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Abstract
Monocyte-derived macrophages are critical in the host foreign body response to biomaterials and
have been studied extensively in various culture conditions in vitro such as medium supplemented
with fetal bovine serum (FBS) or autologous human serum (AHS). Since monocyte maturation
into macrophages is highly plastic and may vary considerably depending on the surface, isolation
procedures, and in vitro culture conditions, we hypothesize that variations in protein adsorption
and serum type will greatly impact monocyte behavior in a surface-dependent manner. The impact
of xenoproteins on monocyte-surface interaction is not well studied methodically and the use of
AHS rather than FBS for macrophage-biomaterials studies in vitro is far from universal. The
commonly used reference materials: tissue culture polystyrene (TCPS), polyethylene glycol
(PEG), and poly-dimethylsiloxane (PDMS) were employed in this study and we found a 3-fold
higher adherent monocyte density on TCPS when AHS was used versus FBS-supplemented
medium. On PEG hydrogels, an 8-10 fold higher adhesion density was observed when AHS was
employed versus FBS, while on PDMS no difference in adhesion density was observed between
the two sera conditions. Additionally, the presence of lipopolysaccharide abrogated the serum-
dependent effect on cell adhesion on TCPS. Significant differential variations in protein release
were observed between the serum conditions on these surfaces, in particular there was a 100-fold
higher concentration of growth-related oncogene for the AHS condition on PDMS even though the
adhesion levels were comparable between the two serum conditions. These results emphasize the
combined impact of the surface type and FBS xenoproteins in mediating the observed monocyte
response to biomaterials in vitro.
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Introduction
Monocyte-derived macrophages function in multiple phases of the host response, both
promoting pro-inflammatory and anti-inflammatory activities through the release of
numerous chemical mediators and influencing the adaptive immune response through the
presentation of antigens [1]. Thus, monocyte-dervied macrophages are a significant cell type
in the investigation of material-mediated inflammation and wound healing. Multiple
differences between transformed macrophage cell lines and primary macrophages matured
from peripheral blood monocytes have been observed, consequently primary macrophages
are likely more clinically-relevant to biomaterials research [2-4]. Monocytes may be isolated
via a variety of means including flow cytometry, density gradients, and surface adhesion;
however, due to the plasticity of monocytes each of these methods may lead to variation in
the final isolated monocyte phenotype [5,6]. Much like the plasticity observed in vivo with
organ-specialized monocyte-derived macrophages, variable protein adsorption to
biomaterial surfaces may lead to surface-specific macrophage phenotypes [7,8].

Similarly to the effects of the surface on monocyte maturation into macrophages, culture
conditions can dramatically affect the maturation process. The phenotype can be modified in
vitro by exposure to various cytokines or exogenous stimuli such as lipopolysaccharide
(LPS) during the maturation process [9-11]. Both fetal bovine serum (FBS) and autologous
human serum (AHS) are in use as additions in in vitro culture conditions in biomaterials
research [12-16]. The role of AHS and FBS in modifying monocyte maturation (via surface
antigens and protein release) has been studied extensively in suspended monocyte-derived
dendritic cells (DC) for clinical applications [17-21]; however, the impact of FBS
xenoproteins on human non-DC monocytes, and more specifically on biomaterial-monocyte
interactions, is not limited [22,23]. Depending on the surface properties, biomaterials
promote differential adsorption of certain serum proteins, and thus we hypothesized that the
effect of serum type may vary by surface [1]. For example, polyethylene glycol (PEG)
hydrogels limit adsorption of common serum proteins but may sustain significant
complement component 3 (C3) activity comparable to other surfaces, potentially allowing
this protein to take on a more influential role in mediating monocyte/macrophage responses
[24]. FBS high abundance proteins include: bovine serum albumin (BSA), alpha-1-
antiproteinase, plasminogen, lactoperoxidas, kniogen (LMW II), alpha-2-HS-glycoprotein,
hemiferrin, prothrombin, apolipoprotein A-I, integrin beta-1, IGFBP2, IGF II, TGF-beta1
[25]. AHS high abundance proteins include: albumin, complement factor H,
angiotensinogen, prostate-specific antigen [26]. Thus it is likely that the surface
concentration and protein identity would differ significantly between AHS and FBS.
Furthermore, there is a lack of extensive proteomic analysis of AHS and FBS with a specific
focus on adhesion proteins for monocytes.

