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Non-healing wounds are a serious complication in diabetic patients. One of the detrimental factors
contributing to limited wound healing is the accumulation of metalloproteinase-9 (MMP-9) in the
wound. Selective inhibition of MMP-9 is one of the established therapeutic targets for diabetic wound
healing. Here, a functional and biocompatible wound dressing is developed to enable a controlled
release of a traceable vector loaded with the antisense siRNA against MMP-9 in the wound. The dressing
consists of degradable polymer nanofibers embedded with a vector nanosystem - polymer-coated
fluorescent nanodiamonds optimized for the binding of siRNA and colloidal stability of nanodiamond-—
siRNA complexes in a physiological environment. The developed dressing is tested on murine fibroblasts
and also applied to wounds in a diabetic murine model to evaluate its suitability in terms of in vivo toxi-
city, biological efficacy, and handling. The treatment results in significant local inhibition of MMP-9 and a
shortening of the wound healing time. The scar formation in treated diabetic-like mice becomes
comparable with that in non-treated diabetes-free mice. Our results suggest that the application of our
biocompatible dressing loaded with a non-toxic vector nanosystem is an effective and promising
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Introduction

Cutaneous wound healing is a physiological process involving a
complex overlap of cascade events resulting in the reconstruc-
tion of the injured skin."> Once a human wound does not follow
the normal healing pattern (haemostasis, inflammation, prolif-
eration and remodelling phase) within a period of roughly
6-8 weeks, it is typically considered chronic.” Because of the
high complexity of the healing process, chronic wounds are
quite common.* Among the numerous causes of impaired
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approach to gene therapy of non-healing wounds.

wound healing,” diabetes mellitus attracts attention as a
growing international health concern with no end in sight.>®
The chronicity (wound healing delay) observed in diabetes
mellitus can be triggered via different mechanisms, including
prolonged inflammation, poor blood (oxygen) delivery, sus-
tained infection, degradation of growth factors, and increased
levels of matrix metalloproteinases (MMPs).>” Therefore, tar-
geting these pathological triggers can serve as an efficient
tool for the faster treatment of chronic diabetic wounds,
which represent a heavy burden on public health and the
healthcare system.®

Despite the mentioned findings elucidating wound repair
mechanisms, the most common treatment for non-healing
diabetic ulcers is based on the removal of non-viable tissue
from the wound followed by conventional dressing - gauzes,
semipermeable films, hydrocolloids, alginates, etc.” This kind
of dressing typically has only a limited ability to bring
chronicity-causing triggers back to their normal levels and thus
facilitating faster wound healing.**° On the other hand, a lot of
effort has been made to develop bioactive and biodegradable
dressings containing antimicrobial agents,'"'> materials for
gene therapy,'*™° or even living cells.*'”'® These active com-
pounds or cells can be effectively released from the biodegrad-
able scaffold due to hydrolytic enzymes in wound exudates,"®
the presence of bacteria in the infected wound,* or other,
rather mechanical, effects.® Although these dressings could

J. Mater. Chem. B, 2025,13,1037-1051 | 1037


https://orcid.org/0009-0002-2074-7833
https://orcid.org/0000-0002-0822-3319
https://orcid.org/0000-0003-0283-647X
https://orcid.org/0000-0003-4770-9909
http://crossmark.crossref.org/dialog/?doi=10.1039/d4tb01547a&domain=pdf&date_stamp=2024-12-04
https://doi.org/10.1039/d4tb01547a
https://doi.org/10.1039/d4tb01547a
https://rsc.li/materials-b
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4tb01547a
https://pubs.rsc.org/en/journals/journal/TB
https://pubs.rsc.org/en/journals/journal/TB?issueid=TB013003

Open Access Article. Published on 22 November 2024. Downloaded on 5/11/2026 2:14:37 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

significantly reduce hospitalization time, their preparation is
costly and they are yet to be put to widespread use.*

Recently, electrospinning technology applied in the fabrication
of biodegradable/biomimetic nanofiber dressing has gained excep-
tional interest due to its simplicity, robustness and the possibility
to construct even portable electrospinning machines™ offering an
attractive way for tailored wound care.>® The nanofiber character
of the dressing and its high porosity enables the embedding of
bioactive moieties, absorption of the wound exudate, wound
hydration, and permeation of oxygen.>” Furthermore, in contrast
to conventional dressing, the nanofiber arrangement mimics the
structure of the extracellular matrix (ECM) and thus promotes the
attachment, proliferation and migration of cells in the wound.”®

One crucial prerequisite for successful wound reconstruc-
tion is appropriate ECM remodelling (i.e. the final phase of
wound healing) and the formation of a primary scar.' It
is therefore obvious that a balanced synthesis-degradation
process of ECM is essential. The degradation of damaged
ECM during wound healing is driven by zinc-dependent MMPs.
During the normal healing process (acute wound without
comorbidities), MMPs are transiently expressed and extracellu-
larly activated to enable their proteolytic activity."** However,
persistently elevated MMP levels and abnormally low levels of
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tissue inhibitors of metalloproteinases have been found in
chronic wounds.”*** This pathological state leads to an unde-
sirable imbalance of the ECM synthesis-degradation process
and ECM loss.

In this article, we present a biodegradable nanofiber dressing
which mediates the downregulation of MMP-9 (gelatinase B)
levels in wounds via an RNA interference mechanism. Our
approach combines the advantages of the synthetic nanofiber
mesh (NF) embedded with a non-toxic nanosystem delivering
siRNA targeted against MMP-9 mRNA in cells. As delivery particles
we used a recently developed hybrid nanosystem based on
nanodiamonds coated with a cationic statistical copolymer
poly{(2-dimethylaminoethyl methacrylate)-co-[N-(2-hydroxypropyl)
methacrylamide]} (Cop™-FND; Fig. 1).>>*” The complex of Cop*-
FND with siRNA, Cop'-FND:siRNA, eliminates the enzymatic
cleavage of siRNA, is non-toxic and is effective as an in vivo
delivery platform.”® The nanofiber mesh composite NF{Cop'-
FND:siRNA} is fabricated by electrospinning and serves as a
scaffold for the controlled release of Cop'-FND:siRNA complexes
into the wound. In addition, the nanodiamonds contain nitrogen-
vacancy defects in the crystal lattice which produce near-infrared
fluorescence upon excitation by a green laser and have a relatively
long emission lifetime (x20-40 ns).>® We utilized these specific
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(A) Preparation procedure of the hybrid PVA/PCL fibrous mesh containing Cop*-FND:siRNA complexes, NF{Cop™-FND:siRNA} (upper part), and

the control mesh without nanodiamond complexes, NF (bottom part). Side #2 faces the wound during the treatment. (B) Schematic structure of the
cationic copolymer coating on the surface of a fluorescent nanodiamond (Cop*-FND), which binds electrostatically the siRNA molecule.
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features to easily distinguish the nanodiamonds from the polymer
scaffold autofluorescence.”® Fluorescent lifetime imaging pro-
vided us with in-depth information about the spatial distribution
of Cop'-FND:siRNA complexes inside nanofibers. Finally, we
tested the performance of NF{Cop'-FND:siRNA} system on mur-
ine fibroblasts and in a diabetic murine wound model to evaluate
its suitability in terms of in vitro and in vivo toxicity, biological
efficacy and handling. We evaluate and compare the inhibition of
MMP-9, wound healing time and scar formation in treated
diabetic-like and diabetes-free mice.

Results and discussion

The NF{Cop'-FND:siRNA} composite - preparation and
characterization

In our recent studies, we focused on the colloidal robustness,>®
intracellular fate,”” and biodistribution of Cop*-FND:siRNA
complexes (Fig. 1).>® We have observed that the localized
intratumoral application of the colloidally stable Cop'-
FND:siRNA leads to a high inhibition efficacy in mice bearing
xenografted Ewing sarcoma tumours.

