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Mesenchymal Stromal/Stem Cell and Minocycline-Loaded Hydrogels
Inhibit the Growth of Staphylococcus aureus that Evades Immunomodulation
of Blood-Derived Leukocytes
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Abstract. Mesenchymal stromal/stem cells (MSCs) have demonstrated favorable wound healing
properties in addition to their differentiation capacity. MSCs encapsulated in biomaterials such as
gelatin and polyethylene glycol (PEG) composite hydrogels have displayed an immunophenotype change
that leads to the release of cytokines and growth factors to accelerate wound healing. However,
therapeutic potential of implanted MSC-loaded hydrogels may be limited by non-specific protein
adsorption that facilitates adhesion of bacterial pathogens such as planktonic Staphylococcus aureus (SA)
to the surface with subsequent biofilm formation resistant to immune cell recognition and antibiotic
activity. In this study, we demonstrate that blood-derived primary leukocytes and bone marrow-derived
MSCs cannot inhibit colony-forming abilities of planktonic or biofilm-associated SA. However, we show
that hydrogels loaded with MSCs and minocycline significantly inhibit colony-forming abilities of
planktonic SA while maintaining MSC viability and multipotency. Our results suggest that minocycline
and MSC-loaded hydrogels may decrease the bioburden of SA at implant sites in wounds, and may
improve the wound healing capabilities of MSC-loaded hydrogels.

KEY WORDS: hydrogel; leukocytes; mesenchymal stromal/stem cells; minocycline; Staphylococcus
aureus.

INTRODUCTION

Mesenchymal stromal/stem cells (MSCs) have demon-
strated favorable wound healing properties via injury-
activated trophic mechanisms and by generating an anti-
inflammatory cytokine expression profile that alters fibroblast
behavior to form a less dense, fibrotic granulation tissue (1–
3). MSCs enable the healing of wounds that have inadequate

microvasculature by expressing factors such as vascular
endothelial growth factor-A to promote the proliferation of
microvascular endothelial cells and subsequent angiogenesis
that leads to nutrient delivery to fibroblasts and a long-lasting
functional vascular network (4–8). MSCs promote
keratinocyte proliferation and inhibition of myofibroblast
differentiation, which attenuates the development of fibrotic
scar tissue (9,10). In our previous work, MSCs encapsulated
in a thiolated gelatin poly (ethylene glycol) (Gel-PEG-Cys)
and poly (ethylene glycol)-diacrylate (PEGdA) crosslinked
hydrogel demonstrated extensive cytoplasmic spreading,
formation of cellular networks, improved cellular delivery,
improved focal adhesion, and an immunophenotype change
that led to the release of anti-inflammatory cytokines that
accelerated wound healing and promoted cosmesis (11–13).
In addition, MSC multipotency is maintained in the hydrogel
environment and is enhanced in the presence of monocytes
(12). This hydrogel system has also shown to release loaded
solutes with controlled kinetics depending on gelatin and
PEG composition. For example, hydrogels simultaneously
loaded with silver sulfadiazine and bupivacaine achieved
antimicrobial efficacy on Staphylococcus aureus (SA) and
methicillin-resistant SA while promoting cutaneous wound
healing (14–16).

The therapeutic potential of implanted MSC-loaded
hydrogels could be limited by non-specific protein adsorption
that facilitates the initial adhesion of native microorganisms
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such as SA followed by continued growth and replication,
extracellular polymer substance secretion (EPS), and eventu-
al biofilm formation (17,18). Mature SA biofilm is highly
resistant to immune cell recognition and elimination and
bactericidal/bacteriostatic activity because of the presence of
a thick EPS layer and metabolically senescent biofilm-
associated bacteria (18). Biofilms can persist on implant
surfaces before transitioning to a virulent state where bacteria
secretes extracellular toxins and creates an acidic and hypoxic
microenvironment that contributes to primary immune cell
death, tissue necrosis, and device failure (19). Biofilm
sloughing from the implant surface and dysfunctional innate
immune responses lead to high secretion of proteases,
reactive oxygen species (ROS), and pro-inflammatory cyto-
kines at the implant site that contribute to patient co-
morbiditiy, aseptic loosening, and mortality (20,21). MSC
administration was shown to promote host survival following
cecal ligation, and puncture in rats have demonstrated
attenuated monocyte/macrophage pro-inflammatory cytokine
secretion, enhanced microbial pathogen elimination mediated
by blood stream circulating neutrophils, attenuated neutro-
phil extravasation, and inhibited oxidative damage to multi-
organ systems by preventing septic shock (22). However, the
MSC-mediated impact on monocyte/macrophages or poly-
morphonuclear cells (PMNs) and gram-positive SA as
multicellular biofilms or planktonic bacteria remains poorly
understood. In this study, we investigate the ability of blood-
derived leukocytes and hydrogel entrapped MSCs to abro-
gate SA colony-forming potential. We then develop
minocycline and MSC-loaded hydrogels to investigate their
potential in reducing SA colony-forming abilities. We hy-
pothesized that blood-derived leukocytes and hydrogel
entrapped MSCs cannot abrogate SA colony-forming poten-
tial but that minocycline and MSC-loaded hydrogels will
reduce the colony-forming ability of planktonic SA while
maintaining MSC metabolic viability and multipotency.

