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ABSTRACT: Diabetic foot ulcers are challenging to treat. Current strategies
to treat these wounds focus on preventing infection and promoting tissue
regrowth but are ineffective in many individuals. Low-grade chronic
inflammation is present in individuals with diabetes, and altering the
inflammatory responses at the wound site could be an alternate approach to
promote healing. We hypothesized that immunomodulation of the wound
microenvironment would result in accelerated healing. To test this
hypothesis, we began by characterizing the changes in the myeloid cell
phenotype in a mouse model [leptin receptor knockout (KO) mouse] that
closely mimics the type 2 diabetes condition observed in humans. We
observed increased numbers of monocytes and neutrophils in the circulation
of the KO mice compared to that in wild-type control mice. We also
observed several phenotypic changes in neutrophils from the KO diabetic
mice, suggesting low-grade systemic inflammation. Hence, we developed a
rapamycin-loaded chitosan scaffold that may be used to modulate immune responses. The use of these immunomodulatory scaffolds
at a wound site resulted in accelerated healing compared to the healing using blank scaffolds. In summary, our data suggest that
immunomodulation may be a viable strategy to promote the healing of wounds in individuals with diabetes.
KEYWORDS: chronic wounds, diabetic foot ulcers, diabetes, inflammation, immunomodulation, rapamycin, healing

■ INTRODUCTION
Individuals with diabetes are at a risk of developing several
complications, one of which is the formation of foot ulcers.
Diabetic foot ulcers (DFUs) are chronic wounds that are
challenging to treat,1,2 and 25−40% of wounds fail to heal
despite receiving the current standard of care.3−5 The lack of
healing leads to gangrene formation in a significant proportion of
individuals, necessitating limb amputation.6,7

DFUs show delayed healing due to a compromised micro-
vasculature, peripheral neuropathy, and dysregulated wound
healing,8−10 and hence, most treatment strategies under
development attempt to address these issues. However, a few
reports suggest that chronic low-grade systemic inflammation,
which is present in individuals with diabetes,11,12 may also play a
role in delaying wound healing.13−15 Low-grade systemic
inflammation may lead to altered recruitment and an increased
presence of myeloid cells (monocytes and neutrophils) at the
wound site,16,17 an increased M1/M2 ratio,18 and increased
extracellular matrix degeneration,19 each of which have been
observed in human and animal models of diabetic chronic
wounds. Additionally, an increased presence of neutrophil
extracellular trap components in diabetic wounds has been
shown to cause delayed healing, and inhibition of trap formation
enhances wound healing.20−22 Together, these observations

suggest that monocytes and neutrophils in circulation and at the
wound site have a vital role to play in the induction and
sustenance of inflammation in diabetic wounds.
Hence, we hypothesized that modulating the inflammatory

microenvironment at the wound site would promote healing in
diabetic wounds. To test this hypothesis, here, we begin by
characterizing the monocyte and neutrophil phenotype in a
leptin receptor knockout (LepR−/−) mouse, which become
diabetic at∼8 weeks of age.23 We show that the knockout (KO)
mice have increased numbers of both monocytes and
neutrophils in circulation and that the circulatory neutrophils
have activation deficits. Hence, we developed and tested the
efficacy of an immunomodulatory drug-releasing bandage on the
healing of surgical wounds in KO mice. Our bandages showed
accelerated healing, which was comparable to wild-type (WT)
non-diabetic animals. These observations suggest that modu-
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lation of inflammation in diabetic wounds has the potential to
improve healing outcomes.

