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Stabilized collagen matrix dressing improves wound
macrophage function and epithelialization
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ABSTRACT: Decellularized matrices of biologic tissue have performed well as wound care dressings. Extracellular
matrix–based dressings are subject to rapid degradation by excessive protease activity at the wound environment.
Stabilized, acellular, equinepericardial collagenmatrix (sPCM)woundcaredressing is flexible cross-linkedproteolytic
enzyme degradation resistant. sPCM was structurally characterized utilizing scanning electron and atomic force mi-
croscopy. Inmurine excisionalwounds, sPCMwas effective inmounting an acute inflammatory response. Postwound
inflammation resolved rapidly, as indicated by elevated levels of IL-10, arginase-1, and VEGF, and lowering of IL-1b
and TNF-a. sPCM induced antimicrobial proteins S100A9 and b-defensin-1 in keratinocytes. Adherence of
Pseudomonas aeruginosa and Staphylococcus aureus on sPCM pre-exposed to host immune cells in vivowas
inhibited. Excisionalwounds dressedwith sPCMshowed complete closure at d 14,while controlwounds remained
open. sPCMacceleratedwound re-epithelialization. sPCMnot onlyacceleratedwoundclosurebut also improved the
quality of healing by increased collagen deposition and maturation. Thus, sPCM is capable of presenting scaffold
functionality during the course of wound healing. In addition to inducing endogenous antimicrobial defense sys-
tems, the dressing itself has properties that minimize biofilm formation. It mounts robust inflammation, a process
that rapidly resolves, making way for wound healing to advance.—El Masry, M. S., Chaffee, S., Das Ghatak, P.,
Mathew-Steiner, S. S.,Das,A.,Higuita-Castro,N.,Roy, S.,Anani,R.A., Sen,C.K. Stabilized collagenmatrixdressing
improves wound macrophage function and epithelialization. FASEB J. 33, 2144–2155 (2019). www.fasebj.org
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Breachof skin integrity is theprimaryhallmarkof cutaneous
injury. To cover the opening thus caused, wound care
dressingsareplaced in contactwith thewound.Theprimary
purposes of the dressing are to cover the skin defect, thus
protecting the injured and underlying tissue from infection.
Althoughwoundocclusionwas indeedtheprimarypurpose
of wound care dressings historically (1–3), expectations
evolvedover time. In the 19th century, thenotionof infection
managementwas introduced (4, 5). In the1980s,woundcare
dressings aimed at keeping thewoundmoist and absorbing
fluids. Polyurethane foams, iodine-containing gels, and hy-
drocolloidsandother suchmatriceswere then introduced. In
the 1990s, the wound care dressing product range vastly

expanded to include silicone meshes, tissue adhesives,
vapor-permeable adhesive films, and collagen-containing
material (6–8). Today,wound care dressings are designed to
actively influence the wound repair process such that in-
flammation may be resolved in a timely manner, making
way for adequate wound tissue vascularization and rapid
closure (9–11). Importantly, it is now recognized that cov-
ering thewoundwith skin and lack of discharge is no longer
sufficient to claim wound closure. Evidence supporting
wound closure must document that the repaired skin has
acquired intact barrier function (12, 13). Repaired skin, de-
ficient inbarrier function, isviewedasfaultyclosure thatmay
result in wound recurrence (14, 15).

Naturally derived biomaterials such as decellularized
matrix of biologic tissue haveperformedwell aswound care
dressings. Such dressings demonstrate immunomodulatory
propertiesandcanmodifyhost response (16, 17). Inaddition,
such dressings present the advantage of native extracellular
matrix (ECM) (18). However, the challenge faced by any
ECM-based wound care dressing product is its rapid deg-
radation by the excessive matrix metalloproteinases and
other proteases present in the wound environment. Pericar-
dium is amatrix dense tissue composedofmanyof the same
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proteins and glycans as vascular tissue, including the pro-
teins collagen, elastin, fibrillin, and fibronectin (19). Addi-
tionally, pericardium is sparsely cellularized, making it a
suitable candidate to donate xenographic tissue. Light DNA
content of this tissue can be easily removed (20, 21). The
equine pericardium biomatrix has been used in clinics for
differentwound types, including diabetic ulcers (22, 23). It is
commercialized as stabilized acellular equine pericardial
collagenmatrix (sPCM)wound care dressing. Derived from
equine pericardium, the natural collagen structure is pre-
served in sPCM. This is achieved by a decellularization
process, followed by stabilization (cross-linking) and sterili-
zation with ethylene dichloride. The final product is a
proteolytic enzymedegradation resistant, fully flexible cross-
linked tissue that may be used as wound care dressing (24).
A bridge stabilization process preserves the biomechanics
and biocompatibility of sPCM, affording resistance to en-
zymatic degradation at the wound site rich in matrix met-
alloproteinases and other proteases. A single-application
regimen makes it simple to administer and economical (25,
26). In thiswork,we sought tounderstand themechanismof
action of sPCM as a wound care dressing.