MATERIALS AND METHODS

Cell Isolation

Human Leukoc y t e and Au to l o gou s S e rum
Isolation. Venipuncture was executed on healthy,
medication-refrained donors after obtaining written consent
approved by the University of Wisconsin Hospital and Clinics
Regulatory Committee. Monocytes and PMNs were isolated
from whole blood using established density gradient methods
(23). The collected monocytes were examined for purity using
CD14-PE (AbD Serotec, Raleigh, NC) and CD45-FITC (BD
Biosciences) monoclonal antibodies with appropriate
fluorescence-minus-one and negative controls, which resulted
in ~80–90% monocyte purity with the contaminant being
lymphocytes using flow cytometry characterization (24,25).
Autologous human serum (AHS) was obtained from whole
blood without sodium citrate as previously described (23,26).

MSC Isolation, Characterization, and Encapsulation. MSCs
were isolated from bone marrow aspirate filters harvested from
healthy human donors following written consent approved by the
University of Wisconsin Hospital and Clinics Regulatory Com-
mittee per our published protocols (12). Isolated MSCs (passage

4) were positive for MSC cell surface markers CD29-PE, CD44-
PE, CD54-PE, CD73-PE, CD90-APC (BD Biosciences, San
Jose, CA), and CD105-APC (eBiosciences Inc., San Diego, CA)
andwere negative for hematopoietic makers CD34-FITC, CD45-
PE, CD31-PE (BD Biosciences) using monoclonal antibodies
(with negative antibody gating controls) and analyzed using
FACSCalibur flow cytometer with CellQuest acquisition software
(BDBiosciences) and FlowJo software (Tree Star, Ashland, OR)
(27,28). MSC multidifferentiation potential into osteoblasts,
chondrocytes, and adipocytes was validated by culturing in Osteo
NHdiff medium (10 days), Chondro NHdiff (14 days), andAdipo
NHdiff medium (14 days) (BD Biosciences) in 48-well culture
plates (Miltenyi Biotec, Auburn, CA) with successive medium
changes every 4 days and differentiation detection following
consensusMSC characterization criteria as stated previously (28).
Only MSCs (passage 4–8) were used in this study. Gelatin + poly
(ethylene) glycol (PEG) biomatricies were fabricated by adding
Irgacure 2959 photoinitiator (0.5%, BASF, Ludwigshafen, Ger-
many) to a sterile-filtered 20% (w/v) PEG-diacrylate (PEGdA)
solution and a 20% (w/v) Gel-PEG-Cys solution. Gel-PEG-Cys
was then mixed with PEGdA in respective ratios 1:1 ratio for
10% Gel-PEG-Cys + 10% PEGdA hydrogels and 5:3 for 12.5%
Gel-PEG-Cys + 7.5% PEGdA hydrogels and MSC cell suspen-
sion to obtain a final concentration of 1×106 cells/mL. In
hydrogels with minocycline (Research Products International
Crop., Mt. Prospect, IL), both Gel-PEG-Cys and PEGdA
solutions were made at 0.2 mg/mL before formulation. The
polymer solution was pipetted into a glass-bottom Petri dish (In
Vitro Scientific, Sunnyvale, CA) with a circular recess and then
polymerized by exposing to UV light (λmax=365 nm, 100W/cm2)
for 2 min. MSCmedium consisting of Dulbecco’s Modified Eagle
Medium (DMEM, Cellgro Mediatech, Inc.), 10% fetal bovine
serum (FBS), 2 mM L-glutamine, and 2 mM non-essential amino
acids (NEAA) was added to the tissue culture Petri dish, and the
hydrogels were swollen for 24 h. For hydrogels containing
minocycline, they were swollen in medium made at 0.2 mg/mL
minocycline to ensure loading density. Collagen-only hydrogels
were used for comparison to determine the impact of MSC-
encapsulating material on MSC-leukocyte/SA interactions. Type
I rat-tail collagen (2 mg/mL, BD Biosciences) was mixed with
phosphate-buffered saline (PBS) (10×), DMEM, and 1 N NaOH
(Sigma-Aldrich) to obtain a neutralized solution. The collagen
solution was nucleated on ice for 35 min before adding a cell
suspension to obtain a concentration of 1×106 MSCs/mL. The
collagen solutions were pipetted into a tissue culture polystyrene
(TCPS) plate (24-well plate, Costar®, Corning Inc., Corning,
NY) and was incubated for 15 min (37°C) before MSC medium
was added.

