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a b s t r a c t

Changing wound dressings inflicts pain and may disrupt wound repair. Novel synthetic thermosensitive
hydrogels based on polyisocyanopeptide (PIC) offer a solution. These gels are liquid below 16 �C and form
gels beyond room temperature. The architecture and mechanical properties of PIC gels closely resemble
collagen and fibrin, and include the characteristic stiffening response at high strains. Considering the
reversible thermo-responsive behavior, we postulate that PIC gels are easy to apply and remove, and
facilitate healing without eliciting foreign body responses or excessive inflammation. Biocompatibility
may be higher in RGD-peptide-functionalized PIC gels due to enhanced cell binding capabilities. Full-
thickness dorsal skin wounds in mice were compared to wounds treated with PIC gel and PIC-RGD gel
for 3 and 7 days. No foreign body reactions and similar wound closure rates were found in all groups. The
level of macrophages, myofibroblasts, epithelial migration, collagen expression, and blood vessels did not
significantly differ from controls. Surprisingly, granulocyte populations in the wound decreased signif-
icantly in the PIC gel-treated groups, likely because foreign bacteria could not penetrate the gel. RGD-
peptides did not further improve any effect observed for PIC. The absence of adverse effects, ease of
application, and the possibilities for bio-functionalization make the biomimetic PIC hydrogels suitable for
development into wound dressings.

© 2018 Elsevier Ltd. All rights reserved.
1. Introduction

Cutaneous injury as a result of burns, surgery, or trauma may
lead to severe scar formation and impaired functionality [1].
Following injury, diverse processes are activated to minimize
hemorrhage, to destroy infectious agents, debride the wound of
dead tissue, and, finally, to promote tissue repair and regeneration
[2]. Many different cell types are involved in the repair process of
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wounds.
The wound repair process can be roughly characterized by four

distinct phases: hemostasis, inflammation, proliferation, and
remodeling. First, a blood clot is formed, wherein recruited acti-
vated platelets crosslink polymerized fibrin to form a hemostatic
plug. During the inflammatory phase granulocytes and macro-
phages are recruited into thewound area to kill invading pathogens
and remove debris [3,4]. The proliferation phase mediates tissue
repair, including wound epithelialization, angiogenesis, and wound
contraction. Keratinocytes migrate from the wound edge to re-
epithelialize the complete wound area, while new blood vessels
are organized into amicrovascular network supporting the forming
granulation tissue. Recruited fibroblasts deposit extracellular ma-
trix (ECM) components to provide a provisional meshwork that
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helps rebuilding the injured tissue. In addition, fibroblasts differ-
entiate into myofibroblasts that via their expression of alpha
smoothmuscle actin (aSMA) are able to contract in order to achieve
wound closure. During the subsequent matrix remodeling phase
re-arrangement of the disorganized ECM meshwork takes place,
resulting in a stronger fiber network. Myofibroblasts and blood
vessels that are no longer needed in the granulation tissue disap-
pear by apoptosis, typically leaving a negligible cellularized scar.

Pathological wound repair, fueled by oxidative stress and
inflammation, prevents apoptosis of myofibroblasts, leading to
continued wound contraction and ECM deposition, fibrosis and
excessive scar formation [1]. To facilitate the wound repair process,
and to promote a good healing outcome, a wound dressing may be
applied. The purpose of wound dressings is to provide protection to
the wound and to maintain a micro-environment that benefits
healing [5,6]. Unfortunately, the current wound dressings are not
ideal as they typically need to be changed regularly, resulting in a
painful “ripping open” of the wound area which will interfere with
tissue repair. There is therefore an urgent need to explore novel
dressings that do not hamperwound repair, but attenuate excessive
scar formation and prevent cosmetic and functional problems.
Ideally, a wound dressing should maintain a moist environment for
optimal outgrowth of epithelial cells and provide protection against
invading pathogens. Moreover, it should be easily applied, fixated
and removed without causing pain, disruption or additional dam-
age to the regenerating wound area.

Hydrogels are a prime example of modern wound dressings
meant to overcome some of these issues. These products are rich in
water and hydrate the wound, stimulating wound repair [7]. Yet,
they still enable absorption to drain exudates. Different types of
hydrogel materials exist, many of which offer additional function-
alities such as acting as a scaffold or the delivery of drugs [8e13]. It
is unfortunate that even with these modernized dressings com-
plications of wound healing, such as scarring, are still rampant. A
new product is desirable that is easy to apply and remove, and may
offer new opportunities in the treatment of complicated wounds.