In this study, human blood-derived monocytes were obtained from multiple donors and
cultured in FBS- or AHS-supplemented medium on PEG hydrogels, tissue culture
polystyrene (TCPS), and polydimethylsiloxane (PDMS). TCPS and PDMS were selected
because they are both commonly used reference materials with differing surface properties,
and PEG hydrogels were selected because they have been shown to support monocyte
adhesion while limiting protein adsorption along with having substantially differing surface
properties from TCPS and PDMS [1,16,24,27,28]. PEG hydrogels are highly hydrophilic
swollen polymer networks, while the PDMS discs are highly hydrophobic films, and TCPS
is a rigid, slightly hydrophobic surface. Exogenous lipopolysaccharide (LPS) was employed
as a positive control for the innately activated highly pro-inflammatory macrophage
maturation state, which bear similarities to the classically activated M1 macrophage cell
type but do not require concurrent interferon-gamma (IFN-γ) [29]. To initially assess the
extent of cell activation, selected critical proteins were quantified: broadly acting
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inflammatory cytokines IL-1β, interluekin-1 alpha (IL-1α), and tumor necrosis factor alpha
(TNF-α); growth factors including granulocyte macrophage-colony stimulating factor (GM-
CSF) and transforming growth factor-alpha (TGF-α); and chemokines including induced
protein-10 (IP-10) and monocyte chemoattractant protein-1 (MCP-1). To further assess the
polarization state of the adherent cells, both surface CD86 and CD163 markers and soluble
pro-inflammatory and anti-inflammatory protein markers were quantified: interleukin-12
(IL-12(p40) and IL-12(p70)), growth-related oncogene-2 (GRO-2 or CXCL2), TNF-α, IFN-
γ, IL-10, and IL-1β [29]. These molecules are among the many biomarkers for the pro-
inflammatory M1 and more diverse / anti-inflammatory M2 states and thus may be used for
comparison to these molecularly induced states [29]. The alternatively activated M2
phenotype is characterized by high levels of the anti-inflammatory signaling factors IL-1ra,
IL-10 and IGF-1. While adhering to strict human subject safety standards, multiple donors
were used for each portion of this study to garner statistical significance since large donor
variability has been reported when using primary monocytes [30-34].

Materials and methods
Material preparation

PEG diacrylate (PEGdA) was synthesized from PEG-diol (MW 3400; Sigma) following
previously established methods [16]. Briefly, PEG-diol was dissolved in dried THF at a 1g :
5ml ratio of PEG : THF. Acryloyl chloride (ACl) and triethylamine (TEA) were added at a
1:4:6 ratio of PEG : ACl : TEA, stirred in the dark for 3 hours, filtered twice, precipitated
dropwise in a large volume of cold hexane (at least 100ml hexane per 1g starting PEG-diol),
filtered, and dried in a vacuum oven. The PEGdA product was characterized via high
performance liquid chromatography with purity typically >97%. To obtain PEG hydrogels, a
mixture of 10 wt% PEGdA and 0.1 wt% UV photoinitiator (Irgacure 2959®) was dissolved
in PBS at 60°C. The heated solution was pipetted into a polytetraflouroethylene mold (7mm
diameter by 0.75mm thick) then clamped between two glass coverslips that were first
cleaned in a sulfuric acid and nitric acid wash (3:1 respectively; 1N:1N). The entire
assembly was placed under a UV lamp (UVP Model B 100AP) and polymerized for 3
minutes per side to form the PEG hydrogel. Samples were cold sterilized twice for 30
minutes with 70% ethanol and stored in sterile PBS for at least 24 hours for equilibration.
Immediately before cell culture, samples were washed at least five times in sterile PBS to
remove any residual traces of ethanol.

