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Bioinspired silk protein modification to develop
instant dissolvable microneedles with superior
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Dissolvable microneedles (DMNs) obtained from silk proteins have been considered most promising due
to the biocompatibility, tuneable mechanical properties, and superior biomolecule stabilization
properties of their silk matrix, required for cold chain-free storage and transport of therapeutic
biomolecules and vaccines. However, despite their excellent potential, silk-based microneedles with
instant dissolvability, superior mechanical properties, and storage stability have not yet been reported.
Reported DMNs prepared with <5% silk concentration without B-sheets show poor mechanical and
storage stability. Conversely, silk MNs prepared using <5% silk treated with an organic solvent or >5%
silk may have sufficient mechanical properties but lose their instant dissolubility due to B-sheet
formation during solvent treatment and storage, respectively. Thus, herein, we address these challenges
for the first time via the biomimetic modification of silk proteins to mimic the molecular structure of
human serum albumin (HSA) and silk protein molecules in the silk gland lumen of silkworms, resulting in
high solubility and low viscosity. Our biomimetic modified silk (MS) allowed us to prepare DMNs in
higher concentrations (>10% w/v up to 20% w/v) with a stabilizing agent (>10% w/v), exhibiting
superior mechanical properties of >45 N and instant dissolvability even after 6 months of storage at RT
without inducing B-sheet formation. Furthermore, MS-DMN facilitated the exceptional storage stability
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of platelet-rich plasma (PRP) with >80% retention for six months when stored at 4 °C or 25 °C and
>90% at 40 °C at 75% RH for one month, as confirmed through in vitro cell proliferation assay, in ova
(CAM assay), and in vivo diabetic wound studies. Thus, our novel biomimetic MS-DMN exhibits superior
mechanical properties and exceptional biomolecule storage stability, enabling potential cold chain-free
preservation and transportation for various biomedical applications.
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1. Introduction

Microneedle (MN) patches offer a novel approach for minimally
invasive self-administration transdermal drug delivery by efficiently
penetrating the skin layers with hundreds of micrometer-scale
needles.” Based on the matrix materials used for their pre-
paration, MNs are classified into solid, coated, hollow, dissol-
vable, and hydrogel microneedles. Among them, DMNs have
been considered a promising system for the stable and precise
intradermal delivery of biomolecules (proteins, nucleic acids,
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and therapeutic molecules) for various biomedical applications
such as vaccines.*” They offer unique advantages for delivering
protein/nucleic acid therapeutics or vaccines, including
(1) improving patience compliance by painless injections, (2)
the possibility of enabling cold chain-free delivery and storage,
and (3) eliminating the need for trained personnel for vaccina-
tion, making them suitable for mass vaccination in resource-
limited settings.® ! However, the ideal dissolvable micronee-
dles must possess a fracture force of at least 0.19 N per needle
to penetrate the external barrier of the skin (stratum corneum)
with long-term stabilization, rapid dissolution, and delivery of
the encapsulated biomolecules.'**?

Silk proteins (fibroins from the cocoons of Bombyx mori
silkworm) have been considered an excellent matrix material
for the preparation of microneedles owing to their biocompat-
ibility, tuneable mechanical properties, and superior biomole-
cule stabilization properties during storage-related stress.'*'
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However, despite their excellent potential, silk-based microneedles
with instant dissolvability (DMN), superior mechanical properties,
and storage stability have not been reported to date.’®” Silk
proteins can change from soluble to insoluble secondary struc-
tures (B-sheets) when subjected to organic solvent treatment, high
temperature, and storage, with high mechanical properties but at
the expense of their instant dissolvability."”™*® Microneedles pre-
pared from <10% (w/v) unmodified silk solution showed inher-
ently poor mechanical properties (<0.019 N per needle),***' while
approaches such as organic solvent treatment and vapor annealing
resulted in improved mechanical properties with the formation of
B-sheets but they lost their instant dissolvability.”>** Furthermore,
a higher concentration of silk protein in the matrix tends to
undergo self-assembly/conformational change into B-sheets dur-
ing storage from less than 24 h to over 30 days but its instant
dissolvability is lost.>* Hence, this limits the use of unmodified silk
to prepare instant dissolvable microneedles that can be stored for
a long period at room temperature. Accordingly, stabilizing agents
such as trehalose, sucrose, maltose, and mono-, di-, or polysac-
charides are often used at concentrations of more than >5% w/v
to protect and enhance the storage stability of proteins/nucleic
acid biomolecules (encapsulated in MN matrix) from denaturation
during drying and storage.”>”® However, the incorporation of
stabilizing agents (> 5% w/v) into microneedles further decreases
their fracture force to less than 0.019 N per needle, making it
difficult to overcome the compressive force required to penetrate
the skin.

There is an unmet need to fabricate silk-based instant
dissolvable microneedles (DMNs) with superior mechanical
properties and excellent storage stability (at 4 °C and 25 °C).
The conventional method for the fabrication of silk DMNs
using > 5% w/v concentration of silk or inducing the formation
of B-sheets to achieve suitable mechanical properties results in
poor dissolvability. Inspired by the molecular structure of
negatively charged human serum albumin (HSA)*” and the
molecular structure of silk protein in the gland lumen (MSG)
(high concentration >20% w/v of silk stored without changing
into insoluble B-sheets from the random coil structure).”® Thus,
herein, we address these challenges for the first time by
introducing a carboxylic group in silk fibroin protein molecules
to limit their intramolecular and intermolecular interaction,
conformational change, and B-sheet formation at higher con-
centrations to improve the solubility of the silk fibroin. This
biomimetic approach of carboxylic group enrichment in the
modified silk (MS) results in higher solubility of >10% to 25%
w/v by limiting its coil to B-sheet conversion. Moreover, it
allowed the preparation of silk DMNs with higher concentra-
tions of MS (>10% w/v to 20% w/v) and stabilizing agents
(>5% wi/v) but with superior mechanical properties (> 0.4 N)
and stabilization of biomolecules in their matrix. Even the
instant dissolvability of MS-DMN remained unaffected during
long-term storage at different temperatures. Novel biomimetic-
modified silk protein DMNs were prepared using varying silk
concentrations and evaluated for their mechanical properties,
instant dissolvability, and storage stability of encapsulated
model biomolecules such as platelet-rich plasma (PRP) and
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horse radish peroxidase (HRP). Our silk DMNs enabled more
than 70% biomolecule activity to be retained after six months
of storage at 4 °C/25 °C for six months and 90% activity when
stored at 40 °C and 75% RH (relative humidity) for one month,
which was evaluated using in vitro cell and in ova (CAM) assays.
MS-DMN was further assessed for effective PRP transdermal
delivery and PRP bioactivity retention in vivo using diabetic
wound healing models in rats.

2. Materials and methods

2.1. Materials

Cocoons of Bombyx mori silkworm were obtained from the
Central Silk Board in Hyderabad, India. Succinic anhydride
(SA) and Rose Bengal were obtained from Sigma Aldrich, USA. Silver
sulfadiazine, ex. horseradish peroxidase RZ >3.0, 250 U mg™ ', and
o-phenylenediamine dihydrochloride (OPD) were obtained from
Sisco Research Laboratories Pvt. Ltd (SRL), India. Analytical grade
reagents and solvents were used in all experiments. PDMS micro-
needle molds with a needle tip width of 60 um, needle width of 300
pm, and height of 600 pm were purchased from Micropoint
Technologies Pvt Ltd, Singapore.

2.2. Modification of silk fibroin and preparation of
microneedles

2.2.1. Preparation of regenerated silk fibroin (RSF) solution.
The silk cocoon was cut into small pieces, followed by degum-
ming and dissolution of the degummed cocoon. Then 0.2 M
sodium carbonate solution was heated at 100 °C, and the small
cocoon pieces were immediately added to the solution and
treated for 30 min. The degumming was repeated twice, and
then the samples were washed in DI water and dried in an oven
at 60 °C overnight. The degummed fibers were dissolved in the
9.3 M LiBr solution and stirred for 2 h at 60 °C. After complete
dissolution, the solution was dialyzed in a cellulose membrane
(cutoff 12400 kDa) against DI water for 3 days by changing the
water every six hours. After dialysis, the solution was centrifuged
at 9500 rpm for 30 min, and the regenerated silk fibroin solution
was stored at 4 °C for further use. The protein concentration was
measured by drying a known weight of the solution and weigh-
ing the remaining weight to yield the 4.5% w/v silk fibroin.

