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and Mohsen Akbari*

Managing slow-healing wounds and associated complications is challenging,
time-consuming, and expensive. Systematic collection, analysis, and
dissemination of correct wound status data are critical for enhancing healing
outcomes and reducing complications. However, traditional data collection
approaches are often neither accurate nor user-friendly and require diverse
skill levels, resulting in the collection of inconsistent and unreliable data. As
an advancement to the authors’ previously developed hydrogel-based smart
wound dressing, here is reported an enhanced integration of drug delivery and
sensing (pH and glucose) modules for accelerated treatment and continuous
monitoring of cutaneous wounds. In the current study, growth factor delivery
modules and an array of colorimetric glucose sensors are incorporated into
the dressing to promote wound healing and extend the dressing’s utility for
diabetic wound treatment. Furthermore, the efficacy of the wound dressing in
monitoring infection and supporting wound healing via antibiotic and growth

people at a time live with chronic wounds
in the US alone, entailing an annual ex-
penditure of more than US$25 billion.[?!
The prevalence of chronic wounds has
an increasing trend owing to the popula-
tion aging and longer life-expectancy.>*
Wound complications such as infection,
tissue necrosis, dehiscence, and cellulitis
cause mortality or delay wound healing re-
sulting in prolonged hospitalization and
increased treatment cost.’] Among these
complications, infection is a major cause of
severe medical conditions, amputation, or
death, namely, accounting for about 75% of
mortality in burn victims.[®]

While effective wound care necessi-
tates constant wound screening and early

factor delivery is investigated in mice models. The updated dressing reveals
excellent healing benefits on non-infected and infected wounds, as well as
real-time monitoring and early detection of wound infection.

1. Introduction

Wound management is one of the most resource-intensive medi-
cal care processes and has become an increasing healthcare chal-
lenge, globally.[!! Reports have shown that around 6.5 million

diagnosis of wound complications such
as infection, current clinical methods—
mostly based on the analysis of wound
specimens—do not easily accommodate
real-time wound monitoring, leaving the
management of acute and chronic wounds
a major challenge.l®l Alternatively, in situ wound monitoring
has recently been realized via the incorporation of flexible elec-
tronics or colorimetric sensors into wound dressings to respond
to various biomarkers such as pH,’"°! temperature,®% oxy-
gen levels,[''12] glucose concentration,!’¥] and microorganisms’
by-products!'*'7] that serve as indicators of the wound status.
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Figure 1. Schematic of GelDerm showing its integrated arrays of drug-releasing and sensing modules. Sensing modules are alginate hydrogel-based, 3D
printed components containing pH and glucose sensing microparticles, capable of real-time detection of bacterial infection and monitoring of glucose
levels in the wound environment. iDerm, a developed smartphone application, wirelessly monitors infection and glucose levels by imaging and analyzing

GelDerm’s colorimetric sensors.

Wireless communication between these integrated sensors and
screening platforms such as smartphone applications has given
rise to a new generation of wound dressings that enables real-
time and remote monitoring of the physicochemical properties
of the wound.["®-2] In comparison with electrochemical systems,
colorimetric sensors have recently attracted great attention be-
cause they do not need electrical circuitry and power source and,
especially, do not require electric conductivity, which can be a
source of cytotoxicity.!'”] While these wound dressings have a
great potential to considerably reduce mortality, hospitalization,
cost, and labor in wound care, further steps are still required to
put them into clinical practice.

In addition to wound monitoring, in situ delivery of therapeu-
tic agents such as growth factors is essential to accelerate the
healing of chronic wounds.?!] As a complex biological cascade,
wound healing depends on cellular proliferation and differenti-
ation, chemotaxis, secretion of the extracellular matrix (ECM),
neovascularization, and tissue remodeling. Among various types
of growth factors, basic fibroblast growth factor (bFGF) and vas-
cular endothelial growth factor (VEGF) have been shown to reg-
ulate these biological processes. It has extensively been reported
that bFGF induces fibroblast and keratinocyte proliferation and
migration, collagen deposition, reepithelialization, and the for-
mation of granulation tissue.[?>-?) VEGF has been shown to stim-
ulate wound healing via the upregulation of angiogenesis.[212627]
Encapsulation of these growth factors into wound dressings pro-
vides the sustained delivery of these agents while slowing their
enzymatic degradation.2228]

Herein, further advancements and in vivo study of a previously
developed hydrogel wound dressing—with the capability to de-
tect wound infection, monitor glucose level, and deliver antibi-
otics and growth factors at the wound site—are presented.[”%"]
The wound dressing, patented as GelDerm, detects and maps
bacterial infection based on the change in the pH of the wound

Adv. Healthcare Mater. 2023, 12, 2203233 2203233 (2 0f12)

using an array of colorimetric pH sensors. Notably, the previously
established capabilities of GelDerm have been echoed and com-
pared to those of other wound dressings in several recent review
articles.?34] In the present study, the detection capacity and pre-
cision of these pH sensors were assessed under various temper-
ature and storage-time conditions. To better aid wound healing
in patients suffering from chronic diabetic wounds, an array of
glucose sensors was developed and incorporated into the wound
dressing to monitor the glucose concentration at the wound site
in a real-time fashion (Figure 1). In addition to improvements
in wound monitoring, growth-factor-releasing components were
integrated with GelDerm to accelerate wound healing. Further-
more, GelDerm’s ability in infection sensing and therapeutic
agent delivery was evaluated in non-infected and infected wounds
in mouse models.