Medical grade PDMS (Specialty Manufacturing Inc; non-reinforced vulcanized gloss/gloss)
in 0.030in thickness (∼0.76mm) was punched into 5/16in-diameter discs (7.9mm diameter)
using a die and hammer punch. The diameter of 7.9 was chosen for consistency with the
increase in size of the PEG hydrogels due to swelling. The PEG hydrogel diameter was
measured after 24h of swelling in PBS and found to be 7.9 mm, while no swelling was
observed for the PDMS discs. PDMS discs were sonicated and vortexed in a 0.5% solution
of Triton X-100 for cleaning then cold sterilized in 70% ethanol twice for 30 minutes. The
PDMS discs were stored in sterile PBS for at least 24 hours for equilibration and washed at
least five times in sterile PBS prior to use. 48-well culture plates were used as the TCPS
surface (BD Falcon). TCPS well plates were placed at room temperature with sterile PBS
prior to use in culture. Both the PEG hydrogels and the PDMS discs were placed in 48-well
culture plates prior to cell seeding.

Monocyte culture and analyses
Human subject protocol guidelines were followed for blood collection; however, these
guidelines strictly limit the amount of blood that can be safely taken and severely limit the
number of different assays that can be performed. Consequently, the same culture wells are
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tracked continuous for the length of these studies rather than stopped at each timepoint.
Additionally, the same three donors were not available for the two major portions of this
study; however, three donors were used for each portion and no statistical comparisons are
made between the two portions that use different donors. Further, the high level of similarity
in the results between the two donor groups suggests good reproducibility of these findings.

In the initial portion of the study we evaluated the monocyte/macrophage response to AHS/
FBS on PEG and TCPS. Primary monocytes were isolated from the citrated whole blood of
three medication-refrained healthy adult human volunteers via a well-established non-
adherent density gradient procedure [15,16]. At the time of each donation, additional non-
citrated blood was collected to obtain AHS. Briefly, the blood was incubated at 37°C for 3h
followed by centrifugation. Serum was collected from the top of the tube away from the
thrombus and care was taken to avoid collecting any red blood cells or blood clot. AHS was
immediately aliquoted into smaller volumes for replenishment of the cell culture at every
timepoint and frozen at -20°C. Immediately after isolation, cells were re-suspended in either
10% FBS (Atlanta Biologicals, triple 0.1μm filtered, not heat-inactivated) or 10% AHS (not
heat inactivated) in RPMI 1640 media, then statically seeded in 48-well TCPS plates with or
without the PEG hydrogels at a concentration of (1,000,000 cells/ml). Cell cultures were
maintained at 5% CO2 and 37°C. At each culture time point (2h, 24h, 4d, 7d, and 14d),
culture supernatant was collected for protein analysis (described below). Following
supernatant collection, the cells were washed twice and the media was replenished. Between
the 7d and 14d time points, the cells were washed twice and the media replenished every 2
days. The cultures were continued for 14d, and thus the images used for calculating
adhesion densities followed the same wells for the entire 14 days.

The wells were imaged using an inverted light microscope (Nikon, Eclipse TE300) coupled
to a computer-assisted video analysis system (MetaMorph v4.1) at 2h, 24h, 4d, 7d, and 14d.
A minimum of three images was taken of each well at 20× (0.36 mm2), from which the
adherent cell density was determined. Protein analysis was performed on the culture
supernatant via a microsphere-based multiplex assay (Bio-Rad, Millipore). Three samples
were analyzed per donor at each time point. The microsphere assays were performed
according to the manufacturers' instructions for all analytes: IL-1β, IL-1α, TNF-α, GM-CSF,
TGF-α, IP-10, MCP-1 (Millipore Millplex Map). Standard curves were determined with
10% FBS and 10% AHS for each donor to ensure elimination of the background presence of
the protein targets in the serum. The standard curve for the microsphere assay utilized
standards up to 10,000 pg/ml and was a 5 parameter logistic (5PL) regression curve that
accounts for asymmetry in the low and high concentration ends of the assay. Thus, it is S-
shaped with linearity in the mid concentration levels and non-linearity at the high and low
ends of the curve. All extrapolated data is above the highest standard concentration of
10,000 pg/ml, but is still below the upper asymptote of the regression curve equation. While
the suppliers' Technical documents make no claim on a measure of confidence for
extrapolated values below the maximum asymptote of the curve, the confidence of those
values is in line with the confidence of the interpolated data (within the standard range). In
this study, all values above 20,000 pg/ml were reported as “20,000 pg/ml” to limit reliance
on extrapolated data beyond two times the upper limit of the standard curve.