2.2.2. Carboxylic acid modification of RSF. The pH of
30 mL of 4.5% w/v of the RSF solution was increased to 11
using freshly prepared 0.1 M NaOH. Different concentrations of
succinic anhydride (SA) (R = 5 and R = 10, where R represents
the concentration in millimoles of SA) was slowly added to 1 g
of RSF solution, followed by constant stirring for 2 h. After the
reaction was completed, the modified silk (MS) solution was
dialyzed against DI water (dialysis tube, 12400 MWCO) for
three days (water was changed every 12 h) to remove unreacted
SA. The modified silk (MS) was purified by centrifuging at
9000 rpm for 20 min, freeze-dried for three days to get white
fluffy MS, and stored at 4 °C for further experiments.

2.2.3. Preparation of silk microneedles. The modified silk
microneedles (MS-DMN) were prepared in three different MS
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concentrations (w/v) of 10% (MS10-DMN), 15% (MS15-DMN),
and 20% (MS20-DMN). Similarly, for comparison, unmodified
silk (UMS) microneedles (UMS-DMN) were prepared in 4.5% w/
v of UMS to yield UMS4.5-DMN, which was stored for 90 days at
25 °C to get UMS4.5-DMN-RT90. UMS-DMN and MS-DMN were
prepared with slight modifications to the published protocol.>
In brief, MS and stabilizing agents (trehalose and sucrose) were
dissolved in 7.4 pH PBS in varying concentrations of 7.5%, 5%,
and 2.5% w/v to get MS-T7.5-DMN, MS-T5-DMN, and MS-T2.5-
DMN, respectively. The respective microneedle tip solution was
poured into a 10 x 10 array PDMS mold. Then, the tip solution
in the mold was subjected to a positive pressure of 1 bar to fill
the needle void of the mold. The positive pressure was slowly
removed for 10 min, and this step was repeated three times to
remove all the air bubbles from the solution. The solution in
the PDMS mold was dried in a vacuum oven at 25 °C for 24 h,
followed by air drying at RT (25 °C) for 24 h. The dried MS-
DMNs, MS-T-DMNs, UMS-DMNs, and UMS-T-DMNs were
removed from the mold, sealed in plastic bags, and stored in
a desiccator under vacuum at different storage temperatures
(4 °C and 25 °C) for further studies.

2.2.4. Preparation of silk microneedles loaded with different
model biomolecules and drugs. To check the processing and
storage stress of the biomolecules in the DMNs, model bio-
molecules (PRP and HRP) were loaded in UMS-DMN and MS-
DMN with varying concentrations of stabilizing agent, sealed in
plastic bags and stored in a desiccator under vacuum at different
temperatures (4 °C and 25 °C). 1 pg of HRP was loaded in MS-DMN
with varying stabilizing agent concentrations of 7.5%, 5%, and
2.5% w/v to prepare (HRP-MS-T7.5-DMN, HRP-MS-T5-DMN and
HRP-MS-T2.5-DMN) and HRP-loaded UMS-DMN (HRP-UMS-T7.5-
DMN, HRP-UMS-T75-DMN and HRP-UMS-T2.5-DMN), respectively.

Cord blood was provided by collaborators from Archana
Hospital (Hyderabad, India). PRP was extracted from the cord
blood by gradient centrifugation for 15 min at 300 g and pelted
from the supernatant by centrifuging at 1000 g for 5 min at
25 °C with the approval from the Institutional Ethics Commit-
tee (approval number IITH/IEC/2018/12/13) of the Indian Insti-
tute of Technology, Hyderabad.*® Activated PRP (freeze-thaw
three times at —80 °C for 15 min and 37 °C for 5 min, then
centrifuged at 9000 rpm, and the supernatant collected) was
loaded in the silk microneedles (MS-DMN and UMS-DMN) with
varying concentrations of stabilizing agents (5% w/v and 10%
w/v of trehalose or sucrose), sealed in plastic bags and stored in
a desiccator under vacuum and different storage conditions,
i.e.,, 4 °C and 25 °C. PRP-MS-DMN was prepared by loading the
activated PRP in a mixture of MS-stabilizing agents at the ratio
of 1:100 w/w and designated as PRP-MS-DMN-0 (as prepared),
PRP-MS-T5-DMN-1 (1 month), PRP-MS-T5-DMN-2 (2 months),
PRP-MS-T5-DMN-3 (3 months) and PRP-MS-T5-DMN-6 (6 months).
The model antibacterial drug SSD was loaded in the UMS and MS-
DMN to evaluate the instant dissolvability of MS-DMN and the
antibacterial efficiency of the released SSD from the MS-DMNs.
SSD was loaded at three different concentrations (0.5%, 1%,
2% wv) following the above-mentioned process to get MS-DMN
(SSD0.5-MS-DMN, SSD1-MS-DMN, and SSD2-MS-DMN) and
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UMS-DMN (SSD0.5-UMS-DMN, SSD1-UMS-DMN, and SSD2-UMS-
DMN), respectively. The detailed information of the different
microneedles is mentioned in the ESIL,{ Table S1.

2.3. Characterization of MS and UMS DMNs

2.3.1. Fourier transform infrared spectroscopy (FTIR) analysis.
The chemical signature of MS and UMS, their secondary structure
in the different microneedles, and their interaction with the
stabilizing excipients (trehalose and sucrose) were determined
using FTIR.>"** The varying amount of carboxylic acid modification
of RSF and the dried MS-DMNs and MS-T/S-DMNs was recorded
using attenuated total reflectance (ATR) FTIR (Alpha Bruker,
Germany) with 128 scans for each measurement in the range of
4000-400 cm ' with a resolution of 4 ecm™'. The secondary
structure of UMS and MS was analyzed by deconvoluting the amide
I region (1590-1705 cm ™) of the respective FTIR spectra using
OriginPro 9.0.>* The amide I spectra were analyzed by deconvolut-
ing them using the frequencies identified through secondary
derivative analysis, and then fitted to a Lorentzian line shape.
Three samples for each microneedle sample were tested (n = 3).

2.3.2. Nuclear magnetic resonance (NMR). NMR spectro-
scopy was performed on the UMS and MS (R = 5 and R = 10)
samples to probe their chemical signature and extend of
carboxylic group modification. Protein modification was con-
firmed using "H NMR spectroscopy on a Bruker Advance III-
400 MHz spectrophotometer in deuterated water (D,0O) using
tetramethylsilane (TMS) as the standard. 10 mg of each sample
was weighed and dissolved in 1 mL of D,O and analyzed for
NMR characterization after complete dissolution. The degree of
modification was calculated based on the integral area of the
lysine residue of the RSF modified in MS (R = 5 and R = 10).

2.3.3. Determination of carboxyl content in UMS and MS.
The carboxyl content in MS (R = 5 and R = 10) and UMS was
determined by plotting a curve of pH vs. NaOH consumed using
the electrical conductivity method.** In brief, 1.5% w/v of UMS
and MS (R = 5 and R = 10) was prepared in 60 mL of DI water
with constant stirring for 1 h at 37 °C. The pH of the solution
was adjusted to 3.0 using 0.05 M HCI, and 0.1 M NaOH was
added to the above-mentioned solution at the fixed rate of
100 uL min~". The pH was recorded after every addition up to
12 pH, and the pH vs. amount of NaOH consumed was plotted
to calculate the carboxyl content in UMS and MS.

2.3.4. Scanning electron microscopy (SEM) analysis. The
morphology of UMS-DMNSs and MS-DMNs was observed using a
JOEL-JSM-7600F-FESEM (JOEL, Tokyo, Japan) field emission
scanning electron microscope. After preparing different silk
microneedles, DMNs were sputter-coated with gold for 60 s and
accelerating voltage of 3 kv for SEM analysis with a tilt of 30°.