Here, we utilized the potential of this delivery system for
localized in vivo therapy and took advantage of its combination
with a hybrid biodegradable PVA/PCL nanofiber mesh designed
for topical wound healing. Unmodified nanodiamonds have
been successfully incorporated in nanofibers of various
compositions.**?> We have designed and fabricated by electro-
spinning the nanofiber mesh composite NF{Cop'-FND:siRNA},
which serves as a scaffold for the controlled release of Cop'-
FND:siRNA complexes into the wound.

Our previous studies**® demonstrate an optimal mass ratio
of Cop™-FNDs to siRNA exceeding 25 : 1 for efficient delivery. With
an average of approximately 1360 siRNA duplexes per nanoparti-
cle at this ratio,”” Cop™-FNDs offer a high loading capacity. This
optimal ratio ensures: (i) minimal free siRNA after complexation
with Cop-FNDs (~ 2%, ref. 28), (ii) a positive apparent {-potential
of the complexes (ref. 26 and Table S1, ESIY), (iii) a reduced
quantity of Cop’-FNDs in downstream applications, and (iv) the

B
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maintenance of robust colloidal stability of the system.>® The ratio
is usually influenced by factors such as the specific batch of Cop'-
FNDs and the siRNA manufacturer.?® In line with this, we used
~30:1 ratio for our experiments in this study.

The coating process results in stable, unaggregated nano-
particles, as evidenced by TEM imaging (Fig. 2(A)). The electros-
teric repulsion provided by the copolymer coating effectively
prevents particle aggregation, even in high ionic strength environ-
ments like 10x PBS (see Fig. 2(B)). In such conditions, the linear
polymer chains may collapse due to electrostatic screening,
leading to a decrease in particle size. Alternatively, a small fraction
of particles may aggregate rapidly prior the measurement, con-
tributing to decrease in the average particle size. Furthermore, we
tested the stability in physiologically relevant conditions, such as
90% fetal calf serum at 37 °C (Fig. 2(C)). While slow aggregation
was observed after 20 minutes in static conditions, the nano-
particles demonstrated good resistance to rapid aggregation in
this challenging environment.

These complexes also allow for direct complexation of Cop'-
FND with siRNA, even at high Cop'-FND concentrations
(75 mg mL ™), without aggregation. This stability is maintained
in the presence of polyvinyl alcohol used for electrospinning, as
demonstrated in Fig. 3(A). Thus, highly concentrated/low-
volume samples can easily be produced, which is a typical
requirement for in vivo applications. The apparent Z-average
diameter of the Cop'-FND:siRNA complexes (Cop'-FND to
siRNA mass ratio ~30:1) in the presence of the main disper-
sing component of the nanofibers, PVA, was 91.3 £ 1.5 nm
(measured by DLS, see Fig. 3(A)). The magnitude of the
cumulant-based polydispersity index (PDI) of 0.12 + 0.02
represents a lower limit of mid-range PDI values and the sample
can be considered nearly monodisperse. The relative measure of
one part of the double-layer charge, which also contributes to the
interparticle interaction, is apparent {-potential. Measuring it by
ELS, we found a value 43.3 + 2.2 mV (measured by ELS). All
values represent means =+ the standard deviation; more detailed
information can be found in Table S1 in the ESL.{

Next, we incorporated the Cop'-FND:siRNA complex in the
hybrid PVA/PCL nanofiber mesh by blend electrospinning,
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Fig. 2 Characterization of nanoparticle stability. (A) TEM image of raw FND nanoparticles (inset) and the particles after polymerization (Cop™-FND). (B)
DLS measurement of hydrodynamic diameter of Cop*-FND in water and 10x PBS at 25 °C. (C) DLS measurement of Cop*-FND:siRNA complexes with

mass ratio of 30:1 (Cop™-FND to siRNA) in 90% fetal calf serum at 37 °C.
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Fig. 3 (A) DLS measurement of Cop*-FND:siRNA in 5% PVA (each sample was further diluted with Milli-Q water as described in Section 2.4). The

intensity size distribution was inferred from the intensity autocorrelation function g@(r) — 1. The vertical black dashed lines coupled with the histogram
represent particle diameters Dig 1, Dig s and Djg ¢ at the 10th, 50th, and 90th percentiles of the size distribution; D represents the Z-average diameter. The
error bars represent standard deviations over three single measurements from separately prepared samples. (B) Fiber diameter quantification (box plot
and all measured data points organized in histogram bins) obtained from image analysis of FESEM micrographs (for all images analysed, see Fig. S1, ESIT).
The box plots characterize the fiber diameter distribution using the 25th, 50th, and 75th percentiles; whiskers: 90th and 10th percentiles; the horizontal
line in the box: median of the distribution; square: mean of the distribution. The number of fibers analysed per sample was 2000. (C) Comparison of
NF{Cop*-FND:siRNA} nanofibers with a control nanofiber sheet without particles (NF). Only side #2, facing the wound, is shown for both samples —
NF{Cop™-FND:siRNA} (top images) and NF (bottom images). Left column: FESEM micrographs — for all images see Fig. S1 (ESIf); middle column: FLIM
images with green arrows indicating locations of single-point measurements. (D) Values of fluorescence decay acquired for 10 s from a single point from
both sides of NF{Cop™-FND:siRNA} and NF, as indicated in the legend. The inset presents intensity traces of the measurements from side #2. (E) Phasor

plot of all recorded fluorescence decays; each point corresponds to a FLIM image or point measurement.

providing NF{Cop'-FND:siRNA}. We utilized a combination of a
highly hydrophilic polyvinyl alcohol homopolymer and a slowly
biodegradable poly-e-caprolactone homopolyester,*® which pro-
vides a balanced nanofiber for wound healing. As shown in,**
PCL and PVA are highly suitable for the formation of nanofi-
brous wound dressings. In the current setting, the PCL fibers
were used as the integrative part of a wound dressing stimulat-
ing the adhesion and proliferation of skin cells. The PCL fibers
were spun as the first layer subsequently covered by a PVA mesh
containing the bioactive nanoparticles. PVA was used as a
hydrophilic polymer, electrospun from aqueous solutions, that
enables the dispersion of Cop’-FND:siRNA nanoparticles. The

1040 | J. Mater. Chem. B, 2025, 13, 1037-1051

controlled release of PVA was regulated by the crosslinking of
PVA chains, which alternates nanofiber degradation kinetics.*®
We determined the morphology of the electrospun scaffold
containing the NF{Cop'-FND:siRNA} using field emission scan-
ning electron microscopy (FESEM). A PVA/PCL mesh without
particles served as a control. The resulting FESEM micrographs
revealed the fibrous morphology of both samples (Fig. 3, left
column; Fig. S1, ESIT). However, side #2 of the NF{Cop'-
FND:siRNA} sample showed a higher content of microfibrous
fraction in comparison with side #2 of the nanoparticle-free
control (see Fig. 3(B), (C), and Fig. S1, ESIf). The different
morphology could be explained by the rheological behaviour of

This journal is © The Royal Society of Chemistry 2025
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highly concentrated nanoparticle dispersion stabilized by a
linear polyelectrolyte (Cop'-FND). Similar colloidal systems
are typically influenced by electroviscous effects (e.g. swelling
of linear chains), which are caused by overlapping of the
electrical double layers in the first approximation. Conse-
quently, an increase in solution viscosity and surface tension
can be observed. These parameters are among the most impor-
tant and affect the diameter of fibers as well as the resulting
mesh morphology.