Recently, a novel thermosensitive hydrogel based on oligo(-
ethylene glycol)-decorated polyisocyanopeptide (PIC) has been
reported [14e16]. The gel mimics the fibrous structure and the
mechanical properties of natural ECM materials [14,15,17]. Gel
formation is induced by heating a polymer solution beyond its
gelation temperature Tgel¼ 20 �C. Cooling the gel below 20 �C re-
verses the process and returns the polymer solution. As a result of
their fibrous and porous structure and low concentrations, PIC-
based hydrogels are soft, but their stiffness increases as the mate-
rials are deformed or stressed [14,15,17]. This process, called strain
stiffening is also found in gels based on biopolymers, like actin and
collagen, both major components of the ECM that orchestrates cell
motility and differentiation. Mechanical forces can influence signal
transduction, gene expression, and differentiation of cells in the
wound and plays an important role in both the formation and
prevention of fibrosis [18,19]. Therefore, it is desirable for a (tem-
porary) replacement matrix to display a mechanical stiffness that
mimics the natural unwounded skin and responds in a similar
manner to mechanical forces such as stretch or shear. As such, the
PIC gel may function as a readily removable replacement scaffold
for the ECM structures that were lost upon wounding. Functional-
izing biomaterials with the Arg-Gly-Asp peptide (arginyl-glycyl-
aspartic acid, abbreviated to RGD or GRGDS), a ligand for integrins,
enhances cell binding, bio-compatibility [20e22] and faster
epithelial migration in burnwounds [23,24]. PIC gels can be readily
functionalized with RGD or other molecules at the terminus of the
ethylene glycol groups, which can be a strategy for improving
biocompatibility or adding other functionalities [25e28].

We postulate that PIC gels are easy to apply to wounds, relying
solely on body heat to achieve in situ gelation. Since the PIC gel
mimics the extracellular microenvironment, we hypothesize that it
mediates tissue integrity and homeostasis without excessive
toxicity, foreign body responses and inflammation. In the present
study, we investigate the in vivo short-term biocompatibility of the
novel PIC and RGD-conjugated PIC hydrogels and their effects on
wound repair in a full-thickness excisional wound model in mice.

2. Materials and methods

2.1. Synthesis of the novel biomaterials: PIC and RGD-conjugated
PIC hydrogel

The synthetic gels are composed of polyisocyanopeptides with
polymer backbones in a b-helical conformation that is stabilized by
a peptidic hydrogen bond network. The polymers were synthesized
as described previously [16]. The synthesis of RGD-functionalized
PIC is summarized in Supplementary Fig. 1, and was previously
reported by Das et al. [26]. The obtained polymers were charac-
terized by viscometry (to measure Viscosity Average Molecular
Weight (Mv) and estimate polymer length). For gel formation,
MilliQwater or a sterile saline solution (0.9% NaCl) was added to the
sterile solid polymer to reach the desired PIC concentration. After
soaking for 2 h at 4 �C, the mixture was shaken vigorously for a few
seconds and a clear solution was obtained. Rheology (1.6mg/ml in
MilliQ) was used to measure the gelation temperature and the
storage modulus G’ (gel stiffness) of the gel (see Table 1). For the
animal study (3mg/ml in saline solution), the PIC gels were taken
up in a 1ml syringe after full dissolution, quickly frozen in liquid
nitrogen and placed on dry ice.

2.2. Rheology and viscometry measurements

Rheological measurements were performed on a stress-
controlled rheometer (DHR-1 or DHR-2, TA-Instruments) using a
steel parallel plate geometry with a diameter of 40mm and a gap of
760 mm. All samples were loaded into the rheometer as cold polymer
solutions (T¼ 5 �C). The mechanical properties were determined
while heating the sample at a rate of 1.0 �C/min, measuring the
storage and loss moduli at an oscillatory deformation of amplitude
g¼ 0.04 at frequency of u¼ 1.0Hz. The gelation temperature was
determined as the onset of the increase in storage modulus G’.
Viscometry was performed as previously described [15,30].

2.3. Animals

The Committee for Animal Experiments of Radboud University
Nijmegen approved all procedures involving mice (RU-DEC
2012e196 (Matrigel® pilot); RU-DEC 2013e138 (PIC gel experi-
ments)) to conform to EU directive 2016/63/EU. For the pilot
experiment six female mice (strain HO-2WT (þ/þ) as was previ-
ously described [31]), 8 weeks of age, and for the main study thirty-
six femalemice (strain: C57BL/6n, Charles River, Germany), 8 weeks
of age, were used and provided with food and water ad libitum.
Mice were maintained in groups on a 12-h light/dark cycle and
specific pathogen-free housing conditions at the Central Animal
Facility Nijmegen.

2.4. Full-thickness excisional wound model

Mice were anesthetized using an evaporated isoflurane/air
mixture after which two full-thickness excisional wounds were
created on the shaven dorsum of the mice as previously described
[32].

In brief, two excisional wounds were created using a sterile



Table 1
Physical properties obtained through rheological and viscometric characterization
of PIC and PIC-RGD polymers.

Mv n L (nm) G’ @ 37 �C (kPa)b Tgel (�C)b

PIC 613 1937 228 0.20 ~15
PIC-GRGDS 652a 2061 242 0.23 ~16

Mv: Viscosity average molecular weight as determined by viscometry; n: degree of
polymerization as calculated from Mv; L: contour length calculated from Mv. The
calculated polymer contour length is based on the dimensions of the polymer
assuming an identical helical pitch of 0.47 nm [29]. G’: Storage modulus; Tgel:
Gelation temperature.

a Mv was determined from the azide intermediate since PIC-RGD does not
dissolve in acetonitrile and structurally differs from non-functionalized PIC.

b 1.6mg/ml MilliQ.
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disposable 4-mm skin biopsy punch (Kai Medical, Seki City, Japan)
on the dorsum to either side of the midline, and halfway between
the shoulders. Punched out skin tissue at day 0 was collected as
normal skin control (data not shown). Using this method little to no
bleeding is normally observed, allowing immediate treatment.