2.3.5. Sodium dodecyl-sulfate-polyacrylamide gel electro-
phoresis (SDS-PAGE). According to a previously reported proto-
col, the extent of carboxylic group modification of silk and its
molecular charges were determined using sodium dodecyl-
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE).*> In
brief, 0.6 mg mL™" of UMS and MS solution was prepared
and mixed with 5x Laemmli buffer in a 3:1 ratio. The solution
was heated at 90 °C for 10 min, and 20 pL of the respective

This journal is © The Royal Society of Chemistry 2025
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solution was loaded into the 10% polyacrylamide stacking gel
and 8% resolving gel. Then, the gel was run at 70 V for 60 min,
stained with Coomassie R-250 (Sigma Aldrich) for 15 min, and
destained with the destaining solution of 50% w/v methanol,
10% w/v acetic acid solution overnight. Finally, the gel was
imaged using a ChemiDoc system (BioRad Laboratories, USA).
2.3.6. Circular dichroism (CD) spectroscopy. The protein
conformation in UMS-DMN and the influence of the carboxylic
modification on the protein conformation in MS-DMN and MS-
T-DMN were analyzed using a JASCO ]J-1500 circular dichroism
spectrometer with a slight modification of published protocol.*®
Briefly, 0.2 mg mL ™" of all variants of UMS-DMNs and MS-DMN
(immediately prepared and stored for 6 months) were prepared in
DI water. The respective solution was analyzed with a 1 mm path
length cuvette at the scan speed of 50 nm per min from 180 to
250 nm. All measurements were performed three times, and the
baseline was corrected with DI water. The spectra were processed
with the JASCO spectra analyzer and plotted with OriginPro 9.
2.3.7. Instant dissolvability property. The effect of car-
boxylic modification on the instant dissolvability of MS-DMN
was checked by inserting all the prepared variants of MS-DMN
into the 20% w/v gelatin gel (mimics the hydration level of the
stratum corneum).’”” UMS4.5-DMN and UMS4.5-DMN-RT90
were used to confirm the influence of the carboxylic modifica-
tion on the instant dissolvability of MS-DMN even after storage
for 3 months. In brief, UMS-DMN and MS-DMN were inserted
into gelatin gel with a layer of parafilm to let their tip alone
dissolve, and the post-dissolved DMNs were analyzed using
JOEL-JSM- 7600F-FESEM (JOEL, Tokyo, Japan). The time taken
to dissolve in the gelatin gel entirely was recorded and photo-
graphed using a Canon Powershot SX420 IS digital camera.
2.3.8. Ex vivo drug permeation study. The instant dissol-
vability and release of the encapsulated SSD from SSD-MS-DMN
and SSD-UMS-DMNs were studied using a Franz-diffusion cell.
SSD1-MS-DMN was compared with SSD1-UMS4.5-DMN and
SSD1-UMS4.5-DMN-RT90. In brief, the respective SSD-loaded
DMNs were inserted on the epidermis side of shaved porcine
skin for 5 min to dissolve completely. The DMNs were inserted
into the skin and placed on the Franz-diffusion cell, with
the epidermis facing upwards. The receptor chamber was
filled with 20 mL of 1 x PBS 7.4 pH, and 1 mL of PBS was
added to the skin in the donor compartment to keep the skin
hydrated. Then, 1 mL of PBS from the receptor chamber was
collected at a predetermined interval and replaced with fresh
PBS of the same volume. The collected release samples were
analyzed using the SSD method developed in HPLC (Agilent
Technologies 1260 Infinity II) following our previously pub-
lished procedure.®®
2.3.9. Mechanical properties and insertion capability of
DMNs. The mechanical properties and insertion capability of
the developed MS-DMN with varying concentrations of MS and
stabilizing agents (trehalose and sucrose) were determined
using a texture analyzer (TA-XT plus, Stable microsystem) and a
slightly modified published protocol.** MS-DMNs were placed on
a stainless steel flat surface with the needle oriented upwards
and compressed at 0.25 mm s ' by a 10 mm cylindrical probe.

This journal is © The Royal Society of Chemistry 2025
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The pre- and post-test speeds were 1.0 mm s~ with the trigger
force of 0.049 N. All the microneedles were analyzed three times.

Additionally, the insertion capability of MS-DMN was assessed
by loading Rose Bengal into MS20-T5-DMN. The Rose Bengal-
loaded MS20-T5-DMNs were inserted onto porcine ear skin for 5
min to dissolve completely. Subsequently, the dye-imprinted area
on the porcine skin was examined using an optical microscope for
dye pattern analysis. To investigate the morphology of UMS-DMNs
and MS-DMNs after insertion, UMS-DMNs and MS-DMNs were
subjected to a 40 N probe, and the morphology of the resulting
MNs was examined using SEM. The depth of MS-DMN insertion
into porcine skin was assessed using an optical coherence tomo-
graphy microscope (OCT Thorlabs Hyperion).*

2.4. Antibacterial activity of SSD-loaded silk microneedles

To determine the antibacterial efficacy of the model antibacterial
drug SSD released from the MS-DMN, an antibacterial assay was
performed against Escherichia coli (E. coli) and Staphylococcus
aureus (S. aureus). The aim was to validate the antibacterial
activity of the SSD released from SSDO0.5/1/2-MS20-T5-DMNs
compared with MS20-DMN and MS20-T5-DMNs serving as con-
trols, following a modified protocol.*! Briefly, 10* CFU per mL of
bacterial suspension was grown at 37 °C for 24 h, and 100 pL of
the bacterial suspension was plated on agar plates for colony
formation, followed by imaging. MS20-DMN, MS20-T5-DMN,
SSD0.5-MS20-T5-DMN, SSD1-MS20-T5-DMN, and SSD2-MS20-
T5-DMN were placed on the bacterial agar plate, with the needle
inserted into the plate. Subsequently, the zones of inhibition of
the treated samples were observed on the S. aureus and E. coli-
coated agar plates after further culture at 37 °C for 24 h. Finally,
the inhibition zone diameters were captured using a Canon
PowershotSX420 IS digital camera before being analyzed using
the Image J software.

Also, MS20-DMN, MS20-T5-DMN, SSD0.5-MS20-T5-DMN,
SSD1-MS20-T5-DMN, and SSD2-MS20-T5-DMN were incubated
with the bacterial suspension at 37 °C for 24 h. Afterward, the
bacterial solution was diluted by a factor of 1000, applied to an
agar plate, and grown for 24 h at 37 °C. The resulting colonies
on the plate after incubation were photographed using a Canon
Powershot SX420 IS digital camera before being analyzed using
the Image J software.

2.5. Invitro studies

2.5.1. Hemocompatibility. The blood compatibility of the
different MS-DMNSs was assessed through a hemolysis assay. In
short, 500 pL of freshly drawn mouse blood was mixed with
5 mL of PBS, and then centrifuged at 10000 rpm for five
minutes. After discarding the supernatant, the process was
repeated three times using 10 mL of PBS to clear the super-
natant, and the cell pellet was resuspended in PBS. For the
negative control, 200 pL of erythrocyte suspension with 800 puL
of reverse osmosis water and 200 pL of erythrocyte suspension
mixed with 800 pL of PBS was used as the positive control.
MS20-DMN, MS20-T5-DMN, SSD-MS20-T5-DMN, PRP-MS20-T5-
DMN, and SSD-PRP-MS20-T5-DMN were dissolved in 1 mL of
PBS, after which they were added to the erythrocyte suspension
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and further diluted with PBS before being incubated at 37 °C
for 2 h, followed by centrifugation at 1000 rpm for 5 min. The
absorbance was measured at 577 nm with an iD5 MultiMode
Plate Reader from Molecular Devices USA to calculate the
hemolysis rate.

A—-B

H lysis rat =
emolysis rate % C_ R

% 100 (1)

where A, B, and C represent the absorbance of the experimental,
negative, and positive control groups, respectively.

2.5.2. Cytotoxicity of silk microneedles

2.5.2.1. MTT assay. The cytotoxic effects of MS-DMN, MS-T-
DMN, and SSD-MS-T-DMN were assessed using the MTT
and Alamar blue assays.’® In brief, HEK 293 cells were seeded
in 96-well plates at a density of 3500 cells per well and allowed
to grow overnight. After incubation, the medium was replaced
with fresh medium, which was depicted as the untreated
control. Different concentrations of MS-DMN, MS-T DMNs,
and SSD-MS-T DMNs were dissolved in 1 mL of PBS, and
100 pL of the dissolved DMNs was added to the cells, and then
incubated for 48 h at 37 °C with 5% CO,. At a predetermined
interval, the incubated samples were discarded, washed with
PBS, and incubated with MTT (0.5 mg mL™ ') for 3 h. The
formed formazan crystals were dissolved with 100 pL of DMSO
before measuring the absorbance at 570 nm and 650 nm using
an iD5 MultiMode Plate Reader (Molecular Devices, USA). Cell
viability was calculated as follows:

Viability % =

Absorbance of treated group — Absorabnce of blank

100
Absorbance of untreated group — Absorabnce of blank x

2)

2.5.2.2. Alamar blue assay. The cell metabolic activity rate
was assessed using the Alamar blue assay. Following a 48-h
incubation period, the supernatant was removed and replaced
with 100 L of a complete medium containing 10% (v/v) Alamar
blue substrate (Himedia). The sample seeded cells were incu-
bated for 3 h at 37 °C with 5% CO,. After incubation, the
supernatant was transferred to a 96-well plate, and the fluores-
cence value was recorded at the excitation and emission of
570 nm and 600 nm, respectively, using an iD5 MultiMode Plate
Reader (Molecular Devices, USA).