MATERIALS AND METHODS

Animal and experimental design

Male C57BL/6 mice were obtained from Harlan Laboratory
(Indianapolis, IN, USA). All animals were 8 wk old at the start of
the experiment. Mice were randomly (https://www.random.org/)
divided into different groups as indicated in the corresponding
figure legends (Supplemental Fig. S1). Briefly, thedorsal sideof the
mice was removed of hair and cleaned using povidone–iodine
under anesthesia. During the procedure, mice were anesthetized
by low-dose isoflurane inhalation. Two rectangular (8 3 16 mm)
full-thickness excisional wounds were made on the dorsal skin,
followed by applying the sPCM (Harbor MedTech, Irvine, CA,
USA) according to the manufacturer’s instructions. The dressing
was cut to the size of the wound after soaking it with sterile saline
for 3 min and then secured to the wound edges on 1 side using
interrupted 5-0 nylon sutures (Ethicon, Somerville,NJ, USA). Care
was taken to ensure that thedressingwas in complete contactwith
thewound bed. The other side of dorsalwoundwas coveredwith
semiocclusive dressing (Tegaderm; 3M, St. Paul, MN, USA). Then
secondary dressing was applied for both wounds. sPCM was
maintained on the wound until the material fell off or became
completely dry (nonviable). Animals were euthanized at specific
times, and wound tissues were collected for molecular and histo-
logicanalyses.TheOhioStateUniversity InstitutionalAnimalCare
and Use Committee approved all animal experiments.

Wound area planimetry

Wound imaging was performed at d 0 and 14 by using a digital
camera (Canon Power Shot S6; Melville, NY, USA), and the
wound area was calculated by ImageJ software (Image Process-
ing andAnalysis in Java; National Institutes of Health, Bethesda,
MD, USA; https://imagej.nih.gov/ij/) (27).

Isolation of murine wound macrophages

To collect live wound macrophages, circular 8 mm sponges
were taken from a sterile polyvinyl alcohol disc and sterilized in

boiling ddH2O. Polycarbonate membrane (PC) and sPCM were
implanted between 2 sponges and sutured together. Two PC
spongeswere implanted subcutaneously on the back of 8wk old
C57BL/6mice, with 2 sPCM on the opposite side of themidline.
Macrophageswere isolated from the sponges via compression in
sterile PBS and CD11b magnetic sorting as previously described
(27, 28).

Efferocytosis and immunocytochemistry

Apoptotic cell clearance assay was conducted using wound mac-
rophages cocultured with thymocytes ex vivo, as previously de-
scribed (27, 28). In brief, CD11b-selected wound macrophages
were cocultured for 1 h at 37°C in 8-well chambered slides with
apoptotic (5 mM dexamethasone treated) thymocytes previously
labeled with pHrodo Red succinimidyl ester (P36600; Thermo
Fisher Scientific,Waltham,MA,USA) for 12 h. Cells werewashed
in medium to remove excess nonengulfed cells. Cells were fixed
with fixation buffer (00-8222-49; eBioscience, SanDiego,CA,USA)
and stained using rat anti-mouse F4/80 (MCA497; Bio-Rad, Her-
cules, CA, USA). Chamber slides were imaged using a Zeiss Axi-
oscanner (Carl Zeiss GmbH, Jena, Germany). Efferocytosis index
was calculated by the number of engulfed apoptotic thymocytes
per macrophage in various fields of view (27, 28).

Cell culture

Immortalized human keratinocytes (HaCaT) cellswere grown in
Dulbecco low-glucose modified Eagle medium (11885-092;
ThermoFisher Scientific) as previously described (29). Cellswere
maintained in a standard culture incubator with humidified air
containing 5% CO2 at 37°C. Cells were seeded on sPCM and
incubated for 24 h. Cell seeded on regular cell culture grade
plastic wells were used as controls.