■ METHODS

Animal Ethical Approval
All animal experiments were performed in accordance with the ethical
approval from the Institutional Animal Ethics Committee, Indian
Institute of Science (CAF/Ethics/546/2017) under the Control and
Supervision Rules, 1998 of the Ministry of Environment and Forest Act
(Government of India). Leptin receptor heterozygous (LepR−/+)
animals were purchased from The Jackson Laboratory (strain�
B6.BKS(D)-Leprdb/J), Bar Harbor, Maine, USA and bred at the
Central Animal Facility, Indian Institute of Science. Homozygous KO
animals were found to be obese between 4 and 8 weeks and diabetic by
8−10 weeks of age. KO animals aged 14−22 weeks were used for
experiments along with their littermate (age-matched) WT animals
serving as controls.
Genotyping
Tail snips were collected from all animals between 6 and 10 weeks of
age. The tail snips were digested with 600 μL of sodium chloride-Tris-
ethylenediaminetetraacetic acid (EDTA) buffer containing 20 μL of
proteinase K (Thermo Fisher Scientific, USA) and incubated in a water
bath maintained at 65 °C for 5−6 h. Minced samples were centrifuged
at a 10,000 relative centrifugal force (RCF) for 10 min at room
temperature. The supernatant was washed with isopropanol followed
by 70% ethanol, and the resultant pellet was dried at room temperature
for 1 h. The pellet containing the DNA was suspended in 1× Tris-
EDTA buffer, and the total DNA content was quantified using a
NanoDrop 1000 spectrophotometer (Thermo Fisher Scientific).
Polymerase chain reaction for amplification of the gene of interest
was performed using primers (Merck, USA) recommended by the
supplier and an EmeraldAmp GT PCR Master Mix (Takara Bio Inc.,
USA). Restriction digestion of the amplicons was performed using
RSAI (Thermo Fisher Scientific). The digested samples were run on a
3% agarose gel along with a DNA ladder, and WT, heterozygous, and
homozygous KO mice were identified as those that presented a single
band at 135, two bands at 135 and 108, and a single band of 108 base
pairs, respectively.
Sample Collection
Blood and bone marrow were retrieved from WT and KO animals for
performing immunophenotyping and functional assays. Briefly, the
animals were first anaesthetized using an intramuscular injection of a
ketamine and xylazine mix. About 1 mL of blood was collected retro-
orbitally, and animals were euthanized immediately. The femur and
tibia were collected for isolating bone marrow cells. The isolated cells
were passed through a 100 μm sterile-steel mesh to remove debris and
centrifuged at 4 °C for 4 min at 400 RCF. RBC lysis was performed
using 1 mL of the lysis buffer for 5 min at room temperature and
quenched using 10 mL of 1× PBS. The samples were washed and
suspended in 1 mL of 1× PBS for counting using a hemocytometer.
Parallelly, blood samples were subjected to RBC lysis at 1:10 (blood to
lysis buffer) by volume for 10 min at room temperature and quenched
with 20 mL of 1× PBS. The samples were washed and resuspended in 1
mL of 1× PBS for counting. Both the samples were counted manually
using a Bright-Line hemocytometer (0.1 mm) (Hausser Scientific,
USA).
Immunophenotyping Using Flowcytometry
After counting, 2× 105 blood and bone marrow cells were suspended in
500 μL of 1× PBS and were subjected to activation using 5 μg/mL
cytochalasin B (Merck) for 7 min at 37 °C followed by 5 μM fMLP
(Merck) stimulation at 37 °C for 30 min. Another set of samples
without stimulation served as non-activated controls. The cells were
then washed and stained with BDHorizon Fixable Viability Stain 510 to
stain the dead cells. Following one washing step, the cells were
suspended in the staining buffer containing the antibodies mentioned in
Table S1. After staining for 30 min, the samples were washed and
suspended in 300 μL of the staining buffer and run through a flow

cytometer (BD FACSCelesta Cell Analyzer, BD Biosciences, USA).
Single color controls were prepared using compensation beads (BD
CompBeads, BD Biosciences) according to the manufacturer’s
instruction and used for compensation at the time of data analyses.
Fluorescence-minus-one control for each color was prepared to correct
for the group effect of a fluorophore on spectral spill. Voltages were set
on a system using BD FACSDiva CS&T Research Beads (BD
Biosciences) to correct for voltage-induced changes in median
fluorescence intensity (MFI) across days of sample acquisition. A
minimum of 20,000 CD45+ live events for blood samples and 30,000
CD45+ live events for bone marrow samples were acquired using a BD
FACSDiva Version 6 Software system (BD Biosciences).

