 no
SP2 2:1 no
SP3 3:1 no
SP4 4:1 no
SPS S:1 yes
SP6 6:1 yes
SP7 1:2 no
SP8 1:3 no
SP9 2:3 no
SP10 5:2 no
SP11 7:2 no

after 15 min of incubation is depicted in Figure 2. It can be
observed that in the case of SP5 and SP6, where SS and PCL
were mixed in the ratios of 5:1 and 6:1, the hydrogel formed was
stable compared with all of the other concentrations. Moreover,
only SS can also form hydrogel after 3 h of incubation, as shown
in Figure 2. The pH values of the formed hydrogels are 5.89 for
SPS and 6.02 for SP6. These hydrogels can be taken forward for
transdermal drug delivery application because the pH of our skin
is 5.0—6.0.>">7 Transdermal delivery of a drug is a noninvasive

alternative to the oral route.”® It eliminates gastric irritation,
prevents hepatic first-pass metabolism, prevents gastric degra-
dation of the drug, provides sustained release of the drug, is
noninvasive, and improves patient compliance.59

3.2. UV—Vis Spectroscopy. The percentage transmittance
of SS, SPS, and SP6 was checked using UV—visible spectros-
copy, as shown in Figure 3. Although it is not apparent from the
digital photo, visually, it was observed that the color of SS
changed from transparent yellowish-white to completely white
(SPS and SP6) with the addition of PCL. The gradual loss of
transparency to complete opacity can be examined from the
UV-—visible spectra, in which there is a change in wavelengths
from ~300—320 to ~350—380 nm, indicating a poor visible
light barrier. It can also be observed that SP5 has a marginally
lower visible light barrier than SP6. As a result, we can conclude
that SPS is a more stable hydrogel with better blending
compared with SP6.%

3.3. Fourier Transform Infrared Spectroscopy. FTIR
spectroscopy was done better to understand the molecular
interactions of the SS-PCL hydrogel blend and is shown in
Figure 4a. In SS, two peaks were observed at 1540 and 1640
cm™, respectively, corresponding to the amide II group (N—H
bending and C—N stretching) and the amide I group (C=0
stretching).®’ Further, the peak at 1640 cm™" represents the
formation of f-sheet structures.”” In SPS and SP6, two sharp
peaks were observed at 1524 and 1620 cm™, respectively,
representing the interaction of the N—H group of sericin and the
C=0 group of polycaprolactone. These results demonstrate
the possibility of forming an amide bond between sericin and
polycaprolactone.”® However, the peaks observed at 1068, 1403,
and 1246 cm™" correspond to the amide IT and amide III groups,
respectively, in both hydrogels.”* The presence of amide III
groups in both hydrogels suggests that the cross-linking process
might induce a minor transformation from random coil structure
to f-turn.®®

3.4. X-ray Diffraction Analysis. The XRD pattern of pure
sericin hydrogel and the prepared hydrogel blended with PCL is
displayed in Figure 4b. Pure sericin hydrogel (SS) showed three
peaks at diffraction angles of 22.1, 43.4, and 63.6°, respectively.
At these diffraction angles, SPS and SP6 showed broader peaks
than SS, which could be due to the formation of interlinked
structures in SPS and SP6 compared with $S.°*%” These results
indicate the formation of stable hydrogels of SS and PCL.

3.5. Scanning Electron Microscopy. The surface
morphology of the hydrogel samples can be determined from
SEM analysis, as portrayed in Figure 4c. SPS showed porous
structures compared with SP6. Such porous structures could be
of greater use as injectable hydrogels for biomedical
applications.®®

3.6. Rheological Study. Flow curves represent the response
of a material to steady shear flow, which provides insights into its

Figure 2. Hydrogel formation after 15 min of incubation.
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rheological characteristics, specifically its sensitivity to changes
in viscosity based on the applied shear rate. Hydrogels typically
exhibit non-Newtonian behavior, characterized by shear-
thinning properties.69 In contrast to Newtonian fluids, materials
displaying shear-thinning behavior demonstrate a decrease in

