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Polymer synthesis and functionalization
with cell-adhesive peptides

Poly(ethylene glycol) diacrylate (PEGDA) was synthesized
from PEG-diol (6 kDa; Sigma Aldrich) at *99% acrylation
as reported previously.S1 Concurrently, NH2-Arg-Gly-Asp-
Ser-COOH (RGDS; American Peptide Company) was reacted
with 3.4 kDa acryoyl-PEG-succinimidyl valerate (ACRL-
PEG-NHS; Laysan Bio) at a 1:3 molar ratio for 2 h in 50 mM
sodium bicarbonate buffer (pH 8.5). RGDS was included to
facilitate cell attachment within the PEGDA network. The
product (ACRL-PEG-RGDS) was purified by dialysis, ly-
ophilized, and stored at -80�C until further use.

Cell culture and encapsulation

Raw 264.7 murine macrophages (a cell line) were thawed
and expanded in regular growth medium: high-glucose
Dulbecco’s modified Eagle’s medium (DMEM; Corning)
supplemented with 10% fetal bovine serum (FBS; Hyclone,

Atlanta Biologicals, Inc.). Primary human OACs (Cell
Applications, Inc.) were expanded in chondrogenic growth
media for four passages, transitioned into regular growth
medium for 1 passage, and utilized at passage 5, as de-
scribed previously.S2 The OAC donor at this passage has
been previously demonstrated to respond to activated Raw
264.7 macrophages in a manner consistent with early OA2

and exhibits increased production of matrix metallopro-
teinases (MMPs) and proinflammatory cytokines relative
to chondrocytes isolated from a patient without OA.2

Bone marrow-derived human mesenchymal stem cells
(hMSCs) were obtained as passage 1 in a cryovial from
Texas A&M Institute for Regenerative Medicine. Cells were
thawed and expanded in Minimum Essential Medium a
(MEMa; Gibco) supplemented with 16.5% FBS (Atlanta
Biologicals) and utilized at passage 4. These cells have been
confirmed by Texas A&M to be CD44+, CD105+, CD29+,
CD166+, CD14-, CD34-, and CD45- and to undergo adi-
pogenic, chondrogenic, or osteogenic differentiation under
inductive culture conditions.

SUPPLEMENTARY FIG. S1. (A) Experimental design, including experimental groups, activation parameters, and time
course. (B) Relative NOS-2 and TNF gene and (C, D) protein expression in Raw 264.7 MFs after stimulation with/without
IFN and 80 mM K+ gluconate. Both membrane-bound (mTNF) and soluble TNF (sTNF) were utilized for quantification;
* and # denote statistical significance ( p < 0.05) relative to M(Cntl) and M(IFN), respectively. TNF, tumor necrosis factor.



Cell encapsulation was performed as previously described.S1

Briefly, aliquots (200mL; 1 · 106 cells per construct) of the
cell/polymer suspension were dispensed into the wells of a
48-well plate (Corning) and cured by exposure to long-wave
UV light (*10 mW/cm2) for 6 min. After 24 h of equilibra-
tion to the new 3D environment and activation with 75 ng/mL
interferon-gamma (IFN; R&D Systems), macrophage discs
were placed in culture with or without IFN, K+ gluconate
(Sigma), and methylprednisolone acetate (MPA; Fisher Sci-
entific). At culture end points, the hydrogels were washed in
DPBS for 5–10 min, harvested by flash-freezing in liquid
nitrogen, and stored at -80�C until further analysis.

Reverse Transcriptase–Quantitative
Polymerase Chain Reaction

mRNA extraction and quantitative polymerase chain re-
action (qPCR) were performed to compare mRNA levels
across the various experimental groups as described previ-
ously.S3 Validated qPCR primers were purchased from Qia-
gen or OriGene. Available primer sequences are provided in
Supplementary Table S1. Gene expression was normalized to
the combination of three reference genes (GAPDH, L32, and
b-actin) and is presented relative to day 1 M(Cntl). The
arithmetic mean of three reference genes (instead of one)
was utilized because gene expression of a single traditional
housekeeping gene often varies significantly among treat-
ment groups and cell types, reducing the accuracy of
quantification of the gene of interest. Combining three
reference genes is known to be a more robust and accurate
method of quantifying differences in mRNA expression
among treatment groups.S4 Melting temperature analysis
was performed for each reaction to verify the appropriate
amplification product.