S. aureus Culture (Biofilm and Planktonic). SA (ATCC
strain #29213, Manassas, VA) culture vials stored at −80°C
were thawed and plated on trypticase soy agar (TSA, Becton
Dickinson, Sparks, MD) Petri dishes (Fischer Scientific) that
were then incubated for 24 h prior to biofilm or planktonic
inoculation. For biofilm inoculation, SA colonies were
removed and transferred to a tissue culture glass test tube
containing ddH2O, which was adjusted to match a 1.0
McFarland turbidity standard (3.0×108 CFU/mL) as
measured by the densimeter (Grant Instruments,
Cambridge, GB). The SA suspension was transferred to
inoculate 22 mL of trypticase soy broth (TSB, Becton
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Dickinson) growth media supplemented with 1% α-D-glucose
(Sigma-Aldrich) at a 1:30 ratio of SA to TSB. Then 200 μL of
TSB was added to each well of the 96 well plate MBEC™
HTP assay (Innovotech, Bozeman, MT) and placed on a
rocking platform with 5 rocks per minute at 10° inclination for
either 6 or 24 h incubation at 37°C to form nascent (6 h) or
mature (24 h) biofilms on the 96-well plate TCPS pegs (29).
For planktonic inoculation, SA colonies were removed and
transferred to a tissue culture glass test tube containing
ddH2O, which was adjusted to match a 0.5 McFarland
turbidity standard (1.5 x 108 CFU/mL) as measured by the
densimeter. The SA suspension was transferred to inoculate
40 mL of TSB supplemented with 1% α-D-glucose (Sigma-
Aldrich) at a 1:50 ratio of SA to TSB in a 50 mL conical tube.
The SA culture was allowed to proliferate in suspension using
a shaker plate rotating at 170 rpm that was incubated at 37°C
for 5–6 h until the exponential (E1) growth phase optical
density (OD600=0.5, ~1×107 CFU/mL) was achieved as
measured by the spectrophotometer (Nanodrop 2000x UV–
vis Spectrophotometer, Thermo Scientific).

MSC + Leukocyte + SA Co-culture and Characterization

Co-culture Conditions. SA nascent (6 h) or established
(24 h) biofilms on 96-well plate TCPS pegs were removed and
directly placed in Roswell Park Memorial Institute medium
(RPMI) 1640 supplemented with 10% AHS for 2, 6, or 12 h
of transwell 24-well plate (Costar) co-culture at 37°C and 5%
CO2 incubation. Planktonic SA (OD600=0.5, ~1×10

7 CFU/
mL) was centrifuged at 5000g for 10 min and resuspended in
RPMI 1640 supplemented with 1% AHS with or without
PMNs (1×106 cells/mL) for 2 or 4 h of co-culture at 37°C and
5% CO2 incubation. The hydrogel encapsulated MSC (MSC-
Gel-PEG-Cys) or collagen-encapsulated MSC (MSC-
collagen) concentration was maintained at 1×106 cells/mL
and the monocyte or PMN concentration was maintained at
1×106 cells/mL (12). MSCs were cultured in the bottom
chamber of the transwell (0.6 mL) and SAwas cultured in the
top chamber (0.2 mL) containing SA, SA, and monocyte, or
SA and PMNs separated by a polycarbonate transwell insert
(0.3 μm pore size). Minocycline (2 mg/mL) was utilized as a
positive control. Specific conditions tested in co-culture for
later viability and CFU/mL colony enumeration of SA
(planktonic bacteria or biofilm) proceeds as follows: (1) SA-
only; (2) SA + minocycline (2 mg/mL); (3) SA + MSC-Gel-
PEG; (4) SA + MSC-collagen; (5) SA + monocyte or PMN +
MSC-Gel-PEG; (6) SA + monocyte or PMN + MSC-collagen;
and (7) SA + monocyte or PMN. For hydrogel growth
inhibition of planktonic SA, hydrogels were placed directly
in 0.8 mL of SA (OD600=0.5, ~1×10

7 CFU/mL) in 24-well
plates (Celltreat®, Shirley, MA) and co-cultures at 37°C (no
humidity) for 16 h.

Viability Characterization and Log Colony-Forming
Unit/mL Enumeration. After co-cultures, RPMI 1640 media
supplemented with AHS was removed and the polycarbonate
transwell surface (top chamber) with adherent monocytes or
PMNs and encapsulated MSCs (bottom chamber) were
washed with PBS (2×) and then incubated at 37°C with

calcien AM/ethidium homodimer (4/2 μM, LIVE/DEAD®,
Invitrogen) for 30 min. The transwell surface and the
entrapped MSCs were then visualized for cell viability using
an epifluorescent microscope (Olympus TE300, Center Val-
ley, PA). MSCs and monocytes or PMNs in monoculture or
co-culture without exposure to SA (planktonic or biofilm)
was utilized as controls for comparison. After co-culture for
the biofilm SA conditions, the TCPS pins were removed from
co-culture and placed in 48-well plates (Costar) containing
200 μL of 0.9% NaCl, and were then sonicated (Fischer
Scientific™ Mechanical Ultrasonic Cleaners) for 15 min to
remove biofilm-associated SA (29). Then 100 μL of the SA
was removed and serially diluted (1:10) in 1.5-mL Eppendorf
tubes containing 0.9 mL of 0.9% NaCl. TSA Petri dishes were
demarcated into four quadrants that were spotted three times
for each quadrant with 20 μL of the SA suspension for each
particular serial dilution. SA spots were allowed to dry for
30 min at room temperature to avoid dripping of the
NaCl/SA solutions before incubating the TSA petri dishes at
37°C for 24 h in an inverted position. Viable colony
enumeration was directly observed and Log colony-forming
unit/mL (Log CFU/mL) was determined for each culture
condition. After co-culture for the planktonic SA conditions,
0.25% of trypsin/EDTA (0.2 mL) was added to each well and
incubated at 37°C for 5 min to remove any adsorbed PMNs or
planktonic SA from the transwell culture wells. The entire
culture volume was collected and centrifuged in 1.5-mL
Eppendorf tubes at 5000g for 10 min to pellet SA and PMNs,
then resuspended in 1 mL of PBS containing 0.1% saponin,
which was allowed to incubate at 4°C for 20 min to induce
PMN lysis (30). Each Eppendorf tube was again centrifuged
at 5000g for 10 min, resuspended in 200 μL of 0.9% NaCl,
serially diluted (1:10), spotted on TSA Petri dishes, and
enumerated as described above.