32710

viscosity as the applied shear rate increases, as illustrated in
Figure Sa. This property is noteworthy for hydrogels and can be
advantageous in various applications, including injection, drug
delivery, and tissue engineering. Figure Sa highlights that SPS
exhibits higher viscosity compared with SP6 and SS. Figure 5b,c
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displays the curves between storage modulus (G’) vs angular
frequency and loss modulus (G”) vs angular frequency,
respectively, to evaluate the gel strength of prepared hydrogels.
The elevated storage modulus and loss modulus of SPS
compared with SP6 and SS are due to increased cross-linking
within its components. The reduction in storage modulus and
loss modulus observed in SP6 can likely be attributed to the
emergence of a more intricate process involving chain
disentanglement.”” Figure Sd represents tan & vs angular
frequency, which highlights the fact that all of the three
hydrogels have tan < 1. This indicates that all of the three
hydrogels have gel-like characteristics. Also, it can be observed
from Figure 5d that SP5 has more gellike characteristics
compared with SS and SP6.”!

3.7. Porosity. Porosity is a significant feature of hydrogels
because it increases their absorption capacity, thereby increasing

drug diffusion from hydrogels. Table 2 displays the porosity of

Table 2. Porosity of the Prepared Hydrogels

hydrogel code porosity (%)
SPS 4495 + 0.11
SP6 1442 + 045

prepared hydrogels, with SPS (44.95%) having greater porosity
than SP6 (14.42%). According to SEM images, SPS possesses
porous structures; however, SP6 lacks adequate blending; hence,
no porous structures are observed in SP6. We observed that SP5
has interconnected components, which boost its stability and
porosity. Furthermore, less porosity in SP6 is caused by a lack of
interlinked components, which reduces network space and
lessens the porosity.”>~’* The reduction in porosity measure-
ment with the increase of sericin volume is due to the formation
of strong cross-links, which reduces the dimension of capillary
structure and interconnecting pores. The enhanced physical and
chemical entanglements from the added network decrease the
available network space, thereby reducing porosity.”>~"”

3.8. Drug Release Mechanism. From Table 1, it can be
observed that stable hydrogels are formed when the volume of
sericin increases but no hydrogel is formed when the volume of
sericin decreases. The plausible reason might be that as the
volume of sericin increases, there is a possibility of hydrogen
bonding between the N—H groups of sericin and the C=0

groups of polycaprolactone.”® Moreover, the capacity of

polycaprolactone to produce hydrogel decreases with an
increase in its volume since it is a polyester that contains the
alkoxide moiety, a poor leaving group with its negative charge
entirely localized on a single oxygen atom. The plausible
mechanism of the formation of SS—PCL blend hydrogels is
shown in Scheme 1.

3.9. Swelling Experiments. Swelling behavior is a crucial
feature of drug delivery systems, as it directly impacts the drug
delivery process by influencing water absorption in hydrogels.
The greater the hydrogel’s water-absorbing capacity, the more
drug diffusion will occur. Several factors affect swelling behavior,
including the hydrogel’s cross-linking density, polymer hydro-
philicity, hydrophobicity, and pH. In this study, we observed the
swelling nature of the prepared hydrogels (Figure 6) in distilled
water and buffer solutions with different pHs. Figure 6a shows
that the percentage of swelling increases over time primarily
because the hydrogels encourage water diffusion and hydrogen
bonding, resulting in more water absorption. SP5 exhibits the
highest swelling with 62.8% at 130 min while SP6 reaches 44.9%
swelling in the same time duration which is likely due to
differences in aqueous stability or water interaction.””*" Also,
from Figure 6b, it was noticed that the most significant increase
in swelling occurred in the acidic medium compared with that in
neutral and alkaline environments. Notably, the highest swelling
was observed at pH 4 for both types of hydrogels, with SP5
(80%) demonstrating a greater swelling response than SP6
(45%). The reason might be the presence of PCL in the hydrogel
network, which swells in acidic conditions.*' ™ Also, the
swelling response for SP6 in both distilled water and buffer
solution is less than SPS due to the formation of strong cross-
links, which restricts the entry of any fluid inside the hydrogel
network.**