In the pilot experiment one wound was left uncovered and one
wound was covered with ~20 ml Matrigel® (10mg/ml, BD Biosci-
ence, Bedford, MA), a natural thermosensitive hydrogel material. At
day 3 (n¼ 2) and day 7 (n¼ 4) after wounding mice were sacrificed
and wounded skin was harvested.

In the following experiments, mice were randomly divided over
three experimental groups. All mice received two full-thickness
wounds and additional treatment according to their group. Group
1: control without gel (n¼ 12). Group 2: treated with a single dose
(50 ml) of PIC gel to each wound (n¼ 12). Group 3: treated with a
single dose of PIC-RGD gel (50 ml) to each wound (n¼ 12). Gel sy-
ringes were kept on ice and applied in the cold soluble-state. Ani-
mals were allowed to recover immediately after gelation of the gel
was observed. No other bandages or dressings were used, and an-
imals were housed in groups for the entirety of the experiment. At
day 3 following wounding 6 mice of each group were sacrificed
according a standard CO2 inhalation protocol, while the remaining
mice (n¼ 6/group) were further monitored until day 7. Control skin
and wounded skin were collected using a disposable 6-mm biopsy
punch (Kai Medical) allowing collection of the complete wound
together with the surrounding tissue. The tissue was fixed for 24 h
in 4% paraformaldehyde at room temperature, and then embedded
in paraffin.

2.5. Wound size analysis

Photographs of all wounds were taken immediately after sur-
gery, as well as after application of the hydrogel dressings with a
reference ruler placed perpendicular to the wounds for measuring
the wound size. Additional photographs were taken every day
thereafter. Using ImageJ software (v1.44p) the surface area of the
wounds of each mouse was measured on every day [33]. The size of
the wounds compared to day 0 was calculated as a percentage, and
the mean was calculated for replicate wounds on the same mouse.

2.6. (Immuno-)histochemical staining

Paraffin sections from both the pilot and main study were
stained with azocarmine G and aniline blue (AZAN) to stain for
connective tissue/collagen (blue) and other tissue structures (red)
[34,35] and with haematoxylin-eosin (HE) to analyse for the pres-
ence of multinuclear giant cells, inflammatory cells, ECM compo-
nents, epithelial migration, and for general morphology [36]. The
migration of epithelial cells into the healing wound was scored on a
scale of 0e4 (no migration (0), partial migration (1), complete
migration with no/partial keratinization (2), complete migration
with complete keratinization (3), and advanced hypertrophy (4)) in
three representative sections of the centre of the wound, as pre-
viously described by Yates et al. [37]. All scorings in this study were
performed by two assessors (RCV, FADTGW) independently of each
other and then finally calculated as an average of the two. The same
sections were inspected for the presence of giant cells, which were
manually counted.

Immuno-histochemical stainings for macrophages (F4/80),
granulocytes (GR-1) and myofibroblasts (a-SMA) were performed
on paraffin sections of the wounds from the main study as previ-
ously described [32]. In short, paraffin-embedded tissues were cut
into 5-mm sections, which were then de-paraffinized, quenched for
endogenous peroxidase activity with 3% H2O2 in methanol for
20min, and rehydrated. Sections were post-fixed with 4% formalin,
and washed with phosphate buffered saline (PBS) containing
0.075 mg/mL glycine (PBSG). Antigens were retrieved with citrate
buffer (0.01M, pH 6.0) at 70 �C for 10min, followed by incubation
in 0.075 g/mL trypsin in PBS at 37 �C for 7min.

Next, the sections were pre-incubated with 10% normal donkey
serum (NDS) in PBS-G. Primary antibodies F4/80 (AbD Serotec), GR-
1 (Acris), a-SMA (Sigma-Aldrich) were diluted in 2% NDS in PBSG
and incubated over-night at 4 �C. After washing with PBSG, sections
were incubated for 60min with peroxidase labeled secondary
antibody against rat (DAKO). After extensive washing with PBSG,
diaminobenzidine (DAB) staining was performed for 10min. After
rinsing with water, staining was intensified with Cu2SO4 in 0.9%
NaCl and rinsed with water again. Finally, the nuclei were coun-
terstained with haematoxylin for 10 s and sections were rinsed for
10min in water, dehydrated and embedded in distyrene plasticizer
xylene (DPX).