To assess the distribution of Cop'-FND:siRNA in the
NF{Cop'-FND:siRNA} composite, we investigated the particles
using FLIM. The long emission lifetime of fluorescent nitrogen-
vacancy centres in FND (approximately 25 ns)*® enabled us to
distinguish the Cop'-FND:siRNA complexes from the omnipre-
sent short-living autofluorescence background of the nanofi-
bers (Fig. 3(C), FLIM). The presence of Cop'-FND:siRNA
complexes on side #2 of NF{Cop'-FND:siRNA} was unambigu-
ously confirmed by both FLIM images recorded from several
areas and single-point measurements from both sides of
NF{Cop'-FND:siRNA} and NF. Exemplary fluorescence decays
are presented in Fig. 3(D). Furthermore, photobleaching was
observed during image acquisition from side #2 of NF whereas
no decrease of signal was observed either during imaging or
single-point measurements from NF{Cop'-FND:siRNA}, as can
be expected for photo-stable luminescence of nitrogen-vacancy
centres. Intensity traces recorded during 10-s single-point
measurements are presented in the inset of Fig. 3(D). To
represent the rather complex fluorescence decay profiles, we
employed the graphical phasor approach. Fig. 3(E) is a phasor
plot of all time-resolved data recorded from NF{Cop'-
FND:siRNA} and NF. Each point in the plot corresponds to

A

B lower expression
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one measurement, namely either a FLIM image, or a single-
point decay recording. Clustering of the points in the phasor
plot demonstrates the consistency of the time-resolved mea-
surements and that FLIM can reliably reveal the presence of
long-lived NF{Cop'-FND:siRNA}. Further, as the FLIM images
were recorded from several distinct locations and for various
scanned area sizes (ranging from 20 x 20 to 80 x 80 pm), we
can conclude that the Cop-FND:siRNA complexes can be found
in abundance and are distributed homogeneously in the
NF{Cop'-FND:siRNA} composite.

In summary, we confirmed the intended structural arrange-
ment of the sample and found a high loading of Cop'-FND:
SiRNA on side #2 of NF{Cop'-FND:siRNA} (facing the wound).
By contrast, we did not detect the Cop'-FND:siRNA complex
either on side #1 of NF{Cop'-FND:siRNA} or on any side of the
NF control sample.

Cell culture - NF{Cop*-FND:siRNA} release, inhibition efficacy,
and cytotoxicity

For effective topical treatment, the controlled release of Cop'-
FND:siRNA complexes from the hybrid NF{Cop'-FND:siRNA}
mesh into the wound is essential. In a simple release experiment
in PBS (Fig. 4(A)) we found a gradual liberation of approximately
25% of all embedded complexes within 144 h. Interestingly, this
hybrid structure, produced by blend electrospinning, did not
exhibit any undesirable initial burst release, which is typical for
scaffolds manufactured this way.

While the elevated MMP-9 levels are associated with chronic
wounds, fibroblasts, such as NIH/3T3 cells, exhibit basal levels
of MMP-9 expression. This provides a suitable model system to
evaluate the efficacy of our siRNA in modulating MMP-9
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Fig. 4

(A) Time-dependent release of Cop*-FND:siRNA from the nanofiber mesh under physiological-like conditions (PBS buffer, pH = 7.4, 37 °C).

Control samples: NF — nanofiber mesh without nanoparticles, 1x PBS without additives. (B) Posterior distribution of the average effect size of NF{Cop™-
FND:siRNA} and NF nanofiber mesh (2.0 cm? mL™) on MMP-9 mRNA inhibition in NIH/3T3 cells 144 hours post-treatment; the effect size (ddC1) reflects
a difference between experimental group and no treatment control; assuming 100% release efficiency: ~50 pg siRNA mL™%; data collected from three
independent experiments. (C) Cell cytotoxicity: LDH assay assessing the release of lactate dehydrogenase from damaged cells 48 h post-treatment. A
nanofiber mesh with an area of 0.3 cm?/200 pL was used; assuming 100% release efficiency: ~30 pg siRNA mL~! Data for analysis—(A) and (C),
respectively—were obtained from a single experiment where the samples were analysed in triplicates; the error bars represent standard deviations over

these replicates.

This journal is © The Royal Society of Chemistry 2025

J. Mater. Chem. B, 2025, 13,1037-1051 | 1041


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4tb01547a

Open Access Article. Published on 22 November 2024. Downloaded on 5/11/2026 2:14:37 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

expression and its potential impact on wound healing pro-
cesses. After 144 h of incubation with the NF{Cop'-FND:siRNA}
complex, MMP-9 mRNA was extracted and its fraction was
measured compared to a reference by RT-qPCR. Fig. 4(B)
illustrates that the NF{Cop'-FND:siRNA} treatment reduced
the expression of MMP-9 mRNA (PM (ddCt): —3.28, 89% CI
[—5.95, —0.53]) compared to the no treatment control. In other
words, the estimated fold change in MMP-9 mRNA expression
for NF{Cop'-FND:siRNA}was markedly downregulated, with a
fold change of approximately 0.1 (PM (2%/“*): 0.10, 89% CI [0.02,
0.69]). To assess the potential cytotoxicity of the tested scaf-
folds, we monitored the release of lactate dehydrogenase from
damaged cells (Fig. 4(C)). We did not observe any adverse
effects after 48 h. The interval 48 hours ensures good quality
of tested cells (cell overgrowth avoided) and appropriate assess-
ment of solely the direct toxic effect of the composite. We note
that cellular uptake and cytotoxicity of nanoparticles without
the nanofiber mesh were studied in our previous works.>**’

Diabetic-like animal model - in vivo NF{Cop'-FND:siRNA}
application

To evaluate the in vivo efficacy of our delivery system, we used a
diabetic-like mouse model of chronic wound healing (Scheme 1).
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This model system involves surface application enabling the
direct visual observation of changes triggered by the NF{Cop'-
FND:siRNA} composite used. Importantly, the improved wound
healing described here relies on the re-establishment of a
disease-impaired balance and can be achieved by targeting one
particular metalloproteinase (such as MMP-9), thus constituting
an easy model for gene therapy.

The diabetic-like animals developed high glucose levels
two weeks (on experimental day 19) after being injected with
streptozotocin (STZ) (Fig. 5(C)), in agreement with the pre-
viously published protocol.’” To maximize the homogeneity
of the diabetes-like conditions among the animals, they were
grouped (group #1, #2, and #3) based on the reached glucose
level (see Fig. 5(C) and Fig. S5, ESIt). Dorsal wounds were then
created (experimental day 22/healing day 0) and subjected to a
wound healing treatment with the NF{Cop'-FND:siRNA} compo-
site and controls. To distinguish the healing efficacy after the
application of our NF{Cop'-FND:siRNA} composite, we observed
the wound until a primary scar was formed (Fig. S2-S4, ESIt).

To quantify the macroscopic effect, we assessed a mean 750
time (7'50) until 50% of mice experienced wound closure under
a given treatment (Sw(t) = 0.5) — see estimated survival func-
tions Sw(¢) in Fig. 5(A) and (B). Bayesian analysis inherently

C57BL/6 male

wound

wound dressing

primary scar

Scheme 1 Timeline of wound healing model preparation. Orange top area: induction of diabetes-like conditions in healthy C57BL/6 mouse models
(days 0—-22) followed by wound creation and the application of primary (nanofiber-based) and secondary (Tegaderm) dressing (day 22). Green bottom
area: the wounds were considered healed when primary scars were formed. The experiment was performed independently three times.

