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Nucleic acid therapy has emerged as a potential alternative for promoting
wound healing by gene expression modification. On the other hand,
protecting the nucleic acid payload from degradation, efficient bioresponsive
delivery and effective transfection into cells remain challenging. A
glucose-responsive gene delivery system for treating diabetic wounds would
be advantageous as it would be responsive to the underlying pathology giving
a regulated payload delivery with fewer side effects. Herein a GOx-based
glucose-responsive delivery system is designed based on fibrin-coated
polymeric microcapsules (FCPMC) using the layer-by-layer (LbL) approach
that simultaneously delivers two nucleic acids in diabetic wounds. The
designed FCPMC displays an ability to effectively load many nucleic acids in
polyplexes and release it over a prolonged period with no cytotoxic effects
seen in in vitro studies. Furthermore, the developed system does not show
any undesired effects in vivo. When applied to wounds in genetically diabetic
db/db mice, the fabricated system on its own improves reepithelialization and
angiogenesis while decreasing inflammation. Also, key proteins involved in
the wound healing process, i.e., Actn2, MYBPC1, and desmin, are upregulated
in the glucose-responsive fibrin hydrogel (GRFHG) treated group of animals.
In conclusion, the fabricated hydrogel promotes wound healing. Furthermore,

acid carriers, including viral and non-
viral, have been studied.l’} Viral vectors
provide a higher transfection rate but are
limited in use because of inherent cyto-
toxicity issues.*! Conversely, non-viral
carriers are safe, but further improve-
ment is needed in their transfection
efficacy.’] Different strategies have been
used to enhance nucleic acid delivery
through non-viral gene carriers, ie.,
physical and chemical methods.l®] How-
ever, none of these methods provides
sufficient therapeutic delivery.!>-¢]
Depending on the intensity or concen-
tration of stimulus, a responsive delivery
system can provide pulsative release ki-
netics and facilitate a longer therapeutic
delivery in the required space. A glucose-
responsive nucleic acid delivery platform
will be valid as the diabetic wound has the
inherent glucose trigger. A topical nucleic
acid delivery method is ideal for wound
healing because it is minimally invasive

the system may be encapsulated with various therapeutic nucleic acids that

aid wound healing.

1. Introduction

Nucleic acid therapy can modulate several lethal disease states,!!]
including cancer, Alzheimer’s disease, and atherosclerosis. The
naked plasmid is the safest approach for gene delivery, but its use
is limited because of its low transfection rate.[?} Various nucleic
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and can treat a large surface area.l’””
Many studies suggest an improvement
of diabetic wounds by using nucleic
acid therapy.*1!l Lee et al. showed an
accelerated reepithelialization, increased
fibroblast proliferation, as well as organized and mature colla-
gen fibers at the early stage of the healing process with the de-
livery of naked plasmid transforming growth factor-beta (TGE-
beta) through a thermo-sensitive hydrogel made up of a triblock
copolymer, and PEG (polyethylene glycol)-PLGA (poly (lactic-co-
glycolic acid))-PEG.['!] The topical application of Rab18-eNOS
genes enhanced wound closure by increasing functional angio-
genesis and reducing inflammation in an alloxan-induced hy-
perglycemic preclinical ear ulcer model of compromised wound
healing.[1?]

Most of the delivery mentioned above methods lack effec-
tive control over drug delivery kinetics. Hence the attention has
shifted toward responsive and disease-specific delivery systems
as an effective system due to optimal payload delivery at the tar-
geted site. We believe glucose-responsive nucleic acid therapy
for treating hyperglycemic wounds will be the most appropri-
ate and effective control release kinetics. Three main glucose-
responsive delivery systems have been reported in the litera-
ture: boronate, concanavalin A, and glucose oxidase (GOx).["]
As boronate lack of specificity for glucose, and concanavalin A
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Figure 1. Overview of the developed glucose-responsive dual nucleic acid delivery system. The system was assembled with fabricated scaffolds, i.e.,
Fibrin-coated polymeric microcapsules (FCPMC) and glucose-responsive fibrin hydrogel (GRFHG) loaded with reporter plasmids, mainly GFP and
Gaussia Luciferase (GLuc) polyplexes. In the presence of glucose, GRFHG swells by the action of glucose oxidase (GOx). The swelling facilitates the
release of GFP and GLuc polyplexes, and the released polyplexes transfect the cells. Also, the minute quantity of H,O, by-product generated during the

reaction of GOx on glucose improves wound healing.

raises host immunological responses, GOx is considered the
option with greater validity due to its added advantages like
sensitivity,'*°] making this system a potential candidate in
wound healing. A minute quantity of hydrogen peroxide gener-
ated by the reaction of GOx with glucose is expected to have a
huge health benefit in wound healing. However, the GOx-based
systems are slow and unpredictable./*¢]

Considering this herein, we have designed a GOx-based
glucose-responsive delivery system that simultaneously delivers
two nucleic acids in diabetic wounds (Figure 1). The system
generates hydrogen peroxide as a lower-quality side product,
essential for wound healing. We have used fibrin, a well-accepted
biomaterial that is pH-sensitive (in acidic conditions such as in
the presence of gluconic acid, amines present in the fibrin proto-
nates and repel each other), resulting in swelling and subsequent
payload release from the system (Figure 1). We have designed
fibrin-coated polymeric microcapsules (FCPMC) by using the
layer-by-layer (LbL) approach on the synthesized calcium car-
bonate (CaCO,) template. The reporter gene green fluorescent
protein (GFP) has been loaded within FCPMC. The GFP-loaded
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FCPMC were encapsulated in the glucose-responsive fibrin
hydrogel (GRFHG), which contains the second reporter gene,
ie., Gaussia Luciferase (GLuc). Finally, a genetically diabetic
db/db mouse model obtained the developed system’s glucose-
responsive dual nucleic acid delivery. The system has been
topically applied to the wound of genetically diabetic db/db
mice. Additionally, we have evaluated the therapeutic effects of
the developed system on angiogenesis and inflammation in a
genetically diabetic db/db mouse model.

2. Materials

Protamine sulfate salt from Salmon, Ethylenediaminetetraacetic
acid disodium salt (EDTA-Disodium salt dihydrate), Dextran sul-
fate salt from Leuconostoc spp., GOx, Fibrinogen, Thrombin, D-
glucose, Sodium carbonate, Calcium chloride, Proteinase K, and
Dimethyl sulfoxide (DMSO) from Sigma-Aldrich. alamarBlue™
assay kit from Life Technologies, Ireland, Live/Dead® stain-
ing kit from Life Technologies, Ireland, Dialysis membrane
of pore size 4-6 kDa from Fisher, Mirus Label IT® Cy3™
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labelling kit, Xfect™ Transfection reagent from Takara Bio, Tega-
derm/Bioclusive Film from Medguard Healthcare Ltd, sodium
pentobarbital. Anti-CD31 antibody: ab28364, Anti-CD68 anti-
body: ab28364, Alpha-actinin-2 (Actn2) antibody: Abcam-Ab9465,
from Abcam, UK, Alexafluore 546 secondary antibodies Life
Technologies, Ireland, Trypsin, Phosphate-Buffered Saline with
Tween 20 (PBST), Urea from Fisher Scientific, Ireland, Desmin
antibody (Santa Cruz Biotechnology sc-23879), myosin binding
protein-C 1 (MYBPC1) antibody (Proteintech22900-1-AP. All
other chemicals used were of analytical grade.