Supernatant Analysis of Cytokine and PMN Granule
Content Expression. Supernatant samples were also collected
for the co-culture conditions: (1) SA + MSC-Gel-PEG; (2) SA
+ MSC-collagen; (3) SA + PMN + MSC-Gel-PEG; (4) SA +
PMN + MSC-collagen; (5) SA + PMN with SA both in the
biofilm or planktonic for 4 h of co-culture. Supernatant
samples were centrifuged at 10,000g for 10 min and 50 μL
of protein sample was subsequently analyzed by Bio-Plex
protein detection and quantification (Bio-Rad, Hercules, CA)
following the manufacturer’s instructions for protein quanti-
fication of tumor necrosis factor-α (TNF-α), interleukin-6
(IL-6), myeloperoxidase (MPO) as a marker for primary
PMN granules, and matrix metalloproteinase-9 (MMP-9) as a
marker for tertiary PMN granules.

MSC + Minocycline-Loaded Hydrogel + SA co-Culture
and Characterization

Toxicity of Endogenous Minocycline on MSCs. MSCs
were plated at 40,000 cells/mL in 96-well TCPS plates (BD
Biosciences) that had been pre-incubated with 0.1% gelatin
solution for 24 h. A 10 mg/mL stock of minocycline in growth
medium was made and appropriate amounts were added to
each plate to make 0, 0.05, 0.1, 0.15, 0.2, and 0.5 mg/mL
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minocycline treatment conditions and plates were incubated
for 1, 3, 5, and 7 days. Respective media was changed after
3 days in the 5 and 7 day treatment groups to avoid cell death
as a result of lack of nutrients in media and buildup of toxic
metabolism by-products. After treatment times, media was
removed from the well and the plate was incubated at 37°C
with calc ien AM/ethidium homodimer (4/2 μM,
LIVE/DEAD®, Invitrogen) for 30 min. All wells were then
imaged for viability using an epifluorescent microscope
(Olympus TE300, Center Valley, PA) and then analyzed on
a FLUOstar Omega platereader (BMG Labtech, Cary, NC)
for necrotic cells (λexcitation=544 nm, λemission=620 nm).
LIVE/DEAD® was then removed from the well and a 1:10
CellTiter-Blue®: growth medium (Promega, Madison, WI)
was added to each well and incubated at 37°C for 4 h. After
incubation, plates were analyzed on a FLUOstar Omega
platereader for metabolic activity (λexcitation=544 nm,
λemission=590 nm). MSCs (1×106 cells/mL) were also
encapsulated in either 12.5% Gel-PEG-Cys or 10% Gel-
PEG-Cys hydrogels as stated above, exposed to 0.2 mg/mL or
0 mg/mL minocycline, and swollen in respective media
concentrations of minocycline for 24 h. Hydrogels were then
transferred to 24-well plates (Celltreat®) and treated with
LIVE/DEAD® and analyzed on an epifluorescent scope as
stated above. LIVE/DEAD® was then removed and the
hydrogels were analyzed for metabolic activity using a
CellTiter-Blue® dilution as stated above.

Growth Inhibition of Planktonic SA with Hydrogels
Loaded with MSCs and/or Minocycline. Hydrogels were
made with encapsulated MSCs (1×106 cells/mL) with or
without 0.2 mg/mL minocycline. All hydrogel conditions were
made in triplicates with 12.5% Gel-PEG-Cys or 10% Gel-
PEG-Cys and swollen for 24 h in respective minocycline
concentration medium. Planktonic bacteria (OD600=0.5, ~1×
107 CFU/mL) was centrifuged at 5000g for 10 min and
resuspended in MSC growth medium. Hydrogels were
transferred to 24-well plates (Celltreat®) in a 800 μL
planktonic SA solution in MSC growth medium. At 2, 4,
and 16 h, 100 μL of the SA was removed and serially diluted
(1:10) in 1.5-mL Eppendorf tubes containing 0.9 mL of 0.9%
NaCl and TSA petri dishes were plated and analyzed for Log
CFU/mL as stated above. Hydrogels were then removed from
the SA culture and washed in a 24-well plate (Celltreat®)
with PBS twice and transferred at another 24-well plate
(Celltreat®) for LIVE/DEAD® analysis with subsequent
imaging as stated above. Live and dead MSC cell counts
were done using ImageJ software (National Institutes of
Health, Bethesda, MD).

MSC Differentiation Detection. MSCs encapsulated in
10% Gel-PEG-Cys hydrogels with 0.2 mg/mL minocycline
and swollen for 24 h with 0.2 mg/mL minocycline growth
media were analyzed for differentiation potential to ensure
MSC multipotency was maintained in the presence of
minocycline. MSCs were either cultured in commercially
available osteo NHdiff medium (10 days), chondro NHdiff
medium (14 days), or adipo NHdiff medium (14 days) (BD
Biosciences) with medium changes every 4 days. After
differentiation, hydrogels were embedded in a 20% agarose
(Invitrogen) and 1% formalin (Sigma-Aldrich) solution.