Western blot and MAGPIX immunoassay multiplexing

For the first experiment, western blots were performed
under denaturing and reducing conditions with a 12% SDS-
PAGE gel as described previously.S5 Protein levels of NOS-2

SUPPLEMENTARY FIG. S2. Relative protein production of several proinflammatory and anti-inflammatory molecules
in Raw 264.7 MFs after 5 days in culture. Treatments were applied only during the first day of culture. *Denotes a
significant difference relative to IFN controls. #Denotes a significant difference relative to 24-h 80 mM K+ gluconate.
+Denotes a significant difference relative to 24-h MSCs.

SUPPLEMENTARY FIG. S3. (A) Relative protein pro-
duction of proinflammatory and anti-inflammatory mole-
cules in Raw 264.7 MFs after 5 days in culture. (B) The
corresponding pro- and anti-inflammatory profiles and their
ratio (Anti/Pro). (C) Relative DNA concentrations of MFs
after 5 days. Treatments were applied continuously during
the 5-day culture. *Denotes a significant difference relative
to 40 mM K+ gluconate. N.S., nonsignificant difference.



and tumor necrosis factor (TNF) (both soluble TNF and
membrane-bound TNF) were quantified through integrated
band densitometry. For the second experiment, protein
levels of TNF, monocyte chemoattractant protein-1 (MCP-
1), vascular endothelial growth factor (VEGF), and inter-
leukin (IL) -10, -13, -4, -1b, and -6 were measured from MF
cell lysates using a murine magnetic bead analyte kit (EMD
Millipore) and the MAGPIX detection system (Luminex)
according to manufacturer’s protocols. MMP -1, -3, -9, and
-13, TNF, VEGF, MCP-1, and interleukin-8 (IL-8) were
measured from OAC lysates using a human premixed mag-
netic bead analyte kit (R&D Systems). With the exception of
IL-1b, all of the proteins investigated are secreted conven-
tionally, meaning they are continually processed from the
endoplasmic reticulum to the Golgi apparatus and secreted
through the plasma membrane. Therefore, for proteins
analyzed in the study, it is reasonable to assume that pro-
tein levels in the cell lysate are representative of what is
secreted. The resulting measures were then normalized by
sample DNA content, assessed with the PicoGreen assay as
per the manufacturer’s instructions (Life Technologies).

Last, these concentrations normalized to DNA content
were then further normalized to IFN controls (Fig. 1).

Many studies only examine 1 or 2 pro- or anti-inflammatory
markers without considering the cumulative effect of these
markers. To offer more insight into the underlying phe-
nomena, we also analyzed and presented the data in a dif-
ferent way (Fig. 1). In this study, all markers belonging to
the pro- or anti-inflammatory classification were pooled into
a single metric (rather than 3–4 separate proteins for each).
For a given marker (i.e., TNF), the concentration determined
using MAGPIX was normalized first to DNA concentra-
tion and then to the average concentration for that marker
(i.e., TNF) across all samples. These normalization steps
enable (1) concentrations for a given marker (i.e., TNF) to
be expressed on a per cell basis (DNA normalization) and
(2) comparison between proteins that are normally ex-
pressed at different absolute amounts (i.e., TNF vs. MCP-1).
The resulting normalized values for TNF, MCP-1, VEGF,
and IL-10, IL-13, and IL-4 were averaged to yield values
representing the pro- and anti-inflammatory profiles, re-
spectively. Last, for a given sample, the value for the anti-

SUPPLEMENTARY FIG. S4. Relative protein production of several proinflammatory and catabolic enzyme markers in
OACs cultured for 7 days. Treatment with 80 mM K+ gluconate was only applied during the first day of culture. *Denotes a
significant difference relative to unstimulated OAC controls. OACs, osteoarthritic chondrocytes.