Bacterial strain and culture

For the IVIS experiment, Pseudomonas aeruginosa (Xen41; base
strain PA01; PerkinElmer,Waltham,MA,USA) orStaphylococcus
aureus (SAP231; base strain USA300; PerkinElmer) were used.
These stably luminescent clinical strains contain integrated
plasmids carrying a luciferase gene that is constitutively
expressed. PA01 were cultured in low salt Luria-Bertani broth
(Thermo Fisher Scientific). SAP231were cultured in tryptic soy
broth. Bioluminescent bacteria only produce light when they
are alive andmetabolically active. Thus,weused light emission
as detected with the IVIS system (PerkinElmer) as an indicator
of bacterial activity. sPCMwas collected from the animal at d 3
after implantation. The bioluminescent bacteria were then in-
oculated on the sPCM and maintained under standard culture
conditions in an incubator with humidified air containing 5%
CO2 at 37°C for 12 and 24 h before imaging.

RNA isolation, reverse transcription, and
quantitative RT-PCR

Total RNAwas isolated fromwoundmacrophages at d 3 using a
mirVana RNA Isolation Kit (Thermo Fisher Scientific). Extracted
RNAwasquantifiedusingNanoDrop (ThermoFisher Scientific),
and total cDNA synthesis was achieved using the Super-
ScriptVilo cDNASynthesisKit (ThermoFisher Scientific).mRNA
was measured using SYBR Green DNA binding dye by quanti-
tative PCR assay. 18S and b-actin were used as reference
housekeeping genes. The primer sets we used are listed in
Table 1.
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Enzyme-linked immunosorbent assay

The concentration of IL-1b, TNF-a, VEGF, and IL-10 cytokines in
wound tissues (R&D Systems, Minneapolis, MN, USA) were
quantifiedusingcommerciallyavailableELISAkits aspreviously
described (27, 28). Cytokine levels were normalized against
protein concentrations measured using a bicinchoninic acid
protein assay.

Flow cytometry analysis

Wound cells were isolated from polyvinyl alcohol sponges as
previously described (27). The whole cell population (1 3 106)
was stained with monoclonal FITC-conjugated anti-mouse F4/
80 (eBioscience). Mouse IgG1 (Bio-Rad) was used to serve as the
correspondingnegative control.Mean fluorescence intensitywas
measuredbyexcitationof fluorochrome-coated cellswitha 488nm
argon laser in a C6 Accuri Flow Cytometer (Accuri Cytometers,
Ann Arbor, MI, USA) and recording FITC at 530 6 15 nm, as
previously described (30). Each sample was represented by 10,000
gated cells. Data are shown as percentage of positive cells in the
whole population. Background fluorescence correction was fac-
tored into the data analysis process.

Histology and immunohistochemistry

Briefly, paraffin-embedded tissues were cut into 8-mm thick sec-
tions.Afterdeparaffinizationandhydration, sectionswere stained
with hematoxylin and eosin. For immunostaining, sodium citrate
(pH 6.0) antigen retrieval was performed, and sections were
blocked with 10% normal goat serum at room temperature, then

incubatedwith rabbit pAb ofK14 (PRB-155P-100; 1:400; Covance,
Princeton, NJ, USA) overnight at 4°C. Signal was visualized by
subsequent incubation with fluorescence-tagged secondary anti-
bodies (Alexa Fluor 568–taggeda-rabbit, 1:200).Mosaic images at
320 were collected using Axioscanner (Zeiss).

Picrosirius red and Herovici staining

Formalin-fixed, paraffin-embedded specimens were sec-
tioned. The paraffin sections were deparaffinized and
stained with picrosirius red using standard procedures (31).
Picrosirius red staining is used to distinguish between type I
and type III collagen in wound tissues; type I (thick fibers)
appears as yellow-orange birefringence, whereas type III
(thin fibers) appears as green birefringence when viewed
under a polarized light microscope. The Herovici Collagen
Staining Kit (KTHER; American MasterTech, Lodi, CA,
USA) was used to stain paraffin-embedded tissues as pre-
viously described (32). Young collagen and reticulum stain
blue, mature collagen red, cytoplasm yellow, and nuclei
black.

Atomic force microscopy

Atomic force microscopy (AFM) was used to characterize
the mechanics of sPCM immersed in distilled water. All
measurements were conducted using MFP-3D-Bio AFM
(Asylum Research, Santa Barbara, CA, USA). Silicon nitride
cantilevers with nominal spring constant of 0.01 N/m,
length of 310 mm, width of 20 mm, and a 4-sided pyramidal
tip (Bruker AFM Probes, Camarillo, CA, USA) were used.
Using a method previously described (33), 4 regions of 503
50mmwere scanned under contact mode, and a force map of
10 3 10 data points was captured per image. The force-
displacement curves were analyzed using a commercial
software (Oxford Instruments; Asylum Research, Santa
Barbara, CA, USA) to measure Young’s modulus (E) using a
Oliver-Pharr model. All data were analyzed using a histo-
gram distribution and are reported as relative frequency
with respect to the total number of measurements collected.
Information of height distribution and surface topography
(deflection error) were also collected from the scanned
regions.