Following the differential adhesion results on PEG and TCPS, we expanded the study to
include an additional surface and utilized different biomarkers to better characterize
differences in the macrophage responses to serum type and surface. Further, LPS was used
as a positive control for pro-inflammatory innately activated macrophages. Cells were
isolated as described above and suspended in either 10% AHS in RPMI 1640, 10% FBS in
RPMI 1640, 10% AHS with 100 ng/ml LPS, and 10% FBS with 100 ng/ml LPS. The
suspended cells were then statically seeded at (1,000,000 cells/ml) on TCPS, PDMS, and
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PEG hydrogels. The cells were imaged as in part one at 2h, 24h, 4d, and 7d. Surfaces were
also washed and the media replenished as before. Supernatant was collected at each time
point to quantify IL-1β, IL-10, IL-12(p40), IL-12(p70), TNF-α, GRO-2, and IFN-γ as
described above. At day 7 after imaging and supernatant collection, the adherent cells were
fixed in 1% paraformaledhyde (PFA, Polysciences, Inc.) and stained with antibodies
directed against CD86 conjugated to Alexa Fluor 488 (Biolegend) and CD163 conjugated to
Alexa Fluor 647 (Biolegend) at the manufacturer's recommended dilution. Cells were
imaged via fluorescent confocal microscope (Bio-Rad MRC-1024, Kr/Ar: 41, iris: 4.0, gain:
1284, offset: -5.0, room temperature, 0.30 numerical aperature for 10× and 0.50 for 20×,
immersion medium is air, Lasersharp 5.2 software). Autofluorescence was minimal as was
background staining with control antibodies (BioLegend). The brightness of the images was
enhanced to improve image quality, however no quantitative conclusions were drawn based
on differential brightness. Autofluorescence and background staining with control antibodies
was found to be negligible and these black images are not shown.

Statistical analysis
Cell density and protein concentration data were analyzed via two-way analysis of variance
and Tukey post testing (SigmaStat v2.03) with p values < 0.05 considered as significant.

Results
Initial monocyte culture with AHS or FBS on PEG or TCPS

The morphologies of the adherent cells were very different, with enhanced spreading
observed for the AHS supplemented cultures on both TCPS and PEG (Fig. 1). When
cultured in AHS but not with FBS, the cells took on more of a spindle shape on TCPS in
contrast to a more rounded shape on PEG. This difference in shape became evident at the 4d
timepoint and beyond but was not observable at 24h. The adherent cell density was vastly
different on TCPS and PEG hydrogels when either AHS or FBS supplemented medium was
used. For instance, at 2h on TCPS, the adherent cell density was 2-3 fold higher for the AHS
condition than for the FBS condition, while on the PEG hydrogels the difference was nearly
10-fold higher (Fig. 2). This trend continued at 24h for both surfaces and remained
consistent and statistically significant on PEG up to day 7, after which there was no longer a
statistical difference in adhesion between the FBS and AHS conditions. IL-1β and TNF-α
concentrations were significantly different between the AHS and FBS conditions in the
presence of PEG hydrogels particularly at 24h (Fig. 3) while no difference was observed for
IL-1α, GM-CSF, TGF-α, and IP-10 (not shown). The chemokine MCP-1 was generally high
for both surfaces and serum conditions from 24 hr thereafter (Fig. 4). This is consistent with
other reported studies where TCPS produced increases in pro-inflammatory markers over
PDMS [45]. Taken together, these results indicate that selected monocyte/macrophage
responses (i.e., adhesion, IL-1β and TNF-α release) were modulated by both the serum
proteins present and the substrate; while other monocyte/macrophage responses (i.e., GM-
CSF release) were not.