3. Methods

3.1. Synthesis of Calcium Carbonate Template

The CaCO, template was synthesized from Na, CO, and CaCl, by
the co-precipitation method. Briefly, 1 m solution of Na,CO, was
dropped into the stirring 1 M solution of CaCl, for 30 s to form the
CaCO, spherical template. Immediately after CaCO, formation,
this was allowed to settle for 1 min without disturbing it. The
formed template was then washed twice with distilled water.

3.2. LbL Assembly

On the synthesized CaCO, template, different layers of natural
polyelectrolytes were coated by electrostatic interaction. Polyelec-
trolytes like dextran, protamine, and fibrinogen were dissolved
ata 1 mg mL~! concentration in a 0.5 M NaCl solution. Dextran
sulfate was the choice of polyelectrolytes for the first layer due
to the negative charge. The organization of the different layers
was as follows: dextran, protamine, dextran, protamine, and fib-
rinogen (Figure 1). Each layer was coated for 15 min. under stir-
ring at 500 revolutions per minute (r/min), and the template was
washed two times with 5 mm NaCl after each coating to remove
any unbound polyelectrolytes. The zeta potential measurement
ensured the coating of each layer by using a zeta sizer (Malvern,
Nano-ZS90) at neutral pH in 0.05 mm NaCl.

Once the five layers had been coated on the surface, the tem-
plate was sacrificed using an EDTA solution (1 M, pH 6.5-7.0).
To remove the CaCO, core altogether, EDTA was applied four
times. After that, the hollow polymeric microcapsules were cross-
linked with 10 pL of human thrombin (100 units mL™?) for
10 min under gentle stirring. Finally, the fabricated FCPMCs
were washed with distilled water. The morphological character-
ization was done with SEM, transmission electron microscopy
(TEM), and zeta size measurement. SEM analysis was used for
surface morphological analysis of FCPMC. The sample was gold
coated and visualized under vacuum using SEM (Hitachi S-4700
Scanning Electron Microscope). The FCPMC sample was pre-
pared for TEM as follows: the FCPMCs were suspended in water.
A drop was placed directly on a carbon-coated grid (Agar Scien-
tific) and viewed under TEM (Hitachi H7500 transmission elec-
tron microscope). The mean size of FCPMCs was measured by
laser light diffraction using a zeta sizer (Nano ZS, Malvern). The
air-dried FCPMCs were suspended directly in water and vortexed
gently. The particle size is expressed as mean diameter (+ stan-
dard deviation). The complete removal of the CaCO, template
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was ensured by EDX analysis. After gold coating, the sample was
analyzed for different elements. The average charge on the sur-
face of fabricated FCPMC was analyzed by zeta potential mea-
surement using the zeta sizer (Malvern, Nano-ZS90).

3.3. Presence of Fibrin in FCPMC

The presence of fibrin in the FCPMC was determined using flu-
orescein isothiocyanate (FITC)-labelled fibrinogen. Fibrinogen
(10 mg) dissolved in 500 uL of carbonate buffer (500 mm, pH
9.5). The FITC solution was prepared in DMSO at 1 mg mL™.
The FITC solution was added to the fibrinogen solution at a 1:1
ratio and allowed to react for 30 min at room temperature un-
der dark. After labelling, the unreacted FITC molecules were re-
moved by dialysis in phosphate-buffered saline (PBS) overnight.
A dialysis membrane of 4-6 kDa size was used for dialysis. The
FITC-labelled fibrinogen solution was used to fabricate FCPMCs.
The fluorescence was observed from FCPMC under a fluorescent
microscope to confirm fibrin’s presence.

3.4. Cytocompatibility
3.4.1. Alamarblue™ cell Metabolic Activity Assay

A synthesized microcapsule’s ability to preserve the metabolic
activity of NHEK was quantified using the alamarBlue™ cell
metabolic activity assay. Briefly, 5000 cells/well were seeded into
the 96 well plates, and the cells were allowed to grow overnight.
A different number of FCPMC was incubated with the cells for
24 and 48 h. After completing the incubation period, the super-
natant of the FCPMC was removed with a pipette, and a 10%
alamarBlue™ solution was added to each of the wells for 4 h.
The cells without FCPMC were used as a control.

3.4.2. Live and Dead Assay

In an eight-chamber slide, 10 000 NHEK cells/chamber were
seeded. Different doses of the FCPMC were added to each cham-
ber for 48 h. Then FCPMCs were washed with PBS and incu-
bated with 10 mm calcein-AM green (Life Technologies, Ireland)
and 1 mwm ethidium homodimer-1 (Life Technologies, Ireland)
for 30 min. The sample images were taken with a fluorescence
microscope (Olympus BX51, Ireland). The cells without FCPMC
were used as a control.

3.4.3. Biodegradability of the FCPMC

90 mg of synthesized FCPMC was used in a biodegradability
study. To the suspended FCPMC, 100 pL of 2 mg mL~! proteinase
K was added to water (final conc. 1 mg mL™"). The FCPMC and
proteinase K were incubated at 37 °C overnight. The degradation
of FCPMCs was observed by SEM analysis.

3.5. Encapsulation of Nucleic Acid

To check the feasibility of FCPMC as a nucleic acid depot, GFP
plasmid was encapsulated within FCPMC. First, the GFP plas-
mid was labelled with Cy3 labelling following the manufacturer’s
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instructions. Mirus Label IT® Cy3™ labelling kit was used for
the labelling. Briefly, this required warming the label IT reagent
at room temperature followed by a quick spin. Then, 100 uL of
reconstitution solution was added to the reagent and mixed well.
An equal volume of 1 mg mL™" GFP and label IT reagent was
mixed well and incubated at 37 °C for 1 h. The labelled pDNA
was purified by using G50 micro spin purification columns.

The column was placed in a sterile 1.5 mL microcentrifuge
tube for support. Then the column was centrifuged for 1 min at
735 x g, and the buffer was discarded. The column was placed in
anew 1.5 mL microcentrifuge tube. The column was centrifuged
at 735 x g for 2 min 50 pL of the sample was slowly added to the
resin’s top without disturbing the resin bed. The purified sample
was then collected in a microcentrifuge tube. After GFP labelling
with Cy3, it was complexed with a nonviral transfection agent
(Xfect™). 1:20 ratio of the plasmid: transfection agent was used.
This labelled and complexed pDNA was encapsulated within the
FCPMC. After loading, the FCPMC and Cy3 GFP were viewed
under an inverted fluorescent microscope.

3.6. Release of Cy3 Labelled GFP Polyplex from FCPMC

2 pg of Cy3 labelled GFP polyplexes were encapsulated within
FCPMC by diffusion. Encapsulated FCPMCs were dissolved in
500 uL of PBS solution. 50 pL supernatant solution was collected
for the analysis at each time point, and the same amount of PBS
was replaced. A standard curve was prepared using cy3 labelled
GFP polyplex by measuring fluorescence intensity. The amount
of polyplex present at each time point in the releasing medium
was determined by the intensity measured in a spectrophotome-
ter (Varioskan Flash, Thermo Fisher Scientific).

3.7. Transfection Studies

Parameters such as plasmid: polymer ratio dose optimization
were optimized to achieve successful transfection. Two reporter
genes, i.e., GFP, GLuc cells were investigated in two cell lines
normal human keratinocytes (NHEK) cells and NIH3T3 for the
transfection studies.