Scanning electron microscopy

Samples were fixed with glutaraldehyde and dehydrated.
Next, samples were treated with hexamethyldisilazane (Ted
Pella, Redding, CA, USA) and left overnight for drying. Be-
fore scanning, samples were mounted on an aluminum stub
and coated with gold/palladium. Imaging of the samples
was done by using an FEI Nova nano–scanning electron
microscopy (SEM) scanning electron microscope (FEI Co.,
Hillsboro, OR, USA) equipped with a field-emission gun
electron source. Processing and imaging of samples were
performed as previously described (13, 29). At least 4 regions
of interest from different locations of each sample (n = 6)
were imaged.

Statistical analyses

Data are expressed as means 6 SD of at least 4 to 6 animals per
group. Significance between 2 groups was tested by a 2-tailed
Student’s t test. A value of P, 0.05 was considered statistically
significant.

TABLE 1. Primer sets

Primer Sequence, 59–39

18S_F GTAACCCGTTGAACCCCATT
18S_R CCATCCAATCGGTAGTAGCG
mVEGF_F GTCAGAGAGCAACATCACCATGCA
mVEGF_R CCTTGCAACGCGAGTCTGTCTT
mTNF-a_F TCCCAGGTTCTCTTCAAGGGA
mTNF-a_R GGTGAGGAGCACGTAGTCGG
mIL-10_F CTGCTATGCTGCCTGCTCTT
mIL-10_R CAGCTGGTCCTTTGTTTGAA
mIL-1b_F AGCACCTCACAAGCAGAGCACAA
mIL-1b_R CGGATTCCATGGTGAAGTCAATT
mArg-1_F GCCGGTGGAGAGGAGCTGGA
mArg-1_R AAAGGCCAGGTCCCCGTGGT
miNOS_F GTGACAAGCAC`ATTTGGGAATGGA
miNOS_R CTGAGTTCGTCCCCTTCTCCTGTT
hDEFB1-F AGGAGCCAGCGTCTCCCCAG
hDEFB1-R GCCCTCCACTGCTGACGCAA
hS100A9-F CTGGGGCACCCAGACACCCT
hS100A9-R CCTCCCCGAGGCCTGGCTTA
hBactin-F TGGTGGGCATGGGTCAGA
hBactin-R GTACATGGCTGGGGTGTTGA
mTGF-b_F CCGCAACAACGCCATCTATG
mTGF-b_R TGCCGTACAACTCCAGTGAC
mMRC1_F GGAGGGTGGGGACCTGGCAA
mMRC1_R TCACAGGCTCTGTCCGCCCA
mCD74_F GGCTCTGCTCTTGGCTGGGC
mCD74_R AGCTGCGGGTACTCCAGGGG
mCD163_F CGATGACCTGGCATGCAATG
mCD163_R ATGGCAGTTGGACATCCCAG
mIL-12_F GACCAGGCAGCTCGCAGCAA
mIL-12_R CCAGGGGCATCGGGAGTCCA
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RESULTS

Structural characterization of sPCM

SEM analyses depicted structured organization of
collagen fibers in the intact dressing with characteris-
tic light and dark bands (Fig. 1A). Light microscopic
images showed uneven topography of the dressing
with randomly oriented collagen bundles (Fig. 1B).
Stiffness measurements were conducted in wet sam-
ples. There was a significant increase in the sample
volume once the sample was hydrated, and it acquired
hydrogel-like material properties. The stiffness mea-
surements were in the range of 1 to 5 MPa, which is
higher thanwhat has been reported in the literature for
collagen gels, but closer to skin modulus distribution,
peaking at 322 kPa and ranging from 25.8 kPa to 1.18
MPa (34) (Fig. 1C). Images of height distribution and

surface topography of sPCM immersed in distilled
water are shown in Fig. 1D.

Wound inflammation

To test the effect of sPCM on inflammation related
cells, the dressing was sandwiched in polyvinyl al-
cohol sponges and was implanted subcutaneously.
SEM analysis of the collected sPCM showed increased
macrophage recruitment at d 3 compared to control
(Fig. 2A). Infiltrating cells at the wound site were
collected on d 3 and 7. Flow cytometric analyses of
F4/80+ cells revealed significantly higher recruitment
of macrophages to the wound site. However, by d 7,
the count of such cells markedly dropped, indicative
of rapid resolution of inflammation (Fig. 2B). In-
terestingly, sPCM did not influence the Ly6C sub-
population of recruited CD11b+ cells (Supplemental
Fig. S5).