Osteogenic and chondrogenic differentiated hydrogels were
then placed in 70% ethanol overnight and then paraffin-
embedded embedded and sectioned. Adpiogenic differentiat-
ed hydrogels were dehydrated in 20% sucrose (Sigma-
Aldrich) after embedding for 1 day and then 1:1 20% sucrose:
optimal cutting temperature (O.C.T.) for 1 day followed by
placement in a cryomold in 100% O.C.T. and frozen on dry
ice and cryosectioned. All images were taken at 200x on a
Leica DM LB Microscope (Leica Microsystems, Wetzlar,
Germany) unless otherwise stated. Osteogenic determination
was performed with alizarin red S with Mayer’s hematoxylin
staining and with Von Kossa with nuclear fast red staining
method to show calcium deposits seen in osteocytes
(12,31,32). Chodrogenic determination was done with safra-
nin O staining, which stains cartilaginous tissue, and immu-
nostained with an aggrecan antibody, a proteoglycan highly
expressed in cartilage tissue (12, 33, 34). The immunostained
chodrogenic cells were imaged at 200x on a DSU Spinning
Disk Confocal Microscope (Olympus, Center Valley, PA).
Adipogenic determination was done with oil red O staining,
which stains for triglycerides and lipid, and counterstained
with Mayer’s hematoxylin (12,35).

Statistical Analyses

All assays were tested in triplicates using independent
replicates (n=3) with matched primary MSC (three separate
donors), leukocyte (three separate donors), and hydrogels
(three separately synthesized hydrogels). A two-way
ANOVA for multiple comparisons was used to compare
Log CFU/mL means among all co-culture conditions. An
unpaired Student’s t test was used to compare live cell
percentage values between hydrogels with minocycline and
hydrogels without minocycline after exposure to SA. A p
value <0.05 was considered statistically significant (12).

RESULTS

SA Colony-Forming Capabilities in the Presence
of Leukocytes and MSCs

Following 2 h of PMN + MSC co-culture in the presence
of biofilm-associated SA, viability remained high for both
PMNs and encapsulated MSCs in the presence of an
established biofilm (Fig. 1) as well as in the presence of a
nascent biofilm. Co-culture conditions (SA + MSC, SA +
PMN + MSC, or SA + PMN) did not show a significant
decrease in SA Log CFU/mL following 2 and 4 h of culture
regardless of biofilm maturity as compared to the SA-only
condition (Fig. 2). SA + minocycline was statistically lower
than the SA-only Log CFU/mL value following 2 h of co-
culture with an average Log CFU/mL that was similar
regardless of biofilm maturity. In the presence of biofilm-
associated SA, monocyte viability after 6 and 12 h of co-
culture was substantially decreased for the SA + monocyte +
MSC-Gel-PEG condition as compared to the SA + monocyte
and SA + monocyte + MSC-collagen conditions (Supplemen-
tary Fig. 1). MSC viability remained high when encapsulated
in both materials (Gel-PEG-Cys and collagen). In the co-

623MSC/Minocycline-Loaded Hydrogels Inhibit SA Growth



culture conditions with monocytes, no significant decrease in
Log CFU/mL values at both 6 and 12 h was observed
(Supplementary Fig. 2). SA + minocycline was statistically
lower than the SA-only Log CFU/mL value for both 6 and
12 h of co-culture with similar average Log CFU/mL values.

In the presence of planktonic SA, PMN viability was
significantly decreased both at 2 and 4 h for both SA + PMN
and SA + PMN + MSC (Gel-PEG-Cys or collagen-encapsu-
lated) conditions (Fig. 3). MSC viability remained high at 2 h
when encapsulated in both materials in monoculture and co-
culture with planktonic SA; however, by 4 h, the viability
slightly decreased for Gel-PEG-Cys encapsulated MSCs as
compared to collagen encapsulated MSCs. After 2 and 4 h of

co-culture, there was no observed statistical difference in Log
CFU/mL between SA-only and SA co-culture conditions
(Fig. 4). SA + minocycline was statistically lower than the SA-
only Log CFU/mL value for both time points with an average
Log CFU/mL value that was lower at 4 h exposure as
compared to 2 h, which was not observed in biofilm-
associated SA co-culture experiments. Planktonic SA dem-
onstrated higher Log CFU/mL than in biofilm-associated SA
alone and in all co-cultures.

TNF-α, IL-6, MPO, and MMP-9 were assayed to gain
insight into the induction or attenuation of PMN inflamma-
tory response in the presence of SA (Supplementary Fig. 3).
TNF-α concentrations were extremely low for all conditions
when compared with observed normal (10–17 pg/mL) and
elevated (23–32 pg/mL) levels in human serum (36,37). IL-6
concentrations were detectable in all MSC co-culture condi-
tions and undetectable in the SA + PMN co-culture. All
detectable IL-6 concentrations were higher than observed
normal (10–65 pg/mL) and elevated (30–80 pg/mL) levels in
human serum (37,38). MPO was detectable in all MSC co-
culture conditions, demonstrating higher than normal MPO
levels in healthy human serum (37–46 ng/mL) (39). MPO
levels were attenuated in the SA + PMN + MSC-collagen and
SA + PMN co-culture conditions. As a biomarker for PMN
tertiary granule release, MMP-9 was detectable in all co-
culture conditions with PMNs but undetectable in the SA +
MSC conditions. MMP-9 levels in PMN co-cultures were
around observed normal (30–50 ng/mL) human serum levels
and lower than observed elevated (200–500 ng/mL) human
serum levels (40). Taken together, PMN innate immunity
activation was attenuated as a result of co-culture with SA.