2.5.2.3. Live dead assay. The cell viability of different MS-
DMN types was examined using live/dead imaging on HEK293
cells. Following the above-mentioned procedure, the cells were
seeded, cultured, and treated with the samples. Furthermore, the
cells were stained with calcein AM (2 uM mL™', Himedia) and
propidium iodide (10 ug mL™", Life Technologies) for 15 min.
After incubation, the excess dye was removed by washing the cells
three times with 1x PBS. Subsequently, images were captured
using an Olympus fluorescence microscope (Olympus, IX73)

2.5.3. Cell morphology study. The effect of different
MS-DMNs on the morphology of the cells was examined
using phalloidin staining on HEK293 cells. Following the
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above-mentioned procedure, the cells were seeded, cultured,
and treated with the samples. After sample incubation, the cells
were stained with phalloidin and Hoechst 33342 following our
previously published protocol.*? The stained cells were imaged
using a fluorescence microscope (Olympus IX73 from Japan).

2.6. Bioactivity assessment and storage stability of
encapsulated biomolecules in the DMNs

2.6.1. HRP activity. To understand the impact of processing
and long-term storage stress on the biomolecules loaded in MS-T-
DMN, HRP was utilized as a model enzyme in MS-T-DMNss, sealed
in plastic bags and stored in a desiccator under vacuum at varying
temperatures (4 °C and 25 °C) for 6 months. Periodically, HRP-MS-
T-DMNs were dissolved in 1 mL of PBS to assess the remaining
HRP activity. A control group comprised of HRP suspension in
PBS was maintained under identical conditions. An OPD-based
assay was conducted with some adjustments based on published
methods to determine the residual HRP activity within HRP-MS-T-
DNMs.** Stock solutions of OPD (6.28 mM), H,0, (6 mM), and
varying concentrations of standard HRPs ranging from 1.5-0 nM
were prepared using sodium phosphate buffer at pH 7.2. The
samples were incubated with OPD (100 pL) and H,O, (20 pL),
followed by absorbance measurement at 417 nm after a 30 min
incubation period using an iD5 MultiMode Plate Reader. The
concentration of HRP incorporated in MS-DMN was determined
against a standard curve, as shown in ESI{ Fig. S11.

2.6.2. Invitro bioactivity. The bioactivity of PRP in PRP-MS-
T-DMNs (samples stored at 4 °C and 25 °C) was evaluated via a
proliferation assay with UMSC cells. To understand the effect of
the concentration of the stabilizing agents (0 to 10% w/v) in the
microneedle matrix on the stabilization of biomolecules at
40 °C and 75% RH, MS-DMN was prepared with stabilizing
agent concentrations ranging from 5% w/v to 10% w/v according
to the above-mentioned procedure, sealed in a plastic bag, and
stored in a stability chamber at 40 °C and 75% RH.

2.7. In ova CAM angiogenesis assay

The chorioallantoic membrane assay was used to assess the
bioactivity of PRP loaded in MS20-T5-DMN with/without
and stored at 25 °C for 6 months. For the in ovo CAM analysis,
the dissolved microneedles (MS20-T5-DMN, PRP-MS20-T5-
DMN-0, and PRP-MS20-T5-DMN-6) were applied to a living
chicken embryo following slight modification to the estab-
lished procedure.** The fertilized chicken eggs were washed
with 20% PBS saline before incubation in a humidity chamber
at 37.5 °C with 60% RH and carefully opened after three days of
incubation. Throughout the experiment, daily monitoring
ensured close tracking of the embryo viability and environmen-
tal conditions such as temperature and humidity. Before
applying DMNs on day seven, they were sterilized by keeping
them under UV light for one hour. On day 14, angiogenesis
in the embryos for the control, PRP control, MS20-T5-DNM,
PRP-MS20-T5-DNM-0, and PRP-MS20-T5-DNM-6 was assessed
through digital images captured using a Canon PowerShot
S$X420 IS camera.

This journal is © The Royal Society of Chemistry 2025
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2.8. Invivo diabetic wound healing using PRP-loaded MS-DMN

Finally, the potential of our PRP-loaded MS-DMNs was evalu-
ated as a model transdermal delivery system for diabetic wound
healing with slight modification of the previously published
protocol.*® Sprague-Dawley rats were procured from the ICMR-
National Animal Resource Facility for Biomedical Research
with prior permission of the Institutional Animal Ethics
Committee (IITH_IAEC_2023_M2_P09). To establish type I dia-
betes mellitus, the Sprague-Dawley rats were deprived of food
overnight, and intraperitoneal injection of 120 mg kg ™" of alloxan
monohydrate was performed in the subsequent morning. The rats
were considered diabetic when their plasma glucose level was
more than 16.7 mM and by excessive drinking, eating, urinating,
and weight-loss symptoms, indicating hyperglycemia. The diabetic
rats induced by alloxan were categorized into control, blank MS-
T5-DMN, and SSD-PRP-MS-DMN-6, with each group containing
three animals for statistical analysis. Before surgery, these diabetic
rats received anesthesia with ketamine (100 mg kg™ ') and xylazine
(10 mg kg™"). The lower back of the rats was shaved, sterilized
thoroughly with 70% ethanol, and using surgical blades, two
10-mm incisions made through the entire skin on either side of
the vertebral column.*® The next day after wound creation, the
MS20-T5-DMN and SSD-PRP-MS20-DMN-6 microneedles were
inserted into the wound by gentle pressure from the thumb for
10 min. Before their use on animals, proper sterilization proce-
dures involved exposing all the microneedles to UV radiation. The
sterilized DMNs were kept in the wound area the day after wound
creation. The rats were adequately fed, watered, and monitored
regularly by photographing their wounds using a Canon Power-
shot SX420 IS digital camera on day 0, 3, 7, and 14. The rats were
euthanized on the final day of the experiment, and tissue samples
from the wounds were collected, fixed, and embedded in paraffin
for further analysis. Hematoxylin and eosin (H&E) were used to
detect pathological alterations in the tissue at various phases of
healing, as described before.*”

2.9. Statistical analysis

All the reported data are shown as mean =+ standard deviation
(SD) and statistically evaluated using OriginPro 9 and GraphPad
Prism 8. GraphPad Prism 8 was used to compare groups using
one-way or two-way ANOVA followed by Tukey’s multiple com-
parison test. The statistical differences between the groups are
mentioned by asterisks in all the figures, i.e., P < 0.05; **, P <
0.01; ***, P < 0.001; ****/ P < 0.0001; and n.s (non-significant).

3. Results and discussion

3.1. Modification of silk fibroin

It is well known that RSF (UMS) mainly exists in the silk I state
(high % random coil/o-helix and low % of PB-sheets), and
removing water molecules from the RSF results in the close
packaging of the Gly-Ala-Gly region, leading to the formation
of insoluble B-sheet crystals (high % B-sheet and low % random
coil/a-helix). This limits the utilization of silk fibroin protein
for fabricating instant dissolvable microneedles with high

This journal is © The Royal Society of Chemistry 2025
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fracture force and rapid dissolution after incorporating a
stabilizing agent with concentrations exceeding 5% w/v.'""?
Thus, in this study, we addressed these problems for the first
time by carboxylic group modification of silk fibroin protein
molecules to limit their intermolecular and intramolecular
interaction, which hindered coil-B-sheet formation by enhan-
cing their solubility with low viscosity. The modified silk (MS)
facilitates the fabrication of MS-DMN and MS-T-DMN with a
stabilizing agent concentration of more than 10% w/v com-
pared to UMS, as depicted in Fig. 1.

The extent of carboxylic modification in MS was confirmed
by NMR, as depicted in Fig. 1B, by comparing UMS and varying
degrees of modification of MS (R = 5 and R = 10) with the
decrease in the intensity of the peaks at around 2.8-3 ppm, with
lysine peak at 2.8-3 ppm employed as the standard for the
amine group. Further, the intensity of the peak at 1.88 ppm
reflecting C—=O0 from carboxylic acid was found to be the lowest
for UMS and gradually increased from MS (R = 5) (30%) to MS
(R = 10) (52%), indicating a higher degree of carboxylic group
modification in silk. The estimated carboxylic group content in
UMS and MS (R =5 and R = 10) is depicted in ESI,} Fig. S1B and
C, showing that the content of carboxylic groups was 0.21, 0.58,
and 1.1 mmol g~ for UMS, MS (R = 5), and MS (R = 10),
respectively. Succinic anhydride reacts with the amine group in
alkaline pH (> 10), but the pH of the reaction was kept above 11
to ensure the reaction with the hydroxyl group as well. In this
modification, the reactant concentration (SA) drives the sub-
stitution reaction rate, as evidenced by the increase in the
carboxylic group in silk as the reactant concentration (SA)
proportionally increased following Le Chatelier’s principle.