1042 | J Mater. Chem. B, 2025, 13, 1037-1051

This journal is © The Royal Society of Chemistry 2025


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4tb01547a

Open Access Article. Published on 22 November 2024. Downloaded on 5/11/2026 2:14:37 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Journal of Materials Chemistry B

View Article Online

Paper

= ) o
Z1.00 ~ < = £ 1.00 = 5
(%) oo g (%] 20 ~S
g S | B g ® 7 B
3 Z3 |V Weibull survival g o o3 2q
9 0 75 % s T ‘eibull survival 8 = 9 075 8: o2
€ £z function = € - [ 2=
Rl 5 = 2 = 3 kel g F s9 =9
9 £ B &3 2 g £ 2y &3 50% of mice
8050+ o RaeeERRE] | SRR SRESEL S 050+ g . .g .............................. experienced
< € e < z =z wound closure
c o X = i o _ -
=] O = =1 T T at T50 time
“— 22 — ‘a o PM (T50)
6025 £38 6025 § 8 swcl
c S observed data c To
ke) £ 2 zZz z
g 0.00 Il : & 0.00 Il
£ 0. s o & 0.
8 10 12 14 16 18 20 22 8 10 12 14 16 18 20 22
c Primary scar formation (days) D Primary scar formation (days)
= T T T T .
N i ' ' pul =
o o e— =
=3 —_ S — o 2
@ s B . o c S R Ssg 3
< sl T £2 ST 1 s Al \ES =
g = s . =3 T ap = ]
g g [\ cow#| 2T g5 = = ] 2
® 7O 22 \ gl % [ ©
© | E N > < ©
T =z Group #2 ' =0 R 23 A ] a2
38 . b S5 00\-‘ ¢ Ay © o
= = E i yr >
2 ’ £2 g A & - &
£ I ISR o P 3 1 o]
= ' o O &) ) < H
i ¥ e $Q\ (\\‘O T ' x©
' ' ' no effect
e N L H
no effect } © Group#1 e(b\ \A?h o 1
A =\ L .
0 5 10 15 . ?$0' 8 6 4 2 0 2
Effect of STZ on blood glucose level \009 Effect on wound healing delay
Cpost — Cpre N\ T50, group = T90uiabeticlike control
(mM) (days)

Fig. 5 (A) Healing kinetics of healthy and diabetic-like control wounds. (B)

Comparison of healing kinetics between diabetic-like animals treated with

nanofiber-based composites. Step functions represent measured data (n = 3/group), while dashed curves Sy,(t) show Weibull survival function estimates
with 89% credible intervals. T50 indicates time to 50% wound closure (see Section 3.3). (C) Posterior distribution of the difference in blood glucose levels

post- and pre-streptozotocin treatment, calculated from all individual data

points. Healthy animals did not undergo the streptozotocin treatment and

were therefore not included in this analysis. Data points for individual animals are jittered for better visualization and do not represent exact values on the
y-axis. Grouping of data points shows assignment of individuals for wound healing experiment; original glucose levels are shown in Fig. S5 (ESIY). (D)
Posterior distribution of the difference in T50 between experimental groups and diabetic-like control. Shaded areas represent 89% credible intervals and
vertical dashed lines indicate means of posterior distributions. Study design: three experimental groups (group #1, group #2, group #3; n = 5/group; see
Fig. 5(C)); were established based on glucose levels: diabetic-like (4 animals) and healthy control (1 animal; not shown in Fig. 5(C)); each group received all

treatments. Results from these groups are shown in Fig. 5(A), (B) and (D).

provides a posterior distribution of possible 750 times for each
treatment that are compatible with data and applied statistical
model. Based on data shown in Fig. 5(A) and (B), we estimated
the effect of the applied treatment on the wound delay, which is
expressed as a difference in 750 between experimental groups
and diabetic-like control (see Fig. 5(D)). We found that the
application of our NF{Cop'-FND:siRNA} composite promoted
healing by ~6 days (PM: —5.7, 89% CI [-6.4, —5.0]) in
comparison with diabetic-like controls without treatment. This
shows that the treated wounds in diabetic-like animals were
healed markedly sooner than in diabetic-like animals without
the nanofibrous dressing. The healing efficacy of NF{Cop'-
FND:siRNA}-treated diabetic-like animals was then similar to
healthy animals without diabetes-like conditions (PM: -6.7,
89% CI [-7.3, -6.0]). Taking into account the overall position
of the posterior distributions in Fig. 5(D) for NF and NF{Cop'-
FND:ctrlRNA}, the results are most compatible with no impor-
tant effect. By contrast, posteriors for healthy control and
NF{Cop'-FND:siRNA}-treated mice are considerably separated
from the control samples.

To assess the effectiveness of the siRNA treatment, we eval-
uated MMP-9 expression and activity in wound tissue. Levels of
the mRNA were quantified using RT-qPCR (Fig. 6(A)), protein

This journal is © The Royal Society of Chemistry 2025

abundance was determined by western blot (Fig. 6(B)), and
enzyme activity was analysed by zymography (Fig. S6, ESIT).
Relative MMP-9 mRNA expression (Fig. 6(A)) decreased by
54 + 10% when comparing scar tissue exposed to the NF{Cop'-
FND:siRNA} (experimental days 35-42) and tissue before treat-
ment (experimental day 22). Further comparison of relative
MMP-9 mRNA downregulation values between NF{Cop'-FND:
siRNA} and NF{Cop'-FND:ctrIRNA} reveals a 2.5 & 0.4-fold
decrease (54 £+ 10%: 22 £ 1%) of MMP-9 expression (Fig. 6(A)).
A similar result was achieved for the diabetic control. These
results confirm the successful delivery of siRNA molecules into
the cytoplasm of wound cells and the degradation of MMP-9
mRNA transcripts. Contrary to our initial expectation of observing
elevated MMP-9 mRNA levels in diabetic mice compared to
healthy controls, our investigation revealed similar expression in
both groups. In diabetic wounds, there are several mechanisms
regulating the MMP-9 gene expression®® such as chronic inflam-
mation promoted by pro-inflammatory cytokines like IL-1 and
TNF-0,*° alongside potential dysregulation of intracellular
signalling,’>*" or elevated levels of reactive oxygen species.*?
Therefore, the MMP-9 mRNA level reflects dynamic changes
during different stages of healing.** The similar level of MMP-9
mRNA in both, healthy and diabetic-like, groups respond to the
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NF{Cop*-FND:siRNA}

(A) Expression of MMP-9 mRNA in tissues before treatment (experimental day 22) and in scar tissues (experimental days 35-42) excised from

healthy and diabetic-like animals. (B) Level of the MMP-9 protein in excised tissues after 7 days of treatment (experimental day 29, samples denoted as
“wound") and after scar formation (denoted as “scar”) in healthy and diabetic-like tissues analysed densitometrically from a western blot (C); uncropped

blot image available in Fig. S7-S9 (ESI+).

need for MMP-9 protein during healing and may be also affected
by small sample size in each group.

In contrast to similar mRNA levels, the western blot analysis
revealed a distinction in protein abundance between diabetic-like
and healthy control animals (Fig. 6(B)). Diabetic animals dis-
played a higher accumulation of MMP-9 protein within scar tissue
compared to healthy control. This observation suggests a
potential dysregulation in protein translation or increased protein
stability specific to the diabetic wound environment.** Comparing
MMP-9 protein levels in diabetic mice at the beginning of scar
formation (healing day 7) and the day of scar formation (Fig. 6(B)),
revelaed 38% increase in the untreated control group and 45% in
the treated group. Importantly, treatment with NF{Cop'-FND:
siRNA} significantly reduced MMP-9 protein levels in diabetic
mice. We observed a decrease of 31% and 22% in protein
abundance during healing and scar formation, respectively, com-
pared to the non-treated diabetic-like control group. By reducing
MMP-9 protein production, the treatment has the potential to
promote a more balanced remodeling process within diabetic
wounds.*!

Complementing our findings on MMP-9 mRNA and protein,
zymography analysis (Fig. S6, ESIT) revealed specific activity of
MMP-9 in wound and scar tissues. Notably, the activity of MMP-
9 was reduced in animals treated with the NF{Cop'-FND:siRNA}

1044 | J Mater. Chem. B, 2025, 13, 1037-1051

composite compared to the control group. Its activity is not
solely dependent on mRNA levels but also influenced by
activators (like MMP-3), tissue inhibitors of metalloproteinases,
and the wound’s redox state.*> Therefore, the observed
reduction in MMP-9 activity in the NF{Cop'-FND:siRNA} group
likely reflects a combined effect of these factors.