Efferocytosis

A significantly increased efferocytosis index was noted in
macrophages collected from sPCM-treated wound fluids
compared to untreated controls (Fig. 3 and Supplemental
Fig. S2).

Macrophage cytokine markers

Infiltrating wound site macrophages were isolated
using CD11b magnetic bead separation and subjected
to real-time quantitative PCR analyses. During the
early inflammatory phase (d 3), sPCM markedly in-
duced proinflammatory markers such as IL-1b, iNOS,
andTNF-a (Fig. 4A and Supplemental Fig. S4A). At this
early time point, cells exposed to sPCM were ready to
mount resolution of inflammation, as indicated by el-
evated levels of proresolution genes such as IL-10,
arginase-1, and VEGF (Fig. 4B and Supplemental
Fig. S4B). On d 7, sPCM significantly attenuated
proinflammatorymarkers IL-1b, IL-12, andCD74while
up-regulating the levels of proresolution genes such as
arginase-1 and VEGF and TGF-b (Fig. 4C, D and Sup-
plemental Fig. S4C, D). Consistent data were obtained
from excisional wound studies. Analysis of cytokines of
wound-edge tissue from such studies on d 7 and 14 after
wounding showed lowering of the proinflammatory
cytokines IL-1b and TNF-a. In these samples, pro-
resolution IL-10 and VEGF were up-regulated, in-
dicative of rapid and efficient resolution of inflammation
(Fig. 5).

Antimicrobial peptides

To characterize the role of sPCM in host defenses, hu-
man HaCaT keratinocytes were grown on sPCM
for 24 h. Cells exposed to sPCM exhibited a differen-
tiating phenotype as differentiating cells assemble

Figure 1. Advanced microscopy-based characterization of sPCM.
A) SEM images show structured organization of collagen fibers in
intact dressing with alternating light and dark bands. B) 3D light
microscopic images show uneven topography of dressing with
randomly oriented collagen bundles. Scale bar, 1 mm. C) AFM of
sPCM immersed in deionized water. Histogram distribution of
E obtained for 50 3 50-mm regions scanned under contact mode
with minimum and maximum values of 0.56 kPa and 8.52 MPa,
respectively. Inset provides detail of highest frequency estimated,
E = 35.5 KPa. D) Representative images of height distribution and
surface topography of sPCM immersed in distilled water.
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desmosomal and adherens junctions (35) (Fig. 6A). The
differentiating keratinocytes are known to acquire
specialized antimicrobial resistance (36, 37). Consis-
tently, keratinocytes exposed to sPCM exhibited
induction of antimicrobial proteins S100A9 and
b-defensin-1 (Fig. 6B).

Inhibition of biofilm formation

Adherence of Pseudomonas aeruginosa (PA01) on sPCM
pre-exposed to host immune cells in vivowas inhibited
(Fig. 7A and Supplemental Fig. S3). Inhibition of bio-
film formation was evident by IVIS imaging using
bioluminescent strains of P. aeruginosa (Xen41) and
S. aureus (SAP231). Bacterial proliferation and meta-
bolic activity were significantly decreased in sPCM
primed with host exposure (Fig. 7B, C).

Wound re-epithelialization

Excisional wounds dressed with sPCM showed com-
plete closure at d 14 compared to the Tegaderm-
dressed control wounds (Fig. 8A). Histologic analyses
using hematoxylin and eosin staining showed com-
plete re-epithelialization (Fig. 8B). Significant de-
crease in wound area was observed in sPCM-treated
mice at d 14 compared to the Tegaderm-dressed con-
trol wounds (Fig. 8C). Finally, K14 staining showed

complete re-epithelialization of sPCMdressedwounds,
while Tegaderm-dressed wounds remained open
(Fig. 9).

Wound tissue collagen

sPCM dressing of excisional wounds resulted in repaired
skin with a higher abundance of mature collagen de-
position, as evident by picrosirius red stain. Higher colla-
gen I:III ratio (yellow-orange fibers to green fibers) was
noted in sPCM-treated wounds compared to those
dressed with Tegaderm (Fig. 10A). Consistent findings
were obtained using Herovici staining, which revealed
that sPCM dressing increased mature collagen content
(red fibers) with higher collagen I:III ratio in d 14 samples
after wounding (Fig. 10B).