MSC Viability in Hydrogels Loaded With Minocycline

To determine hydrogel loading concentrations of
minocycline to prevent SA growth and maintain metabolical-
ly viable MSCs, exogenous dosing of minocycline on MSCs
was done. The 0.05–0.2 mg/mL minocycline conditions
showed comparable MSC viability as no minocycline after 1,
3, 5, and 7 days exposure (Supplementary Fig. 4). MSC

Fig. 1. PMN and MSC viability in the presence of 24 h established biofilm-associated SA after 2 h of co-
culture at ×200 magnification. Adherent PMN viability in co-culture with a Gel-PEG-Cys-encapsulated
MSCs and biofilm-associated SA, b biofilm-associated SA, and c collagen-encapsulated MSCs and biofilm-
associated SA. Gel-PEG-Cys-encapsulated MSC viability in co-culture with d biofilm-associated SA and e
adherent PMNs and biofilm-associated SA. Collagen-encapsulated MSC viability in co-culture with f
biofilm-associated SA and g adherent PMNs and biofilm-associated SA

Fig. 2. Biofilm-associated SA Log CFU/mL for 6 h ( ) and 24 h
( ) of biofilm growth after 2 h MSC-PMN co-culture. P<0.05
versus SA-only condition for 6 h nascent biofilm (asterisk) and for
24 h mature biofilm (dagger) after 2 h of co-culture

624 Guerra et al.



viability was significantly decreased at 0.5 mg/mL
minocycline. Mean fluorescent intensities (MFI) for necrotic
MSCs were significantly higher in the 0.2 and 0.5 mg/mL
minocycline conditions after 1, 3, and 5 day exposure
compared to MSCs with no minocycline (Table I). Necrotic
MSC MFI was significantly higher only in the 0.5 mg/mL
minocycline condition after 7 day exposure. MFI for meta-
bolic activity was significantly lower in the 0.5 mg/mL
minocycline condition after 1, 3, 5, and 7 day exposure
compared to MSCs with no minocycline. Therefore, 0.2 mg/
mL minocycline was utilized as the loading concentration of
minocycline within hydrogels entrapped with MSCs.

To determine target Gel-PEG-Cys concentration for
optimal MSC metabolic activity in hydrogels, metabolic
activity of hydrogel-entrained MSCs was measured in 10,
7.5, and 5% wt/vol.% Gel-PEG-Cys. Ten percent Gel-PEG-
Cys hydrogels showed a MFI of 17.2±0.9, 7.5% Gel-PEG-Cys
hydrogels showed a MFI of 14.2±0.5, and 5% Gel-PEG-Cys
hydrogels showed a MFI of 9.3±0.1 with 10% Gel-PEG-Cys
demonstrating significantly higher MFI values than 7.5 and
5% Gel-PEG-Cys hydrogels. For subsequent study, 12.5 and
10% Gel-PEG-Cys hydrogels were selected. MSC metabolic
activity from cell titer blue MFI was normalized by comparing
results to cell titer blue MFI in hydrogels with no MSC
encapsulation. Metabolic activity of MSCs in 12.5 and 10%
Gel-PEG-Cys hydrogels with or without entrapped
minocycline (0.2 mg/mL) showed no significant differences
(Fig. 5). These results suggest that MSCs are as metabolically
active in hydrogels after the 24 h in 0.2 mg/mL minocycline.

SA Growth Inhibition by Hydrogels Loaded With MSC
+ Minocycline

After 2, 4, and 16 h of co-culture, SA Log CFU/mL was
significantly lowered in the presence of hydrogels loaded with
minocycline with and without entrapped MSCs (Fig. 6), both
in 12.5 and 10% Gel-PEG-Cys hydrogels. MSCs in 12.5 or
10% Gel-PEG-Cys hydrogels in co-culture with SA showed
significantly lower live/dead cell ratios compared to respective
hydrogels with 0.2 mg/mL minocycline, suggesting the addi-
tion of minocycline to hydrogels maintains MSC viability in
the presence of SA (Fig. 7). MSCs loaded at 0.2 mg/mL
minocycline demonstrated multipotency with ability to differ-
entiate into osteogenic, chondrogenic, and adipogenic cells
(Fig. 8). Osteogenic MSCs stained positively both with
Alizarin Red S (counterstained with Mayer’s Hematoxylin)
and with the Von Kossa method (counterstained with Nuclear
Fast Red) after 10 days of hydrogel culture in osteogenic
differentiation medium. Chondrogenic MSCs stained posi-
tively both for Safranin O (counterstained with FCF Green)
and with an aggrecan antibody (tagged with a secondary
antibody conjugated to Alexa Fluor 555 and counterstained

Fig. 3. PMN and MSC viability in the presence of planktonic SA (OD600=0.5) after 4 h of co-culture at
×200 magnification. Adherent PMN viability in co-culture with a Gel-PEG-Cys-encapsulated MSCs and
planktonic SA, b planktonic SA, and c collagen-encapsulated MSCs and planktonic SA. Gel-PEG-Cys-
encapsulated MSC viability in co-culture with d planktonic SA and e polycarbonate-adherent PMNs and
planktonic SA. Collagen-encapsulated MSC viability in co-culture with f adherent PMNs and planktonic
SA and g adherent PMNs and planktonic SA

Fig. 4. Planktonic (OD600=0.5) SA Log CFU/mL after 2 h ( ) and
4 h ( ) MSC-PMN co-culture. P<0.05 versus SA-only condition for
2 h co-culture (asterisk) and 4 h co-culture (dagger)
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with 4′,6-diamidino-2-phenylindole) after 14 days of hydrogel
culture in chondrogenic differentiation medium. Adipogenic
MSCs stained positively for Oil Red O (counterstained with
Mayer’s Hematoxylin) after 14 days of hydrogel culture in
adipogenic differentiation medium.