To evaluate the in vivo biocompatibility of NF{Cop'-
FND:siRNA}, we investigated its potential to induce cutaneous
allergic responses or organ toxicity. Except a minor skin
damage due to the redressing process and presence of second-
ary dressing (Tegaderm), no signs of skin irritation were
visually observed in any treatment group (see Fig. S2-S4, ESIY).
Mice tolerated the application of NF{Cop'-FND:siRNA} dressings
and controls well, with no signs of erythema, rash formation, or
development of papules in the peri-wound area. These observa-
tions suggest good skin tolerance to the applied dressings. Our
previous study®® employed systemic/regional administration of
Cop'-FND:siRNA nanoparticles. This study revealed the liver as
one of the primary sites where Cop'-FND:siRNA accumulated/
aggregated.”®*® Given this finding, we evaluated serum ALT
levels in this study. ALT is a well-established marker of liver
damage, allowing us to assess potential toxicity from NF{Cop'-
FND:siRNA}. As expected with topical application, Fig. S10 (ESIT)
shows no significant differences in ALT levels between treated

This journal is © The Royal Society of Chemistry 2025
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groups and the negative control (untreated control animal). This
finding aligns with the minimized systemic exposure achieved
by delivering Cop’-FND:siRNA via a nanofiber mesh.

These results, showcasing both the effectiveness of our
NF{Cop'-FND:siRNA} treatment in preclinical studies and the
benefits of MMP-9 restoration via gene therapy in damaged
tissue with minimal impact on resident cells, provide preclinical
evidence for its therapeutic potential. From a critical standpoint,
streptozotocin-treated mice represent a basic model for investi-
gating diabetic wound healing because it cannot fully mimic the
pathological wound healing in humans. Their ability to replicate
key features of type 1 diabetes, such as hyperglycemia, insulin
deficiency, and impaired glucose tolerance, makes them a
relevant tool for studying the mechanisms underlying delayed
wound healing in this condition. However, it is essential to
acknowledge the limitations of this model. The rapid onset
of diabetes induced by streptozotocin may not fully capture
the gradual progression often observed in human diabetes.
Additionally, while the model can replicate hyperglycemia and
insulin deficiency, it may not accurately represent the full
spectrum of complications associated with human diabetes,
such as neuropathy and retinopathy. A typical disadvantage of
this model is also significant wound contraction observed in the
normal process of mouse wound healing whereas bottom-up
epithelialization and granulation represent normal wound
healing in humans. More advanced models, such as the Zucker
diabetic fatty rat, may offer greater physiological relevance for
the follow-up studies. Despite these limitations, streptozotocin-
treated mice still provide valuable insights into the pathophy-
siology of diabetic wounds and contribute to the development of
potential therapeutic interventions.

However, application of nanofibers, and to lesser extent also
the Tegaderm dressing, improves the quality of scar tissue.*®
Due to moisture retention, the nanofiber-based dressings
promote re-epithelialization and reduce epidermal thickness,
thus resulting in good imitation of human wound healing.*” It
is reasonable to expect that MMP-9 imbalance also affects
wound contraction.*®

On the other hand, the close similarity between murine and
human MMP-9 and the possibility to incorporate fully degrad-
able nanoparticles (instead of Cop'-FND) inside a fibrous
mesh*® would facilitate the translation of this preclinical model
into clinical research. Notably, the ongoing research on multi-
functional scaffolds that combine siRNA delivery with other
wound healing functionalities, such as promoting angiogenesis
or delivering growth factors, shows promising results.”®

Further, the size and covalent crystalline character of FNDs
makes these nanoparticles essentially non-biodegradable and
their size (>10 nm) prevents thus their excretion via the renal
pathway. For this reason, FNDs are probably not suitable for routine
systemic administration. Nevertheless, topical and locoregional®*
treatments have different requirements for excretion and FNDs
can still be considered a promising delivery vehicle for these
applications.

Finally, exploring the use of siRNA pools targeting multiple
mRNA sites within MMP-9 could further reduce potential

This journal is © The Royal Society of Chemistry 2025
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off-target effects.”> Combining such siRNA strategies with those
targeting other relevant diabetic wound healing factors could
create a powerful tool for personalized medicine. It’s important
to acknowledge that, while existing approved single-target
SiRNA treatments®® represent successful examples, multitarget-
ing siRNA pool-based therapy for wound healing remains an
area with significant regulatory hurdles to overcome.

Conclusion

In summary, we have designed a hybrid biodegradable PVA/
PCL fibrous mesh embedded with cationic copolymer-grafted
fluorescent nanodiamonds carrying siRNA targeted against
MMP-9 mRNA (Cop'-FND:siRNA). We assembled the hybrid
nanomaterial using blend electrospinning and characterized its
structure by fluorescence lifetime imaging microscopy and
scanning electron microscopy. The fibrous mesh enabled the
controlled release of the Cop'-FND:siRNA complexes without
any undesirable initial burst release. The dressing facilitated
the conservation and sustained release of the siRNA in murine
diabetic-like wounds. We have demonstrated delayed wound
healing in diabetic-like animals compared to animals without
diabetic conditions caused by MMP-9 deregulation. The biofunc-
tionality of the fibrous mesh containing Cop'-FND:siRNA com-
plexes was demonstrated by a significant reduction in healing
time: scar formation in treated diabetic-like animals was com-
parable with that in non-treated diabetes-free mice. Our healing
system emphasizes the importance of selective gene therapy
which may supersede current, commonly applied non-specific
treatments of topical chronic wounds such as non-healing
diabetic ulcers. The restoration of MMP-9 balance in damaged
tissue seems to be a promising direction, which may ease the
translation of topical gene therapy into clinical practice.

Experimental methods

Materials

NIH/3T3 CRL-1658™ cells (ATCC") were obtained from the
Institute of Experimental Medicine of the Czech Academy of
Sciences. TagMan Universal Master Mix, MMP-9 specific qPCR
assay (MmO00442991_m1), High-Capacity cDNA Reverse Transcrip-
tion Kit, Power SYBR™ Green PCR Master Mix, LDH Cytotoxicity
Assay Kit, RNAlater™ Stabilization Solution, M-PER™ Mammalian
Protein Extraction Reagent, Pierce™ Coomassie Plus™ (Bradford)
Assay Kit, Nunc™ MicroWell™ 96-Well Microplates, Novex™ Tris-
Glycine SDS Sample Buffer (2X), Novex™ Sharp Pre-stained Protein
Standard, SimplyBlue™ SafeStain, NuPAGE™ LDS Sample Buffer
(4X), NuPAGE™ Sample Reducing Agent (10X), NuPAGE™ 4-12%
Bis-Tris Mini gel, SuperSignal™ West Pico PLUS Chemilumines-
cent Substrate, and XCell SureLock Mini-Cell Electrophoresis
System were purchased from Thermo Fisher Scientific. Dulbecco’s
modified Eagle’s medium (DMEM), fetal bovine serum (FBS),
streptozotocin and duplexed siRNA against MMP-9 mRNA
(Mw = 14,604) sense strand: 5’-r(GCC UAU UUC UGC CAU GGC
AAA) d(AA)-3 and antisense strand: 5'-r(UUU GCC AUG GCA GAA
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AUA GGC) d(TT)-3' were purchased from Sigma-Aldrich. Fluores-
cently labelled siRNA duplex against GAPDH mRNA used for
in vitro release studies was purchased from Generi BioTech, sense
strand: 5’-AlexaFluor488-r(GAA GGU CGG UGU GAA CGG AU)
d(TT)-3’ and antisense strand: 5’-rf(AUC CGU UCA CAC CGA CCU
UC) d(TT)-3'. High Pure RNA Isolation Kit and Cell Proliferation
Reagent WST-1 were purchased from Roche. QIAshredder and
RNeasy Fibrous Tissue Mini Kit were purchased from Qiagen.
Gene-specific TBP primers: forward: 5-ACC CTT CAC CAA TGA
CTC CTA TG-3' and reverse: 5-TGA CTG CAG CAA ATC GCT TGG-3’
and control RNA (ctrlRNA) forward: 5-r(CCU GCA CCA CCA
ACU GCU UAG) d(AA)-3’ and reverse: 5'-rf(CUA AGC AGU UGG
UGG UGC AGG) d(TT)-3'were obtained from Integrated DNA
Technologies IDT. TPP Petri dishes and TPP 24-well plates from
BioTech. Gentamicin from Sandoz, Novartis Company. MMP-9
Monoclonal Antibody (5G3) and GAPDH Loading Control
Monoclonal Antibody (GA1R) were purchased from Invitrogen.
3M™ Tegaderm™ Transparent Film Dressing was obtained from
I.T.A. Interact, Tissue Adhesive was obtained from Surgibond,
Glucometer FreeStyle Freedom Lite with cartridges were pur-
chased from Abbott, and Disposable Biopsy Punch was obtained
from Stiefel. Poly(vinyl alcohol) (PVA 40-88 and PVA 5-88) was
purchased from Merck and poly(e-caprolactone) from Sigma
Aldrich. Chemicals (synthesis, purification and origin) for the
preparation of copolymer-functionalized nanodiamonds in Sec-
tion 2.2 were described in detail in ref. 26.