2. Results and Discussion

2.1. Physical Characterization of GelDerm

Wound dressings were fabricated using three types of commer-
cially available alginate polymers with low and high viscosity and
different M/G ratios. As shown in Figure S1, Supporting Infor-
mation, dressings made of alginic acid sodium salt with medium
viscosity (15-25 cP, 1 wt.% in H,O at 25 °C, and M/G ratio
of 0.43) showed the highest viscoelastic metrics—loss and stor-
age modulus—as well as better mechanical performance by ex-
hibiting higher elastic modulus, ultimate stress, and toughness.
While having higher toughness, which is essential for the en-
durance of the dressing on the wound, these dressings showed a
similar degree of elongation (p = 0.5538) as other groups, demon-
strating higher mechanical stability with extensibility similar to
that of softer alginate hydrogels. Additionally, the water vapor
transmission (WVR) properties, swelling behavior in media with

© 2023 The Authors. Advanced Healthcare Materials published by Wiley-VCH GmbH
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Figure 2. The impact of temperature changes and storage time on the performance of the wound dressing. A) Change in the grayscale intensity of the pH
sensor with time at temperatures from 34 to 37 °C when exposed to buffer solutions with pH values ranging from 4 to 9. B,C) Comparing the grayscale
intensity change (B) and response time (C) of the pH sensors at temperatures from 34 to 37 °C in various pH values. D) Change in the grayscale
intensity of the pH sensor with 3 different storage time conditions—fresh, 1-month old, and 3-month old—uwith time. E,F) Comparing the grayscale
intensity change (E) and the response time (F) of the pH sensors in fresh, 1-month-old, and 3-month-old conditions. In (A) and (D), solid lines show
the mean values and fade dash lines show + SD for their associated colors. Error bars show mean +SD. N = 3.

different acidities, and degradation of GelDerm were character-
ized as presented in Figure S2, Supporting Information.

2.2. Wound Screening Performance of GelDerm

Given the pH monitoring accuracy of +4% and +6% of pH read-
ing in the basic and acidic conditions, respectively, GelDerm was
previously shown to detect the emergence of wound infection
(>10° CFU of Staphylococcus aureus and Pseudomonas aerugi-
nosa) and monitor the change in bacterial density. Since wounds
may experience temperature change due to circumstances such
as infection, inflammation, and fever, the capability of the wound
dressing to detect infection in a range of normal and pathological
temperatures is crucial.3>] Figure 2A,C shows the performance
of colorimetric pH sensors, the components that detect wound
infection, in various temperatures. Results showed that temper-
ature change from 34 to 40 °C did not exert any significant effect
on the grayscale intensity change (p>0.11), and therefore, on the
measured pH value. Sensor response time was also independent
from the temperature (p>0.17) in pH values from 4 to 9, covering
a wide range of potential infections manifested by acidic or basic
wound pH. Therefore, the pH sensitivity of the wound dressing
remained uninfluenced by the temperature change, leading to
a consistent performance across physiological and pathological
wound temperatures.

Furthermore, the impact of the storage time on the ability of
the wound dressing to measure accurate pH values was assessed.

Adv. Healthcare Mater. 2023, 12, 2203233 2203233 (3 Of'|2)

As shown in Figure 2D,E, storing the wound dressings for 1
month at —20 °C did not significantly impact the accuracy of their
pH sensors (p> 0.98) when exposed to buffers with various acidi-
ties. In contrast, storage for 3 months significantly impacted the
grayscale intensity change (p< 0.0452) of the pH sensors, and
therefore, a recalibration of the smartphone application is neces-
sary to accurately detect the pH value when the wound dressing is
stored for more than 1 month. As shown in Figure 1F, the impact
of storage time was determined to be statistically significant on
the sensor response time at target pH values of 7.4 and 9 (p<0.01
and p<0.0097, respectively). However, the pH response time re-
mained under 35 min for all conditions.

To enhance the wound monitoring capability of GelDerm,
3D-printed glucose sensors were developed and integrated into
the pH sensors to create an array of colorimetric pH-glucose
screening modules (Figure 3A). These colorimetric sensors en-
abled the real-time monitoring of infection and glucose concen-
tration in the wound, which is particularly beneficial for diabetic
patients.3638] The glucose sensing function is based on an en-
zymatic reaction initiated by glucose oxidase used in these sen-
sors. When glucose is introduced to the sensors, its oxidation
and the reduction of oxygen generate oxygen peroxide, which
leads to the oxidation of iodine to iodide by peroxidase, also used
in the sensor, to yield a color change from light yellow (when
glucose is absent) to dark red (when exposed to 12 mwm of glu-
cose), as shown in Figure 3B. The grayscale intensities of the pho-
tographs taken from the wound dressings that were incubated in
aqueous glucose solutions were analyzed in red, green, and blue