This modification restricted B-sheet growth in MS, as con-
firmed by the ATR FTIR spectra in Fig. 1C. The N-H vibration
(3223 em™') and COO (1030 cm™ ') and C=O stretching at
around 1720 cm ' increased as the molar ratio of succinic
anhydride increased from R =5 to R = 10 in the MS samples,
indicating the successful attachment of succinic anhydride to
the amine groups of silk fibroin.*® To understand the secondary
structure transition of UMS, the amide I spectrum (Fig. 1C) of
UMS initially showed a low intensity of B-sheet (1632 ¢cm ™)
and higher intensity of a-helix and random coils (1650 em ™),
which gradually reversed when UMS was stored at RT for over
3 months (Fig. 1C (inset) and ESIL, T Fig. S1D). MS showed a shift
in the amide I peak to a higher wavenumber (1645 cm™'),
suggesting a higher content of o-helix and random coils due to
the disruption in the B-sheets during the modification.***° This
was supported by quantitatively estimating the extent of the
secondary structure present in UMS and MS (R =5 and R = 10).
Specifically, the amide I peak in the range of 1705-1595 cm™* was
deconvoluted to yield secondary derivate peaks at 1620 cm™ ',
1635 cm™ Y, 1660 cm™ ', 1683 cm™ !, and 1692 cm ™', which
correspond to P sheet, random coil, triple helix, B-turn/sheets
and B-turn, respectively.>* The deconvoluted peaks in the FTIR
spectra (ESL T Fig. S1E) and secondary structure analysis (Fig. 1F)
showed that unmodified silk had 38% B-sheet, 24% [-turn, and
less than 18% random coil. After 6 months of storage at 25 °C, the
secondary structure of UMS increased to 60% B-sheet, 34% f-turn,
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(A) Chemical scheme of the modification of silk with SA. (B) NMR spectra of different MS (R = 5 and R = 10) and UMS samples, confirming the

modification of silk by carboxylic groups. (C) FTIR spectra of UMS and MS (R = 5 and R = 10), showing that carboxylic group modification in silk hinders the
coil-helix transition by reducing the intermolecular interaction. (D) SDS page of the UMS and MS (R = 5 and R = 10) showing less electrophoretic mobility
for the MS (R = 5 and R = 10) due to the introduction of carboxylic groups, which create electrostatic repulsion with the SDS. (E) CD spectra of UMS
showing a higher negative peak at 222 nm, corresponding to B-sheet, whereas MS (R = 5 and R = 10) shows a negative peak at 198 nm, corresponding to
random coil/a-helix. (F) Quantitative analysis of the secondary structure calculation of MS-DMN and UMS-DMN from the deconvoluted peak of the
amide / region of their FTIR spectra. (G) Solubility of various concentrations of MS10, MS15, MS20 and UMS10 when stored at RT for 90 days, resulting in

gelation due to a coil-B-sheet transition, but a similar concentration of MS20 remained liquid.

and less than 10% random coil. In contrast, MS had a higher
random coil content of 50%, which improved its solubility at
higher concentrations and restricted the intermolecular interac-
tions, resulting in a B-sheet content of 20%.

When the molecular weight distribution and the polarity
of UMS and MS were analyzed by SDS-PAGE (Fig. 1D), UMS
(lane 1I) showed a heavy chain (HC) of 300 kDa, a light chain
(LC) of 26 kDa linked by a disulfide bond, and a P25 glycopro-
tein of 30 kDa, which mainly linked the HC and LC complex in
the hydrophobic region.*” In contrast, the MS samples in lanes
III and IV exhibited a smeared band at around 75 and 100 kDa,
which can be attributed to the introduction of succinic anhy-
dride (SA). The modification with SA increased the net negative
charges in the silk fibroin molecules, leading to altered migra-
tion patterns on the electrophoresis gel with a fixed voltage

7078 | J Mater. Chem. B, 2025,13, 7072-7089

run.>>>® The increased polarity of the silk protein due to SA
modification may have also contributed to the apparent
enhancement in water solubility, as depicted in Fig. 1G. Further
analysis by CD, as shown in Fig. 1E, revealed that MS showed
reduced intermolecular and intramolecular interaction after
modification, which limited the B-sheet conversion with high
steric hindrance between the carbonyl groups of MS. UMS4.5-
RT90 showed a high-intensity negative peak at 222 nm and a
low negative peak at 198 nm. UMS exhibited a higher content of
B-sheet at 222 nm than MS (R = 5 and R = 10) and UMS4.5-RT90,
which proves the carboxyl modification hindered the coil-B-sheet
transition. This biomimetic modification approach helped to
control the coil-B-sheet transition in the silk protein, which is
beneficial for the preparation of microneedles with high
mechanical strength, as discussed in the following section.

This journal is © The Royal Society of Chemistry 2025
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3.2. Molecular interaction between MS-stabilizing molecules

MS, in combination with stabilizing agents (trehalose, sucrose),
was chosen as the matrix to fabricate MS-stabilizing agent
(MS-T) complex microneedles to stabilize biomolecules. The
MS-T matrix has possible intermolecular hydrogen bonding,
which was studied using ATR Fourier transform infrared (FTIR)
spectroscopy, and the results are shown in Fig. 2C and ESL¥
Fig. S2A. In particular, MS-T-DMNs showed the C—O stretching
vibrations of the amides (1650 cm ™), where the N-H stretching
vibration (1560 cm™') shifted to higher frequencies, and OH
stretching and vibration at 3300 and 3650 cm ™ " related to inter-
hydrogen bonding of the hydroxyl group and the carboxyl group
of MS, respectively.®” The final MS-T-DMN materials lacked free
hydroxyl stretching peaks, leaving only a single band in the
range of 3300 cm™'.>* Upon incorporating stabilizing agents,
the amide I region peak (1600-1700 cm ') showed a higher
B-sheet peak of 1625 cm ™' for UMS4.5-DMN and UMS4.5-DMN-
RT90 but was completely absent in both MS20-DMN and MS20-
T5-DMN with the presence of a random coil peak (1645 cm™ ).
Further, this peak was deconvoluted (ESI,1 Fig. S2B), and the
quantitative analysis (Fig. 2D) showed that the content of
B-sheets decreased to less than 18% by increasing the trehalose
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concentration to 5% in MS20-DMN. However, there was an
apparent difference in the random coil content in the MS-
DMNs from 50% to 60% in MS20-DMN and MS20-T5-DMNSs,
respectively.

CD spectra were used to confirm the effect of modification
and stabilizing agent incorporation in inhibiting the coil-p-sheet
transition in MS during the fabrication of the DMNs, as shown
in Fig. 2A and B, respectively. The peak intensity at 222 nm for
UMS4.5-DMN and UMS4.5-DMN-RT90 was higher than that for
MS-DMN, which proves that the carboxyl modification and
stabilizing agent hindered the coil-B-sheet transition. MS-T-
DMNs showed a lower negative peak intensity at 222 nm (-
sheet) and a higher negative peak intensity at 198 nm (random
coil) than MS-DMNs, indicating that the incorporation of stabi-
lizing agents further inhibited the coil-B-sheet transition. Alter-
natively, the random coil content in MS-T-DMN and MS-DMN
showed a higher negative peak intensity at 198 nm than UMS4.5-
DMN-RT90. This result is consistent with the FTIR data, suggest-
ing that carboxylic group modification of the free amino and
hydroxyl groups in UMS can reduce the inter- or intra-chain
hydrogen bonding by inhibiting B-sheet formation, potentially
aiding the storage of MS-DMN at RT.>*%>3
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Fig. 2

(A) CD spectra of MS20-DMN, MS15-DMN, MS10-DMN, and UMS4.5-DMN. MS-DMN has a higher negative peak at 198 nm, corresponding to

random coil/a-helix, while UMS4.5-DMN shows a higher negative peak at 222 nm, corresponding to B-sheet. (B) CD spectra of MS20-DMN incorporating
varying stabilizing agent concentrations (5%, 7.5%, 10% w/v), showing a higher negative peak at 198 nm and suggesting the presence of a random coil/a-
helix. (C) FTIR spectra of MS and MS with varying concentrations of stabilizing agents (trehalose 7.5%, 5%, and 2.5% w/v). (D) Quantitative analysis of the

secondary structure determination by the deconvolution of FTIR spectra.
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3.3. Physical morphologies, disintegration, and in vitro
release of MS-DMNs

Fig. 3A shows that all the MS20-DMN, MS15-DMN, MS10-DMN,
and UMS4.5-DMN tips easily dissolved when they came in
contact with the interstitial fluid due to the presence of a high
random coil content of more than 40%. In contrast, UMS4.5-
DMN-RT90 remained insoluble and remained intact for a long
time due to its higher content of B-sheet (50%) and B-turn
(more than 30%), due to the coil-B-sheet transition, which was
confirmed by its FTIR and CD spectra. Meanwhile, the small
molecule trehalose could serve as a solubility enhancer and
plasticizer, enhancing the voids within the protein-stabilizing
agent complex and facilitating higher water uptake into the
matrix and a higher disintegration rate.’” Further, the dissol-
vability of MS-DMN and UMS-DMN was analyzed using
SEM, as shown in Fig. 3C. The results revealed that MS20-
DMN, MS15-DMN, MS10-DMN, and UMS4.5-DMN exhibited
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rapid dissolvability, whereas UMS4.5-DMN-RT90 did not dis-
solve when inserted in the 20% gelatin gel.