Synthesis of cationic copolymer-functionalized fluorescent
nanodiamonds (Cop’-FND)

Commercially available high pressure high temperature
diamond nanocrystals (Microdiamond MSY 0-0.05 pm, type
Ib with nitrogen impurity ~200 ppm) were oxidized by air in a
furnace at 510 °C for 4 h and treated with a mixture of HF and
HNO; (2:1) at 160 °C for 2 days. The nanocrystals were washed
with water, 1 M NaOH, 1 M HCI and water (for detailed
centrifugal parameters, see ref. 54). To create NV centres in
the diamond lattice, we used a previously published protocol
(see ESIt in ref. 55). Briefly, the powder was irradiated with a
16.6 MeV electron beam followed by annealing (900 °C, 1 h) and
air oxidation (510 °C, 4 h). The powder was again treated with
a mixture of HF and HNOj;, washed with NaOH, HCI, water
and then freeze-dried. The resulting powder was redispersed
in Milli-Q water (60 mL, 2 mg mL™ ') by probe sonication
(for sonication parameters, see ref. 26). The transparent colloid
containing fluorescent nanodiamonds (FNDs) was incubated for 30
min at room temperature and filtered using a 0.2-um PVDF filter.
The particles were coated with a methacrylate-terminated silica layer
using a modified Stérber procedure;”*>® the amount of all compo-
nents needed for the silication procedure was linearly recalculated
(according to ref. 26) to the amount of FND powder (120 mg). The
terminal methacrylate groups on the FND surface allow to proceed
with a radical polymerization, resulting in a dense layer of statistical
cationic copolymer poly{(2-dimethyl-aminoethyl methacrylate)-co-[N-
(2-hydroxypropyl)methacrylamide]} (poly(DMAEMA-co-HPMA)); the
detailed preparation (including the purification of the chemicals)
and a characterization of FND@silica@poly{DMAEMA-co-HPMA|
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complexes were presented in ref. 26 (specifically, sample
denoted as “807/20°” in ref. 26 was used in this study). Briefly,
HPMA and AIBN were freshly recrystallized prior to use. Both
monomers, DMAEMA (1.968 mg) and HPMA (656 mg), were
dissolved in DMSO (7.5 mL); AIBN (752 mg) was added to the
mixture and filtered using a 0.2-um PTFE filter. Methacrylate-
terminated FNDs in DMSO (120 mg, 752 pL) were added and
the stirred mixture was secured in argon. The polymerization
proceeded for 3 days under an argon atmosphere at 55 °C. The
reaction was terminated by MeOH addition, and the resulting
Cop'-FND sample was purified by centrifugation using
nuclease-free water (the sample was handled in a laminar flow
box). The final concentration after purification was 74.6 mg
mL ™" and the sample was stored at 4 °C. Cop*-FND was stored
long-term in MeOH at —20 °C.

Electrospinning of hybrid PVA/PCL nanofiber mesh containing
Cop'-FND:siRNA/siRNA-A488/ctrIRNA

PVA 40-88 powder was dissolved in nuclease-free water (nfH,0)
at a concentration of 15% (w/v) and heated for 30 min at 90 °C
under stirring. After cooling to RT, the PVA solution was
sonicated for 1 min (Bandelin Sonorex™ RK 31, 30/240 W,
35 kHz) and autoclaved (121 °C, 15 min). Desalted siRNA
lyophilizate was dissolved in nfH,O (500 um, 7.3 mg mL™");
32.2 pL of the siRNA stock solution was mixed with 66.8 pL of
autoclaved PVA solution (15% (w/v)). To create a Cop'-
FND:siRNA complex with the desired Cop'-FND:siRNA mass
ratio of 32:1, an siRNA-PVA mixture was placed in a sonication
bath filled with DEPC-treated water and 101.0 uL of Cop'-FND
(74.6 mg mL™") dissolved in nfH,0 were slowly pipetted
(not dropwise) directly into the sonicated mixture of siRNA-
PVA. The resulting dispersion was sonicated for 30 s after
mixing (the sample was placed in the sonication hotspot).
The result was a stable, deep brown colloidal dispersion
(200 pL) of Cop'-FND:siRNA in a 5% (w/v) PVA solution.
A typical picture of this dispersion was presented in ref. 28
(see ESI,T Fig. S4e of ref. 28). This procedure was repeated ten
times to obtain 2 mL of the dispersion. All samples (including
the sonication bath) were handled in a laminar flow box. The
same procedure was used to complex Alexa Fluor 488-labelled
siRNA (siRNA-A488) and non-active siRNA (ctrlRNA).
Nanofibers were prepared using an InoSPIN MINI electro-
spinning unit (InoCure) with a needle electrode (G10) and a
rotating drum collector (100 mm diameter) covered with alu-
minium foil. The voltage in the system was set at potential
difference of 45 kV at a temperature of 30 °C. Composites were
prepared by spinning 20 mL of PCL nanofibers from an acetic:
formic acid (7:3) solution with a concentration of 20% (w/v).
At the top of the solution, nanofibers from a PVA solution
containing either active or non-active siRNA were deposited.
The solution of PVA with Cop’-FND:siRNA (2 mL) was mixed
with 2.5 mL 30% PVA 5-88, 3.75 mL 20% PVA 40-88, and 6.75
mL dH,O with total 10 (w/v)% PVA concentration. In addition,
40000 ppm of glyoxal (Wgiyox/Wpva) and 30000 ppm of phos-
phoric acid (Wgyox/Wphosphoric acia) Were added for further cross-
linking of the mesh. After spinning, the mesh was stored in

This journal is © The Royal Society of Chemistry 2025
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vacuum foil and crosslinked in an oven at 60 °C for 24 hours.
The resulting nanofiber mesh composite, NF{Cop'-FND:siRNA},
was approximately estimated as 10 x 10 cm in size and con-
tained 20 pg siRNA per cm” of NF. The NF{Cop'-FND:siRNA} was
cut into round/square pieces with an area of 0.3 and 2.0 cm?,
respectively; 0.3 cm”® round piece contains roughly 7 pg siRNA
and 200 pg Cop'-FND; 2.0 cm” round piece contains roughly
50 pg siRNA and 1500 pg Cop'-FND. Additionally, a PVA/PCL
nanofiber mesh without Cop'-FND:siRNA complexes was used
as a control and was prepared with parameters similar to those
used for NF{Cop'-FND:siRNA}. All samples for in vitro/in vivo
testing were sterilized in UV light for 15 minutes prior to use.