© 2023 The Authors. Advanced Healthcare Materials published by Wiley-VCH GmbH
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Figure 3. Incorporating glucose screening in GelDerm. A) In this version, GelDerm consists of an array of glucose and pH sensors to accommodate
simultaneous, real-time glucose and infection monitoring. Here, the wound dressing was exposed to glucose (0.5 mm) so that its glucose sensors—
transparent otherwise—became visible. B) The colorimetric glucose sensors changed color from white to dark red when exposed to glucose solutions
with concentrations ranging from 0 to 12 mm. C) Grayscale intensity change of the glucose sensors in red, green, and blue channels as the glucose
concentration increased. D) The standard curve, relating glucose concentration to the grayscale intensity change of the sensors. The solid line shows
the standard curve; the dashed lines show the limits of the 95% confidence interval. E,F) The effect of temperature change (E) and storage time (F) on
the grayscale intensity change of the glucose sensor. Error bars show mean £SD. N = 4.

channels. As shown in Figure 3C, red and green channels showed
increasing trends of grayscale intensity with glucose concentra-
tion with correlation coefficients of 0.96 and 0.88, respectively;
however, the blue channel did not provide a significant statisti-
cal correlation with glucose concentration. To achieve a standard
curve with greater correlation—relating the grayscale intensity
and glucose concentration—the grayscale intensities of the red
and green channels were added (Figure 3D). Based on the col-
lective signals of red and green channels, the error of glucose
sensing was determined to be within +3% of the reading at glu-
cose concentrations up to 4.5 mu, and this error gradually in-

Adv. Healthcare Mater. 2023, 12, 2203233 2203233 (4 Of12)

creased to +10% at 12 mm of glucose. Notably, this level of ac-
curacy is acceptable according to the FDA, which considers an
accuracy of +15% satisfactory for non-invasive glucose sensing.
As blood glucose concentration is controlled below 10 mm in
diabetic patients,[*] the tested sensible range of 0-12 mm will
accommodate monitoring wound glucose levels in diabetic pa-
tients.

The impacts of temperature change and storage time on the
performance of glucose sensors were also investigated. As shown
in Figure 3E, change in temperature ranging from 34 to 40 °C did
not significantly impact the change in the grayscale intensity of

© 2023 The Authors. Advanced Healthcare Materials published by Wiley-VCH GmbH
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Figure 4. Evaluating the performance of GelDerm in the treatment of non-infected wounds in mouse models. A) pH changes in non-infected wounds
in mouse models were measured using a commercial electrochemical pH probe. Four groups of treatments were considered: group 1, no treatment;
group 2, treated with Mepitel alone; group 3, treated with GelDerm-Mepitel; group 4, treated with antibiotics-releasing (AR) GelDerm-Mepitel (GelDerm

was loaded to gentamicin).

B) Evaluating the bacterial barrier capability of GelDerm. At each time point, the dressing was removed from the wound and

swab samples were collected and cultured on agar plates. C) Contraction of wounds in different treatment groups. D) Wound closure images in different

treatment groups. Error bars show mean +SD. N = 4.

the sensors (P>0.71) and therefore their detected glucose concen-
tration. Similarly, storing the wound dressing at —20 °C for up to
3 months did not alter the performance of the sensors and their
detected glucose concentration (p> 0.070), as shown in Figure 3F.

2.3. In Vivo Performance of GelDerm on Non-Infected Wounds
The in vitro results showed that GelDerm effectively provided

real-time monitoring of the wound pH and glucose levels. The
performance of GelDerm in terms of pH detection (infection

Adv. Healthcare Mater. 2023, 12, 2203233 2203233 (5 Of'|2)

monitoring), bacterial barrier properties, and wound contraction
was further assessed in vivo. For this purpose, full-thickness 0.3-
cm? wounds were excised on the back of mice and four groups of
treatments were tested: 1) wounded mice without treatment, 2)
wounded mice treated with GelDerm-Mepitel without drug de-
livery, 3) wounded mice treated with drug-releasing GelDerm-
Mepitel, and 4) wounded mice treated with Mepitel only. This
enabled us to identify the effects of GelDerm and the delivery of
antibiotics on wound healing outcomes.

Figure 4A shows the wound pH, measured based on sensors’
color change and image processing, that was collected on days 0,

© 2023 The Authors. Advanced Healthcare Materials published by Wiley-VCH GmbH
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1, 4, 7, and 14 post-injury. On day 1, the pH of the wounds was
determined to be ~6, close to the normal wound pH as reported
previously.“**!l During the initial stages of injury, the natural
acidic environment of the wound can help reduce the surface mi-
crobial load, even if the pathogen is multi-resistant to antibiotics.
On day 4 post-injury, the color of the sensors changed to dark red,
indicating a pH increase in the wound, which was confirmed by
measuring the actual wound pH. On day 14, the pH value of the
wound in all GelDerm and Mepitel treated groups decreased to
~6, which was an indication of complete wound healing; how-
ever, there was no observable decrease in pH in the untreated
group.