Immunoreactivity was evaluated by scoring the wounds. For the
F4/80 and GR-1 staining, a single representative section from the
centre of each wound (which was selected based on HE stainings)
was semi-quantitatively scored according to the following scale:
0 (absent), 1 (mild), 2 (moderate), 3 (marked), 4 (high), 5 (almost
exclusively). For the aSMA staining we distinguished the aSMA
positive blood vessels that were counted manually and the aSMA-
positive myofibroblasts that were scored semi-quantitatively as
described with the above scale. All histological sections were
recorded using a Zeiss Imager Z1 equipped with an AxioCam MRc5
camera and AxioVision V4.6.3. software (Carl Zeiss Microimaging
GmbH, G€ottingen, Germany). HE and immuno-stainings (GR-1, F4/
80 and aSMA) were imaged at 200x zoom and stitched together
using MosaiQ plugin. AZAN stainings were imaged at 100x zoom
and stitched together in a similar fashion for quantitative analysis;
in addition two representative sections were imaged at 200x zoom
to display the finely organized collagenous structures in detail.
2.7. Quantification of collagen formation

AZAN-stained sections were analyzed using ImageJ, by first
drawing a 0.25mm2 area directly centered on the wound repair
tissue. RGB color images received a threshold to isolate blue signal
(Hue 120e185, Saturation 0e255, Brightness 0e255). Total tissue
area was calculated by applying a threshold that excluded all white
(background) signal (Hue 0e255, Saturation 0e255, Brightness
0e254). The blue stained areawas then taken as a percentage of the
total amount of tissuewithin the designated area, in order to obtain
the total amount of collagen as percentage of tissue area (‘collagen
expression’).
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ðTotal area � Collagen percentageÞ
Tissue area

� 100%

¼ Collagen Expression ðas % of tissue areaÞ
2.8. Statistical analysis

The analysis on development of the relative wound size over
time is done as follows: for eachmouse the size of thewound at day
i (i¼ 1.7), divided by the size at day 0. Amultilevel regressionmodel
with a random intercept is used to account for the clustering of data
within mice. The number of the day and exposure to PIC and PIC-
RGD were used as independent variables. Extension of the model
to allow for a non-linear relation is considered, but only if the
improvement of the model as expressed in a better likelihood ratio
is statistically significant. The software used is R (version 3.4.0) and
the lme4 package (version 1.1e13). The histological measurements,
namely epithelial migration, granulocyte influx, macrophage influx,
myofibroblast population, blood vessel population, and collagen
deposition, were analyzed with linear regression analysis. For each
of these measurements three models were compared: in the first
model, the factors time and presence of gel were tested. In the
second model, the presence of RGD side-groups on the PIC gel was
added to the analysis. In the third model, the interaction effect of
time with both blank PIC gel and PIC-RGD gel was added. Adjusted
R2 values were compared to select the most optimal for each
parameter. Significant differences were identified using a p value of
0.05 in the most optimal method.
3. Results

3.1. Matrigel® treated wounds heal normally

In a pilot experiment we first set up a full-thickness excisional
woundmodel with awidely used thermosensitive hydrogel material
(Matrigel®). The tissue of 3 and 7 day old wounds and control skin
were investigated using HE and AZAN stains (see Supplementary
Fig. 2). No morphological differences could be observed between
controls and Matrigel® covered wounds. We did detect traces of
Matrigel® in the wound area under the crust 3 days after wounding,
but not on day 7. All wounds showed expected levels of inflamma-
tion for their specific time points and there was no indication that
Matrigel® could have induced or reduced inflammation. Lastly, we
did not observe any change in animal behavior.
Fig. 1. Topical appearance of the wounds on day 0 and day 7 for control, PIC, and PIC-RGD
completely closed at day 7. The graph shows the size of the wounds, expressed as percenta
wound closure rate between control and treatment groups.
3.2. PIC and PIC-RGD hydrogels do not hamper wound closure

Based on our experience obtained with the pilot we decided to
apply the PIC gels in separate animals instead of having the control
and PIC hydrogel on wounds of the same animal. Next, we inves-
tigated the effects of the PIC hydrogels on wound repair because of
its promising intrinsic properties. The PIC and PIC-RGD gel have
very similar physical properties and are summarized in Table 1 (see
also Supplementary Fig. 3). Bothmaterials were easy to apply to the
wounds using a syringe. The ice-cold PIC solutions gelated in situ
within seconds upon contact with the warm wounded skin. Pho-
tographs of the healing wounds were taken and analysed every day
up until sacrifice at day 7 (Fig. 1). All wounds neared complete
closure around day 7, leaving little to no visible scab or scar. No
signs of increased animal stress or excessive scarring were
observed. However, one wound treated for 7 days with PIC gel was
excluded from the measurements because it was incorrectly angled
during histological sectioning. In addition, the abnormally high
biological parameters in this section (primarily granulocyte infil-
tration) were indicative of an infection.

Right after application on day 0, both types of PIC gel are clearly
identifiable as droplets on the wounds (see Fig. 1). After 24 h, the
droplets' size was reduced and only a thin film layer remained in-
side the full-thickness defect. As the wounds close, the PIC gels
become increasingly more difficult to identify by eye. At day 3, the
wounds treated with the PIC-RGD gel seemed more whitish when
compared to the PIC gel or control, while most wounds showed no
indication of gel presence by day 4.