3.8. Plasmid: Polymer Ratio Optimization

First, the plasmid: polymer ratio was optimized for gLuc and GFP
polymers. Agarose gel electrophoresis was used to check free and
complexed plasmids. The optimized plasmid: polymer was used
for all subsequent transfection experiments.

3.8.1. GLuc Plasmid

A range of different plasmids: polymer ratios, i.e., 1:0.7, 1:2, 1:3.5,
1:7, 1:20, has been used to obtain the optimal complexation con-
centration for transfection. An agarose gel electrophoresis was
run to find the best concentration to complete the complexation.
A transfection experiment was conducted using NIH3T3 cells to
confirm the plasmid: polymer ratio. The widely used complexa-
tion reagent polyethyleneimine (PEI) was used as a positive con-
trol, while naked plasmid was used as a negative control. The cell
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transfection was analyzed after 48 h by luciferase assays using a
Biolux luciferase assay kit (Biolab).

3.8.2. GFP Plasmid

As with the gLuc plasmid above, similar experiments for GFP
were conducted using agarose gel electrophoresis, and the trans-
fection of GFP positive cells was assessed using an inverted flu-
orescence microscope.

3.8.3. Optimization of gluc Polyplex Dose in Keratinocytes

Optimization of gLuc polyplex concentration for transfection in
keratinocytes has been investigated. A series of experiments, i.e.,
transfection, cell metabolic activity and PicoGreen® assay, was
conducted to determine the polyplex concentration for higher
transfection of keratinocytes without affecting cellular activity.
A few polyplex concentrations were used (Data not shown), but
we choose 1 g for subsequent transfection experiments because
doses higher than this were toxic to the cells. For the trans-
fection study, 50 000 keratinocytes cells/well were seeded in a
12-well plate. After overnight incubation, 1 pg polyplexes were
added to the cells for 4 h. PEI was used as a positive control,
and naked plasmid was used as a negative control. The poly-
plex solution was replaced by the regular growth medium and
incubated for 48 h. The quantification of transfection was de-
termined by luciferase assay as described earlier. Any undesired
effect on the keratinocyte’s metabolic activity was assessed us-
ing the alamarBlue™ assay following instructions given by the
manufacturer. Then, the quantity of DNA was determined by
PicoGreen® assay following the manufacturer’s instructions.

3.8.4. Optimization of GFP Polyplex Dose in Keratinocytes

Similar experiments for GFP were conducted as those with gLuc.
Briefly, in a 12 well plate, 50 000 cells/well were seeded and incu-
bated overnight for an attachment. Then, (a) 1 pg polyplex dose
was added to the cells and incubated for 4 h. After 4 h, the poly-
plex solution was replaced with the regular growth medium and
incubated transfected cells for 48 h. The transfected cells were
observed using an inverted fluorescence microscope. Any unde-
sired effect on the metabolic activity of keratinocytes was assessed
using the alamarBlue™ assay following instructions given by
the manufacturer. The quantity of DNA was then ascertained by
PicoGreen® assay following the manufacturer’s instructions.

3.9. Glucose-Responsive Fibrin Hydrogel

A glucose-responsive fibrin hydrogel (GRFHG) was fabricated
in the following manner. Each GRFHG includes 100 pL
(20 mg mL™?) fibrinogen, GOx 100 ng, catalase 5 pg, and 20 pL
of thrombin (100 U mL™!). The gelation time for each of the hy-
drogels was 3-5 min.

3.10. Characterization of GRFHG

The glucose response to the fabricated GRFHG was determined
by measuring the swelling properties. Glucose-responsive
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Table 1. In vivo study design of the study (N = 8).

Treatments 1. PBS

2. Fibrin hydrogel
3. GRFHG

1. Diabetic

2. Non-Diabetic

Types of animals

Timepoint

Wound:

Seven Days

Square (1.cm?)

release of encapsulated material was also studied. Finally, the
cytotoxicity of the GRFHG was assessed.

3.10.1. Degradation and Swelling of GRFHG

The conformational changes of GRFHG in the presence of glu-
cose have been studied. Fabricated GRFHG was incubated with
different concentrations of glucose, i.e., 0, 100, and 400 mg dL~'.
The reduced pH of the medium due to the production of gluconic
acid was measured with a pH meter. After applying various glu-
cose concentrations, the increased or decreased hydrogel size was
photographed and compared within the different groups. The
quantification of the swelling was carried out by weighing each
of the hydrogels.

The microscopic technique determined glucose-responsive de-
livery of loaded FCPMCs. 1,00000 FCPMCs were encapsulated
within the GRFHG at the time of fabrication. Various glucose
concentrations (0, 100, 400 mg dL~!) were added to FCPMC en-
capsulated GRFHG. After 48 h of incubation, the supernatant re-
leased from the gel was analyzed for the presence of FCPMC. A
hemocytometer counted the number of FCPMCs released from
the GRFHG under the microscope.

3.10.2. Cytocompatibility of GRFHG on NHEK

The ability of the GRFHG to preserve the metabolic activity of
NHEK was assessed using the alamarBlue™ cell metabolic ac-
tivity assay following the manufacturer’s instructions. Briefly,
10 000 cells were seeded onto the top of GRFHG in a 96 well plate.
After incubation of 48 h, the supernatant was removed from the
well with a pipette and replaced with a 10% alamarBlue ™ so-
lution in each of the wells for 4 h. The intensity of the solution
from the different treatments was determined with a spectropho-
tometer. A non-glucose-responsive fibrin hydrogel was used as a
positive control.

3.11. The Glucose-Responsive Dual Nucleic Acid Delivery
System in db/db Mouse

In vivo efficacy of the developed system for responsive nucleic
acid delivery was assessed in a genetically diabetic db/db mouse
model (Table 1). A genetically diabetic mouse BKS.Cg-Dock7m
+/+ Leprdb[] of age 8-10 weeks were obtained from Charles
River UK Ltd. Under anesthetic, surgical procedures on these
mice were performed. The mouse’s dorsal surface was shaved,
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made sterile and draped for aseptic surgery. Two 10 mm? square
excisional wounds on the dorsal side of each animal were cre-
ated with a scalpel and scissors. Two square-shaped splints were
placed bilaterally at the designated locations, and the splint was
fixed to the skin by suturing the corners to stabilize the position.

The developed glucose-responsive dual nucleic acid delivery
system was topically applied to the wound. The system was
loaded with two reporter nucleic acids, i.e., GFP and GLuc. The
wound created by the excision was filled with 200 pL of the treat-
ment. A trimmed plastic cover dressing (Tegaderm ™ /Bioclu-
sive ™ Film) was placed on the splint. To prevent dressing loss
or to prevent the mouse from biting the wound or being bitten by
its cage mates, a protective jacket made from bandages and ad-
hesive tapes was applied to the wound area. Wound-related com-
plications were evaluated on the third-day post-surgery. Animals
were euthanized on day seven by intraperitoneal sodium pento-
barbital injection at 150 mg kg~'. The wound area was excised for
subsequent reporter gene expression, wound investigation, and
histology.