Monocyte maturation modulated by material and xenoproteins
Primary monocytes were statically seeded on TCPS with or without exogenous LPS, PDMS,
and PEG hydrogels using AHS or FBS-supplement medium. At 2h and 24h, the adherent
cell density on TCPS was significantly higher when cultured with AHS than FBS (Fig. 5).
Further, for the entire 7d culture, the adherent monocyte density on PEG was significantly
higher (approximately 10-fold) when cultured with AHS than with FBS. The adherent
monocyte density on PEG for the AHS condition was also higher than that on PDMS or
TCPS with or without LPS at 4d. In contrast to TCPS without LPS and PEG, monocyte
adhesion to PDMS and TCPS cultured with LPS did not differ between the two serum
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conditions for the entire 7d culture. The morphology of the adherent monocytes on the
various surfaces differed depending on the serum condition (Fig 1). Greater cell spreading
was observed for PEG and TCPS surfaces when the culture medium was supplemented with
AHS instead of FBS, but not for PDMS and TCPS cultured with LPS. Adherent monocytes
were stained for CD86 and CD163 at 7d (Figure 6) when a mature macrophage phenotype
would be expected [35]. Adherent monocytes/macrophages on all surfaces and cultured with
either AHS or FBS supplementation stained for CD86, in contrast, little to no staining was
observed for CD163, a surface antigen involved in endocytosis [29].

Various protein expressions showed dependency on serum type and surface type (Fig 7).
Specifically, the GRO-2 concentration was significantly higher by nearly 100-fold at 24h for
monocytes adherent on PDMS with AHS supplemented medium as compared to that of
FBS. The GRO-2 concentration was also significantly higher for monocytes adherent on
PEG with AHS supplemented medium as compared to FBS at 24h and 4d. The IFN-γ
concentration for monocytes cultured with FBS was significantly higher than that with AHS.
The IL-1β concentration was significantly higher for monocytes cultured on TCPS with LPS
and AHS at 24h than all other surfaces supplemented with AHS. The IL-1β concentration
was also significantly higher for monocytes on PEG cultured with AHS than with FBS at
24h. The IL-12 p40 fraction concentration was significantly higher for monocytes adherent
on PEG supplemented with AHS compared to TCPS or PDMS. The p70 fraction of IL-12
was virtually undetected on all surfaces under all conditions. The TNF-α concentration was
significantly higher for monocytes adherent on PEG with culture supplemented with AHS as
compared to FBS. Lastly, as expected, the protein concentrations for the LPS positive
control were significantly higher at various time points for GRO-2, TNF- α and IL-10.
Additionally, IFN-γ was measurable at 24h for the LPS conditions and not for the others
(Fig. 7).

Discussion
The increased spreading of the cells for the AHS conditions on PEG and TCPS suggests that
the combination of soluble and adsorbed AHS proteins may have better allowed for greater
cytoplasmic extension in comparison to the xenogenic bovine proteins. Greater cell
spreading on TCPS for the AHS condition has previously been observed in monocytes being
driven to form foam cells, and our observations align with these published images [36].
Cells adhere via interaction with adsorbed proteins, thus the difference in both cell spreading
and in the adhesion levels may indicate that the human serum proteins were more
bioavailable for cell interaction and that the AHS proteins were likely more recognizable to
receptors on the cell surface compared to proteins found in FBS [37]. The differential
adhesion levels between the AHS and FBS (3-fold for TCPS, 10-fold for PEG) suggest that
the material surface can greatly influence the serum effect on monocyte adhesion. Given that
the only difference between the FBS and AHS conditions are the proteins present, this
phenomenon of differential adhesion may have an explanation rooted in protein adsorption
to the biomaterials. For example, PEG hydrogels are well known as resistant to protein
adsorption; however, a study on the PEG-like surface tetraglyme indicated that complement
protein C3 is the primary mediator of monocyte adhesion to tetraglyme [38]. Additionally,
C3 activity on PEG hydrogels is comparable to TCPS, and monocyte adhesion to PEG
hydrogels is lowered when using C3-depleted serum [24]. C3 is present only at very low,
nearly undetectable levels in FBS, while adult humans have a C3 concentration of
approximately 75-135 mg/dl [39,40]. Thus, if more C3 were present in the AHS condition
this could potentially have promoted more cell adhesion once C3 was adsorbed/absorbed to
the PEG hydrogel, although C3 was likely not the only factor as the differential adhesion in
this case is 10-fold and in the C3-depleted study reduced cell adhesion at 24h was closer to
half [24]. Monocyte adhesion to TCPS is mediated by a number of proteins, including C3,