Myeloperoxidase and Elastase Activity Assay

White blood cells (2 × 105) and bone marrow cells (1 × 106) were
seeded in triplicate in 96-well flat-bottom plates. One set of samples
were stimulated with 5 μg/mL cytochalasin B for 7 min at 37 °C,
washed, and followed by 5 μM fMLP stimulation at 37 °C for 30 min.
Separately, two sets of samples were subjected to the same processing
conditions without stimulation. One of the non-stimulated samples was
subjected to 0.5% cetyltrimethylammonium bromide treatment for 15
min at 37 °C to measure the total enzyme activity upon cell lysis. The
plates were centrifuged at 4 °C for 10 min, and the supernatant was
stored at −80 °C.
Myeloperoxidase (MPO) enzyme activity in the supernatant was

measured using 3,3′,5,5′-tetramethylbenzidine (Merck, USA), which
was mixed and incubated for 90 s. The reaction was quenched using an
equal volume of 1 M H2SO4 to arrest the reaction. Absorbance at 450
nm was measured along with standard samples (range 26−1333 mU/
mL) prepared using human MPO (Merck, USA). The MPO activity of
the samples was measured by interpolation from a standard curve.
Similarly, elastase activity was measured using a 1 mM methox-

ysuccinyl-Ala-Ala-Pro-Val p-nitroanilide (Merck) substrate. Absorb-
ance at 405 nm was measured continuously for 60 min from the time of
substrate addition along with standard samples (range 16−166 IU/mL)
prepared using human elastase (Merck).

Scaffold Fabrication and Characterization

Chitosan scaffolds were prepared as described with slight modifications
to the protocol.24 Briefly, 1% chitosan gel was prepared by dissolving
chitosan in deionized water containing 1% acetic acid under a
continuous stirring condition for 48 h. The gel was centrifuged at
3350 RCF to pellet-undissolved chitosan flakes, and a clear supernatant
was used for scaffold fabrication. The gel was aliquoted by weight (750
or 2000mg) in 5 or 10mL scintillation vials, respectively. Rapamycin (1
or 50 μg) or tetracycline (10 or 100 μg) was added tomake drug-loaded
scaffolds. The samples were vortexed thoroughly and frozen at −80 °C
for a minimum of 3 h. The samples were lyophilized for 48 h using a
freeze-dryer (TAITEC, Japan). Sterile crosslinked scaffolds were
prepared by treating the lyophilized gels with 1 mL of sterile 5%
tripolyphosphate (Merck) at pH 5 for 5 min followed by two washes
using sterile 1× PBS.
To determine the swelling characteristics, tripolyphosphate cross-

linked scaffolds were weighed and immersed in 2 mL of 1× PBS and
kept at 37 °C. At various times, the weight of the scaffold was measured
after approximately 5 min of drying to remove excess water. Following
weighing, the scaffolds were immersed in freshly replenished 1× PBS.
The change in weight at every time point was determined by
normalizing the value to the original weight of the scaffold.

Atomic Force Microscopy

Crosslinked scaffolds (blank and drug-loaded) were subjected to liquid
mode atomic force microscopy (Park Systems, South Korea) using a
soft tip cantilever (radius of curvature, 2600 nm). Force−displacement
(F−D) measurements were performed by randomly choosing 5−10
points per scaffold. The recorded F−D curves were analyzed using XEI
software (Park Systems) using a Hertzian model to calculate Young’s
modulus.
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Drug Release Kinetics

Crosslinked scaffolds were submerged in 2 mL of 1× PBS containing
1% sodium dodecyl sulfate in 1× PBS for rapamycin release or 1 mL of
1× PBS for tetracycline release and incubated at 37 °C. At different
times, the solution was removed and saved at −20 °C. The wells were
replenished with same volumes of respective buffers. The concentration
of rapamycin and tetracycline in the frozen supernatants was
determined by reading the absorbance at 278 and 360 nm, respectively
(at room temperature) and compared to a standard curve generated by
measuring the absorbance of the free drug at different concentrations.