DISCUSSION

sPCM is an equine pericardium that is decellularized,
stabilized (cross-linking), and sterilized with ethylene
dichloride topreserve thenative structure of collagen.This
process results in a fully flexible cross-linked tissue
that is resistant to proteolytic enzyme degradation (24).
The triple helix of the collagenmolecule is resistant tomost

Figure 3. sPCM supports efferocytosis and resolves inflamma-
tion at wound site. A) Representative images of wound
macrophages collected from C57BL/6 mice (F4/80, green)
cocultured with apoptotic cells (pHrodo, red). Inset: images
showing single macrophage with engulfed apoptotic cells
(scale bar, 10 mm). B) Efferocytosis index of d 3 wound
macrophage. Efferocytosis index is defined as total number of
engulfed apoptotic cells per macrophage present in field of
view. Data are presented as means 6 SD. ***P , 0.001 (n = 3).

Figure 2. Macrophage recruitment. A) Representative SEM
images of collected sPCM d 3 after implantation, showing
more macrophage recruitment compared to PC. Macrophage
is marked with red arrowhead. B) Graphical representation of
macrophage (F4/80 is macrophage marker) content in
collected sPCM at d 3 and 7, as evident from flow cytometry
analysis. Data are presented as means 6 SD. ***P , 0.001
(n = 6), *P , 0.05 (n = 4).
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proteases, which are affected by the collagen fibril archi-
tecture that is resistant to proteolysis (38). The character-
istic band pattern of light and dark regions observed in
SEM analyses of sPCM is consistent with the banding
structure of collagen fibers (39, 40). Light microscopic
images of sPCM showuneven topography of the dressing
with randomly oriented collagen bundles. These fibrils are
stabilized by covalent cross-linking of specific lysines and
hydroxolysines of the collagen molecules, which are or-
dered parallel in a D-periodic pattern (41). Mechanical
properties of the wound surface defend against shearing
forces andexternal trauma. sPCMstiffnesswasdetected to
be in the range of 1 to 5 mPa. Unlike that of other collagen
gels, such stiffness is closer to skin modulus distribution
(34). Also analogous to the normal healthy skin is the
heightmapand surface topographyof thehydrated sPCM
(34, 42). Taken together, sPCM exhibited unique charac-
teristics thatwerenot comparable to collagengel dressings
but weremore closely aligned to properties of the healthy
skin.

Robust mounting of an inflammatory response fol-
lowed by timely resolution of inflammation is critical
for successful wound healing (31). Macrophages with
complex subpopulation play a pivotal role in the in-
flammatory cascade. Given the current ambiguity in
macrophage nomenclature specifically for tissue mac-
rophages (43, 44), and proposed misfit of wound

macrophage with the M1/M2 nomenclature (45–47),
for this work, we classify in vivo wound macrophages
on the basis of the proinflammatory or proresolution/
healing polarization states. Failure to mount robust
wound inflammation is recognized as a significant
limitation in several clinical conditions (48–50). It is
evident from this work that sPCM elicits signals that
can successfully recruit macrophages to the site of the
injury. Such observation is consistent with previous
finding from our laboratory reporting the ability of
collagen-based dressings to increase recruitment of
macrophages to the wound site (27, 31). Macrophages
thus recruited to thewound site by sPCMwere not only
higher in abundance but also functionally more effec-
tive, as evidenced by their cytokine response and
efferocytosis index. Proinflammatory cytokines de-
livered to the wound site at an early phase prepares the
wound for the healing process (51, 52). sPCM was
clearly effective in achieving such delivery. Synchro-
nous with proinflammatory cytokine delivery during
the early phase of wound healing, macrophages are
charged with the responsibility to clean up dead or
dying cells at the wound site by efferocytosis. Success-
ful execution of such cellular debridement, as has
been reported in our earlier work (27), advances the
healing process. Application of sPCM dressing to the
wound site markedly enhanced the ability of each

Figure 4. sPCM promoted up-regulation of pro- and anti-inflammatory markers from wound inflammatory cells. Expression of
proinflammatory markers at d 3 and 7 (A, C) and anti-inflammatory markers (B, D) were measured using quantitative PCR from
d 3 isolated macrophages collected from sPCM postimplantation subcutaneously. Data are presented as means 6 SD. *P , 0.05,
**P , 0.01, ***P , 0.001 (n = 4).
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wound macrophage to cleanse the wound microenvi-
ronment. At the site of injury, monocytes and macro-
phages may be also studied as Ly6Chi or Ly6Clo subsets
(53–55). The significance of this marker under ex vivo
and in vivo conditions may not be the same (43). This
binary classification does not seem to address the more
complex heterogeneity of these cells in vivo, where
macrophages adopt distinct phenotypes and even
switch between phenotypes in response to the myriad
of stimuli to which they are exposed (44). It is proposed
that Ly6C represents a macrophage differentiation
marker rather than as a specific M1/M2 marker (56).
Microarray profiling of the Ly-6Clo subset, compared
with Ly-6Chi macrophages, showed a phenotype out-
side the M1/M2 classification (57). Although the sPCM
induced clear changes in themacrophage polarization,
the Ly6C subpopulations remained. Such finding
suggests the lack of a direct link between the state of