One important role of a wound dressing is its ability to pro-
tect the wound environment from external pathogens to avoid
infections and achieve rapid wound healing.[*?] To assess the
bacterial barrier properties of GelDerm, ESwabs were taken
from wounds, in different treatment groups, and cultured on
agar plates. As shown in Figure 4B, no clear colony of bacte-
ria was observed on day 0, confirming the aseptic technique
used during the surgery and the application of wound dress-
ings. However, ESwab collected from the no-treatment group
revealed the formation of bacterial colonies on day 1 and their
proliferation over time, which is in agreement with the pH
sensor readings shown in Figure 1A. Mild bacterial infection
was also observed in wounds treated with Mepitel from day 4
to day 14. In contrast, during the course of the experiment,
no clear bacterial colonies were observed for GelDerm-Mepitel
and antibiotics-releasing GelDerm-Mepitel groups, showing Gel-
Derm’s ability to create a bacterial barrier and inhibit wound
infection.

One of the important metrics to determine the healing effi-
cacy of a wound dressing is its ability to accelerate wound con-
traction. As demonstrated in Figure 4C,D, wounds in all treat-
ment groups contracted progressively with a similar rate within
the first 4 days post injury. However, the wounds in the GelDerm-
Mepitel and antibiotics-releasing GelDerm-Mepitel groups con-
tracted at significantly higher rates after 7 days, showing a con-
traction of 42.65+3.56% and 49.13+3.08%, respectively. These
contraction values were significantly higher than that of the
Mepitel-treated and the control groups with 26.65+1.79% and
19.18+2.11% of wound contraction, respectively (p<0.0001). On
day 14, wounds treated with GelDerm-Mepitel and antibiotics-
releasing GelDerm-Mepitel were almost completely healed, while
wounds with no treatment or treated with Mepitel became dehy-
drated with the formation of scabs. As expected, wounds treated
with dressings containing antibiotics showed a better wound
healing rate compared to all other groups, as antibiotics inhib-
ited bacterial growth. These results confirmed the superior per-
formance of GelDerm to accelerate wound healing compared to
the commercially available Mepitel film. The better performance
of GelDerm, as a hydrogel wound dressing, can be attributed to
its ability to maintain wound moisture and regulate the wound
exudates, which have been shown to stimulate tissue granulation
and wound contraction.[**]

In addition to screening and antibiotics-releasing modules,
the developed wound dressing was equipped with growth-factor-
releasing components to accelerate the wound healing process.
Benefiting from the spatial control provided by 3D printing, such
drug-releasing components, as well as the pH and glucose sen-
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sors, can be deposited in a wide variety of patterns to accommo-
date the shape and size of the target wound.

In vitro release studies were conducted on both bFGF- and
VEGF-loaded alginate fibers with various polymer concentra-
tions. These release studies showed that an increase in the algi-
nate concentration led to decreased release of the growth factor.
As shown in Figure 5A, during 10 days of experiment, 65.9% +
3.6% t0 90.1% + 10.0% of bFGF was released from alginate fibres
with polymer concentrations from 16 wt% to 2 wt%. As shown
in Figure 5B, hydrogel fibers composed of 2 wt.% and 16 wt.%
of alginate released 71.3% + 1.9% and 23.9% =+ 1.5% of VEGF,
respectively, during 10 days. Since the release behaviour of VEGF
was highly dependent on the characteristics of the hydrogel bar-
rier, release of this growth factor from hydrogel fibers embedded
in the wound dressing was also studied. As shown in Figure 5C,
the addition of the wound dressing barrier resulted in a signif-
icantly different release profile (P = 0.0006), decreasing the re-
leased amount of the growth factor from 71.3% + 1.9% to 51.7%
+ 2.8%.

Furthermore, the wound healing efficacy of GelDerm dress-
ings loaded with VEGF, bFGF, and VEGF+bFGF was evaluated
in wounded mouse models with 0.3 cm? of wound area. Fig-
ure 5D,E shows the representative wound images obtained for
each treatment group at days 0, 4, 7, and 14 post injury along
with the percentages of wound contraction over time. The re-
sults showed superior healing efficacy of GelDerm loaded with
growth factors in comparison with that of blank GelDerm and
no treatment groups. On days 4 and 7, treating the wound with
VEGF+bFGF-loaded GelDerm led to a higher wound contraction
compared to the other groups. Previous studies have found that
dual or multiple deliveries of growth factors can significantly ac-
celerate the wound healing process compared to their single de-
livery. This is due to the synergistic effects of boosting the stim-
ulation of more cellular functions, including proliferation, mi-
gration, deposition of extracellular matrix, and the regulation of
collagen synthesis.[**] Furthermore, on Day 7, the VEGF-treated
wounds showed higher wound contraction (81.17+3.45%) com-
pared to wounds treated with bFGF (66.38+4.78%). This can be
attributed to the fact that VEGF triggers more effective biologi-
cal functions in wound healing process, including the stimula-
tion of angiogenesis, epidermal repair, and formation of gran-
ulation tissue,[*] while bFGF, mainly, promotes dermal fibrob-
last and keratinocyte migration and proliferation.**) On day 14,
all wounds treated with growth-factor-loaded GelDerm dressings
completely healed, and no significant differences were found in
the corresponding wound contraction. In contrast, wounds with
no treatment or treated with blank GelDerm did not lead to com-
plete wound closure and showed a significantly larger wound
area.