Cop'-FND:siRNA colloidal characterization evaluated by DLS
and ELS

To evaluate the colloidal stability of Cop'-FND:siRNA in 5% (w/v)
PVA, dynamic (DLS) and electrophoretic (ELS) light scattering
analysis was performed. Z-Average diameter and apparent
{-potential were measured using a Zetasizer Nano ZSP system
equipped with a He-Ne laser emitting a power of 10 mW
at a 633 nm wavelength. Size results were inferred from the
second-order time intensity autocorrelation function g®(r) — 1
considering 3rd order cumulant analysis in Zetasizer Software
7.13; each sample was measured three times with an automatic
duration at a backscatter angle of 173°; the dynamic viscosity
and refractive index of the solvent at 25 °C was set at 0.887 cP
and 1.33, respectively. Apparent {-potential was measured using
phase analysis light scattering at an angle of 13°. Each sample
was measured two times with a dip cell, considering Monomodal
analysis. To calculate the apparent {-potential value from Hen-
ry’s equation, we used the Smoluchowski approximation for
spherical non-coated particles without inspecting the value of
the ratio of particle size to Debye length. For both analyses, Cop -
FND:siRNA in 5% (w/v) PVA was diluted with pure Milli-Q water
to give a final volume of 0.6 mL and a Cop'-FND concentration of
approximately 0.1 mg mL™'; measurements were performed in
disposable cuvettes and the dilution of the Milli-Q water by the
testing sample was lower than 1%. The values reported represent
means of these measurements.

Fluorescence lifetime imaging microscopy (FLIM) of nanofiber
mesh composites

The spatial distribution of Cop‘-FND:siRNA complexes embedded
in the nanofiber mesh was characterized using fluorescence life-
time imaging microscopy (FLIM). Images were recorded using an
inverted time-resolved MicroTime 200 (PicoQuant GmbH) con-
focal fluorescence microscope. FLIM and point measurements
were performed using 531-nm sub-nanosecond pulsed laser exci-
tation with a repetition rate of 20 MHz and an average power of
approximately 35 pW. Nanofiber samples were placed between
two round glass coverslips which were gently pushed together and
imaged using an Olympus 60x UPlanSApo water-immersion
objective with a numerical aperture of 1.2. A single-photon
avalanche photodiode was used to detect fluorescence in the
641 + 75 nm spectral region corresponding to FND luminescence.
The final image resolution was 256 x 256 pixels and the pixel
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dwell time was 2 ps. Fluorescence decay and lifetime images were
reconstructed and analysed using custom-written TTTR Data
Analysis software.

Electron microscopy

Each sample was fixed to a holder with double-sided sticky tape
and coated with a thin layer of Au/Pd. The morphology of
samples was observed using a Hitachi S-4700 field emission
scanning electron microscope (FESEM) at 15kV. The image
analysis was performed in Image] 1.53k. All micrographs from
Fig. S1 (ESIf) were displayed separately in Image] at 200%
magnification. Each image was then virtually dived into five
different areas (each of the image corners and the middle part)
and 250 manual measurements of fiber diameter were taken
from these selected areas (50 measurements per area; 250
measurements per image; 8 x 250 measurement/sample).
Micrographs (8 images per sample) were recorded from distinct
locations.

Release of Cop*-FND:siRNA from the nanofiber mesh under
physiological-like conditions

The release of the complexes from the nanofiber mesh was
assessed spectrophotometrically using Alexa Fluor 488-labelled
SIRNA (siRNA-A488). The round NF{Cop'-FND:siRNA-A488}
composite with an area of 0.3 cm® was incubated for 14 days
in 1 mL of PBS in a humid atmosphere consisting of 5% CO, at
37 °C. Controls (PBS buffer and NF without nanoparticles in
PBS buffer) were incubated in the same manner. At given
incubation times (at 24, 72, 144, and 216 hours of incubation),
the fluorescence intensity was directly measured in the super-
natant using an Infinite M200 Pro plate reader (Tecan), Ex/Em
488 nm/525 nm. The maximum releasable amount of Cop'-
FND:siRNA-A488 from the composite was determined after the
total dissolution of the NF{Cop'-FND:siRNA-A488} composite
in CHCI; without further purification.

Inhibition of MMP-9 metalloproteinase expression

In vitro RNA isolation. NIH/3T3 CRL-1658™ cells were main-
tained at 37 °C in a humidified atmosphere containing 5% CO,
in plastic Petri dishes. The growth medium contained DMEM,
10% FBS and 44 mg L' of Gentamicin. Fresh medium was
supplied three times a week. To ensure the exponential growth
phase of the cells, they were passaged twice a week. For testing
the silencing effectivity of NF{Cop'-FND:siRNA}, NIH/3T3 cells
were seeded at a concentration 125 000 cells per well in 1 mL of
DMEM supplemented with 10% FBS in plastic 24-well plates.
Cells were left for 4 hours to adjust and adhere to the bottom.
Round NF{Cop*-FND:siRNA} composite with an area of 2.0 cm?
was added to the media on top of the cells and the cells were
incubated for a further 144 hours at 37 °C, 5% CO,. Cells
without the addition of NF{Cop'-FND:siRNA} were used as a
control. Cell lysis and total RNA extraction were performed
using the High Pure RNA Isolation Kit.

Isolation of scar tissue RNA. RNA from tissues was extracted
using the QIAshredder cell homogenizer and purified using the
RNeasy Fibrous Tissue Mini Kit.

J. Mater. Chem. B, 2025, 13,1037-1051 | 1047


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4tb01547a

Open Access Article. Published on 22 November 2024. Downloaded on 5/11/2026 2:14:37 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

RT-qPCR assay and analysis. Isolated RNA (1 ug per sample)
from NIH/3T3 CRL-1658" cells and scar tissues were transcribed
to cDNA using the High-Capacity cDNA Reverse Transcription
Kit. The level of MMP-9 mRNA expression was detected with the
TaqMan Universal Master Mix and MMP-9-specific PCR primer.
The TBP housekeeping gene was used as an internal control. It
was detected with the Power SYBR™ Green PCR Master Mix and
the following primers: forward 5-ACC CTT CAC CAA TGA CTC
CTA TG-3' and reverse 5-TGA CTG CAG CAA ATC GCT TGG-3'.
Samples were analysed in technical triplicates. The CFX96 Touch
Real-Time PCR Detection System (Bio-Rad) was used to measure
probe fluorescence, and CFX Manager 3.1 software (Bio-Rad) was
used for sample analyses. The obtained cycle threshold (Ct)
values were utilized to calculate dCt values (dCt = Ct(TBP) —
Ct(MMP9)); the effect size was considered as ddCt = dCt(experi-
mental group) — dCt(no treatment control), and thus, the fold
change can be calculated as 279", Expression of MMP9 and
TBP mRNAs in tissues was tested after the formation of primary
scars (days 35-42).

Cytocompatibility of the NF{Cop'-FND:siRNA} composite

The NIH/3T3 cell line was seeded in 96-well plastic plates,
20000 cells per well in 200 pL. of DMEM containing 1% FBS.
The NF{Cop'-FND:siRNA} composite (with a round area of
0.3 cm?) was placed on top of the cells and incubated for
48 hours at 37 °C in an atmosphere containing 5% of CO,.

LDH cytotoxicity assay. At the end of the incubation time,
the supernatant (100 uL) was mixed with 100 pL of the reagent
mixture and incubated for 30 minutes. After that, 50 uL of the
stop buffer was added and absorbance at 490 nm was measured
with the Infinite M200 Pro plate reader (Tecan) using iControl
software, with a reference measurement at 630 nm. The lysis
buffer from the kit was used as a positive control.