Further, MS-DMN and MS-T-DMN were stored at RT, and the
effect of the storage temperature on the coil-p-sheet transition
in MS-DMN was evaluated by CD spectroscopy, as depicted in
ESI,} Fig. S3. In the case of UMS4.5-DMN, when stored at RT for
90 days, it showed that UMS changed in the secondary structure
from random coil/o-helix to B-sheet with the intensity at
222 nm (corresponds to B-sheet) more than —5, whereas the
random coil intensity at 198 was less than —2. In contrast,
MS20-DMN-RT90, MS15-DMN-RT90, MS10-DMN-RT90, MS20-
T5-DMN-RT90, and MS10-T5-DMN-RT90 showed a lower f-
sheet intensity of less than —2, whereas the random coil and
a-helix intensity at 198 nm was higher than —10. Generally,
UMS has a high content of random coil/alpha helix due to the
plasticization effect of water. However, removing the water
from the UMS results in the close packing of the hydrophobic
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(A) Representative optical images of the dissolving nature of MS20-DMN, MS15-DMN, and MS10-DMN compared with UMS4.5-DMN and

UMS4.5-DMN-RT90. Scale bar: 5 mm. (B) Release profile analysis of SSD from MS-DMN and UMS-DMN, showing the immediate release of SSD from MS-
DMN, whereas the UMS-DMN formulation stored for 3 months demonstrated a slower release of SSD. (C) SEM images of the dissolving nature of MS20-
DMN and MS10-DMN compared with UMS4.5-DMN and UMS4.5-DMN-RT90. Scale bar: 100 um.
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region (Gly-Ala-Gly) to form B-sheets. In contrast to UMS4.5-
DMN-RT90, the net negative charge of the carboxylic modifica-
tion and the plasticization effect of the stabilizing agent in MS-
T-DMN-RT90 helped in keeping the protein conformation, even
after storage for a long time at RT. The morphology of the
stored DMN was analyzed by SEM, as shown in ESI{ Fig. S4,
where MS-DMN retained an intact morphology and dissolva-
bility under 5 min, even after storage at 25 °C for 6 months,
except the UMS-DMN, which became brittle and prone to
breakage.

The ex vivo skin permeation of the drug from SSD-MS-DMN
was studied and compared with UMS-DMN. The total amount
of drug loaded in MS-DMN was x454 ng for each patch, and
that for UMS4.5-DMN was X441 pg. As shown in Fig. 3B, the
cumulative release of SSD from different ratios of MS-DMN and
UMS4.5-DMN was more than 100% within 5 min post-
application. In contrast, that from UMS4.5-DMN-RT90 was less
than 15% within 5 min, respectively, indicating that the sec-
ondary structure of UMS4.5-DMN-RT90 changes from random
coil to B-sheet, resulting in gelation, which caused slow drug
release from UMS4.5-DMN-RT90 (Fig. 3C).

3.4. Mechanical properties of DMNs

The mechanical robustness of microneedles is essential for
their successful penetration into the skin.>® If the needle fails
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to penetrate and instead interacts with the interstitial fluid, its
tip may not dissolve adequately to release the intended payload.
Consequently, the axial fracture force of the needle is a critical
design parameter, which should exceed the resistance of the
skin to ensure the integrity of the microneedle.>®>” The moist-
ure in DMNs can weaken their mechanical properties and
reduce their instant dissolution by changing their protein
conformation, ultimately resulting in poor skin penetration.
The total water content in all the UMS-DMN, MS-DMN, and MS-
T-DMN arrays was in the range of ~10-12%, as shown in ESI,}
Fig. S5. The mechanical strength of the microneedle arrays (MS-
DMN and UMS-DMN), with and without stabilizing agents, was
evaluated using a texture analyzer. MS20-DMN showed the
highest fracture force of 90 N for the theoretical force required
for penetration, with an average force of 0.9 N per needle. The
fracture force of UMS4.5-DMN was found to be 15 N per patch,
and it was even reduced after the incorporation of varying
concentrations of trehalose, as shown in ESI, Fig. S6A. Scan-
ning electron microscopy (SEM) imaging of the needles after
insertion into agarose gel using thumb pressure revealed that
the MS20-DMN tips could withstand the applied force (Fig. 4C).
Meanwhile, UMS4.5-DMN exhibited complete bending, as
shown in Fig. 4C, indicating that MS-DMN could effectively
penetrate the skin and deliver the payload. However, a lower
protein concentration or higher stabilizing agent concentration

& - MS20-DMN ° - MS20-T5-DMN
100- - MS15-DMN 100+ MS15-T5-DMN
MS10-DMN 80- MS10-T5-DMN
z UMS4.5-DMN Z MS20-S5-DMN
o 607 o 60 - MSI15-S5-DMN
(3] . - -
E 40 £ 40- MS10-S5-DMN
55 =
20 20
0- 04
0.0 0.1 0.2 0.3 0.0
Displacement (mm) Displacement (mm)
¢ MS20-DMN MS15-DMN MS10-DMN UMS4.5-D-MN UMS4.5-DMN-90RT
Before
insertion »
After
insertion
D

Fig. 4 Mechanical properties of the microneedles (A) prepared from various concentrations of UMS and MS-DMN. (B) Trehalose (5% w/v) incorporated
in various concentrations of UMS and MS. (C) SEM images of UMS and MS-DMN before and post-insertion in 20% w/v gelatin gel. Scale bar: 200 pm. (D)
After insertion on the porcine skin, OCT images with UMS and MS-DMNs were analyzed with an OCT microscope. Scale bar: 100 pm.
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in the microneedle matrix resulted in a decreasing pattern in
fracture force, as shown in Fig. 4b.

Given that a higher concentration of trehalose is necessary for
stabilizing biomolecules, we analyzed the percentage of trehalose
that can be incorporated into MS20-DMN without causing a
change in the sufficient fracture force to penetrate the skin. We
found that even after increasing the concentration of trehalose
5-10% w/v in PRP-SSD-MS20-DMN, the fracture force decreased
from 82 N to 48 N per patch, and increasing its concentration
further than 10% w/v resulted in difficulties in demolding the
microneedles after their fabrication and handling (ESI, T Fig. S6B).
Furthermore, isolated pig skin was used to assess the penetration
capability of the various fabricated MS-DMNs. MS20-DMN was
inserted into the porcine skin with thumb force and immediately
withdrawn to study its morphology. The insertion was compared
among the different groups, such as the MS20-T5-DMN, MS15-T5-
DMN, MS10-T5-DMN, and UMS4.5-T5-DMN. Fig. 4D shows that
all the MS-DMN formulations containing 5% w/v trehalose
demonstrated penetration depths exceeding 300 pum, whereas
the UMS4.5-T5-DMN formulation had a penetration depth of only
10 um. The Rose Bengal-loaded MS20-T5-DMN was inserted into
the skin, leaving a replica of a microchannel on the skin, indicat-
ing that MS20-T5-DMN was capable of pricking and penetrating
the skin, as shown in ESI,{ Fig. S6C.