macrophage polarization and Ly6C expression under
in vivo conditions. Some of the study of wound site
monocyte/macrophages relies on isolation of such
cells from wound tissue employing enzymatic di-
gestion (54). Such enzymatic tissue disintegration is
likely to influence the abundance of a variety of cell-
surface molecules commonly used for phenotypic
analysis (58). The approach adopted in this work does
not rely on enzymatic digestion of wound tissue and
should be accounted for during comparative data
interpretation.

Although inflammation is a critical driver of thewound
healing process, its failure to resolve in a timely manner
represents one of the leading causes of chronic wounds
and secondary infection (31, 59). Thus, while the ability of
sPCM to maximize wound inflammation is encouraging,
it is of critical interest to understand its impact on the
resolution of inflammation. Of interest in this context is
the observation that the proresolution process in sPCM
treated wounds was initiated early on d 3, making the
process of inflammation robust, but sharp and transient
at the same time. Therefore, on d 7, fewer macrophages
were evident at the wound site after sPCM treat-
ment. Resolution of inflammation is an active process
that is achieved by a progressive shift of proin-
flammatory to proresolution function of the wound
site macrophage population. Early and sustained

Figure 5. sPCM promoted rapid resolution of inflammation.
Expression of proinflammatory markers from collected
tissues at d 7 and 14 (A) and anti-inflammatory markers at
d 7 and 14 (B) were measured using ELISA from collected
mice wound tissues. Data are presented as means 6 SD. *P ,
0.05 (n = 5).

Figure 6. sPCM bolstered host immune defenses. A) Repre-
sentative SEM images of HaCaT cells grown on control surface
(glass coverslip) and on sPCM showing distinct morphologic
differences. B) HaCaT cells grown on sPCM for 24 h showed
up-regulation of AMPs-S100A9 and b-defensin-1. Gene expres-
sion data are presented as fold change. Data are presented as
means 6 SD. *P , 0.05, **P , 0.01 (n = 5).
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up-regulation of anti-inflammatory cytokines such as
IL-10 and VEGF in response to sPCM represent a major
mechanism supporting early wound closure (60–63).
VEGF, induced in wound-edge keratinocytes and
macrophages, promotes healing though increased an-
giogenesis (64). Proresolution macrophages produce
copious amount of IL-10, which advances the healing
cascade (65–67). Such modulation of the wound mi-
croenvironment by sPCM made the inflammatory
process transient, thus preparing the wound for clo-
sure. Rapid re-epithelialization and early closure of
the wounds were achieved by the use of sPCM as a
dressing.

Openwounds readily lend themselves to pathogenic
microbial colonization, especially under conditions of
diabetes and other such clinical conditions, thus limit-
ing the antimicrobial properties of the wound tissue.
Under such conditions of limited host defense, micro-
bial colonization is known to lead to biofilm infection of
the wound (13, 68, 69). The Centers for Disease Control
and Prevention estimates that 65% of all human infec-
tions are caused by bacteria with a biofilm phenotype,
and theU.S.National Institutes of Health estimates that
this number is closer to 80% (70).Of host innate immune

defenses, defensins are family members of antimicro-
bial peptides (AMPs) expressed by keratinocytes and
mucosal epithelial cells (69, 71, 72). AMPs are known to
possess antibacterial, antifungal, and antiviral activity
(73, 74). Although several mechanistic models have
been proposed to explain the role of AMPs in vitro, the
search for a validated model that account for their
function in tissue injury in vivo remains open (75–77).
Human b-defensin-1 (HBD-1) is an atypical chemokine
that has a chemokine-like function. Although struc-
turally compared to other chemokines, HBD-1 may
activate chemokine receptors (e.g., CCR6, the receptor
for CCL20) and mediates chemotactic responses for
immature dendritic cells and memory T cells (74,
78–80). The expression and regulation of HBDs high-
light the functional importance of each HBD in skin
immunity. b-Defensin, for example, exhibits activity
against the common skin pathogens S. aureus and P.
aeruginosa (81). P. aeruginosa is a well-known biofilm
producer that is directly implicated in both acute and
chronic infections (82). AMPs, as multifunctional pep-
tides, directly killmicrobes, and they also do so through
multiple indirect mechanisms such as disruption of
lipid bilayers (75). In general, cationic AMPs are driven