Supplementary Table S1. Primer Sequences Used for Quantitative Reverse Transcriptase–Polymerase

Chain Reaction Analysis of Genes Associated with M(IFN)s

Function Gene marker Primer sequence forward (F), reverse (R)

Proinflammatory NOS-2 F: GAGACAGGGAAGTCTGAAGCAC
R: CCAGCAGTAGTTGCTCCTCTTC

TNF F: GGTGCCTATGTCTCAGCCTCTT
R: GCCATAGAACTGATGAGAGGGAG

Reference/Housekeeping b-actin F: GGCTGTATTCCCCTCATCG
R: CCAGTTGGTAACAATGCCATGT

GAPDH F: GCAGTGGCAAAGTGGAGATT
R: CGCTCCTGGAAGATGGTGAT

L32 F: ATCAGGCACCAGTCAGACCGAT
R: GTTGCTCCCATAACCGATGTTGG



inflammatory profile was divided by the value for the
proinflammatory profile to yield the anti/proinflammatory
ratio. A strength of this method is that it simplifies complex
marker-dependent data into a more understandable and re-
latable format. However, it assumes that the selected cyto-
kines are major contributors to the inflammatory process in
OA and that all included proteins have equal weights in
terms of their contribution to pro- or anti-inflammatory
processes, which may or may not be the case in vivo.
Pooling data can also be viewed as a weakness because it
may overlook the nuance of cell biology. As such, we rea-
soned that presenting the data in both individual and com-
bined formats was appropriate. That said, it is important to
note that pooling markers together is an accepted method of
analyzing the macrophage phenotype.S6–S8 All markers were
selected for analyses because of their prevalence in OA and
macrophage literature.S9–S18

IL-6 is a highly pleiotropic cytokine,S19–S23 meaning it
can exert context-dependent pro- or anti-inflammatory ef-
fects depending on a number of factors, including the re-
ceptor profile on the receiving cell, presence of other
costimulatory signals, and cell type. For this reason, IL-6
was not included in the pooling of data into either the pro-
or anti-inflammatory category.

Justification of experimental parameters

Three-dimensional culture with PEGDA hydrogels. To
improve the relevance of our experiments, PEGDA hydro-
gels were selected as the material for the 3D in vitro model
over conventional 2D culture. Furthermore, these materials
restrict cell proliferation and protein adhesion even in serum-
containing culture environments.S24–S26 These properties en-
able tight control over the study of the treatment in question
on cell phenotype, without confounding influences from
the selection of specific phenotypes over time or due to the
presence of adhered proteins. Culture in PEGDA hydrogels
also enables the examination of progression of macrophage
phenotype over time, without concerns for proliferation and
overconfluence noticed in traditional 2D culture wells. In
the present studies, we have tethered the peptide RGD to the
PEGDA network to enable consistent initial cell–matrix ad-
hesion levels across experimental groups.

Macrophage activation with interferon-gamma. MF ac-
tivation with IFN was chosen to induce a cell phenotype
that represented inflammation in OA. Specifically, MF
stimulation with IFN increases the production of several
proinflammatory factors (i.e., nitric oxide and TNF)S27–S29

suggested to underlie OA pathology.S14,S16,S18 Further-
more, the intracellular pathways elicited in response to IFN
are commonly studied/well known and may offer direct
insight into mechanisms of K+ influence in future work.

Concentration and exposure time of K+ gluconate, MSCs,
and MPA. The concentrations of added osmolytes (i.e., 40
and 80 mM K+ gluconate) and time of exposure (1 day) were
selected based on literature from the bioelectricity field.S30–S34

In addition, they match favorably with the more recent re-
port demonstrating that hyperosmolar extracellular K+ so-
lutions suppress T cell effector function.S35 It should be noted
that this more recent report (and the few others investigating

K+ influences in immunology) had not yet been published
during the planning of these experiments.

MSCs are a cell therapy currently being investigated in
a number of clinical OA trials,S36,S37 and MPA is a clinically
approved corticosteroid commonly used in intra-articular in-
jections.S38,S39 The 3:1 ratio of MSCs:MF was determined
based on estimates of MSC numbers utilized across clinical
OA trialsS40 and synovial MF numbers deduced from aver-
age synovial volumeS41,S42 and MF cell density in the sy-
novial intima of OA patients.S43 The concentration of the
corticosteroid MPA (0.1 mM) was selected from previous
in vitro chondrocyte and macrophage literature.S44–S48

Statistical analyses

All data are reported as mean – standard deviation. Means
were compared using a one-way ANOVA (n = 3–5 samples
per group). All experiments were performed with one MSC
and one OAC donor. The assumption for homogeneity of
variance was tested utilizing Levene’s test. Comparison of
experimental group means was performed using Tukey’s
post hoc test or a Games–Howell post hoc test (in cases
where Levene’s test returned a significant result). For all
tests, a p-value <0.05 was considered significant and SPSS
software was utilized.
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