Surgical Wounding

The animals were anesthetized using 5% isoflurane in a gas anesthesia
system (Orchid Scientific, India). The dorsal portion of the body was
shaved, and the surgical area was sterilized by an alternate application of
betadine and isopropanol three times. A splinted wound healing model
was created, as described.25 Briefly, silicone splints of 0.5 mm thickness

(Grace Bio-Labs, USA) of size 1.2 cm × 1.2 cm with an internal
diameter of 8 mm was cut using an 8 mm biopsy punch. The splints
were ethanol-sterilized and adhered to the skin on the dorsum on either
side of the midline using a strong-bonding cyanoacrylate adhesive
(Loctite 495, Germany). Skin excision was performed by cutting along
the circular margins of the splint to create a 7 mm full-thickness dermal
wound. Wounds were imaged using 48 MP digital camera along with a
physical ruler. A scaffold or gauze was placed on the wounds and held
firmly using clear semi-occlusive dressing (3M Tegaderm, USA). The
animals were injected with buprenorphine (0.05 mg/kg body weight)
just before surgery and 18 h post-surgery. Food paste and water were
provided on the cage floor for 3 days to help with recovery from surgical
stress. The wounds were followed for 20 days thereafter, and the
dressing was changed every 3−4 days. Wound images were analyzed
using ImageJ software by manual tracing of wound edges. The
calculated wound area was divided by the original wound area (on day
0) to calculate the percentage of healing.

Figure 1. Circulating monocyte and neutrophil numbers. (A) Gating strategy used to identify neutrophils (CD45+CD11b+Ly6G+) and monocytes
(CD45+CD11b+Ly6G−Ly6C+). Two sub-populations of monocytes were identified based on the Ly6C expression as Ly6Cmed and Ly6Chi. (B,C)
Circulating percentages (left panel) and counts (right panel) of monocytes and neutrophils inWT and KOmice.N≥ 13 per group pooled from at least
six different independent experiments. A Student’s t-test was performed to determine the significance. * indicates a p value < 0.05 and *** indicates a p
value < 0.001.
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Statistics

Data presented are based on three or more independent experiments
with a total of at least three animals in each group. Two-tailed Student’s
t-test was used for comparing two groups. Two-way ANOVA with
Tukey’s test for multiple comparisons was used for multiple group

comparison. Wound healing data were analyzed by performing multiple

group comparisons at every time point. The significance is represented

as *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001. All data are

presented as mean ± standard deviation.

Figure 2. Phenotype of circulating monocytes and neutrophils. (A) Comparison of surface protein expression CD11b, CD54, and CD62L on
circulating monocytes (Ly6Chi) between WT and KO mice. (B) Gating strategy (left panel) to measure immature neutrophil (CD101‑ among
CD11b+Ly6G+) percentages, and its quantification (right panel) in WT and KO mice. (C) Expression of CXCR4 and CD54 among non-activated
(NA) and activated (Act) mature and immature neutrophils from WT and KO mice. N ≥ 3 mice per group pooled from at least three different
independent experiments. A Student’s t-test was performed to determine the significance. * indicates a p value <0.05.
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■ RESULTS

Circulating Immune Cells in Diabetic Mice
We began by assessing the changes in frequencies of immune
cells in circulation as chronic low-grade systemic inflammation is
known to be present in obese mice,26,27 such as the leptin
receptor KO diabetic mice. This specific mouse model is
considered to be a good representation of diabetic wounds and
in many ways resembles diabetes in humans.25,28 Immune cells
were identified as CD45+ live cells, and among these cells,
neutrophils were identified as Ly6G+ and monocytes as Ly6Chi
(Figure 1A). Among the cells in the blood, we observed a
significantly higher percentage and number of monocytes
(Figure 1B) and neutrophils (Figure 1C) in KOmice compared
to WT littermates. The increased percentages of both these cell
populations correlated with a decreased percentage in B cells,
but no changes in the percentages of Ly6Cmed, CD4, and CD8
expressing T cells were observed (Figure S1).
Phenotype of Monocytes and Neutrophils in the Blood and
Bone Marrow
Next, we characterized the phenotype of monocytes and
neutrophils from the KO mice. Among circulating monocytes
(Ly6Chi), the expressions of the standard cell−surface proteins,
such as integrin and selectin (CD11b, CD54, and CD62L), were
not different in KO and WT mice (Figure 2A). Among
circulating neutrophils, we observed a significant decrease in
CD101-expressing cells in KO compared to WT mice (Figure
2B), suggesting that a significant proportion of these cells were
immature.29 Additionally, the circulating neutrophils showed a