2.4. In Vivo Performance of GelDerm on Infected Wounds

Once the skin surface is impaired, microorganisms common to
the normal skin flora, as well as exogenous bacteria and fungi,
gain access to the underlying tissues, which provides a favor-
able environment for their growth and development. This is-
sue is exacerbated when healing is delayed, as the normal mi-
crobiota of the wound changes and more aggressive pathogens
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Figure 5. The effect of GelDerm’s growth factor delivery module on the wound healing process. A) The release of bFGF from hydrogel fibers composed
of alginate with concentrations of 2 wt.% to 16 wt.%. B) The release of VEGF from hydrogel fibers composed of alginate with concentrations ranging
from 2 wt.% to 16 wt.%. C) The release profile of VEGF from hydrogel fibers made of 2 wt.% alginate in two different conditions: non-embedded and
embedded in hydrogel wound dressing composed of 2 wt.% alginate. D) Photographic images showing the effect of growth-factor-loaded GelDerm on
wound closure in non-infected wounds in mouse models. E) Quantification of wound contraction in non-infected wounds with no treatment and treated
with blank wound dressing as well as wound dressing loaded with VEGF, bFGF, and VEGF+bFGF over 14 days. Error bars show mean +£SD. N = 4.

can reside in the wound environment.*’] It has been shown
that bacterial counts of 10> CFU g~! and higher in the wound
environment cause infection complications.[**%] Here, the effi-
cacy of GelDerm in the treatment of 0.3-cm? wounds infected
with E. coli at concentrations of 10*, 10°, and 10> CFU mL™
was evaluated. When such wounds remained untreated, an in-
crease in the initial concentration of E. coli significantly delayed
the wound contraction (Figure S3, Supporting Information) and
led to increased bacterial growth in the wound area over time
(Figure S4, Supporting Information). Figure 6A shows the vari-
ation of wound pH under various degrees of bacterial infection
over 7 days; wounds infected with 10 CFU mL™! showed a sig-
nificantly higher pH (9.240.2) compared to non-infected wounds
and those inoculated with 10* and 10° CFU mL~! after 7 days (7.7
to 8.2; p=10.002). As shown in Figure 6B, treatment with Mepitel-
antibiotics and antibiotics-releasing GelDerm-Mepitel led to a
significant decrease in the wound pH, measured by a pH probe,
after 7 days (p = 0.0001), which is an indication of wound heal-
ing and reduction of bacterial growth. The pH change was also
captured by the pH sensors, as they responded to the pH varia-
tion by changing color. As shown in Figure 6C, this was evident
when infected wounds were treated with blank and antibiotics-
releasing GelDerm. On day 1 post infection, higher pH values
were observed in infected wounds with an initial inoculation of
10® CFU mL™! for both treatment groups. Wounds with sev-
erer initial infection and treated with antibiotics-releasing Gel-
Derm exhibited an increasing trend of pH from day 1 to day
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4 (7.12£0.2 to 7.940.2) and decreasing trend afterwards, show-
ing an average pH of 7.5+0.1 on day 7. In contrast, wounds
with the same initial infection severity, but treated with blank
dressings, showed increasing pH values throughout the study,
reaching a pH of 9.1+0.2 on day 7, which can be attributed to
bacterial growth.*®! This pH change behavior observed by Gel-
Derm’s pH sensors was consistent with the previous measure-
ment performed by the pH probe (Figure 6B), which validates
the capability of GelDerm to identify and monitor infection in a
real-time manner with sensitivity to bacterial concentration and
growth.

To assess the ability of GelDerm in the treatment of infected
wounds, those infected with an initial bacteria concentration
of 108 CFU mL~! were studied under four different treatment
conditions: no treatment and treatment with GelDerm-Mepitel,
Mepitel-antibiotics, and antibiotics-releasing GelDerm-Mepitel
over 7 days. As shown in Figure 6D,E, wounds treated with
antibiotics-releasing GelDerm-Mepitel started healing at a sig-
nificantly higher rate by showing significantly higher contrac-
tion on day 4 (p<0.0389). This effect was more pronounced on
day 7, when infected wounds showed an average contraction of
16%+2%, which was significantly higher (p<0.0076) than those
with no treatment (5%+2%) and treated with blank GelDerm
(9%+1%). Additionally, wound contraction under treatment with
antibiotics releasing GelDerm was determined to be slightly
higher than treatment with Mepitel-antibiotics (16%+2% vs
15%+2%).
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Figure 6. Evaluating the performance of GelDerm in the treatment of infected wound models. A) pH variation in infected wounds, inoculated with
different densities of E. Coli, over time. B) pH change in infected wounds (initially inoculated with 108 CFU mL~") and treated with antibiotics-releasing
(AR) GelDerm and Mepitel-antibiotics. C) GelDerm’s pH sensors responded to the variations of pH, correlated to bacterial infection, in wounds treated
with AR and blank wound dressings. D) Contraction of infected wounds (initially inoculated with 108 CFU mL™") with various treatments over time. E)
Photographs showing the status of infected wounds treated in various conditions over time. Error bars show mean £SD. N = 4.