3.12. Tissue Compatibility

The sections of 5 mm thickness was cut by using microtom.
The excised wound tissues were formalin-fixed and embedded in
paraffin. The slides were stained with masson’s trichrome stain-
ing using a standard protocol. A check was made any undesired
signs, i.e., inflammation of the fabricated system.

3.13. Glucose-Responsive Nucleic Acid Delivery

Glucose responsive dual gene delivery system was tested in in
vivo genetically diabetic mice model. Two report genes, i.e., GFP,
GLuc have been successfully delivered to the mice tissue through
the fabricated delivery system. The paraffin-embedded skin sec-
tions were observed under an inverted fluorescence microscope
to spot the GFP-positive cells. In case of GLuc, the snap frozen
skin tissues were homogenized in 200 pL of cell lysis buffer in
a homogenizer with beads for 2 h at 4 °C. The homogenate was
centrifuged at 10 000 r min~! for 10 min. 20 pL of the supernatant
was collected, and a luciferase assay was carried out using a stan-
dard luciferase assay.

3.14. Glucose-Responsive Dual Nucleic Acid Delivery in Db/Db
Mouse

The in vivo efficacy of the responsive nucleic acid delivery system
has been assessed in a genetically diabetic db/db mouse model.
A genetically diabetic mouse, BKS.Cg-Dock7m +/+ Leprdb/] of
age 8-10 weeks were obtained from Charles River UK Ltd Ani-
mals were allowed to acclimatize for at least seven days before
any surgical procedure was conducted. The dorsal surface of the
mouse was shaved, prepared in a sterile manner, and draped for
aseptic surgery. Two 10 mm? square excisional wounds on the
dorsal side of each animal were created with the help of a scalpel
and scissors. Two square-shaped splints were placed bilaterally
at the designated locations, and the splints were fixed to the skin
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by suturing the corners to secure them. The glucose-responsive
dual nucleic acid delivery system was topically applied to the
wound. The system was loaded with two reporter nucleic acids,
i.e., GFP and GLuc. The injury created by the excision was filled
with 200 pL of the treatment. A trimmed plastic cover dressing
(Tegaderm™ /Bioclusive Film) was placed on the splint. To pre-
vent dressing loss or to prevent the mouse from biting the wound
and being bitten by its cage mates, a protective jacket made from
bandages and adhesive tape was applied to the wound area. After
seven days, the wound area was excised for subsequent wound
investigation and histological analysis. Wound-related complica-
tions were evaluated on the third-day post-surgery. Animals were
euthanized after day seven by intraperitoneal injection of sodium
pentobarbital at 150 mg kg™' dose.

3.15. Wound Closure Measurements

Digital images of the wound were analyzed for wound closure us-
ing Image J, Image J, National Institutes of Health (NIH), USA.
The scale of measurement was set using the known distance in
the image. The area of each wound was measured. The wound
closure was then calculated by using Equation 1:

A, — A
% C = ——— x 100 (1)

0

where % C = Percent closure, A; = Area of the wound on the day
of sacrifice, A, = Area of the wound at day zero.

3.16. Histology and Immunohistochemistry

The sections were formalin-fixed and embedded in paraffin. The
sections were then cut in 5 mm thicknesses. The sections were
saved from the block when the tissue was reached in the block.
This ensured that all sections were saved at the cross-section of
the wound. Slides were stained with Masson’s trichrome staining
using a standard protocol.

3.17. Stereology

Trichrome-stained slides were captured at 20X magnification of
the slide scanner (Olympus digital slide scanner VS120FL). Each
section was divided into ten parts, and the wounded area was
used for stereology analysis. Standard stereological methods of
our lab were used to do the stereological study. The volume frac-
tion of inflammatory cells was measured using a 192-point grid.
Blood vessels’ surface and length density were measured using a
cycloidal line grid.

3.18. Inflammation

Stereology analysis determined the number of inflammatory
cells observed in the wounded tissue site. Volume fraction (Vy)
is best estimated by point counting. Intersecting grid points (P})
were counted for neutrophil and macrophage cells. This Pp was
divided Dy the total grid points for each field of view (P1). From
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three fields of view on each section, a cumulative volume fraction
of inflammatory cells was calculated using Equation 2.

— PP
()

3.19. Angiogenesis

The following methodology measured angiogenesis in the
wounded tissue. Each field of view was overlaid by a cycloidal
grid of 40 microns radius. The grid consisted of five test lines,
each line comprising 58 cycloid arcs. The combined length (L)
of cycloid arcs was 11 600 mm. The number of times a blood ves-
sel intersected (I) with an arc was investigated, and the surface
density (Sy) was calculated using Equation 3.

1
Sy=2x— 3
XLT 3)

Each captured field of view was rotated by 90 degrees to mea-
sure the length density of blood vessels. As described above, the
cycloidal grid was placed in the same orientation. Blood vessel (I)
and test line intersections were counted, and the length density
(Lv) of blood vessels was calculated by using Equation 4, in which
(Ts) is the thickness of the section and (L;) is the total length of
the test line.

_2x1
VT LxTs

)

Radial diffusion distance (Ry;;) between the blood vessels was
calculated using Equation 5.

1

Ryg=—= (5)
vV XLy

3.20. Immunohistochemistry

The potential therapeutic effect of the developed GRFHG was
determined by immunohistochemistry on the GRFHG-treated
mice wound tissue. Blood vessels were identified by the clus-
ter of differentiation 31 (CD31) marker, and inflammation was
recognized with the marker cluster of differentiation 68 (CDG68).
Identification of blood vessels was confirmed by immunohisto-
chemistry with endothelial cell marker CD31 using the manu-
facturer’s standard protocol. Briefly, at 37 °C enzymatic antigen
retrieval was carried out using 1X proteinase K (20 pg mL™,
Sigma-Aldrich) solution in Tris-EDTA (TE) buffer (50 mwm Tris
Base, 1 mm EDTA, pH 8.0, Sigma—Aldrich). Primary rabbit poly-
clonal to CD31 (Anti-CD31 antibody: ab28364)) (1:100 in 0.01 m
PBS containing 1% BSA) antibody was used with an overnight
incubation at 4 °C. The sections were incubated with Alexaflu-
ore 546 secondary antibodies at 1:250 dilution in PBS with 1%
BSA for 2 h, then washed with PBST before counterstaining
with 4,6-diamidino-2-phenylindole (DAPI) (1:1000 in PBS) for
5 min.The following immunohistochemistry protocol was used
to determine inflammation in the skin tissues. Briefly, enzymatic
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antigen retrieval was carried out at 37 °C using a 1X proteinase K
(20 mg mL~!, Sigma—Aldrich) solution in Tris-EDTA (TE) buffer
(50 mm Tris Base, 1 mm EDTA, pH 8.0, Sigma—Aldrich). Primary
rabbit polyclonal to CD68 (Anti-CD68 antibody: ab28364)) (1:300
in 0.01 M PBS containing 1% BSA) antibody was used, with an
overnight incubation at 4 °C. The sections were incubated with
Alexafluore 546 secondary antibodies at 1:250 dilution in PBS for
2 h, washed with PBST and counterstained with DAPI (1:1000 in
PBS) for 5 min.