Schmidt et al. Page 6

Acta Biomater. Author manuscript; available in PMC 2012 February 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



and thus is not subjected to such substantial differences in cell adhesion between FBS and
AHS due to a dependence on a single protein for adhesion [15,33]. To further corroborate
this, activated C3 (C3b and iC3b) has been shown to complex with IgG thereby masking
IgGs surface-bound presence or releasing it from a materials surface [41] and immobilized,
not soluble, IgG is a potent inducer of the anti-inflammatory cytokine IL-1ra [42], thus the
highly activated C3 on PEG in the AHS condition could partially explain the observed
inflammatory response. These findings raise important concerns when making a comparison
between monocyte biomaterial studies that utilize different types of serum. The study also
indicate the potential role of PEG in influencing monocyte binding to a single adsorbed
protein (i.e. C3).

Differences in protein concentrations were also observed between AHS- versus FBS-treated
groups. The higher concentrations of IL-1β and TNF-α on the PEG surface compared to
TCPS suggest a heightened inflammatory response to PEG, as has been demonstrated
previously and may be due to adsorbed C3 [16,43,44]. However, the increased amount of
inflammatory protein secretion for the AHS condition on PEG compared to the FBS
condition may also be the result of the substantial difference in cell adhesion. While not
statistically significant, differences in the GM-CSF, TGF-α, and IP-10 concentration
between serum and surface types may have been masked by the high level of deviations that
are commonly associated with donor variability, while the concentration of the chemokine
MCP-1 detected in the cultures may simply be an overall response to the stress of cell
culture where the MCP-1 concentrations on PDMS and TCPS were both comparably high.
The stress on cells induced by the culture condition has been previously reported by another
group [45].

As with the first portion of the study, the difference in adhesion between AHS/FBS was
much greater for PEG than TCPS, showing that this finding is consistent. However, the lack
of observed differences in the adhesion level on TCPS between serum types in the presence
of LPS is likely due to LPS activation. LPS has been shown previously to enhance monocyte
adhesion, and this was true for the FBS condition at 2h and 24h [46]. This enhanced
monocyte adhesion was likely not observed for the AHS condition because the adherent
monocyte density on TCPS with AHS supplementation was already very high. Thus, any
increase in adhesion due to LPS activation may not have been observed due to the
unavailability of space on the surface for additional cells to adhere. Similarly, no difference
in cell adhesion was observed for all time points between AHS and FBS supplementation on
PDMS. PDMS is a hydrophobic surface that can mediate a high level of protein adsorption,
which may have negated any possible contribution by the functionality of the adsorbed
proteins (i.e., AHS vs FBS) in promoting cell adhesion [47,48]. This explanation further
aligns with the observed lack of a difference in cell spreading between the AHS and FBS
conditions on PDMS and TCPS cultures with LPS.

The adherent cells on all surfaces for both serum conditions stained for CD86, a surface
antigen involved in co-stimulation of T cell activation and proliferation that is indicative of a
pro-inflammatory M1 macrophage phenotype [31,49]. In contrast, even on extremely high
laser settings, little to no staining was observed for CD163, a scavenger receptor more
indicative of a deactivated, pro-healing maturation state [31]. The consistent CD86
expression suggests that the cells are maturing and also that a basal level of stress from cell
culture is plausible [45]. Additionally, it is also plausible that the culture system was lacking
a specific signal to trigger the cells to shift form an M1 to an M2 phenotype.