The effects of the PIC and PIC-RGD on wound closure and the
different phases of wound repair were analysed. Wound size was
not significantly (p> 0.05) affected by addition of the PIC or PIC-
RGD gel on any day when compared to control wounds (see
Fig. 1). This rules out that the PIC gels, in the present density/con-
centration, act as a splint and interfere with wound closure.
Furthermore, no differences in ease of application, adherent
strength, or rate of wound close were detected between PIC and
PIC-RGD gels. An overview of the statistical analyses is given in
Supplementary Table 1.
3.3. PIC hydrogels do not elicit cytotoxic or excessive inflammatory
effects

Possible differences in general histological wound morphology
were examined with H&E staining (Fig. 2). On day 3 (Fig. 2, panel A
and C) the early inflammatory phase of wound repair is apparent.
The scab is large and occupies a considerable part of the wound
treated mice. The rate of wound closure is very quick, and some wounds are almost
ge of their size at day 0, and reveals that there is no significant difference (p> 0.05) in



Fig. 2. General H&E staining of PIC-RGD treated wounds and surrounding tissue at day 3 (panel A and C) and day 7 (panel B and D) post-surgery. The area indicated by a dashed box
in panels A and B are shown at higher magnification in panels C and D, respectively. Differences in scab size and deposition of wound repair tissue are evident between time points.
The migration of epithelium was scored and is displayed in panel E. Control, PIC and PIC-RGD treated wounds appear similar structure-wise. Black scale bar represents 500 mm
(panel A and B) and 125 mm (panel C and D). Black arrows (panel A) indicate the newly migrating epithelial edges. Yellow arrows (panel D) point out the keratinization (darker
staining) of the upper epithelial layers in the closed wound on day 7, which is characterized by the change in cell shape and shedding of dead cells.
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area. The epithelium can be observed migrating from one wound
edge to the other below the scab. Deeper wound tissue appears
unorganized and unstructured. On day 7 we observed that wound
repair has made considerable advancement (Fig. 2, panel B and D).
No distinct differences in general morphology of the wounds were
detected between control wounds and PIC or PIC-RGD treated
wounds. The scab had mostly disappeared and a thick epithelial
layer had formed between the wound edges. The wound tissue was
considerably denser, suggesting high proliferation and infiltration
rates of cells. The fatty and muscle layers (stained in red) were still
absent in the wound bed, and both layers end abruptly at the edges
of the wound. It is evident that the wound repair is still active and
remodelling of the wound is yet to occur. The migration of
epithelial cells and subsequent keratinizationwas scored on a scale
of 0e4 (Fig. 2, panel E). In most control and gel-treated wounds
epithelial migration started already on day 3, as was apparent from
the epithelial edges migrating into the area below the scab. On day
7, the scabs had disappeared or were considerably reduced in size
in most cases and coincidentally displayed complete epithelial
migration. Keratinization was also observed to have started or
already completed in nearly every wound with completed epithe-
lial migration. Statistical analysis showed a significant progression
in epithelial migration on day 7 compared to 3 (p< 0.001) but no
difference between control wounds and those treated with PIC or
PIC-RGD gel (p¼ 0.543).

The local tissue's response to the PIC and PIC-RGD gels was
analyzed by assessing the number of giant cells, indicative of
foreign body reactions, in the wound area 3 days and 7 days after
injury. After thorough analysis of H&E sections no giant cells were
detected in the wounds at either time point for both treatments as
well as the control group (Fig. 2).

Although no giant cells are present during wound repair at days
3 and 7, possible toxic effects of the hydrogel could be related to an
exaggerated inflammatory reaction. For this reason, we studied the
effects of the gels on the recruitment of both granulocytes and
macrophages (Figs. 3 and 4, respectively). Using immuno-
histochemical analysis, it was demonstrated that at day 3 after
injury a strong increase in granulocyte influx was found in the
wounds (Fig. 3). A significant decrease in this granulocyte popula-
tionwas found on day 7 compared to day 3 (p< 0.001) as expected.
Interestingly, the presence of PIC gels appears to significantly
decrease granulocyte populations compared to control (p¼ 0.003).
The addition of RGD side-groups did not appear to influence
granulocytes further.

Next, we investigated possible effects of the hydrogels on F4/80-
positive macrophage recruitment using immuno-histochemical
analysis (Fig. 4). A clear influx of macrophages was observed at
day 3 that further increased on day 7 following excisional injury
(p¼ 0.036). No time dependent effect of PIC or PIC-RGD was
observed. However, the RGD side groups may play a significant role
in macrophage population (p¼ 0.018), as on day 3 the PIC-RGD
treated wounds display a higher macrophage population
compared to the PIC treatedwounds, and this effect inverses on day
7. The statistical analyses for both granulocytes and macrophages
are summarized in Supplementary Table 1.

3.4. Myofibroblasts, angiogenesis, and collagen formation are not
influenced by PIC hydrogels

To track the presence of myofibroblasts the immuno-
histological marker aSMA was employed (Fig. 5). No myofibro-
blasts were observed in any group 3 days after wounding (see Fig. 5
panels A, C, and E). Seven days after injury fibroblasts had differ-
entiated into myofibroblasts (p< 0.001) and made up a consider-
able part of the cell population (Fig. 5 panels B, D, and E). However,
the presence of PIC and/or PIC-RGD gel did not significantly alter
the levels of myofibroblasts in comparison to the control group on
either day 3 or 7 (p¼ 0.253). To assess possible effects of the PIC
and PIC-RGD gel on angiogenesis, we counted the number of aSMA-
positive blood vessels in the skin following wounding (Fig. 5 panel
F). Comparable levels of blood vessels were counted in all samples,
indicating no difference between day 3 and 7 (p¼ 0.128) as well as
between control group and PIC gels (p¼ 0.443).