3.21. Proteomics

Approximately 50 mg of snap-frozen tissue was homogenized
in 1 mL of 8 m urea buffer in a tissue homogenizer (Tissue Ly-
serLT, Qiagen) with beads at 4 °C for 2 h. Then the homogenate
was centrifuged at high speed for 10 min, and the supernatant
was collected. Following this, the extracted protein samples were
trypsin digested and purified. The extracted protein samples were
run on a Thermo Scientific Q Exactive mass spectrometer con-
nected to a Dionex Ultimate 3000 RSLC nano chromatography
system. Raw mass spectrometry (MS) data were analyzed with
MaxQuant software based on specified peptides with unspeci-
fied enzymatic cleavage for proteinase K-digested samples and
semi-specific samples to quantify the identified proteins trypsin
cleavage with fixed modification of carboxymethylation for tryptic
samples. Each peptide used for protein identification and quan-
tification met specific MaxQuant parameters: only peptide scores
corresponding to a false discovery rate (FDR) of <1% were ac-
cepted from the MaxQuant database search. Perseus software
was used for further comprehensive proteomics data analysis,
including label-free quantification of the identified proteins. T-
test p-value 0.05 filter valid values — must be observed in all three
replicates of at least one group. The protein expression compari-
son between the no treatment and the GRFHG hydrogel groups
was conducted using an empirical test based on fold change
value.

3.22. Validation of the Target

To validate the proteomic data (Table 2), the immunohistochem-
ical staining of highly regulated markers, i.e., Alpha-actinin-2
(Actn2), desmin, myosin binding protein-C 1 (MYBPC1), were
studied. The sections were then formalin-fixed and embedded
in paraffin. The tissue sections were then cut into 5 mm thick-
nesses. For immunohistochemistry, the sections were incubated
with proteinase K for 20 min at 37 °C, followed by 1% (w/v)
BSA for 30 min at room temperature before overnight incuba-
tion at 4 °C with primary antibodies. Negative control sections
were incubated with PBS and washed in PBST. Staining was
performed with three selected primary antibodies in three dif-
ferent reactions (1:200 Actn2: Abcam-Ab9465), desmin (1:100
Santa Cruz Biotechnology sc-23879), MYBPC1 (1:200, Protein
Tech (22900-1-AP,) per section. The sections were incubated with
Alexafluor 546 secondary antibodies at 1:250 dilution in PBS for
2 h, then washed with PBST, followed by counterstaining with
DAPI (1:1000 in PBS) for 5 min. All slides were cured at 4 °C in
the dark for 24 h before imaging with an inverted fluorescence
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Table 2. Initial screening of up or downregulated proteins in the GRFHG
treatment group as compared to the no-treatment group.

Proteins  Intensity Log,, Intensity Log;,  Normalised  Up/Downregulated
[No treatment] [GRFHG] Fold change

Alyref 7.744259073 7.637809829 1.27775987

Sfn 9.419278188 8.757944881 4.584936312

Hsp90b1 7.974235277 7.845079427 1.346343415

Tpil 9.297103659 9.750544397 2.840800509

Eno3 8.469502933 9.000137516 3.393396309

Fkbpla 8.026042721 8.002556247 1.055568627

Des 8.960719642 9.49106274 3.391119526

Dbi 9.822222583 9.681455313 1.382825151

Slc25a4 7.625559373
Hnrnpk 8.927397741
Rps23 7.816782449

8.212143196
8.710557363
8.398136835

3.859969054
1.647556733
3.813769011

Dynlrb1 8.004149342 8.03686567 1.078242208
Atp5al 8.708876783 9.118551295 2.568470085
Ddx5 7.57170107 7.52505345 1.113390778
Hspel 9.274673463 9.065181211 1619915093
Rps19 7.17079936 7.784850185 4.111978405
Atp50 8.114899973 8.491123474 2.378063798
PrkarTa 8.079362164 7.929854705 1410936472
Actn2 7.395442888 8.165669606 5.891511332
Dstn 8.327815141 8.234559462 1.239526107
Krt16 9.22999139 7.419509666 64.63707928

Pabpc4  7.848061787
Mybpcl  7.549534559

8.122390653
8.043178827

1.880740453
3.116335935

e T e e e T e e T e T e e e S

microscope/slide scanner. Three parts of the divided section were
used to analyze each marker per animal. Slide scanner micropho-
tographs were converted to binary mode (8 bit) and adjusted to
the optimal threshold of positive staining and total area. Area
fraction (Vv) was calculated by quantifying the area fraction of
the positively stained matrix component divided by the total area
and converting it into a percentage (%) as below:

Percentage area fraction (%Vy) = Areallf rfit:n x 100 (6)
otal Area

3.23. Glucose-Responsive H,0, Production

GOx reacts with glucose to form gluconic acid and a by-product,
H,0,. We have quantified glucose-responsive production of
H, 0, from the developed GRFHG in vitro in the presence of dif-
ferent glucose concentrations.

The quantification of H,0, produced was estimated using a
fluorometric hydrogen peroxide assay kit (MAK165-1KT-Sigma—
Aldrich) as per the manufacturer’s instructions. The master mix
was prepared by adding red peroxidase substrate Stock (50 uL),
peroxidase stock (200 uL), assay buffer 4.75 mL. Then, 50 pL of
the master mix was added to each of the wells (samples, stan-
dards, and controls). This was then mixed well, and the plate
was incubated at room temperature for 15-30 min. The plate was
then protected from light during the incubation. Finally, a fluo-
rescence plate reader measured the fluorescence intensity at (lex
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= 540/ lem = 590 nm). The production of H,0, was determined
at three time points: 10, 60, and 90 min.

4. Statistical Analysis

All statistical analyses were done using GraphPad Prism® 6.00
software, Inc. Data were analyzed by one-way analysis of variance
(ANOVA) followed by Tukey or Dunnett’s or Bonferroni multiple
comparison test(s). p<0.05 was statistically significant.

5. Animals

All animal-related protocols were performed following the na-
tional guidelines and approved by the Animal Care Research
Ethics Committee (ACREC) at the National University of Ireland,
Galway, and the Health Product Regulatory Authority (HPRA)
Ireland. A genetically diabetic mouse BKS.Cg-Dock7m +/+ Lep-
rdb/] of age 8-10 weeks was obtained from Charles River UK Lid.

5.1. Surgical Procedure

Two 10 mm? square excisional wounds on the dorsal side of each
animal were created with the help of a scalpel and scissors. Two
square-shaped splints were placed bilaterally at the designated
locations, and the splint was fixed to the skin by suturing the
corners to stabilize the position. Treatments (200 uL) were top-
ically applied on the wounds’ surface and then covered with a
Tegaderm™ dressing. A protective jacket, dressings, and adhe-
sive tape was used to cover the area of surgery. The animals were
euthanized seven days post-surgery by intraperitoneal injection
of sodium pentobarbital at 150 mg kg~! dose. The wound area
was excised and then fixed in formalin for histological and im-
munohistochemical analysis.

6. Results

6.1. Morphological, Chemical Characterization of FCPMC

The CaCO, sacrificial template was first synthesized by colloidal
crystallization from a supersaturated solution. The fabrication
of FCPMCs was achieved through the LbL approach. Different
polyelectrolytes have been coated on the CaCO, template by elec-
trostatic interaction. Figure 2G-], shows scanning electron mi-
croscopy (SEM) images of the various steps involved in the syn-
thesis of FCPMC. The FCPMCs formed were monodispersed
and spherical. The surface charge after each coating ranged from
+30 mV to —30 mV (Figure 2A). After each coating, the charge
shifted from positive to negative and vice versa, ensuring that
each layer was successfully coated.