We further quantified the concentration of specific proteins associated with pro-
inflammatory and anti-inflammatory states to better characterize the state of the adherent
cells. The extremely high concentrations of the chemokine GRO-2 and the pro-inflammatory
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cytokine IL-1β under the +LPS condition indicates an expected highly pro-inflammatory
response from the cells [31,50,51]. In sharp contrast, the 100-fold higher GRO-2 protein
concentration for the AHS culture condition on PDMS over the FBS culture was
unexpected, especially considering that the adhesion levels were very comparable.
Macrophages have previously been shown to respond in a somewhat inflammatory manner
to PDMS and PDMS is a hydrophobic polymer thus promoting protein adsorption [45].
Consequently, it is possible that the adsorbed AHS proteins, in contrast to the adsorbed FBS
proteins, were in a conformation that better stimulated a large release of GRO-2. However,
GRO-2 proteins can also be implicated in M2 activities and when considered with the low
concentration of other inflammatory proteins at 24h for the AHS culture on PDMS may
indicate similarities with macrophages that are not strongly M1 activated [29]. There are
very few, if any, examples of monocyte studies on biomaterials that measure GRO-2 and
thus this finding may suggest the importance of GRO-2 as a marker for monocyte/
macrophage responses to biomaterials. Lastly, the higher GRO-2 concentration for the AHS
condition on PEG is likely explained by the higher adherent cell density for the AHS
condition and not a novel phenomena as observed on PDMS. However, the higher GRO-2
may be indicative of pro-inflammatory cellular response to the PEG hydrogels for both the
AHS and FBS conditions.

IFN-γ is a pro-inflammatory cytokine that is rarely produced by macrophages and only
under certain pro-inflammatory conditions, such as LPS supplementation [52]. Additionally,
IL-10 is released in response to high concentrations of LPS to aid in the prevention of
endotoxic shock, indicating that the innately activated macrophage control cells responded
fairly predictably [53,54]. Conversely, the concentration of IL-10 was fairly low for all other
conditions, indicating a lack of this type of anti-inflammatory/regulatory activity. This high
IL-10 concentration for the LPS condition may at first appear to be counterintuitive as IL-10
is a potent anti-inflammatory molecule [29]. However, IL-10 is also released in response to
high concentrations of LPS to aid in the prevention of endotoxic shock [53,54]. Thus, the
concurrent upregulation of pro- and anti-inflammatory cytokines, especially under LPS-
challenged condition, would not be unexpected. Further, although the concentration of
IL-12(p40) tended to be higher for the +LPS condition, high levels of error rendered this
result not statistically significant.

In contrast to the initial portion of the study, high levels of IL-1β were observed on TCPS
for the FBS condition although not statistically significant. This was also observed for the
FBS condition on PDMS. However, the standard deviation was very large. This was because
the extremely high levels of IL-1β came from one blood donor and were not observed in the
other donors, potentially indicating that this donor's macrophages may have some sensitivity
to the bovine proteins in FBS. Contamination of the FBS is unlikely as FBS from the same
bottle was used for the other donors in the study without similar response. Additionally, we
have observed this phenomenon previously in our lab (unpublished data). Colli et al.
previously demonstrated higher IL-1β production for macrophages cultured on TCPS with
FBS compared to those cultured with AHS; however, when considering the present results
the higher level of IL-1β may be a donor-specific response [36]. Donor variability can be
substantial in primary monocyte cultures but is not always explicitly documented in the
biomaterials literature. Surprisingly, a higher IL-1β concentration for the FBS condition on
PEG was not observed, suggesting that the surface also plays a role in mediating release of
IL-1β from FBS sensitive macrophages. The lack of many surface proteins to bind to for the
FBS condition on PEG may have influenced this low IL-1β release. The TNF-α
concentration paralleled the results for IL-1β, and again were primarily due to one blood
donor with a strong response.
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Conclusions
The impact of xenoproteins in FBS on the interaction between material and primary human
cells is not well documented, and thus this study raises important considerations for the
culture medium when comparing literature on monocyte adhesion and inflammatory
responses to biomaterials. Our study implicates the critical role of the biomaterial surface in
tandem with the culture serum in mediating the adhesion and protein release of human
blood-derived monocytes. For example, monocyte adhesion was approximately 3-fold
higher on TCPS in the presence of AHS as compared to FBS, while on PEG hydrogels this
difference was much greater (10-fold). Further, the addition of LPS or the use of PDMS
eliminated any differential cell adhesion between the two serum types. Through various
markers, we also observed that most of the cells exhibited pro-inflammatory markers
although the response on PEG tended to be higher, and further GRO-2 protein was secreted
at a 100-fold higher concentration for the AHS condition on PDMS compared to FBS, and
this phenomena was unique to this surface.
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Figure 1.
Light microscopy photomicrograph of adherent cells on TCPS and PEG hydrogels: (20×
magnification) 4d in 10% FBS supplemented media on TCPS (A), 4d in 10% AHS
supplemented media on TCPS (B), 4d in 10% FBS supplemented media on PEG hydrogel
(C), 4d in 10% AHS supplemented media on PEG hydrogel (D), 24h in 10% FBS
supplemented media on TCPS (E), 24h in 10% AHS supplemented media on TCPS (F), 24h
in 10% FBS and 100ng/ml LPS supplemented media on TCPS (G), 24h in 10% AHS and
100 ng/ml LPS supplemented media on TCPS (H), and on PDMS and PEG: 24h in 10%
FBS supplemented media on PDMS (I), 24h in 10% AHS supplemented media on PDMS
(J), 24h in 10% FBS on PEG (K), 24h in 10% AHS on PEG (L).
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Figure 2.
Adherent cell density on TCPS or PEG hydrogels cultured with FBS (▬) or AHS (▭). All
data is presented as average ± standard deviation (n = 3 human blood donors).
*: Differs significantly from other serum type on same surface at same time point (p < 0.05)
‡: Differs significantly from other surface with same serum type at same time point (p <
0.05)
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Figure 3.
Concentration (pg/ml) of IL-1β and TNF-α in the presence of TCPS or PEG cultured with
FBS (▬) or AHS (▭). All data is presented as average ± standard deviation (n = 3 human
blood donors).
*: Differs significantly from other serum type on same surface at same time point (p < 0.05)
‡: Differs significantly from other surface with same serum type at same time point (p <
0.05)
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Figure 4.
Concentration (pg/ml) of MCP-1 in the presence of TCPS or PEG cultured with FBS (▬) or
AHS (▭). All data is presented as average ± standard deviation (n = 3 human blood donors).
*: Differs significantly from other serum type on same surface at same time point (p < 0.05)
‡: Differs significantly from other surface with same serum type at same time point (p <
0.05)