Induction of diabetes-like conditions in animal models

In this study, fifteen animals were assigned to three indepen-
dent experimental groups of five animals each (group #1, group
#2, group #3 - see Fig. 5(C) and Fig. S5, ESIT). Animals were
divided in these groups based on the reached glucose level.
This grouping was performed to maximize the homogeneity of
the diabetes-like conditions among the animals within one
experimental group. Each group included four diabetic-like
animals and one healthy control. Every group received all of
the tested treatments. Diabetic-like conditions were established
by the administration of a low-dose STZ injection to 8-10 weeks
old C57BL/6 mice (Mus musculus, male) following the method
described in ref. 37. All procedures involving mice followed the
Czech law regarding animal protection, and the Ethical Com-
mittee of the Czech Academy of Sciences approved the experi-
mental plan under the reference numbers 36/2015 and 80/2017.
Glucose levels were measured with an Abbott glucometer after 6
hours of starving on day 0 of the experiment. STZ was dissolved
in sodium citrate (pH 4.5) immediately before use and was
administered intraperitoneally for five consecutive days. The
daily dose comprised 1 mg of STZ per 25 g of animal weight.
The mice were starved for 4 hours before each STZ injection.
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On day 19, the glucose level was measured to assess how it
differed from that on day 1. As a result, 90% of animals had
elevated glucose levels of >8.3 mmol L' after 6 hours of
starving. These mice were considered to mimic diabetic-like
conditions. Prior to wounding (day 22), the animals were
anaesthetized using a ketamine—xylazine cocktail (100 puL per
20 g of animal weight, containing 0.16 mg of xylazine and 1 mg
of ketamine) and shaved. Wounds were created using the
Stiefel Disposable Biopsy Punch 0.6 cm in diameter (0.3 cm?).
The tissue sampled during the wounding was kept in an
RNAlater™ stabilization solution for further analysis. For trea-
ted groups, each wound was covered with a pre-sized (0.3 cm?)
square of the nanofiber mesh. These meshes were then mois-
tened with 50 pL of PBS to ensure proper adhesion and
hydration. Wounds in the healthy control and diabetic-like
control groups received only 50 pL of PBS, without the applica-
tion of the nanofiber mesh. Transparent film dressing (Tega-
derm™) was then used to protect the wound site and was affixed
with tissue adhesive (Surgibond) placed on the non-wounded
part of the skin. Wounds were visually inspected and redressed
every two days, e.g. all the animals in particular group obtained
a new dressing. Samples for wound analysis were taken on the
day of wounding (day 22), on day 29, and on days when primary
scars were formed. Wounds were considered healed when
primary scars were formed. At this point, blood was collected
first, followed by euthanasia of the animals. Subsequently, scar
tissue was excised and stored in RNAlater™ for further analysis.
Blood was collected from the heart of anaesthetized animals.
ALT levels were measured using a diagnostic kit for determin-
ing the catalytic ALT/GPT concentration in plasma samples
(Erba Lachema). To each 10 pL plasma sample, 80 pL of reagent
1 from the kit was added, and the mixture was incubated for
5 minutes at 37 °C. Following this, 200 pL of reagent 2 was
added to each sample, and the mixture was incubated for an
additional 1 minute at 37 °C. Absorbance was measured at
340 nm using an Infinite M200 Pro multimode plate reader
(Tecan).

Activity and amount of MMP-9 protein in healing and scar
tissues

Excised tissues were lysed with the M-PER™ Mammalian Pro-
tein Extraction Reagent. Total protein concentrations in the
lysates were measured using the Pierce™ Coomassie Plus™
(Bradford) Assay Kit. A bovine serum albumin standard of a
known concentration (from 0 to 10 pg pL ™ ") was used to define
a standard curve. Seven pL of the standard or the sample were
mixed with 193 pL of the Bradford reagent and pipetted onto a
transparent 96-well plate. The plate was incubated for 10 min
and absorbance at 595 nm was measured using an Infinite
M200 Pro plate reader (Tecan). The protein concentrations in
samples were determined from the standard curve.

MMP-9 enzymatic activity was assessed using zymography.
Each protein-containing sample (5 pg of protein per 5 pL) was
mixed with 5 pL of Novex Tris-Glycine SDS Sample Buffer.
Electrophoresis was executed in an XCell SureLock™ Mini-Cell
using Novex Running Buffer and the following settings:

This journal is © The Royal Society of Chemistry 2025
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running time 90 min, constant voltage 125 V, and starting
current 40 mA. The Novex Sharp Pre-Stained Protein Standard
served for band identification. Renaturing Buffer was used to
wash the gel after electrophoresis for 30 min at room tempera-
ture. The gel was then incubated in Developing Buffer for
90 min. Bands on the gel were visualized by incubation with
SimplyBlue SafeStain for 1 hour, followed by 1-hour incubation
in dH,O0.

The MMP-9 protein level in the wound was assessed by
Western blotting and compared to a GAPDH protein load
control. A total of 160 pg of the protein sample (adjusted up
to 16.3 pL with dH,0) was mixed with 2.5 pL of Reducing Agent
and 6.3 pL of LDS Sample. The sample mixture (25 pL) was
loaded onto a 10-well NuPAGETM 4-12% Bis-Tris Mini gel.
The Novex Sharp Pre-Stained Protein Standard was loaded
to determine the molecular weight and transfer efficiency.
Electrophoresis ran for 35 minutes at a constant 200 V using
the XCell SureLockTM Mini-Cell system and NuPAGETM MES
1x Running Buffer. Samples were then transferred onto the
PVDF membrane using a semi-dry blotter and the following
settings: 90 minutes, constant voltage of 7 V, and starting
current of 30 mA. The membrane was washed in 0.1% Tween-
20/PBS (T-PBS), blocked in 5% non-fat milk for 1 hour, and
incubated with 1 mL of the primary antibody MMP-9 Mono-
clonal Antibody (5G3) overnight (1:1000 antibody in T-PBS).
Next day, the membrane was washed in 0.1% T-PBS and
incubated in 10 mL of the secondary antibody for 60 minutes
(1:200 antibody in T-PBS; Goat Anti-Mouse IgG Peroxidase
Conjugated). After washing in 0.1% T-PBS, the membrane
was incubated with the SuperSignal™ West Pico PLUS Chemi-
luminescent Substrate. A G: Box Chemi XRQ and GeneSys
software (both Syngene) were used for band detection and
analyses. The GAPDH control was detected accordingly using
the primary antibody GAPDH Loading Control Monoclonal
Antibody (GA1R).

Statistical analysis

Traditional frequentist methods can provide a point estimate
(e.g. mean value Y) and a confidence interval for a measured
variable Y. In contrast, Bayesian inference provides a distribu-
tion of plausible values for ¥ (given the observed data and the
model assumptions). This distribution, known as the posterior
distribution, is summarized by credible intervals (CIs) and the
mean of the posterior distribution (PM). In this study, the
posterior estimates are presented in the abbreviated form:
(PM: value, 89% CI: [lower limit, upper limit]). An 89% credible
interval (Bayesian) indicates that there is an 89% probability
that the true value of ¥ lies within that interval. In comparison,
an 89% confidence interval (frequentist) indicates that if we
were to repeat the experiment many times, approximately 89%
of the calculated intervals would contain the true value of Y.
Data analysis was performed using a regression models in a
Bayesian framework utilizing software packages in R.*°°® The
Bayesian models were fitted with the ‘brms’ package®® that
employs Stan software for probabilistic sampling. The source
data used for this publication including complete statistical
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procedure and R code are available online.®” The graphical output
was modified for clarity using the Inkscape graphics editor.®®

Data availability

Data for this article, including the data used for construction of
graphs in Fig. 1-5 are available at E. Neuhoferova, M. Kindermann,
M. Buzgo, K. Vocetkova, D. Panek, P. Cigler and V. Benson, 2024,
Zenodo, https://zenodo.org/records/12588170, DOIL:  10.5281/
zenodo.12588170.
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