The average size of fabricated FCPMCs determined with the
zeta sizer was between ~2900 and 3100 nm (Figure 2C). The over-
all charge on the surface of FCPMCs was —18.5 mV (Figure 2D).
The presence of fibrin in FCPMCs was confirmed by inverted mi-
croscopy analysis, shown in Figure 2B. Complete removal of the
CaCO, template from the FCPMC was confirmed with TEM and
EDX analysis (Figure 2E,F). A TEM image of FCPMC is shown
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in Figure 2E, and the complete hollowness in the central region
suggests that no template remained after EDTA treatment. Com-
plete template removal from the FCPMC is confirmed by EDX
analysis (Figure 2F).

FCPMC were loaded with Cy3 labelled GFP polyplex by dif-
fusion (Figure 3A). The Cy3 labelled GFP polyplexes were con-
firmed by observation using an inverted microscope under the
Texas red channel. The loaded polyplexes were x#90%, suggest-
ing that the fabricated FCPMCs have excellent encapsulation ca-
pacity (Figure 3B). The release kinetics of the encapsulated poly-
plex was assessed using a spectrophotometer. Around 120 ng of
polyplex was released from the FCPMC after 350 h of incubation
(Figure 3C). This showed that the delivery system could release a
payload over a longer period, giving a more extended therapeutic
benefit.

6.2. Cytocompatibility of FCPMC

Cytocompatibility of FCPMC on normal human keratinocytes
(NHEK) cells were analyzed by alamarBlue™ cell metabolic ac-
tivity assay and live and dead assay.

6.2.1. alamarBlue™ cell Metabolic Activity Assay

Different amounts of FCPMs, ranging from 50 000 to 1 000 000,
were incubated with normal human keratinocytes (NHEK) cells
for 24 and 48 h. In the presence of FCPMC at its highest con-
centration, the cells did not show changes in metabolic activity
after 24 or 48 h of incubation (Figure S1A, Supporting Informa-
tion). This confirmed that there was no cytotoxicity associated
with FCPMC.

6.2.2. Live and Dead Assay

Live dead assay has been conducted to establish that cells are not
dying in the presence of FCPMC. Under an inverted microscope,
no dead cells were observed in the FCPMC-treated group, even
at the highest concentration after 48 h of incubation (Figure S1B,
Supporting Information).

6.3. Optimization of Plasmid: Polymer Ratio for GLuc

Different plasmid: polymer ratios were used to complex the gLuc
plasmid. As shown in Figure S2C (Supporting Information), 1:7
and 1:20 concentration of the polymer could entirely complex
gLuc. However, only the 1:20 concentration showed successful
transfection (Figure S2D, Supporting Information).

6.3.1. Optimization of the Plasmid: Polymer ratio for GFP

As with GLuc, plasmid 1:20 ratio was the optimal polymer con-
centration (Figure S2A,B, Supporting Information).

6.3.2. Optimization of GLuc Polyplex Dose in Keratinocytes

A range of doses from 1-25 pg was used to transfect keratinocytes
(Data not shown). Higher doses of 5-25 ug of polyplexes were
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Figure 2. Characterization of FCPMC A) Surface charge after each polyelectrolyte coating on the CaCO; template B) Top FITC-labelled fibrin layer of
FCPMC. Scale bar = 10 um C) Average diameter size, polydispersity index (PDI) of FCPMC D) Surface charge on the surface of FCPMC E) Transmission
electron microscopy (TEM) image of FCPMC. Scale bar = 500 nm F) Energy-dispersive X-ray (EDX) spectrum of FCPMC after CaCO; removal. G)
Scanning electron microscopy (SEM) image of only CaCO; template H) scanning electron microscopy (SEM) image after first dextran coating 1) SEM
image last fibrinogen coating J) SEM image of the final product. Scale bar =5 um.
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Figure 3. A) Fluorescence image of Cy3 labelled polyplex encapsulated within FCPMC Scale bar = 200 um B) Polyplex encapsulation capacity C) Release
of polyplexes from FCPMC, n = 3, SD, D) GRFHG swelling in the presence of glucose, Scale bar = 15 mm E) Weight changes in GRFHG with the presence
of glucose * represents statistical significance by One-Way ANOVA F) pH reduction in the presence of glucose. * Represents statistical significance by
Two-Way ANOVA (Bonferroni post hoc test) G) Responsive delivery of FCPMC from GRFHG, * represents statistical significance by One-Way ANOVA,
n=3,SD, p< 0.05.

toxic to the NHEK cells. Therefore, a lower concentration of poly-  PicoGreen® assay confirmed that (a) 1 pg dose of GFP plasmid
plexes, i.e., 1 ug, was used to transfect NHEK cells. At 1 pg concen- ~ was optimal for the keratinocytes (Figure S2E,F, Supporting In-
tration, a higher transfection was observed (4 x 107). The highest ~ formation).
metabolic activity and DNA content were observed at 1 ug con-
centration (Figure S2G, Supporting Information).

6.4. Glucose-Responsive Fibrin Hydrogel
6.3.3. Optimization of GFP Polyplex Dose in Keratinocytes

GRFHG has been successfully fabricated by using the enzyme
A similar series of experiments were carried out for GFP to find ~ GOx. When glucose reacts with GOx, it produces gluconic acid
the optimal dose. GFP-expressing cells, metabolic activity, and  and increases the proton concentration in the medium. The
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generated protons protonate the amines that are present on the
fibrin surface. This interaction makes conformational changes
in hydrogel morphology and facilitates water absorption at a high
glucose level, leading to the hydrogel's swelling. After continuous
exposure, this water pressure becomes high enough to disrupt
the hydrogel integrity. The average weight of GRFHG is ~75 mg.
When normoglycemic glucose concentration (100 mg dL7!)
was applied to the GRFHG, the weight increased due to water
intake up to 120 mg. However, at a higher glucose concentration
(400 mg dL), the weight was reduced to 10 mg. The reduction in
the weight was due to the burst release from hydrogel because
of water pressure that was too high (Figure 3D,E). The altered
pH of GRFHG in the presence of 0, 100, and 400 mg dL!
glucose was determined with a pH meter at several time points.
Figure 3F shows a reduction of pH among different experimen-
tal groups. At 0 mg dL~! glucose, there was minimal change in
the initial pH. However, in the case of 100 mg dL™! glucose, the
pH reduced from 7.4 to 6.5.

Moreover, a substantial pH change occurred at a higher glu-
cose concentration (400 mg dL™!), reducing the pH to four. The
primary purpose of GRFHG synthesis was to develop a glucose-
responsive platform to deliver therapeutic biomolecules. To de-
termine the ability of GRFHG to deliver a payload depending on
glucose concentration, synthesized FCPMC were encapsulated
within the GRFHG. In the case of 0 mg dL~!, ~20% of FCPMC
was released in the medium. At 100 mg dL™' glucose concentra-
tion, the release of FCPMC was also 20%. When 400 mg dL~! of
glucose was applied, 90% of FCPMC was released (Figure 3G).
This experiment confirmed that the fabricated system is glucose-
responsive and can deliver a payload proportionate to the glucose
concentration.

