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Abstract
Monocytes/Macrophages have long been recognized as key players in inflammation and wound
healing and are often employed in vitro to gain an understanding of the inflammatory response to
biomaterials. Previous work has demonstrated a drastic decrease in primary monocyte adherent
density on biomaterial surfaces coupled with a change in monocyte behavior over time. However,
the mechanism responsible for this decrease was unclear. In this study, we explored active
detachment and cellular death as possible regulating factors. Specifically, extracellular TNF-α and
ROS production were analyzed as potential endogenous stimulators of cell death. MMPs, but not
calpains, were found to play a key role in active monocyte detachment. Monocyte death was found
to peak at 24hr and occur by both apoptosis and necrosis as opposed to polymorphonuclear
leukocyte death which mainly occurred through apoptosis. Finally, TNF-α and ROS production
were not found to have a causal relationship with monocyte death on TCPS or PEG surfaces. The
occurrence of primary monocyte apoptosis/necrosis as well as active detachment from a material
surface has implications not only in in vitro study, but also in the translation of the in vitro
inflammatory response of these cells to in vivo applications.
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Introduction
Monocytes/Macrophages have long been recognized as key players in inflammation and
wound healing [1–3]. Along with polymorphonuclear leukocytes (PMNs), these phagocytes
are among the first responders to a site of injury where they act to clear away debris and
defend against bacterial infiltration [3, 4]. Critical to these functions is the ability of these
cell types to produce high levels of reactive oxygen species in what is known as a
“respiratory burst” which can act to degrade foreign particles and/or mediate cellular
signaling [5–7]. Additionally, both PMNs and macrophages produce a milieu of other
chemical mediators which can influence the progression of subsequent healing events [4, 8].
The differential maturation of monocytes into a particular macrophage phenotype also
allows infiltrating blood monocytes to play multiple roles in the host response [9, 10].
Biomaterials research often aims to understand and modulate the host response in order to
affect a more favorable and/or efficient end-stage healing result. To this end, in vitro
investigation of macrophage response to biomaterials has been approached through a variety
of methodologies. For example, as opposed to using cancerous human and murine cell lines
which have phenotypes similar to monocyte/macrophage (e.g. U937, THP-1, RAW264.7),
primary monocytes can be isolated from whole blood and immediately seeded onto a
biomaterial surface to examine the resulting inflammatory response [11–13]. Alternatively,
these same primary monocytes can be allowed to differentiate into a more macrophage
phenotype by culturing on tissue culture polystyrene (TCPS) surfaces for extended time
periods with or without exogenous stimulation[14–16]. In either case, the microenvironment
created by the culture conditions has been shown to play a direct role in determining the
subsequent response of these primary cells [17–19].

Previous work has begun to explore the influence of culture conditions on the behavior of
primary monocytes in vitro. For example, differences were observed in adherent density and
cytokine release profiles of primary human monocytes exposed to TCPS and poly(ethylene
glycol) (PEG) hydrogel surfaces cultured in either fetal bovine serum (FBS) or autologous
human serum (AHS) [12]. The effect of serum source was most evident in the observed 3-
and 10-fold increase in adherent cell density on TCPS and PEG hydrogel surfaces,
respectively, when AHS versus FBS was employed. In addition to the impact of exogenous
factors to the culture system, the introduction of the in vitro environment itself can impact
the response of primary cells. On a variety of substrates in vitro, a drastic decrease in
primary monocyte adherent density has been consistently observed over a one week period
with a particularly significant drop after 24 hours [11–13, 19–24]. Additionally, this
decrease in adherent density is usually accompanied by a temporal alteration in cell behavior
(e.g. cytokine or growth factor release) [11, 12, 21–24]. The mechanism regulating the
decrease in monocyte adherent density on these substrates and its possible impact on cell
behavior, however, remains unclear. Several possible explanations exist including either an
active process of cell detachment or a loss of cell viability upon contact with the substrates
in vitro.