lowered ability to upregulate the expression of the cell-surface
proteins CXCR4 and CD54 following activation (Figure 2C),
which are key molecules involved in neutrophil migration and
recruitment. We also assessed the ability of the circulating white
blood cells to secrete two key enzymes, MPO and elastase, that
are essential for fighting invading pathogens and could play a
role in wound healing.
Ex vivo cultures of circulating immune cells from KO mice

showed increased secretion of both MPO and elastase under
non-activating and activating conditions compared to cells from
WT mice (Figure 3A,B). Total cellular activity of elastase was
also higher (Figure 3B), but we observed that the increased
secretion was likely a result of increased number of neutrophils
in circulation. That is, the amount of secreted elastase per
neutrophil was not significantly different between the KO mice
and cells of WT mice (Figure 3C).
A similar analysis was performed for cells in the bone marrow.

No differences were observed among monocytes and the
number of CD101-expressing neutrophils between the KO and
WTmice (Figures S2A,B). However, the ability of bone marrow
neutrophils to increase the expression of CXCR4 following
activation was compromised (Figure S2C), and the overall ex
vivo activity of elastase protein in these cells was also lower in KO
mice as compared to WT mice (Figure S2D).
Together, these observations suggest that the phenotype and

potential activity of neutrophils are altered at a systemic level in
diabetic mice, which may affect their functions at a wound site,
causing delayed healing. Hence, we hypothesized that delivery of

Figure 3. Activity of neutrophil extracellular trap-associated enzymesMPO and elastase in circulating white blood cells. (A,B) Ex vivomeasurement of
MPO (A) and elastase (B) among all circulating white blood cells under non-activating (NA) and activating (Act) conditions, or whole cell
measurement (total), in WT and KOmice. (C) Normalized elastase activity when normalization was performed by dividing the elastase activity value
by the number of neutrophils present among the circulating white blood cells. N ≥ 7 per group pooled from at least five different independent
experiments. A Student’s t-test was performed to determine the significance. * indicates a p value <0.05 and ** indicates a p value <0.01.

Figure 4. In vitro release kinetics of rapamycin and tetracycline. (A,B) Release of rapamycin (50 μg initial loading) or tetracycline (100 μg initial
loading) was measured over time, and the percentage released is plotted. N = 3 per group.
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an agent that broadly modulates immune cell activity may assist
in accelerating wound healing.
Drug-Loaded Scaffolds for Application on Wounds

Chitosan-based scaffolds and bandages are commonly used in
wound-healing applications.30 Hence, we used chitosan scaffolds
for our studies. The scaffolds were prepared using a simple free-
drying procedure using cylindrical molds. As wound sites are
known to secrete a large amount of fluid, we tested if the as-
prepared chitosan scaffolds would be stable in aqueous
solutions. When placed in aqueous solutions, we observed that
the chitosan scaffolds would swell and break apart quickly
(Figure S3A). Hence, tripolyphosphate crosslinking was

performed to improve the chitosan scaffolds’ mechanical
stability in aqueous solutions, and we observed that they did
not fall apart easily (Figure S3A). A scanning electron
micrograph of the crosslinked scaffold is shown in Figure S3B.
Upon exposure to aqueous solutions, the crosslinked scaffolds
increased their weight by 4.93-fold but remained stable
thereafter for 4 days in the same aqueous solution (Figure
S3C). Additionally, the crosslinked scaffolds (with drug
encapsulated inside them) had a Young’s modulus that was
comparable to that of the skin (Figure S3D).
Next, we loaded two different drugs into these formulations

and assessed their release. Rapamycin was chosen due to its
immunomodulatory properties,31,32 and tetracycline was chosen