Furthermore, the effect of subject sex on the wound heal-
ing rate of infected wounds, treated with antibiotics, was stud-
ied. As shown in Figure S5, Supporting Information, while both
female and male mouse models responded to the antibiotics
and showed increased wound contraction compared to the no-
treatment group, males exhibited a higher healing rate and better
response to the antibiotics. This phenomenon can be attributed
to the difference in hormones between male and female animals.
In contrast, sex did not have any significant impact on the wound
pH change (Figure S6, Supporting Information). Therefore, Gel-
Derm can be deemed capable of wound infection monitoring for
both male and female subjects.

2.5. Histopathological Analysis
Histopathological staining methods, including hematoxylin and

eosin (H&E) and Masson’s trichrome (MT), were used to in-
vestigate the effect of GelDerm on the healing process of in-
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fected wound models for 14 days. Observed by H&E, wounds
that received no treatment displayed infiltration of inflam-
matory cells, dermis damage, and epidermal detachment af-
ter 7 days (Figure 7A). Signs of mild macrophage and neu-
trophil infiltrations were also observed in wounds treated with
blank GelDerm-Mepitel; however, those treated with antibiotics-
releasing GelDerm-Mepitel exhibited epidermis regeneration,
formation of blood capillaries, and granulation, evident with
the proliferation of fibroblasts, with much fewer inflammatory
cell infiltration. After 14 days, all treatment groups showed epi-
dermis regeneration with increased thickness compared to day
7. Wounds treated with antibiotics-releasing GelDerm-Mepitel
showed the largest healing zone and regenerated epidermis
thickness, a higher level of ECM secretion, a greater number of
hair follicle cells and sebaceous glands, and minimum inflam-
matory cell infiltration compared to the other treatment groups.
In contrast, untreated wounds showed the highest inflammatory
cell infiltration and the minimum newly formed hair follicles,
blood vessels, and sebaceous glands. Interestingly, the formation
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Figure 7. Histopathological analysis of infected wounds treated with GelDerm. A) Hematoxylin and eosin (H&E) histopathological images of the wounds
treated in different groups—no treatment and treatment GelDerm-Mepitel or antibiotics-releasing (AR) GelDerm-Mepitel—after 7 and 14 days of treat-
ment (EP: regenerated epidermis; H: hair follicles; BV: blood vessels; IF: inflammatory cells, scale bar = 50 um). B) The Masson’s trichrome (MT)
histopathological images of the wounds covered with different groups after 7 and 14 days of treatment (EP: regenerated epidermis; H: hair follicles; IF:

inflammatory cells, C: collagen, LC: loose collagen; scale bar = 50 um).

of many new blood vessels, which is essential for the continua-
tion of the healing process, was observed in the wounds treated
with blank GelDerm.

Wound healing is highly dependent on the synthesis of col-
lagen as the main content of skin ECM. Therefore, MT stain-
ing was performed to further evaluate the effect of GelDerm on
wound healing. As demonstrated in Figure 7B, collagen deposi-
tion (shown in blue), which is a sign of ECM organization, was
noticeable in larger areas in both GelDerm-treated groups com-
pared to the no-treatment group on days 7 and 14. Especially, clus-
ters of collagen fibers were observed in the newly formed granula-
tion tissue in wounds treated with antibiotics-releasing GelDerm-
Mepitel after 14 days. Overall, as evident by both histopatholog-
ical analyses, treatment with GelDerm, especially when loaded
with antibiotics, resulted in reduced hypertrophic scarring and
inflammation, larger epidermal thickness, and an accelerated

Adv. Healthcare Mater. 2023, 12, 2203233 2203233 (9 of 12)

healing process, which is in agreement with the results presented
in Figure 6.

3. Conclusion

In this study, we further improved the screening and therapeu-
tic capabilities of our previously developed smart wound dress-
ings, GelDerm, by incorporating glucose sensors and antibi-
otics/growth factor-releasing modulus. GelDerm’s colorimetric
pH sensors were shown effective in monitoring wound infec-
tion with suitable sensitivity to the severity of infection in male
and female mouse models. It was also shown that these sensors
perform accurately in various temperatures and after 1 month
of storage. GelDerm functioned as a pathogen barrier and re-
duced the risk of infection in the wound models. Additionally,
via delivering antibiotics and growth factors, this wound dressing

© 2023 The Authors. Advanced Healthcare Materials published by Wiley-VCH GmbH

85U8017 SUOLULLOD A1 3|cedt dde 8y} Aq peuenob a2 sajoie YO ‘8sn JO Sa|nJ 1oy Akeuq 18Ul UO 8|1 LD (SUONIPUOD-PUB-SUB)/WO0D" A8 1M AeIq1[ulU0//:SdNy) SUONIPUOD PUe SWLB | 8U1 39S *[202/€0/S0] U0 Akeqi8uliuo A8|1M ‘Suls W BLIODIA JO AISPAIIN AQ £52802202 WUPe/Z00T OT/I0p/W0d" A3 1M Are.q jou Juo//Sdny wouy papeojumoq ‘ST ‘s202 ‘65922612