3.10. In Vitro Drug Encapsulation Efficiency. The
percentage or fraction of drug loaded in the hydrogel during
fabrication that is connected to the polymer network is known as
drug encapsulation efficiency or DEE. It is a crucial factor to take
into account when formulating hydrogels for controlled drug
release systems.”> From Figure 6c, it was observed that SPS
exhibits the highest encapsulation efficiency of 60.32%, while
SP6 exhibits an encapsulation efliciency of 42.95%. This is
because the drug encapsulated within the hydrogel is stabilized
by hydrophobic interactions between the hydrogel’s hydro-

Scheme 1. Plausible Mechanism of the Formation of SS—PCL Blend Hydrogel
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Figure 6. Swelling of the prepared hydrogels in (a) distilled water, (b) buffer solutions, (c) drug encapsulation efficiency, and (d) drug release profile of

the prepared hydrogels in PBS solution (pH = 7.4).
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Figure 7. (a) Zero-order kinetic model, (b) pseudo-first-order kinetic model, (c) Korsmeyer—Peppas kinetic model, and (d) Higuchi kinetic model.

Table 3. Kinetic Results of the Prepared Hydrogels

hydrogel code zero order pseudo first order Korsmeyer—Peppas Higuchi
SPS R* = 0.9939 R*=0.9343 R*=0.9687 R*=0.9942
k, = 17135 k, = 1.5061 K = —0.6207 k, = 1.7057
n = 0.1090
SP6 R*=0.9779 R*=0.9092 R*=0.9354 R*=0.9779
k, = 1.6513 k, = 1.3068 K=-0.9131 k, = 1.6512
n=0.1683

phobic moieties and drug molecules, ionic interactions between
the drug’s polar groups and the polymer chains, and hydrogen
bonding between the drug molecules and the polymer network
structure. Also, SPS had a denser network structure that
minimizes the possibility of leaching out the drugs from the
hydrogel.*>®’

3.11. In Vitro Drug Release Profile. When a drug
permeates the hydrogel network, it undergoes diffusion along

32712

the aqueous pathway. The release of the drug is closely linked to
the swelling characteristics of the hydrogel, which is a critical
factor in the hydrogel design. Figure 6d depicts the time-
dependent drug release from the prepared hydrogels in PBS at
37 °C. Approximately 67% of the drug was released in PBS at pH
7.4 within 130 min. Moreover, it is apparent that drug
concentration also influences the release through the hydrogels,
with SPS$ exhibiting a higher drug release than SP6 that released
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Table 4. Measurement of Zones of Inhibition Created by the Prepared Hydrogels

pathogens SPS (mean =+ SE) SP6 (mean =+ SE)
Klebsiella pneumoniae 11 +0.33 10.5 + 0.58
Staphylococcus aureus 125+0 12 +0.33

SPS (with drug) (mean + SE)
1S+0
20.67 + 0.33

SP6 (with drug) (mean + SE)
14.33 +£ 0.33
20.33 £0.33

a drug of almost 46.68% within 130 min. These results indicate
the potential of these hydrogels for use in controlled drug
delivery systems.**"

3.12. Drug Release Kinetics. For the kinetic study, the
following plots were made: M, vs time (zero-order kinetic
model), log (M, — M,) vs time (pseudo-first-order kinetic
model), In (M,/M,) vs In(t) (Korsmeyer—Peppas kinetic
model), and M, vs t,,, (Higuchi model). All plots are shown
in Figure 7 and the results are summarized in Table 3. From the
comparison of the obtained correlation coefficients (R*) for each
kinetic model, it is understood that the release kinetics are best
fitted with the zero-order kinetic model.”” Korsmeyer—Peppas
kinetic model gives the water diffusion mechanism of the
prepared hydrogels. A value of n < 0.5 indicates Fickian diffusion
phenomenon, which means that water penetration is operative.
While 0.5 < n < 1 indicates the non-Fickian diffusion, which
means that the rate of polymer chain relaxation is less than
penetrant velocity.”””" The prepared hydrogels showed a
Fickian diffusion mechanism, as displayed in Table 3.