Figure 5.Wound healing in KO (diabetic) and WT mice. (A) Representative wound images for each group over 20 days are shown. (B) Percentage
change in the wound area is plotted over time. Data are representative of multiple wounds, with N ≥ 4 animals per group pooled from at least four
independent experiments. Two-way ANOVA with Tukey’s test for multiple comparisons was performed to determine the statistical significance. The
statistical significance observed at day 13 is shown next to the legend, and ** indicates a p value < 0.01, *** indicates a p value < 0.001, and ****
indicates a p value < 0.0001.
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as it is an antibiotic with potential anti-inflammatory properties.
In vitro release measurements showed that about 60−75% of
rapamycin released within 3−5 days (Figure 4A), while∼80% of
tetracycline was released within 2 h (Figure 4B). A slower release
of rapamycin is expected due to its relatively larger molecular
weight. The timeframe of rapamycin release (3−5 days) was
well-suited for application in diabetic wounds, as bandages are
commonly changed every 2−3 days in the clinic.33 Having
established that the chitosan scaffolds had desirable mechanical
properties and could be used for topical drug release, we next
assessed their ability to heal wounds in the diabetic mouse
model.
Rapamycin Accelerates Wound Closure in LepR−/− Diabetic
Mice

We used a splinted skin wound model to test the ability of our
scaffolds to accelerate wound healing. These wounds are known
to heal within 2 weeks in WT mice, but the healing is delayed in
diabetic mice and occurs over 3−4 weeks.34 We tested two
different drug doses (1 and 50 μg for rapamycin; 10 and 100 μg
for tetracycline) for each drug and determined their ability to
promote wound healing compared to that of drug-free (blank)
scaffolds. Representative images of wounds from each treatment
group from the day of wounding (day 0) till complete healing
(day 20) are shown in Figure 5A. Quantitative assessment of
healing was performed by calculating the percentage reduction
in wound area, which is shown in Figure 5B. We observed that
the application of chitosan scaffolds loaded with a low dose of
rapamycin resulted in accelerated wound healing compared to
the blank (in KOmice), which was most apparent at day 13 post
wounding (Figure 5B). However, a high dose of rapamycin did
not significantly increase the rate of wound healing compared to
the blank, which could be attributed to the anti-proliferative
properties of the drug in addition to immunomodulatory
properties. Histopathological analysis of skin sections appeared
to correlate with the wound closure data at day 13. Using
hematoxylin and eosin staining (Figure S4A), reepithelization,
granulation tissue, inflammatory cell infiltrates, and fibroblast
numbers were determined, and through Masson’s trichrome
staining (Figure S4B), collagen fiber orientation was assessed by
a pathologist. However, statistical analysis was not performed
due to the low number of histological sections. Further, we
observed that low-dose rapamycin-loaded scaffolds were better
at accelerating wound healing than the tetracycline-loaded
scaffolds, which by themselves were slightly better than the blank
scaffolds in increasing the rate of wound healing (Figure S5).
Together, these results indicate that an immunomodulatory
drug-loaded scaffold has the potential to accelerate healing of
diabetic wounds.

■ DISCUSSION
Wound healing is a complex process that involves crosstalk
among various cellular and molecular players that bring about a
tightly coordinated action of wound closure. Generally, it may be
thought to progress through three phases: initial inflammation,
cellular proliferation, and tissue remodeling.10 However, in
chronic wounds, this coordinated cascade of events is
dysregulated.10,15 In diabetes, it is thought that cellular
proliferation and tissue remodeling are stalled, possibly due to
infection. Hence, most treatment strategies in the clinic focus on
clearing the dead tissue through debridement, removal of the
wound exudate, and moisture control through frequent dressing
changes, application of antibiotics for infection control, and