In order to analyse the quantity and distribution of collagen in
the healing wounds, AZAN staining was performed to distinguish
connective tissue/collagen (blue) from other structures (red)



Fig. 3. Immuno-histological staining for granulocyte marker GR-1 (panel A). For sections from day 3 and 7 the left panel is an overview and the right panel represents the dashed
box from the left panel at a higher magnification. Cells expressing the granulocyte marker display brown colouring. The infiltration of these cell types was scored and summarized
(mean± SD) in the graph (panel B). Granulocyte population is reduced on day 7 compared to 3 (p< 0.001) and for gel treated groups (p¼ 0.003). The black scale bar represents
500 mm in overview panels and 125 mm in high magnification panels.

Fig. 4. Immuno-histological staining for macrophage marker F4/80 on day 3 (panels A and C) and day 7 (panel B and D) for PIC-RGD treated wounds. The dashed boxes in panel A
and B represent the areas of higher magnification that are displayed in panel C and D, respectively. Cells expressing the macrophage marker display brown colouring. The infiltration
of these cell types was scored and summarized (mean± SD) in the graph (panel E). The black scale bar represents 500 mm in panels A and B and 125 mm in panels C and D.
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Fig. 5. Immuno-histological staining for myofibroblast marker aSMA (panels A, B, C and D). The dashed boxes in panel A and B represent the areas of higher magnification that are
displayed in panel C and D, respectively. Cells expressing aSMA display brown colouring and includes both myofibroblasts and muscle tissue. The infiltration by aSMA expressing
myofibroblasts was scored and summarized (mean± SD) in a graph (panel E). Furthermore, the smooth muscle lining of blood vessels expresses aSMA (indicated by black arrows),
allowing for counting of the number of blood vessels in the wound samples (panel F). Black scale bar represents 500 mm in panels A and B and 125 mm in panels C and D.
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(Fig. 6). Collagen is typically produced in large quantities once the
proliferation phase is initiated. As expected, newly formed collagen
was mostly absent in day 3 samples. However, in the 7 day samples
the blue stained collagen was produced in the dense wound repair
tissue. When comparing this newly deposited collagen to that of
the connective tissue of the healthy skin sections, it is apparent that
the newly deposited collagen was less intense, sparser and less
organized. To determine the contribution of collagen in wound
repair tissue in more detail, representative wound areas were
selected in each sample. The percentage of blue signal (corre-
sponding to collagen) was quantified using ImageJ software (Fig. 6
panel E). Collagen levels were significantly higher in wound tissue
on day 7 compared to 3 (p< 0.001). However, since the standard
deviation is high on day 7, no significant differencewas foundwhen
comparing collagen deposition in control wounds and wounds
treated with PIC and/or PIC-RGD gel (p¼ 0.218). The results of the
statistical analyses for the myofibroblasts, blood vessels, and
collagen can be found in Supplementary Table 1.
4. Discussion

In this study, the suitability of the novel PIC thermogel as a
wound dressing was investigated in a full-thickness wound model
in mice. The administration of PIC and RGD-functionalized-PIC gel
to wounds, as well as its effect on wound closure, the short-term
biocompatibility, and the inflammatory and proliferative phases
of wound repair were investigated.
Pilot experiments with Matrigel® demonstrated that this
hydrogel readily gelates upon application on thewarm skin of mice.
Unfortunately, Matrigel® is an undefined gelatinous protein
mixture derived from mouse sarcoma cells, suffering from batch-
to-batch variability (including differential expression of cytokines
and growth factors) and variability in outcome, which severely
limits its clinical translational potential.

Since the synthetic PIC hydrogel offers significant advantages
over Matrigel®, we first confirmed that the PIC and PIC-RGD liquid
gelated rapidly upon contact with the warm wounded skin of the
mice. Next, we demonstrated that the PIC gel with or without RGD
sequence did not interfere with wound closure, ruling out that, in
the used concentrations of the gel, they could act as a splint.
However, it must be considered that the muscle-controlled
contraction of skin wounds in mice may overrule any potential
effect by the PIC gel. It would be interesting to understand whether
different densities of the gel would result in other outcomes. We
focussed next on identification of potential negative cytotoxic re-
sponses from thematerial, as well as gaining exploratory insights in
the effects of the hydrogel on the different phases of wound repair.