Figure 7. Biofilm formation was inhibited on sPCM pre-exposed to host immune cells. A) Representative SEM images
showing adherence of P. aeruginosa (PA01) on host immune cell primed sPCM compared to PC exposed to same conditions.
B) Representative IVIS images of P. aeruginosa (Xen41; base strain PA01), taken at 12 and 24 h, showing less bacterial
metabolic activity (red color, more active; blue color, less active) in sPCM compared to PC. C ) Representative IVIS images of
and S. aureus (SAP231; base strain USA300) taken at 12 and 24 h showing less bacterial metabolic activity in sPCM compared
to PC. Average intensity of bacterial activity was quantified and plotted. Data are presented as means 6 SD. *P , 0.05, **P ,
0.01 (n = 5).
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by electrostatic forces to the negative phospholipid
head groups on the membrane surface provided by
capsular polysaccharides. Such polysaccharides in-
clude LPS inGram-negative bacteria and teichoic acids,
lipoteichoic acids, and lysylphosphatidylglycerol in
Gram-positive bacteria. AMPs drill physical pores on
the cell membrane, causing leakage of cytosolic content
(75). Deficiency of b-defensin-1 in mice causes delayed
clearance and increased colonization of pathogens in host
tissue (83, 84). sPCM up-regulated human keratinocyte
b-defensin aswell as S100A9. S100A9 is a calgranulinwith
antimicrobial properties. It supports innate and acquired
immune responses by promoting intra- and extracellular
growth inhibition of a broad range of bacteria and fungi, as
well as by bolstering leukocyte recruitment to site of injury
(85, 86). This, taken together with the observation that
sPCM augments recruitment of macrophages to the
wound site, leads to the notion that AMP induction and
recruitment of phagocytic cells represent twomajor related

mechanismsofactionbywhich sPCMmaypreventwound
infection.

Recidivism or recurrence is a major threat in wound
care (87–89). Quality of the repaired skin is therefore of
paramount importance (15, 90). The state of matura-
tion of collagen in the repaired skin is a critical de-
terminant of its biomechanical properties (91, 92).
Activatedmacrophages cause fibroblasts to differentiate
intomyofibroblasts.Myofibroblasts are characterized by
their expression of a smooth muscle actin and pro-
duction of collagen I, which will increase the wound
tensile strength over time (64, 93). Abundant mature
collagen fibers were identified in sPCM-dressed wounds.
Importantly, collagen type I dominated over collagen
type III. Such increased collagen type I:III ratio is crucial
for appropriate wound tensile strength to support the
growth of vascularized granulation tissue and to prevent
dehiscence (94, 95).

In summary, the naturally derived biomaterial sPCM is
a single-application collagen-basedwounddressing that is
capable of presenting scaffold functionality during the
course of wound healing. In addition to inducing endog-
enousantimicrobialdefense systems, thedressing itself has
properties that minimize biofilm formation. It mounts ro-
bust inflammation, a process that rapidly resolves,making
way for wound healing to advance. Improved wound
closure was evident by accelerated epithelialization of

Figure 8. sPCM accelerated wound closure. A) Digital images of
C57BL/6 mice at d 0, 7, and 14, showing complete closure of
wound at d 14 in sPCM (right) compared to Tegaderm-dressed
control (left). B) Representative hematoxylin and eosin–stained
images showing full epithelialization and closure of sPCM treated
wound at d 14. Wound edges are indicated by red arrows in left
panel. Dermis (der) and epidermis (epi) are indicted in
magnified images on the right by red dotted lines. C) Plotted
graph of wound area percentage over time. Data are presented as
means 6 SD. *P , 0.05, **P , 0.01, ***P , 0.001 (n = 4).

Figure 9. sPCM accelerated wound re-epithelialization. A) Repre-
sentative images from formalin-fixed, paraffin-embedded wound
tissue biopsy sections at d 14 showing immunostaining with K14.
sPCM-treated wounds showed complete re-epithelialization with
organization of epithelial layer. Wound edge is indicated by white
arrows in left panel. Dermis is indicted by white dotted line in right
panel. B) Significantly increased expression of K14 in sPCM
compared to Tegaderm-treated wounds was observed and is
represented graphically. Data are presented as means 6 SD. *P ,
0.05 (n = 4).
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excisional wounds. sPCM not only expedited wound clo-
sure but also improved the quality of healing by increased
collagen deposition and maturation. Randomized clinical
trial testing this promising dressing material in a clinical
setting is warranted.
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