6.5. Cytocompatibility of GRFHG

Cytocompatibility of GRFHG was analyzed with alamarBlue™
cell metabolic activity assay. The cells inoculated on top of the
GRFHG did not show any reduction in metabolic activity com-
pared to fibrin hydrogel. The cells seeded on top of the GRFHG
showed a slightly higher metabolic activity at both time points
used for the study. This study suggests that the cell metabolic ac-
tivity was not altered in the presence of GRFHG (Figure S1D,
Supporting Information).

6.6. In Vivo Tissue Compatibility

Using a scalpel and scissors, two 10 mm? square wounds were
created on the dorsal side of the mice. The wound tissues of
GRFHG-treated mice were analyzed for any undesired changes.
The results showed no tissue toxicity associated with the treated
animals. No signs of fibrosis were observed in any of the treat-
ment groups (Figure S1E, Supporting Information).

6.7. Glucose-Responsive Nucleic acid Delivery
The harvested skin tissue of the genetically diabetic mice showed

increased reporter gene expression. An increased GFP expres-
sion has been observed in the tissue of the GRFHG treatment
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Figure 4. Glucose-responsive dual nucleic acid delivery in vivo A) GFP
expression in diabetic mice, the scale bars represent 1 mm B) Glucose-
responsive GLuc expression in diabetic mice skin post GRFHG treat-
ments.

group animals under green fluorescence. Additionally, the in-
tensity of the second gene of interest, i.e., GLuc, was maximum
among the treatment groups, which was 4000 RLU (Figure 4).

6.8. Wound Closure

The mice treated with the developed system were sacrificed
seven days after surgery, and the harvested wound tissues were
used to analyze wound healing parameters like wound closure
and angiogenesis. Around 20% of wound closure occurred in
the non-treatment group, whereas in the GRFHG treatment
group, more than 60% of the wound was closed (Figure 5A,B).
GRFHG significantly improved diabetic wound healing com-
pared to the no-treatment group after seven days post-injury. In
non-diabetic mice, treatment of GRFHG was also able to im-
prove wound closure. As these are non-diabetic animals, higher
wound closure was observed in the no-treatment group, i.e.,
~40% (Figure 5A,B). In the GRFHG-treated mice, more than
60% of the wound was closed. However, this increased wound
healing in the GRFHG treatment group was not significant. The
fact that we were able to treat diabetes wounds at the same rate
as non-diabetic wounds indicates a good result and motivates us
to pursue further options that this technology may provide. In
vivo assessment suggested that the system increases healing in
diabetic and non-diabetic animals.
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6.9. Tissue Response

Images of Masson’s trichrome-stained slides were taken on
the slide scanner at 20X magnification. Trichrome-stained tis-
sues showed higher reepithelialization in the GRFHG treat-
ment groups in diabetic and non-diabetic animals (Figure 6 and
Figure S3C,F, Supporting Information).

6.10. Proteomics

Proteomic analysis was done to screen the fundamental differ-
ences between no treatment and GRFHG treatment group in

Adv. Biology 2023, 7, 2300161

the tissue of db/db diabetic mice after seven days post-surgery.
Also, from this analysis, biomolecules that were involved in
wound healing were identified. A total of 23 proteins were sig-
nificantly altered between the no treatment versus GRFHG treat-
ment group (Table 1). Actn2 is one of the critical proteins involved
in wound healing whose expression was increased in the GRFHG
treatment group. Actinin is closely linked with f-Actin, and actin
is a crucial molecule in the management of cellular proliferation,
adhesion, and migration, resulting in a tightly controlled equilib-
rium between tissue regeneration and fibrosis, thus contribut-
ing to the re-establishment of the skin barrier functions, restora-
tion of the skin anatomical structure and wound repair. As per
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protein data from MS analysis, Actn2 was the most upregulated
biomolecule in the GRFHG treatment group. Actn2, along with
two other protein biomolecules, i.e., desmin and MYBPC1, were
observed in the protein dataset and as IPA upstream regulators
as well. Upstream regulators are important because they can in-
fluence the expression of other proteins. To confirm increased
expressions of Actn2, desmin, and MYBPC1 in the GRFHG treat-
ment group, we have validated the expression of these proteins
by immunohistochemistry analysis (Figure 7).

6.11. Glucose-Responsive H,0, Production

The highest amount of H,0,, ~9 uM, was generated in GRFHG
treatment in vitro (Figure 8A,B). Proposed mechanism of the
therapeutic glucose-responsive fibrin hydrogel.

7. Discussion

A diabetic wound is a complex pathology of diabetes for which
no definitive treatment is yet available. Because it has a com-
plex pathology, treating a diabetic injury with a single nucleic
acid therapy would, at best, be only moderately successful. An
obvious solution is multiple nucleic acid therapy constructs to
treat diabetic wounds. Recently delivery of keratinocyte growth
factor (KGF) and IGF-1 genes showed beneficial effects result-
ing in increased reepithelialization, proliferation, and decreased
apoptosis compared to single nucleic acid constructs.'”l A com-
bination of VEGF-A and FGF-4 gene delivery significantly im-
proved wound healing in mice." In addition, a mixed dose
of platelet-derived growth factor (PDGF) and IGF-1 gene deliv-
ery showed higher therapeutic potential than that of individ-
ual delivery of either nucleic acid."! Simultaneous delivery of
Rab18 and eNOS genes resulted in increased wound healing in
an alloxan-induced hyperglycemic preclinical ear ulcer model of
compromised wound healing.['?] The diabetic wound microen-
vironment is very dynamic, i.e., proteases, inflammatory cells,
and enzymes are in higher amounts. Most of the reported multi-
nucleic acid delivery strategies described above are not stimulus-
directed, thus offering limited nucleic acid delivery and efficacy.
Our study explored glucose sensitivity as a stimulus to improve
nucleic acid delivery, as this stimulus is at a higher concentra-
tion in the diabetic wound microenvironment. Most of the de-
veloped glucose-responsive delivery systems have been utilized
to deliver insulin to control the level of blood glucose.[2°-22] The
delivery of insulin enables the lowering of blood glucose for a
short period. Fibrin is a widely accepted biomaterial for clinical
use and has been utilized to deliver growth factors, cells, pep-
tides and nucleic acids.?*) Many growth factors, i.e., vascular en-
dothelial growth factor (VEGF) and PDGF, have been incorpo-
rated into the fibrin carrier and successfully delivered to enhance

www.advanced-bio.com

wound healing.?##] Non-angiogenic growth factors associated

with wound healing, such as KGF!* and epidermal growth fac-
tor (EGF),[?”] have been explored for wound healing purposes.
Efficacy in cell therapy using keratinocytes(?®! and mesenchymal
stem cells (MSC)!*! through the fibrin carrier to treat wounds
has also been reported.

We have successfully developed a fibrin-based glucose-
responsive spatiotemporal dual nucleic acid delivery system that
can be used to deliver multiple therapeutic nucleic acids top-
ically to the hyperglycemic environment. The system is made
up of a combination of FCPMC and GRFHG. FCPMC, which
are hollow and GRFHG together, provides plenty of space for
the payload. The FCPMCs fabricated by the LbL approach were
3 um in size. Hollow capsules offer a higher payload capacity
than self-assembled particles.**] This is the first report describ-
ing fibrin hollow capsule synthesis and application. The fabri-
cated FCPMCs are biodegradable, with a polyplex loading capac-
ity of #90%. The encapsulated polyplexes were released from the
FCPMCs slowly over an extended period.