3.5. Antibacterial studies

Drug-loaded microneedles can effectively deliver payloads to
the inner layers of the skin, resulting in higher drug
efficacy.”®*® The antibacterial activity of silver sulfadiazine
(SSD) released from the instantly dissolvable SSD-MS-DMN
was evaluated using agar plate diffusion tests. All the variations
of SSD-loaded microneedle-hydrogel dressings showed a zone
of inhibition against both S. aureus and E. coli, except the blank
MS-DMN, indicating that the drug in the microneedle tips was
responsible for the antibacterial activity. Image J analysis was
performed to quantify the zones of inhibition. The E. coli
cultured plates, when treated with SSD0.5-MS20-DMN, SSD1-
MS20-DMN, and SSD2-MS20-DMN, showed zones of inhibition
measuring 63, 78, and 83 mm, respectively (ESI,T Fig. S7A). The
zones of inhibition of S. aureus on the agar plates treated with
SSDO0.5-MS20-DMN, SSD1-MS20-DMN, and SSD2-MS20-DMN
measured 21.89, 34 and 48 mm, respectively. Furthermore,
the SSD2-MS20-DMN sample exhibited the highest inhibition
zone, suggesting it had the best SSD activity and required the
lowest dose to be effective as an antibacterial agent. The
antibacterial activity of SSD-MS-DMN was also evaluated using
a time-kill assay, as shown in ESIT Fig. S7D, which showed that
bacterial growth was suppressed to a greater extent in all the
SSD0.5-MS20-DMN, SSD1-MS20-DMN, and SSD2-MS20-DMN
samples compared to the control group (MS20-DMN) following
co-culturing with E. coli and S. aureus. These results suggest
that the SSD-MS20-DMN formulation exhibited bactericidal
activity even at the lowest concentration (0.5 mg mL "), which
represents an optimal antibacterial concentration to avoid any
possible toxicity from SSD in both in vitro and in vivo settings
while analyzing the bioactivity of PRP.
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3.6. Biocompatibility and biosafety of MS-DMNs

The biocompatibility of various silk DMN patches loaded with
stabilizing agents is shown in Fig. 5. The MTT assay revealed
that MS20-DMN, MS15-DMN, and MS10-DMN exhibited cell
viability exceeding 80%. The incorporation of stabilizing agents
and SSD into MS-DMNs did not significantly impact the cell
viability, maintaining over 70% across the different DMN
formulations. However, an increase in the trehalose concen-
tration in the DMNs resulted in severe cytotoxicity, further
inhibiting the proliferation of HEK293 cells. Consequently, a
5% w/v trehalose concentration was selected as the final matrix
for the preparation of DMNs, given that it exhibited a favorable
toxicity profile and desirable mechanical properties for inser-
tion. The fluorescence imaging of HEK293 cells showed that
MS20-T5-DMN, MS15-T5-DMN, and MS10-T5-DMN exhibited
better cell proliferation with a higher cell density compared
to MS20-DMN, which is consistent with the cell viability mea-
surements using the MTT and Alamar assays, as shown in
Fig. 5A and ESI,{ Fig. S8A. Furthermore, the cell morphology
after the incubation of the DMNs was evaluated using phalloi-
din staining (Fig. 5B), and the results indicated that the cells
incubated with MS-DMN, MS-T-DMN, and SSD-MS-T-DMN had
a better cell density without any observable changes in their
morphology. The stained F-actin microfilaments and nuclei
showed comparable cell localization and expansion to the
control, suggesting that these DMNs were biocompatible
and did not induce alterations in the cellular morphology.®°
Additionally, the hemolysis assay (Fig. 5D) demonstrated that
all the samples, regardless of trehalose or SSD in MS-DMN,
exhibited minimal red blood cell death, except that incorporat-
ing PRP caused some red blood cell clotting, resulting in cell
death, which was almost negligible compared to the controls.

3.7. Storage stability of biomolecules in MS-DMNs

The stability of biomolecules is crucial for biomolecule delivery
systems given that they undergo various processes and storage-
related stress, reducing their therapeutic efficiency.”® This
study aimed to improve the stability of PRP/HRP as model
biomolecules loaded in DMNs by mixing with the optimized
MS-stabilizing agents and storing them at different tempera-
tures, as depicted in Fig. 6. When stored at 4 °C for one month,
the PRP-MS20-T5-MN group exhibited relative HRP activity of
more than 80%, and 70% when stored at 25 °C for over six
months (Fig. 6A). In the case of the groups without stabilizing
agents, a higher concentration of MS in MS20-DMN was better
than MS15-DMN, and MS10-DMN was found to retain greater
activity, aligning with the hypothesis that the carboxylic groups
and hydrogen bonding were responsible for the protection of
HRP (Fig. 1 and 2). When the stabilizing agents were added, the
HRP stabilization increased further due to the synergetic effect
of the hydrogen bonding and glassy matrix formation.*' %! we
further explored the stabilization effect using another biomo-
lecule (PRP) and observed a similar pattern of bioactivity
retention as HRP (Fig. 6B and C). The bioactivity of PRP
was analyzed using in vitro cell proliferation and CAM assays.

This journal is © The Royal Society of Chemistry 2025
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Fig. 5

(A) Live dead staining images of HEK293 cells with various microneedles for 24 and 48 h, showing more than 70% cell viability for all the MS-DMN

groups. Scale bar: 100 um. (B) Actin phalloidin staining and DAPI of HEK293 cells incubated with microneedles for 24 and 48 h, showing that all MS-DMN
groups showed an intact cell morphology. Scale bar: 100 pm. (C) Quantitative analysis of biocompatibility of various microneedles incubated with HEK293
cells using MTT assay. (D) Blood compatibility behavior of the various MS-DMN performed using hemolysis assay, showing minimal red blood cell death.

To confirm the functional activity of PRP in vitro using the cell
(UMSCs) proliferation assay, the PRP-MS-DMN samples were
dissolved and PRP released from them stored for six months at
4 °C and 25 °C was quantified. The PRP released after six months
of storage at 25 °C showed no significant difference between
DMN without storage, with a proliferation rate of more than 95%
for all the PRP-MS20-T5-DMN-(0, 1, 2, 3, 6), which was better
than that of MS20-T5-DMN of 58% within 48 h (Fig. 6C). The
fluorescence images of the PRP-treated UMSC showed no sig-
nificant difference in fluorescence between PRP-MS20-T5-DMN
with different storage conditions (0, 1, 2, 3, and 6 months) and
PRP control, as depicted in Fig. 6D. The bioactivity of PRP-MS20-
T5-DMN stored at 4 °C was evaluated using an in vitro bioactivity
assay and it was found that the proliferation was more than 95%
for PRP-MS20-T5-DMN kept at 0, 3, and 6 months (ESL,T Fig. S9).

Specifically, the approach to address biomolecule instability
involves incorporating a higher concentration of stabilizing
agent to reduce the mobility of the biomolecules during drying
or dehydration.®* However, an increase in the concentration of
stabilizing agent (>5% w/v) in silk microneedles substantially

This journal is © The Royal Society of Chemistry 2025

reduces their mechanical properties. Here, up to 10% w/v
stabilizing agent could be incorporated the microneedle-based
drug delivery system (MS-DMN) without compromising its
mechanical properties (ESL Fig. S4B). Furthermore, MS20-
DMN fabricated with a trehalose concentration of 10% w/v could
maintain the bioactivity of PRP-MS20-T10-DMN at more than
80% even when stored at an elevated temperature of 40 °C for 30
days. The 10% w/v trehalose (95%) better preserved the bioactiv-
ity of the platelet-rich plasma (PRP) compared to 5% w/v
trehalose (85%) when stored at 40 °C and 75% relative humidity
for 30 days (Fig. 7). The PRP bioactivity in the microneedles
under different storage conditions was further evaluated by the
CAM assay, which is discussed in the following section.

3.8. In ova angiogenesis study

The CAM assay, one of several functional assays, offers an easy-to-use
and adaptable animal model to study angiogenesis and metastasis.®
As shown in Fig. 6E, the current work used the in ovo CAM assay to
assess the biological activity and storage stability of PRP in DMNs
after being stored at different temperatures for six months.

J. Mater. Chem. B, 2025, 13, 7072-7089 | 7083


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4tb02836h

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

Open Access Article. Published on 20 May 2025. Downloaded on 6/11/2026 3:42:54 PM.

(cc)

View Article Online

Journal of Materials Chemistry B Paper

A M 1stday 25°C M 1st day
;\;‘ 4°C Il 7th day 9 l 7th day
}j M 14thday 7100 M 14th day
z M 28thday £ : ;sm day
g M 2 months 4 months
é N3 th é 50 M 3 months
= 50 months o0 Il 6 months
) M 6 months £
£ £
:
: : S oSS S &
D
Y SIS @«&@«§@Q§@

%& ’»Q, \Q' 6} &6 %‘) %%; %b‘% %;»Q %Q &% &% Q'%@ ’%@
@ ﬁéé‘g”w VY S &"‘@—?@”&*
FEESE

MS20- PRP-MS20- PRP-MS20- PRP-MS20- PRP-MS20- PRP-MS20-
Control PRP Control TS DMN T5.DMN-0 T5-DMN-1 T5-DMN-2 T5-DMN-3 T5-DMN-6

D
ns
C 120 1 |
=X 100 M 24 hours
g 80 O 48 hours
g 60
5 40
A~ 20
0
S DS Nps
D & & & & &
TS S F S
v & & & & &
F IS ES
@% v é\oQ %’\9 é\ég %'\0&
gttt
& & 5 & 5
E PRP-MS20- PRP-MS20-
MS20-T5-DMN T5-DMN-0 TS-DMN-6

14t day

@}_

Vessel area (%)

PRP Control PBS

S~ : -5 %g- \\ \7/: - ,*é/
—<y /§%~"* aE

Fig. 6 Effect of processing and storage on HRP and PRP loaded in HRP/PRP-MS-DMN. (A) HRP enzymatic assay was performed to study the remaining
bioactivity of the HRP loaded in HRP-MS-DMN when stored under different storage conditions of 4 °C and 25 °C for one month. (B) Live dead images of
stored PRP-MS20-T5-DMN and PRP-MS20-T5-DMN (0, 1, 2, 3, 6) incubated with UMSC cells for 48 h using calcein AM and Pl staining. Scale bar: 100 pm.
(C) PRP bioactivity in MS-DMN and MS-T-DMN analyzed in vitro by incubating the stored PRP-MS20-T5-DMN and PRP-MS20-T5-DMN (0, 1, 2, 3, 6) with
UMSC cells for 48 h and checked with Alamar blue assay. (D) Quantitative analysis of the percentage of vessel area in MS20-T5-DMN, PRP-MS20-DMN-
(0,1, 2, 3, 6) incubated samples in the egg through CAM assay compared with PBS and PRP control. (E) Angiogenic activity of PRP in the stored MS20-T5-

DMN and MS20-T5-DMN-(0 and 6) samples checked in ova through CAM assay.