ADVANCED
SCIENCE NEWS

ADVANCED
HEALTHCARE
MATERIALS

www.advancedsciencenews.com

demonstrated superior performance in accelerating the healing
process in both infected and non-infected wounds. In multiple
experiments, the performance of GelDerm was compared with
the commercially available Mepitel film, with and without the
application of antibiotics, in which GelDerm showed either sig-
nificantly better performance (when growth factor was used for
the treatment of non-infected wounds) or slightly better perfor-
mance (when antibiotics were delivered for the treatment of in-
fected wounds). In particular, GelDerm is compatible with Mepi-
tel film, which provides effective adherence and conformal con-
tact to the wound area. As a future direction, this dressing will
Dbe tested on infected wounds in diabetic subjects to evaluate its
monitoring and drug delivery features in more complex wound
environments.

4. Experimental Section

Glucose-Sensitive Beads: A glucose-sensitive solution was prepared by
dissolving 6 mg of glucose oxidase (cat: G2133, Sigma-Aldrich, St. Louis,
USA), 0.6 mg of horseradish peroxidase (cat: SRE0082, Sigma-Aldrich, St.
Louis, USA), 498 mg of potassium iodide (cat: 221945, Sigma-Aldrich, St.
Louis, USA), and 513 mg of trehalose (cat: PHR1344, Sigma-Aldrich, St.
Louis, USA) in 5 mL of sodium citrate (cat: BDH9288, VWR, Radnor, USA)
buffer (pH 6).7-53] Next, 2000 mg of Dowex 1 X 4 chloride foam beads
(Sigma-Aldrich, St. Louis, USA) were washed 3 times with deionized (DI)
water and once with anhydrous ethanol. Following, ethanol was aspirated
and replaced with the glucose-sensitive solution and incubated at 4 °C
overnight to allow the dye to conjugate to the beads. The solution was
aspirated, and the beads were washed with DI water 4 times, leaving the
glucose-sensitive beads (Figure S7A, Supporting Information).

Glucose-Sensitive Sensors:  The prepared glucose-sensitive beads were
added to 4% (w/v) aqueous sodium alginate (SKU: 71238, Sigma-Aldrich,
St. Louis, USA) solution and vortex-mixed to achieve a uniform suspen-
sion. This polymeric suspension along with 6% (w/v) CaCl, (Cat: CT1330,
Bio Basic, Markham, Canada) solution was used in a coaxial extruder sys-
tem, as described previously, 78] to print hydrogel fibers. The fibers were
3D-printed and arranged into 2-layer rectangular structures, forming the
glucose sensors (Figure S7B, Supporting Information).

Evaluating the Performance of pH and Glucose Sensors: Hydrogel
sensors were incubated in different media—pH sensors in buffers
with known pH and glucose sensors in glucose solutions with known
concentrations—at specified temperatures. The sensors were monitored
by a GoPro camera (HERO 7, San Mateo, USA) with photographs taken
over time (Figure 7C). Red, green, and blue (RGB) channels of each image
were split and converted to grayscale format using Image software.[”#]
The change in the grayscale intensity of each sensor was measured over
time to achieve a standard curve, correlating grayscale intensity and the
measured parameter, pH, or glucose concentration. The response time of
a sensor was considered the duration of time in which the sensor achieved
90% of its final grayscale intensity.

Fabrication of Growth-Factor-Loaded Hydrogel Structures: Each type of
growth factor—human bFGF 154 aa (cat: 100-18B, PeproTech, Rocky Hill,
USA) or VEGF 165 (100-20, PeproTech, Rocky Hill, USA)—was separately
dissolved in DI water to reach a concentration of 500 ng mL™~". Per each
ug of growth factor, 2.2 mg of bovine serum albumin (BSA) (cat: A2153,
Sigma-Aldrich, St. Louis, USA) and 25 ug of heparin sodium salt (cat:
H3393, Sigma-Aldrich, St. Louis, USA) were added to both growth fac-
tor solutions. Following, sodium alginate was added to the solutions to
reach wt.% concentrations of 2%, 4%, 8%, or 16%. An ionic crosslinking
method with a 6-wt% CaCl, solution and a coaxial extruder, as described
before,l”3°4] was used to 3D-print fibrous hydrogel structures from the
polymeric growth factor solutions with 2 wt.% and 4 wt.% of alginate. A
different ionic crosslinking method with a single-channel extruder and a 6
wt.% CaCl, bath, as previously described,!>>! was used to 3D-print growth
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factor solutions with 8 wt.% or 16 wt.% alginate. The growth-factor-loaded
hydrogel fibers were 3D printed and arranged into 2-layer structures. The
concentration of alginate—ranging from 2% (w/v) to 16% (w/v)—in these
drug-releasing components was used to tune the drug release profile, as
shown in Figure 5A. In the wound dressings used for the in vivo study, the
concentration of alginate for bFGF- and VEGF-loaded scaffolds was set to
4% (w/v) and 2% (w/v), respectively.