growth factor ointments for enhanced proliferation and
accelerated wound closure.14,35,36 Newer treatment strategies
currently under development also focus on clearance of
infection, promoting angiogenesis (neovascularization), and
re-epithelialization.37,38 However, many of these strategies do
not appear to work on a significant number of individuals with
DFUs. In this context, it is being recognized that chronic
inflammation is present in individuals with diabetes. Con-
sequently, the switch from inflammation to cellular proliferation
may not occur in the healing cascade, resulting in delayed wound
closure.10,13,15 Hence, we hypothesized that immunomodula-
tion at the site of diabetic wounds would help reduce the local
inflammation, accelerating wound healing.
To test any immunomodulatory system we developed, we

needed to use a preclinical animal model. The leptin receptor
KO mouse model is regarded as a good representation of type-2
diabetes, and hence we chose it for our studies.39 To understand
the status of immune cells, specifically the myeloid cells that play
essential roles in wound healing, in these diabetic mice, we
characterized their number and phenotype (Figures 1−3). We
observed an increased percentage and numbers of both
monocytes and neutrophils in circulation in the diabetic mice
compared to WT mice (Figure 1), similar to an observation
made in individuals with type 2 diabetes by Zhang and
colleagues.40 We also observed an increased number of
immature neutrophils in the circulation of diabetic mice (Figure
2), which usually occurs during active and sustained
inflammation that causes a reduction in the maturation time
of these cells in the bone marrow.41,42 Additionally, these mice
show deficits in the upregulation of CXCR4 post-activation
(Figure 2). CXCR4 is required for reverse migration of
neutrophils to the bone marrow from circulation.43 It has
been suggested that aged neutrophils under inflammatory
conditions begin to increase the CXCR4 expression for their
return to the bone marrow and clearance by bone marrow
macrophages.44 A deficit in the upregulation of CXCR4 post-
activation may affect this function, which needs further
investigation.
Myeloid cells, specifically neutrophils, secrete granular

proteins and enzymes such as MPO and elastase as part of
neutrophil extracellular traps (NETs) to fight infections. These
enzymes and NET structures may also hinder wound healing.45

We observed that circulating immune cells from diabetic mice
had a higher activity of both MPO and elastase enzymes under
non-activated and activated conditions (Figure 3).While the per
neutrophil enzyme activity was not higher in diabetic mice than
in WT mice, as we observe a greater number of these cells in
circulation and others have observed a higher number46 and
prolonged presence in wounds,47 increased enzyme activity at
the wound site is likely.45 Additionally, neutrophil elastase has
been observed to correlate with poor healing in patients with
chronic wounds, suggesting that an increased enzyme activity
could be detrimental for wound healing.21 Together, the data
shown in Figures 2 and 3 showing alterations in neutrophil and
possibly monocyte phenotype supported our hypothesis that
delivery of immunomodulatory drugs at the wound site would
reduce inflammation and thereby improve healing, a concept
that has been suggested by others too.48

While the idea of modulating immune responses to reduce
inflammation and hence promote healing is not necessarily new,
its application in diabetic wounds has been limited due to the
possibility of increasing the risk of infection. One recent example
of such an approach is the use of an annexin A1 mimetic peptide

ACS Bio & Med Chem Au pubs.acs.org/biomedchemau Article

https://doi.org/10.1021/acsbiomedchemau.1c00063
ACS Bio Med Chem Au 2022, 2, 409−418