3.13. In Vitro Antibacterial Analysis. Antibacterial
activities of the samples against both Gram-positive (S. aureus)
and Gram-negative (K. pneumoniae) bacteria were evaluated, as
shown in Figure 8 and the zone of inhibition presented in Table
4. In the absence of the hydrogels (only water), no antibacterial
activity was observed, which was taken as a control. The
measurement of zones of inhibition (ZOI) created by the
respective hydrogels is shown in Table 4. While comparing the
antibacterial effects of both the hydrogels on the pathogens K.
pneumoniae and S. aureus, hydrogel SPS was found to have
slightly superior antibacterial activity with ZOI of 11 + 0.33 and
12.5 + 0 mm compared with hydrogel SP6 with 10.5 + 0.58 and
12 + 0.33 mm, respectively. However, when the hydrogels were
incorporated with the DS, the antibacterial efficacy was
enhanced in both the hydrogels SPS and SP6 with ZOI 15 +
0 and 14.33 =+ 0.33 mm against K. pneumoniae and 20.67 = 0.33
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and 18.33 + 0.33 mm against S. aureus, respectively, which is
shown in Figure 8. Furthermore, it can be observed that ZOI
created by drug-loaded SP5 demonstrated marginally better
antibacterial efficacy compared with SP6 against both the
pathogens. This might be due to the higher drug release in SPS
caused by the higher aqueous solubility of SPS.

3.14. In Vitro Biodegradation Analysis. Hydrogels
possessing biodegradable qualities and retaining their structural
integrity for a specified period are a preferential candidate for
drug delivery applications, ensuring the controlled release of the
drug at the intended location. In vitro biodegradation of the
prepared hydrogels in PBS solution with respect to the time in
days is shown in Figure 9. The rate of biodegradation decreases
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Figure 9. Biodegradation of the prepared hydrogels as a function of
time (days) in PBS solution (pH = 7.4).

with an increase in the volume ratio of SS to PCL. A rapid
decrease in biodegradation was noted within 1 day in both the
hydrogels and continued for 7 days in a steady manner, with SPS
exhibiting a faster rate compared with SP6. This might be due to
the greater stability and a more robust network in SPS compared
with SP6.
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4. CONCLUSIONS

Eleven different combinations of sericin and polycaprolactone
were blended to prepare hydrogels, of which the two
combinations (SPS and SP6) successfully produced stable
hydrogels after incubation for 15 min. SPS demonstrated better
physicochemical properties and antibacterial activities against
Gram-positive and Gram-negative bacteria than SP6. The
porosity study demonstrated SPS to be more porous (44.92%)
compared with SP6 (14.42%). Further, SPS showed a better
swelling index in distilled water (62.8% in 130 min) and buffer
solutions (80.0% at pH = 4) than SP6. The kinetics study proved
that the drug release from the hydrogel followed the zero-order
model and the Fickian diffusion model. Furthermore, both the
hydrogels exhibited rapid biodegradation in 1 day and continued
steadily for 7 days; however, SPS showed better biodegradation
than SP6 with higher drug release and drug encapsulation
efficiency. Further investigations are required to improve the
drug release efficiency of the prepared hydrogels. Furthermore,
the hydrogels formed are soft and the model drug used is anti-
inflammatory, hence it can be explored for transdermal drug
delivery for wound healing, pain relief, and so on.
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