We found that PRP-MS20-T5-DMN induced blood vessel cytokines, which help in fibroblast recruitment, and collagen
formation (53% new vessel formation) earlier than MS20-T5- deposition, aiding the angiogenic process. Indeed, the blood
DMN (40% new vessel formation) and the PRP control (45% vessel area resulting from the PRP-MS20-T5-DMN scaffolds on
new vessel formation) because of the potential of PRP to release bay 7 was more significant than MS20-T5-DMN on the same
a cocktail of molecules containing various growth factors, embryonic day (Fig. 6D). This was evident when the number of
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stored at 40 °C at 75% relative humidity compared with PRP-loaded MS20-
T5-DMN stored at 25 °C for one month.

vessel junctions was analyzed; it was found that the MS20-T5-
DMN group had 505 vessel junctions that were better than the
control group (190). At the same time, the PRP group had better
vessel junction formation without any significant difference
between the PRP-MS20-T5-DMN-0 (918) and PRP-MS20-T5-
DMN-6 (900) groups (Fig. 6E). The percentage of newly created
arterioles was a good indicator of the PRP effect and a measure
of the efficacy of PRP-MS20-T5-DMN. PRP-MS20-T5-DMN-(0, 1,
2, 3, 6) had increased angiogenic capacity compared to MS20-
T5-DMN. This proves that there was no significant decrease in
PRP activity in PRP-MS20-T5-DMN-6, and these findings indi-
cate that MS20-T5-DMN can maintain the activity of PRP at 4 °C
and 25 °C for six months.

The rationale is that adding trehalose reduces the mobility
of the biomolecules by acting as a plasticizer and providing
hydrogen bonding, thereby mitigating the denaturation of the
biomolecules. Consequently, a higher trehalose concentration
further helps restrict biomolecule mobility during drying.
This protein-sugar matrix ensures the activity of PRP during
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fabrication, maintains its activity, and exhibits enhanced PRP
bioactivity even after storage for six months at 25 °C and 4 °C.
This improved storage stability can be leveraged to prepare
clinical products, which will benefit the extended transport
time of products before reaching end-users.

3.9. Invivo studies

The bioactivity of PRP after the processing and storage stress in
SSD-PRP-MS20-T5-DMN (6 months) was evaluated using a
diabetic wound healing model. Diabetic wounds were treated
with SSD-PRP-MS20-T5-DMN, MS20-T5-DMN, and a control.
The MS20-T5-DMN and the SSD-PRP-MS20-T5-DMN groups had
blisters, which seemed more apparent on day three following
treatment. Meanwhile, the control group treated with 10% saline
still had a significant wound area and no visible formation of
blisters even after day 7. On day seven, there was no significant
decrease in wound area in all the groups. After 14 days, the control
and blank DMN groups displayed comparable wound area closure
rates of 73.6% and 80.8%, respectively (Fig. 8A and ESL, Fig. $10).
SSD-PRP-MS20-T5-DMN showed a complete wound closure rate of
100% in 14 days. The comparison of the wound regions treated
with various samples over time indicated that MS20-T5-DMN had
a minimum effect on diabetic wound healing compared to SSD-
PRP-MS20-T5-DMN (Fig. 8A). Thus, combining SSD and PRP in
MS-DMN, owing to their antioxidant and angiogenic properties,
significantly accelerated wound healing.

A histological analysis of the wound site after the implantation
of the patches was performed to determine the biocompatibility of
DMNs and efficacy of PRP. Fig. 8B demonstrates that the control
group showed a normal morphology of the epidermal and dermal
layer of skin with moderate muscular layer inflammation and
infiltration of lymphocytes and proliferation of connective tissue
in the muscular layer (yellow arrow). Meanwhile, the MS20-T5-
DMN group showed moderate epidermal re-epithelization (red
arrow) along with dermal fibrosis, and the proliferation of fibrous
tissue was observed (green arrow). In the case of the SSD-PRP-
MS20-T5-DMN group, a normal epidermal morphology was seen.

MS20-T5-DMN

SSD-PRP-MS20-T5-DMN

(A) PRP activity in PRP-MS20-T5-DMN stored for six months at RT in a diabetic wound rat model and images of the wound closure of diabetic rats

treated with the PBS control, MS20-T5-DMNs, and PRP-MS20-T5-DMNs-6. Scale bar: 2 mm. (B) H&E staining images of the wound of diabetic rats on
day 14 treated with PBS control, MS20-T5-DMNs, and PRP-MS20-T5-DMNs-6. (i) 4x. Scale bar: 200 pm. (i) 200x. Scale bar: 50 um.
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However, the dermal region and dermal layer of the skin (inset
figure) showed severe proliferation of fibrous tissue/connective
tissue with few foci of angiogenesis compared with other groups.
As reported in the literature, the carboxylic modification of silk
enhances macrophage polarization from M1 to M2, resulting in
better tissue regeneration properties with low expression of pro-
inflammatory cytokines.*® On day 14, the SSD-PRP-MS20-T5-DMN
group demonstrated mature granulation tissue, high angiogenic
and fibroblast recruitment with visible dermis, and epidermis
layer regeneration. Moreover, on day 14, the MS20-T5DMN group
exhibited sufficient proliferation and angiogenic activity on the
dermis layer, while the control group showed minimal inflamma-
tory cells with less proliferation (Fig. 8B(ii)). SSD-PRP-MS20-T5-
DMN showed a better therapeutic efficacy because of the unique
combination of the instant release of the antioxidant SSD, the
deposited ECM-like MS, and PRP, which helped in fibroblast
recruitment and collagen deposition, promoting wound healing.

4. Conclusion

The conventional silk microneedles prepared using > 5% w/v of
silk and a stabilizing agent rely on B-sheet induction to impart
high mechanical strength to pierce the stratum corneum but
lose their instant solubility due to the hydrophobic nature of
the B-sheets. In summary, we reported a unique biomimetic
method for the modification of silk (MS), mimicking the silk
protein (>20% w/v) storage in the MSG lumen to achieve
superior solubility with restricted -sheet growth. The prepared
MS-DMN patches showed instant solubility and superior
mechanical strength of >45 N, surpassing most currently
available silk-based DMNs without inducing B-sheet formation.
Additionally, MS-DMN could disintegrate even after long-term
storage at 25 °C owing to the reduced inter/intermolecular
interactions, which were difficult to control in unmodified or
native silk-based DMNs. The combined effect of MS and the
stabilizing agent ensured that MS20-T5-DMN retained more than
70% of PRP and HRP activity when stored at 4 °C and 25 °C for
six months and more than 90% at a higher temperature (40 °C
and 75% RH) for one month. The bioactivity of PRP was retained
in MS-DMN and showed an effective wound healing rate in vivo.
This biomimetic approach provides a solution for preparing silk-
based DMNs with high mechanical strength without inducing B-
sheet formation and a platform to stabilize biomolecules at RT.
The initial assessment of MS-DMN showed that it provided
better storage stability of PRP for more than six months at RT;
thus, we are translating its potential in vaccine delivery applica-
tion with model antigens.

Abbreviations

MN Microneedle

DMN  Dissolvable microneedle

RSF Regenerated silk fibroin

PRP Platelet-rich plasma

HRP Horse radish peroxidase
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MS Modified silk
UMS Unmodified silk
SSD Silver sulfadiazine
PDMS  Polydimethylsiloxane
PBS Phosphate buffer saline
RT Room temperature
RH Relative humidity
Ty Glass transition temperature
CAM Chorioallantoic membrane assay
MTT  3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium

bromide
HEK293 Human embryonic kidney cells
UMSC Human umbilical mesenchymal stem cells
uv Ultraviolet
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