415

https://pubs.acs.org/doi/suppl/10.1021/acsbiomedchemau.1c00063/suppl_file/bg1c00063_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsbiomedchemau.1c00063/suppl_file/bg1c00063_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsbiomedchemau.1c00063/suppl_file/bg1c00063_si_001.pdf
pubs.acs.org/biomedchemau?ref=pdf
https://doi.org/10.1021/acsbiomedchemau.1c00063?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


drug (Ac2-26) to promote healing by resolving inflammation.49

However, in this study, several different components were
included in the wound dressing, making it quite complex.
Further, the aforementioned drug does not directly counteract
infections. In our study, we focused on making the bandage
simpler and utilizing a single molecule that could function both
as an immunomodulator and as an antibiotic.
Hence, the immunomodulatory drug we chose was

rapamycin, which is both an immunomodulator and an
antibiotic, and hence could play the dual role of modulating
the inflammatory response32 while also preventing bacterial and
fungal infections.50 We also chose another drug, tetracycline,
which is a well-known antibiotic and has been suggested to have
anti-inflammatory properties. Several different controlled
release formulations of these molecules have been previously
synthesized.31 As chitosan-based bandages are commonly used
in diabetic wounds,30 our goal was to determine if direct
encapsulation and release of the drugs was possible from these
chitosan bandages. As we demonstrate through studies on
release kinetics (Figure 4), while it was possible to release
rapamycin over a 3−5 day period, most of the tetracycline was
released within 2 h, possibly due to the differences in their
molecular weights. We did not add additional barriers to slow
down the release (such as encapsulating in nano- or micro-
particles) as we aimed to keep the bandage as simple as possible.
One of the study’s limitations is that we do not yet understand

the exact mechanisms of rapamycin action on immune cells at
the local wound site that result in accelerated healing. We
speculate that rapamycin, through its action on the mammalian
target of rapamycin-regulated immune responses,32 may be
acting in several ways. It has been suggested that rapamycin
blocks the granulocyte macrophage colony-stimulating factor-
induced migration of neutrophils.51 The drug also reduces the
hyper-responsive states of neutrophils following severe injury52

and has been shown to inhibit NET formation in activated
neutrophils.53 Rapamycin is also known to affect monocyte and
macrophage polarization and suppress the production of
chemokines that recruit innate and adaptive immune cells.32,54

Together, rapamycin affects several features of innate immune
cell function, including migration, cytokine production, and
polarization.32 Hence, the rapamycin scaffolds may be
accelerating healing by altering the migration patterns and
activity of innate immune cells that are normally observed in
large numbers in chronic diabetic wounds. Interestingly, we
observe that a low dose of rapamycin accelerated wound healing
but not a high dose of the drug or the blank scaffold (Figure 5).
This observation of inverse-dose-dependent change in healing
outcome could be attributed to the anti-proliferative property of
rapamycin,55,56 which might reduce the proliferation of
fibroblasts, epithelial cells, and endothelial cells, thereby slowing
the wound healing process. We speculate that an optimum dose
of rapamycin is required for suppressing inflammation while not
preventing cellular proliferation, which could be the low dose
used by us. Additionally, at this low dose, the action of the drug is
likely only topical.
Another limitation of the study is that while we demonstrate

that the crosslinked chitosan scaffolds swell rapidly in the
presence of aqueous solutions but maintain their overall
structure, we do not measure the equilibrium water content or
the water vapor transmission rate57 from these scaffolds. The
latter two properties are important for the design of scaffolds
that ensure that an optimal amount of moisture remains at the
wound site to promote healing, and it requires further

investigation in the future. Further, we used a wounding
model known to show contraction-based wound healing, which
does not mimic the natural wound healing observed in humans.
Although we used splints to avoid contraction-based healing in
mice, after 13 days of wounding, we consistently observed a
certain degree of contraction-based healing leading to wound
closure by 3 weeks. Before clinical translation, our results on
wound closure will need to be tested in other models of
wounding that do not heal due to contraction.

■ CONCLUSIONS
We show that in leptin receptor KO mice, which are commonly
used for preclinical studies on diabetes, circulating monocytes
and neutrophils have an increased frequency and altered
activation phenotype. These changes in myeloid cells have
been linked to slower healing of wounds in diabetic mice. Hence,
we developed an immunomodulatory drug releasing scaffold
with the express purpose of promoting wound healing in these
diabetic mice. We demonstrate that the rapamycin-loaded
chitosan scaffolds result in accelerated healing of wounds when
compared to blank scaffolds. Such scaffolds have the potential to
be used in the clinic to improve healing of DFUs.
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