DISCUSSION

SA abrogates primary blood-derived leukocyte
bactericidal/bacteriostatic activity possibly by secreting
Panton-Valentine leukocidin or γ-haemolysin and other
virulence factors (41–43). Ineffective clearance of apoptotic
PMNs can contribute to secondary necrosis and extensive
tissue inflammation (43). PMN phagocytosis of SA induces a

global gene expression differentiation program that acceler-
ates PMN apoptosis by promoting pro-apoptotic factor up-
regulation and down-regulation of innate immune cell
receptor, anti-apoptotic factor, and pro-inflammatory cyto-
kine expression (44,45). Microarray studies have shown that
biofilm-associated SA up-regulate expression of formate
dehydrogenase, arginine deiminase, and urease activity in
increasingly anoxic and low pH conditions contributed by the
production of metabolic by-products. Biofilm-associated SA
also up-regulates several anti-oxidant factors such as

Table I. Mean Fluorescent Intensity (MFI) Values (x10,000) for Necrotic Cells (Top Value, at 620 nm) and Metabolic Activity (Lower Value,
at 590 nm) of MSCs After Exposure to Minocycline Doses Through 7 Days

MFI 620 nm

1 day 3 day 5 day 7 dayMFI 590 nm

0 mg/mL 16.2±0.3 16.2±0.6 15.8±0.3 15.6±0.3
13.5±0.4 13.6±0.8 12.8±1.3 13.2±1.2

0.05 mg/mL 16.4±0.4 16.3±0.6 15.8±0.4 15.6±0.4
12.8±0.6 15.0±1.1 11.3±0.8 12.8±1.0

0.1 mg/mL 16.3±0.4 16.3±0.8 16.0±0.4 15.5±0.2
12.8±0.4 15.1±0.9 11.5±0.2 11.9±0.4

0.15 mg/mL 16.7±0.3 16.3±0.8 16.0±0.4 15.5±0.5
12.8±0.4 15.1±0.9 11.5±0.2 11.9±0.4

0.2 mg/mL 17.3±0.6* 16.8±0.8* 16.5±0.4* 16.1±0.1
13.5±0.8 16.7±0.7 12 1±0.9 12.3±1.6

0.5 mg/mL 18.9±0.2* 18.8±0.2* 18.9±0.3* 18.9±0.3*
10.9±0.4† 10.4±1.0† 5.6±0.9† 5.0±0.2†

*P<0.05 versus 0 mg/mL condition for MFI values for significantly higher necrotic cells; †P<0.05 versus 0 mg/mL condition for MFI values for
significantly lower metabolic activity

Fig. 5. Metabolic activity (MFI 590 nm) of MSCs in 1×106 cells/mL
loaded hydrogels after 24 h of swelling at 12.5% Gel-PEG-Cys and
10% Gel-PEG-Cys in minocycline absent hydrogels and 0.2 mg/mL
minocycline-loaded hydrogels compared to hydrogels with no MSCs.
No significant differences between MSC metabolic activity in
minocycline absent and minocycline-loaded hydrogels were observed

Fig. 6. Planktonic (OD600=0.5) SA Log CFU/mL after 2 ( ), 4
( ), and 16 ( ) h co-culture with hydrogels. Minocycline in
10% wt/vol.% Gel-PEG-Cys hydrogels indicate hydrogels made and
swollen at 0.2 mg/mL minocycline and MSCs in hydrogels are at
1×106 cells/mL. Minocycline in SA-only + minocycline condition
indicates SA suspension in 0.2 mg/mL minocycline. P<0.05 versus
SA-only condition for 2 h (asterisk), 4 h (dagger), and 16 h (double
dagger) co-culture
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superoxide dismutase, staphyloxanthin, and glutathione
peroxidase to mitigate oxidative damage and to resist the
oxidative-mediated bactericidal activity of infiltrating leu-
kocytes (46). Ineffectual biofilm-associated SA clearance
could be contributed by poor opsonization, large size,
physical complexity, and presence of the thick EPS later.
The thick EPS later also limits SA ligand accessibility
deterring patter recognition receptor (PRR) activation in
leukocytes that would contribute to the elimination of SA
within the bulk of the biofilm (47). There is a clear need
for antibiotics to prevent SA biofilm formation from
planktonic SA.