Release Study on Growth-Factor-Loaded Hydrogel Structures: A BSA so-
lution with a concentration of 35.5 mg mL™" in 0.1 m Tris buffer (cat:
T6066, Sigma-Aldrich, St Louis, USA) with a pH of 7.4 was used as the
release medium. 10 uL of 3D-printed fiber containing each type of growth
factor was suspended in 300 uL of the release medium and incubated at
37 °C. At each time point, 20 uL of the supernatant was collected, frozen
at —20 °C, and replaced with 20 L of fresh release medium. Supernatants
were analyzed with a bFGF ELISA kit (900-K08) or a VEGF ELISA kit (900-
K10). The ELISA well-plates were measured via spectrophotometry using
a microplate reader (Infinite 200 Pro, Tecan, miannedorf, Switzerland).

Fabrication of Wound Dressings:  An array of glucose and pH sensors
was printed into a rectangular cavity that served as a mold to cast the
wound dressing (Figure S8A, Supporting Information). The drug-releasing
components were placed into the mold. Alginate 2% (w/v) solution was
dispensed into the mold and cross-linked with CaCl, 6% (w/v) vapor (Fig-
ure S8B, Supporting Information). Wound dressings were sterilized using
ultraviolet light (4 uW cm=2) irradiation for 45 min on each side and tested
on murine-infected wound models (Figure S8C, Supporting Information).
Antibiotics-loaded wound dressings were fabricated using two methods:
1) gentamicin sulfate was dissolved in the alginate solution (for the main
body of the wound dressing) at a concentration of 3 mg mL™" before cast-
ing, or 2) a 3D printed alginate scaffold containing 2% (w/v) alginate and
3 mg mL~" gentamicin was incorporated into the wound dressing. For the
in vivo tests in mouse models, the second method was used.

In Vivo Studies:  All experiments were performed using adult male and
female BALB/c mouse models, weighing 20 to 30 grams. All animals were
housed in individual cages under constant temperature (22 °C) and hu-
midity, with a 12-h light/dark cycle. Animals had access to sterile food and
water as desired throughout the study. The study was approved by the
Animal Research Ethics Committee at the University of Victoria (Protocol
number: 2018-021(1)). All mice were anesthetized by inhalation of isoflu-
rane. Buprenorphine at 0.05 mg kg~ (Hospira Inc., Lake Forest, IL) was
given via injection for pain management. The dorsal surface of the animals
was shaved using electric clippers and dried. Two full-thickness wounds,
overlying the thoracic spinal column and the adjacent musculature, were
induced using a biopsy punch (6 mm, Integra Miltex) on each animal.
The mice were then randomly divided into 8 groups as follows: without
treatment and treated with Mepitel, GelDerm-Mepitel, antibiotics releas-
ing GelDerm-Mepitel, VEGF-releasing GelDerm-Mepitel, bFGF-releasing
GelDerm-Mepitel, VEGF+bFGF-releasing GelDerm-Mepitel. For securely
fixing the GelDerm hydrogels on the wound area, a rectangular section
(30 mm by 30 mm) of transparent dressing (Mepitel; Molnlycke Safetac)
was placed over the GelDerm and secured with tissue adhesive (Vetbond).

For the inoculation of infection in the wounded mice, aliquots of 25 uL
broth suspension containing different concentrations of E. Coli (104, 108,
or 108 CFU mL~") were pipetted into the surface of the wound and allowed
to absorb for 3 min. The mice were then randomly divided into 6 groups
as follows: without treatment and treated with Mepitel-antibiotics, Gel-
Derm, and antibiotics-releasing GelDerm-Mepitel. The wound dressings
were changed every 4 days. After days 4, 7, and 14, the wound dressings
were removed, and wound closure was calculated using:

Ao — A
Wound closure (%) = 5 X 100 (1)
0

where Ay and A, are the initial wound area and the wound area at time
t, respectively. Afterwards, the mice were sacrificed via cervical dislocation
and the wound tissue was harvested for further pathological investigation.

pH Measurements of the Wounds: At each time point, the wound pH
was determined using previously developed thread-based pH sensors.[>6]
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Bacterial Analysis:  On days 1, 4, and 7 post-infection, the wound dress-
ings were removed and the wound site was swabbed using ESwab (CO-
PAN Diagnostic Inc.). Collected samples were cultured on agar plates to
determine the number of bacteria. Macroscopic images of each test group
were taken with a digital camera to quantify the level of infection.

Histopathological Analysis: Wound tissue sections were collected on
days 7 and 14, fixed with formalin (10%), and embedded in paraffin. Em-
bedded samples were sectioned with 4 um of thickness, de-paraffinized,
and stained with H&E or MT. The stained sections were observed with a
light microscope (Olympus BX51).

Statistical Analysis and Graphing: Pooled t-test or one-way analysis of
variance with Tukey—Kramer HSD test was used to perform the compar-
ison between pairs of experimental data with 2 or more than 2 groups
with equal variance, respectively. Welch’s ANOVA test was used to com-
pare groups of experimental data with unequal variance. The arithmetic
mean and standard deviation (SD) were used to express the central ten-
dency and variation of samples, respectively. All statistical analyses were
performed using JMP Pro 14 software. All graphs were generated using
Prism 8 software.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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