The absence of giant cells in the wound area at days 3 and 7
following application of PIC or PIC-RGD gel suggests that no foreign
body reaction was triggered and that biocompatibility in this time-
frame was good, albeit this is relatively shortly after the material is
placed. This is likely related to the intrinsic properties of the
hydrogel mimicking the natural skin micro-environment. The
mimicking nature of the gel is supported by previous in vitro work



Fig. 6. Histological AZAN staining for collagen (blue) and muscle/nuclei/cytoplasm/erythrocytes (red) in PIC-RGD treated wounds at day 3 (panel A and B) and day 7 (panel C and D).
The dashed boxes in panel A and C represent the areas of higher magnification that are displayed in panel B and D, respectively. The percentage of collagen expression (blue signal)
in the tissue was calculated with ImageJ and displayed in the graph (mean ± SD) (panel E). Black scale bar represents 500 mm in panels A and C and 100 mm in panels B and D.
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[26]. Foreign body type giant cell formation in the dermis in
response to synthetic biomaterials are thought to fuel inflamma-
tory processes [36], which could exacerbate wound repair. Migra-
tion of epithelium across wound edges was not inhibited or
enhanced by treatment with PIC or PIC-RGD gel and occurred in a
timely fashion as can be expected from unimpaired full-thickness
wounds. Furthermore, we noted that there were no observable
differences between wounds treated with the widely used extra-
cellular matrix product Matrigel® and those treated with PIC gel.
This implies that PIC gel and Matrigel® have comparable levels of
cytocompatibility and that PIC can potentially be a synthetic and
more consistent alternative as a replacement matrix.

In the presence of the PIC gels the inflammatory response was
not increased, but even attenuated regarding the recruitment of
granulocytes on both day 3 and 7. We speculate that this observed
decrease in granulocyte recruitment following hydrogel application
is related to decreased influx of bacteria. The concentration of the
gel dictates the pore size, which is typically between 50 and 150 nm
[16,17] and thus should prevent entry by most bacteria as their size
typically ranges between 0.1 and 5 mm. It is tempting to speculate
that the PIC gel can act as a physical barrier to most pathogens, thus
fulfilling one of the most fundamental purposes of a wound dres-
sing. The exposure of wound tissue to bacteria is consequently
reduced, attenuating the inflammatory response and allowing for
faster resolution of the inflammatory phase. However, one outlier
was found in the PIC gel group that demonstrated excessive in-
flammatory characteristics and was possibly infected. Even if the
gel is able to prevent the influx of bacteria, there is still a possibility
that bacteria are already inside the wound before the dressing is
applied. Noteworthy is that in this study wounds were left open
after application of the gel and were thus susceptible to bacterial
infiltration from the environment. Addition of antimicrobials to the
gel could be a next step of functionalization of the gel to fight off or
prevent infection and aid wound repair. Regardless, we cannot
confirm this protective effect at this time and must consider also
other possibilities, such as a reduction of the GR-1 marker
expression over time [38]. Additional in vivo or in vitro experiments
may be able to elucidate whether or not bacteria and mammalian
cells are able to penetrate through a PIC gel barrier.

To enter the proliferation phase, resolution of inflammation is
necessary. This is characterized by an attenuation of endothelial
activation, resulting in diminished leukocyte-endothelial cell in-
teractions and, subsequently, decreased influx of granulocytes to
the wound area and attenuated levels of pro-inflammatory cyto-
kines. It is thought that during thewound healing process, first pro-
inflammatory M1 macrophages enter the wound site to clear
cellular debris and to destroy invading pathogens. Besides pro-
inflammatory M1 macrophages, there are various other macro-
phage subsets, including the anti-inflammatory M2 macrophages
and the Mhem, Mox, and M4 macrophages [39e41]. Under the
right conditions, M1 macrophages may therefore skew into anti-
inflammatory macrophage subsets contributing to resolution of
inflammation. It would be interesting to investigate whether the
PIC hydrogel can attenuate inflammation by skewing towards an
anti-inflammatory macrophage phenotype, with or without con-
jugated biofunctional molecules [42]. Macrophage levels do not
appear to change between day 3 and 7, yet the values of PIC-RGD
treated wounds change in comparison to blank PIC treated
wounds. On day 3, exposure to blank PIC gels result in less mac-
rophages, whereas on day 7 this effect reverses to an increase. The
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implication of this observation is unclear, but may be related to the
interaction of macrophages with RGD peptides. As interaction with
ECM components can facilitate macrophage differentiation, it is not
unlikely that the ECM-mimicking PIC-RGD gels may facilitate this
process as well [43]. Currently the impact of RGD-functionalized
PIC remains unclear.

Since we did not observe adverse effects of the gel during
wound repair, we aim to translate our PIC gel from the preclinical
phase to the human setting when our future investigations do not
reveal toxic reactions. However, a limitation of our study is that we
were not able to verify how long the gel remains on the wound.
Moreover, the gel was not visible in the histological sections. After
one day already, the gel shrunk to a thin film what could be
explained only in part by evaporation or absorption of the saline.
We suspect that part of the gel is lost during grooming and later
during histological processing. It is important to realise that mice
(unlike humans) possess a subcutaneous muscle layer, known as
panniculus carnosus, that facilitates the closure of wounds. Thus, in
upcoming studies wewill include a splint to prevent contraction by
primary intention (i.e. muscle contraction) as well as a secondary
bandage dressing that protects the gel. These conditions better
mimic the human process of wound repair, where wound closure is
mainly mediated by myofibroblast contraction and epithelial
migration, while simultaneously ensuring preservation of the gel
inside the wound.