Schmidt et al. Page 16

Acta Biomater. Author manuscript; available in PMC 2012 February 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 5.
Adherent cell density on TCPS, TCPS supplemented with 100 ng/ml LPS (LPS), PDMS, or
PEG hydrogels (PEG) cultured with FBS (▬) or AHS (▭). All data is presented as average
± standard deviation (n = 3 human blood donors).
T: Differs significantly from TCPS (p < 0.05)
L: Differs significantly from TCPS with added LPS (p < 0.05)
M: Differs significantly from PDMS (p < 0.05)
P: Differs significantly from PEG (p < 0.05)
*: Differs significantly from other serum type on same surface at same timepoint (p < 0.05)
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Figure 6.
Confocal microscopy photomicrograph of adherent cells on (20× magnification): 7d in 10%
FBS supplemented media on TCPS (A), 7d in 10% AHS supplemented media on TCPS (B),
7d in 10% FBS and 100ng/ml LPS supplemented media on TCPS (C), 7d in 10% AHS and
100 ng/ml LPS supplemented media on TCPS (D), 24h in 10% FBS supplemented media on
PDMS (E), 24h in 10% AHS supplemented media on PDMS (F), 24h in 10% FBS on PEG
(G), 24d in 10% AHS on PEG (H). Green staining is of CD86 while red staining is of
CD163.
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Figure 7.
TNF-α (A), IL-1β (B), IFN-γ (C), IL-10 (D), GRO-2 (E), IL-12(p40) (F) and IL-12(p70) (G)
concentrations for TCPS, TCPS supplemented with 100 ng/ml LPS (LPS), PDMS, or PEG
hydrogels (PEG) cultured with FBS (▬) or AHS (▭). All data is presented as average ±
standard deviation (n = 3 human blood donors).
T: Differs significantly from TCPS (p < 0.05)
L: Differs significantly from TCPS with added LPS (p < 0.05)
M: Differs significantly from PDMS (p < 0.05)
P: Differs significantly from PEG (p < 0.05)
*: Differs significantly from other serum type on same surface at same timepoint (p < 0.05)
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