A delivery system made up of fibrin gives additional benefit in
the case of wound healing as it is an extracellular matrix (ECM)
component. The addition of fibrin will organise ECM in a better
way and help in wound healing.3!l A novel glucose-responsive
fibrin hydrogel has been fabricated by adding a GOx enzyme. The
GRFHG did not show any adverse effect(s) on cellular metabolic
activity.

Furthermore, GRFHG showed glucose-responsive behavior
through swelling in the presence of glucose. The release of
the payload depends on the glucose concentration. Moreover,
the combined system is cytocompatibility and tissue-compatible,
which is expected to have a potential therapeutic effect on wound
healing. In addition, the fabricated system itself acts as a thera-
peutic intervention as increased angiogenesis in the genetically
diabetic db/db mice model was seen.

Additionally, treatment of the system reduced inflammation in
the db/db mice. The system-treated group has shown upregula-
tion of essential wound healing proteins, i.e., Actn2, desmin, and
MYBPCI. Fibrin plays a crucial role in blood clotting, fibrinoly-
sis, cellular and matrix interactions, inflammation, wound heal-
ing, angiogenesis, and neoplasia.*”) Besides this, fibrin is popu-
lar because of its biodegradability, non-toxic degradation prod-
ucts, flexibility in use, easy control over gelation, degradation,
pore size, suitability for infiltration of host tissue, and a delivery
vehicle simply by manipulating the concentrations of thrombin
and fibrinogen.3!]

The proposed mechanism of wound healing by the action
of GRFHG has been shown in Figure 8B and is described be-
low. Glucose oxidase (GOx) is responsible for the glucose re-
sponse in the fabricated system. GOx reduces the amount of glu-
cose by converting it into gluconic acid, reducing hyperglycemia

Figure 6. Surface density, length density of blood vessels, and radial diffusion distance in the wounds A) Schematic representation of wound area chosen
for histology and stereology B) On day seven post-surgery, the surface density in the GRFHG treatment group were significantly higher than that in the
fibrin hydrogel and no-treatment control groups. C) On day seven post-surgery, the length density in the GRFHG treatment group was significantly
higher than that in the fibrin hydrogel and no-treatment group D). The radial diffusion distance in the GRFHG treatment group was significantly reduced
compared to that of the fibrin hydrogel and no-treatment groups E) Immunohistochemistry staining of angiogenesis marker CD31in db/db diabetic mice
with different treatment groups. The observed intensity of blood vessels was higher in the GRFHG treatment group F) Volume fraction of inflammatory
cells G) Immunohistochemistry analysis of inflammation (CD68). The intensity of CD68, which represents inflammation, was reduced in the GRFHG
treatment group. Scale bar = 10 um *represents statistical significance by One-Way ANOVA, n =3, SD, p < 0.05.
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Figure 7. After seven days post-treatment, the volume fraction of positively stained cells in the wound tissue sections of genetically diabetic mice. A)
Actn2 (Scale bar = 20 um) B) Desmin (Scale bar = 20 pm) C) MYBPCT1 (Scale bar = 20 um) D) Representative images of validated targets. * Represents
statistical significance by One-Way ANOVA, n =3, SD, p < 0.05.
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secondary messenger and fibrin-mediated enrichment are essential fac-
tors proposed to participate in diabetic wound healing. B) Proposed mech-
anism of the therapeutic glucose-responsive fibrin hydrogel.

and related complications. Another advantage of GOx is that it
produces small quantities of hydrogen peroxide as a by-product
(=10 um). The generated hydrogen peroxide can act as a sec-
ondary messenger,*33* antimicrobial,l**! and oxygen source af-
ter decomposition by catalase.**] The recent evidence suggests
possible therapeutic benefits of hydrogen peroxide in wound
healing.3>3¢1 Also, hydrogen peroxide is relatively less reactive
than other reactive oxygen species, allowing it to act as a signaling
molecule.?”] Vukelic et al. showed that hydrogen peroxide modu-
lates filamentous-actin binding, and this binding is a crucial step
in wound healing.[3®] Hydrogen peroxide delivers a “damage”
message and stimulates effector cells to respond.**! Hydrogen
peroxide also activates mRNA expression of macrophage inflam-
matory protein-la, macrophage inflammatory protein-2, and
macrophage chemokine protein-1, which initiate the recruitment
of phagocytes.3*#11 A scratch-wound model from keratinocyte
cells showed that hydrogen peroxide promoted keratinocyte mo-
bility at a low concentration of 500 um.[*?! Tt has been reported
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that wound closure rate was significantly increased by the topical
application of 10 mm hydrogen peroxide with a strong promo-
tion of angiogenesis and connective tissue regeneration in a rat
excisional wound model.[}] Also, hydrogen peroxide stimulates
macrophages,[*l retinal keratinocytes,*! and vascular smooth
muscle cellsl*®l to release VEGF, which promotes angiogene-
sis. Hydrogen peroxide derived from the wounded skin cells of
zebrafish strengthened injury-induced peripheral sensory axon
regeneration.[*’] Concentrations of hydrogen peroxide lower than
500 um enhanced the release of heat shock protein and fibrob-
last growth factor from the cultured rat astrocytes, contributing
to neuron survival, neurite outgrowth, and angiogenesis.[*?]

In non-diabetic natural wounds, the healing rate is higher;
with our GRFHG treatment, diabetic healing increases but less
than in diabetic wounds. Therefore, we believe that diabetic and
non-diabetic wounds showed no significant difference. It is a
significant accomplishment that we were able to repair diabetes
wounds at the same rate as non-diabetic wounds.

Despite the many advantages, there are a few limitations of this
study. The amount of hydrogen peroxide produced from GRFHG
by the action of GOx is limited and is good for wound healing.
However, at higher glucose concentrations, an extra amount of
hydrogen peroxide can be produced, which may have undesirable
effects. Also, diabetic wound healing has a very complex pathol-
ogy in which multiple microorganisms are growing and produc-
ing toxins. Additionally, in the diabetic wound, there is a presence
of high levels of proteases, and these are prolonged unhealed
wounds. However, in db/db diabetic wounds created on the back-
side of a mouse, the complications mentioned earlier could either
not be produced or could not be considered in the study carried
out. Furthermore, in the project, the comparison of protein array
was done only between injury and treatment groups.

8. Conclusions

A dual nucleic acid delivery approach, i.e., glucose-responsive fib-
rin, has been established and exhibited an excellent responsive
nucleic acid delivery capacity in an in vivo genetically diabetic
db/db mouse model. Furthermore, the developed system does
not show any undesired effects in vitro and/or in vivo. When
applied to wounds in genetically diabetic db/db mice, the fabri-
cated system increased reepithelialization and angiogenesis. The
GRFHG system-treated mice tissue showed inflammation that
was scaled down. Also, proteins involved in the wound healing
process, ie., Actn2, MYBPCI, and desmin, were upregulated
in the GRFHG-treated group of animals; due to the generated
H,0,. Taken together, the fabricated GRFHG has the potential
to improve wound healing.

This system can also be encapsulated with multiple therapeu-
tic nucleic acids, which will further aid wound healing. The de-
veloped system is compatible with cells and rodent tissues. While
the results are impressive, this technology requires validation in
other preclinical models to assess its potential and compatibility
in humans.
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Supporting Information is available from the Wiley Online Library or from
the author.
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