We anticipated that the inclusion of RGD to the side-chains of
PIC would enhance biocompatibility by improving the cell-material
interaction. However, in this study, no evidence could be obtained
to support this hypothesis. Both gels appeared to adhere equally
well to the wound macroscopically and had similar mechanical
strength, adhesive ability of PIC gel was thus sufficient enough even
without the presence of RGD peptide. Although interaction be-
tween RGD peptides and macrophages was previously observed to
elicit different cytokine patterns [42], it is currently unknown
which implications this has in vivo and whether or not this involves
macrophage phenotype changes. Recent research focused on the
optimization of PIC-RGD concentration and molecular structure for
3D cell culture [28]. There it was demonstrated that PIC may
facilitate adipogenic differentiation and blood capillary formation
in vitro. It also highlights that the concentration and available RGD
peptides per polymermay have to be carefully calibrated in order to
achieve cellular infiltration into the gel.

The novelty of PIC wound dressing must be considered over
some of the commonly used products currently in research or used
in the clinic. We found that most polymer-based dressings require
formation ex situ and are often applied in preshaped sheets [44]. In
regards to temperature sensitive gel dressings; in the work by
Wang et al. a method was investigated to apply a bioactive glass/
gelatin composite gel as a spray, rather than a pre-formed gel [45].
The gels were first stirred to form a semi-fluid paste and after
application required up to 10min to restore themselves as a ho-
mogenous gel. In terms of speed, the heat-induced gelation of PIC
may be considered superior as this process is initiated within sec-
onds and finishes in a minute. After homogenous dissolution the
PIC solution can be stored in the fridge and immediately be used
when required. Furthermore, recent work has shown that the
gelation point of PIC gel can be adjusted to be between 10 and 60 �C,
which may allow us to apply and remove the gel at a higher tem-
perature and thus improve patient comfort [46]. Other studies may
instead focus on the tuneable delivery of drugs with hydrogels
[47,48]. Current in-house research is also focussing on the delivery
of encapsulated drugs using PIC hydrogel. So far, these results seem
promising and highlight additional options for wound treatment
than the covalent binding of functional groups. Regarding
biocompatibility many natural products, such as hyaluronic acid
dressings, have the advantage of being inherently biocompatible
and biodegradable [49]. Furthermore, in the case of hyaluronic acid,
its molecular structure was suggested to promote cell migration
and proliferation, which may aid in the recruitment of cells
necessary for wound repair, and angiogenesis in particular. As
another example, Chitosan-based dressings offer similar levels of
biocompatibility while simultaneously providing inherent anti-
microbial activities. Previously, thermo-responsive hydrogels
based on chitosan and agarose were already shown to enhance
healing, prevent infection, and alter the pattern of re-
epithelialization [50]. These kinds of studies illustrate the poten-
tial for hydrating wound dressings that are convenient to apply. In
another study [37], biodegradable gel (that was partially based on
PEG) could outperform untreated wounds as well as wounds
treated with an over-the-counter wound dressing (NewSkin®) and
clinically used Aquacel® and Aquacel Ag® [51] for dermal matura-
tion, fibroblast infiltration, and collagen synthesis in full-thickness
murine skin wounds. We included in our study the same analysis
method for epithelial migration but observed that epithelial
migration already reached stage 2 or 3 (complete migration with
partial or complete keratinization) on day 7 while wounds from
that study were still in stage 1 (partial migration). This can be
explained by the initial wound size, which was 15mm in their
study and only 4mm in ours, and is thus important for the inter-
pretation of such results. Regardless, the authors mention that the
degradability of their material helped in preventing embedment in
deeper tissues, which can potentially lead to long-term complica-
tions. How the high stability of the PIC polymer influences long-
term compatibility remains to be discovered.

Ultimately, it has become apparent that PIC can perform on-par
with some of the currently used products with its main strengths
being ease of application, hydration, and potential for functionali-
zation. Other properties, such as strain stiffening, pore size, and
convenient chemical modifiability require further investigation to
determine how these may be manipulated to benefit wound
healing. Since matrix mechanics are becoming an indispensable
part of the ECM and wound repair, the biomimetic synthetic PIC-
hydrogel may possibly replace wound dressings based on natural
materials such as collagen or fibrin.

5. Conclusions

In our study we observed that the in situ gelating PIC hydrogel
acts as a novel wound dressing, without adverse effects, and of-
fering simultaneous ease of application among other beneficial
characteristics. PIC hydrogels gelate upon contact with body heat,
and stay adherent to the wound without additional support. The
gels have the potential for mechanical optimization as well as the
delivery of therapeutic drugs such as antibiotics, which combined
with the mesoporous structure, may offer a very effective anti-
inflammatory action. Research is currently ongoing to further
develop PIC gel into a usable wound dressing that can easily and
painlessly be applied and removed without disturbance of wound
repair. Specifically, further development is focussed on the appli-
cation in large and complicated wounds such as those of burn
patients.
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