We observed a decrease in TNF-α by 4 h with planktonic
SA suggesting loss of PMN function indicative of an extensive
cell death observed at 4 h of planktonic SA co-culture.
Although TNF-α is a critical pro-inflammatory cytokine
necessary for resolving SA induced infection by infiltrating
PMNs and monocyte/macrophages, TNF-α signaling demon-
strates concentration-dependent effects on PMNs that can
either extend neutrophil lifetime via an NF-κB mechanism or
accelerate PMN cell death via caspase-dependent or ROS-
dependent mechanisms (48,49). Greater IL-6 secretion from
MSCs (paracrine) co-culture conditions may indicate a high
viability of MSCs; however, the undetectable IL-6 secretion

Fig. 7. Live/dead ratios of MSCs in hydrogels after 16 h co-culture with planktonic SA (OD600=0.5) in
12.5% wt/vol.% Gel-PEG-Cys hydrogels (a) and 10% wt/vol.% Gel-PEG-Cys hydrogels (b). P<0.05
versus MSCs+minocycline condition (asterisk)

Fig. 8. MSC differentiation after 24 h of culture in 10% Gel-PEG-Cys wt/vol.% hydrogels swollen at
0.2 mg/mL minocycline at ×200 magnification. Osteogenic differntiation detected by a Alizarin Red S
staining and counterstaining with Mayer’s Hematoxylin; b Von Kossa staining and counterstaining with
Nuclear Fast Red. Chondrogenic differentiation detected by c Safranin O staining and counterstaining with
FCF Green; d aggrecan immunostaining (Alexa Fluor 555) and counterstaining with 4′,6-diamidino-2-
phenylindole. Adpiogenic differentiation detected by e Oil Red O staining and counterstaining with
Mayer’s Hematoxylin
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from PMN + SA co-culture suggests that IL-6 secretion is
attenuated in PMNs, and extensive cell death of PMNs was
observed in planktonic bacteria. IL-6 signaling from MSCs
has been shown to delay spontaneous apoptosis of PMNs in
extended co-culture and may have extended PMN viability
(50). MPO expression was higher in MSC containing condi-
tions compared to PMN containing conditions, which
displayed normal MPO expression. MPO signaling can
extend the survival of PMNs and prolong inflammation for
the elimination of bacterial pathogens, and MSCs may
express MPO that can extend PMN viability (51). The
attenuated MPO signaling in PMNs demonstrates a disrup-
tion of PMN-mediated effector functions correlated with high
bacterial Log CFU/mL concentrations and extensive cell
death at 4 h co-culture. MMP-9 signaling at 4 h for planktonic
SA co-culture was at normal levels in PMN containing
conditions indicating the presence of MSCs or planktonic
SA did not interfere with PMN chemotaxis or tertiary
degranulation normally required for elimination for patho-
genic microbes; however, MMP-9 signaling from PMNs may
have also contributed to extensive PMN death via a caspase-
dependent mechanism (52). Planktonic and biofilm-associated
SA largely evaded the immunomodulatory activity of MSCs
that had previously been shown to protect against septic
shock and enhance leukocyte bacteriostatic/bactericidal ac-
tivity in gram-negative septic of cecal ligation and puncture
(CLP) animal models (53–55). However, MSC viability
remained high for all culture conditions and did not appear
sensitive to SA exotoxins or nucleases as the leukocytes did,
possibly due to protection mediated by biomatrix
encapsulation.

Minocycline is a second-generation tetracycline bacteri-
ostatic prokaryotic protein synthesis inhibitor that has dem-
onstrated strong biofilm-associated and planktonic growth
inhibition of SA and has demonstrated effective infection
elimination in uncomplicated skin and soft-tissue abscesses
caused by methicillin-resistant SA while providing
cytoprotective properties to eukaryotic cells (56–59).
Minocycline has shown to inhibit the growth of SA alone
while potentiating the effects of other antimicrobial agents by
interrupting the cellular calcium balance in microbes (57).
Minocycline is a highly lipophilic molecule and composite
hydrogels have demonstrated efficient loading and zero-order
release of hydrophobic drugs without precipitations, making
Gel-PEG-Cys/PEGdA composite hydrogels a favorable drug
delivery vehicle for minocycline (60,61). Minocycline inhibi-
tion of protein synthesis and attenuation of calcium homeo-
stasis of SA may have prevented production and secretion of
PVL or γ-haemolysin increasing MSC viability in
minocycline-loaded hydrogels (57,41–43). Cytoprotective
properties of minocycline may have also enhanced MSC
viability in hydrogels loaded with minocycline and MSCs
compared to hydrogels loaded with MSCs alone (62).
Planktonic SA colony-forming abilities are inhibited while
MSC viability and differentiation capacity were maintained in
MSC and minocycline-loaded hydrogels. Our results suggest
that minocycline can be loaded into MSC encapsulated
hydrogels as a prophylactic measure against SA growth.
Growth inhibition of planktonic SA through hydrogel
minocycline release may prevent the formation of biofilm
and subsequent systemic infection and may accelerate the

wound healing properties of MSCs if the minocycline and
MSC-loaded hydrogels were applied to wounds compared to
hydrogels loaded only with MSCs and not with minocycline
(18).

CONCLUSIONS

SA abrogates primary blood-derived leukocyte
bactericidal/bacteriostatic activity alone and in the presence
of encapsulated MSCs. MSCs were metabolically viable in
Gel-PEG-Cys/PEGdA composite hydrogels loaded with
minocycline at 0.2 mg/mL. Hydrogels loaded with MSCs and
minocycline significantly inhibited planktonic SA colony-
forming abilities while maintaining MSC viability, metabolic
activity, and multipotency differentiation capacity.
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