Possible active detachment of monocytes may be mediated by a decrease in adhesion
strength related to, for example, increased cell migration or a cytoprotective affect
stimulated by interaction with the biomaterial substrates. Matrix metalloproteinases (MMPs)
and calpains have been repeatedly shown to play significant roles in cell migration and
invasion by regulating integrin function [25–28]. As a type of intracellular protease, the
calpains contribute to cell migration by interacting and cleaving a broad range of integrins
and cytoskeleton proteins, e.g., β integrins, β-catenin, cadherins, filamin, talin 1 and vinculin
[29–36]. The MMPs are a large family of extracellular proteases which are able to cleave
cytokines and extracellular matrix proteins to promote cell proliferation, migration and
differentiation [37]. Alternatively, decreased monocyte density on these biomaterial
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substrates may be due to an increase in the occurrence of cell death leading to a loss of cell
density on the surface. Of particular interest for biomaterial research is the mechanism by
which the cells are possibly dying. For example, apoptosis, or programmed cell death, is
widely considered anti-inflammatory. In contrast, necrosis and/or necroptosis, often releases
signaling molecules, such as DNA or high mobility group box protein 1, which can trigger
an inflammatory response [38, 39]. There are several potential endogenous effectors that
could be responsible for a loss of cell viability. For example, TNF-α has been shown to
trigger both apoptosis and necroptosis through binding to the death receptor, TNFR1 [40,
41]. An elevated TNF-α level is crucial in the inflammatory response and monocytes are the
main source of TNF-α in wounds [42–44]. Thereby, auto- and paracrine signaling by this
cytokine may contribute to an increase in cell death. Alternatively, ROS has been shown to
facilitate cell death by both damaging cells and mediating signaling cascades by altering cell
redox states, chemically modifying critical proteins, or acting as a secondary messenger [41,
45–48]. Therefore, an increase in the production of extracellular ROS by phagocytes in
vitro, leading to a highly oxidative microenvironment similar to what is seen in chronic
wounds, may contribute to an increase in cell death. In this study, we explored active
monocyte detachment via MMPs or calpains and cellular death as explanations for
decreased monocytes density in vitro over time on TCPS and PEG hydrogel surfaces. TCPS
was selected because it is a commonly used reference material and PEG hydrogels were
selected because they have been shown to limit protein adsorption while supporting
monocyte adhesion while having differing properties than TCPS [12, 13]. Additionally,
extracellular TNF-α and ROS production were analyzed for a potential causal relationship
with monocyte or PMN death.

Materials and Methods
PEGdA and PEG hydrogel synthesis

Poly(ethylene glycol) diacrylate (PEGdA) was prepared using a modified protocol which
has been previously described [49]. Briefly, PEG diol (3.4kDa; Sigma Aldrich, St. Louis,
MO) was reacted with acryloyl chloride (Sigma Aldrich) in the presence of triethylamine
(TEA; Sigma Aldrich) in a 1:8:8 molar ratio overnight at room temperature in the dark. The
resulting acrylated PEG was then purified by dissolving in dichloromethane and
precipitating in cold diethyl ether. The degree of acrylation was determined to be >95%
using 1H-NMR and high performance liquid chromatography. The PEG hydrogels were
prepared by dissolving 10 or 15 wt% PEGdA and the photoinitiator, 1 wt% Irgacure 2959
(Ciba), in ddH2O. The solution was poured into Teflon molds and cured with UV CF1000
LED (λmax = 365nm, Clearstone Technologies). The PEG hydrogels were sterilized with
70% ethanol for 45 min and then washed five times with phosphate buffered saline (PBS,
pH 7.4) over 60min to remove ethanol, unreacted PEGdA, and Irgacure 2959. Immediately
prior to the addition of cells, the hydrogels were equilibrated in RPMI 1640 (Gibco,
Invitrogen, Carlsbad, CA) for 2hr at 37°C and 5% CO2.

Primary monocyte and PMN isolation
Primary monocytes and PMNs were isolated using a density gradient based methodologies
modified from previously published work [50]. Briefly, 60 mL citrated whole blood was
collected from more than one healthy adult volunteer. The whole blood was diluted in
Dulbecco’s phosphate buffered saline (DPBS; Hyclone, Thermo Scientific) supplemented
with 1mM EDTA (Fisher Scientific) and underlayered with Ficoll-Paque Premium
(ρ=0.077; GE Healthcare, Pittsburgh, PA). After centrifugation at 400×g for 30min at room
temperature (RT), mononuclear cells were separated from granulocytes and erythrocytes.
The mononuclear cells were then separated using a Percoll gradient and the resulting band
of monocytes was collected. This isolation procedure resulted in ~80–90% monocyte purity
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based on flow cytometry analysis (data not shown) with the primary contaminant being
lymphocytes. The initial separation of granulocytes from erythrocytes was done using a 2%
dextrose gradient at RT. The remaining erythrocytes were lysed using several incubations
with cold ddH2O. All steps besides the density gradient separations were done on ice or at
4°C to minimize PMN activation. While a majority of the isolated granulocytes are PMNs, a
small percentage (<1%) of contamination by basophils and eosinphils is possible. The
isolated monocytes and PMNs were re-suspended in cold RPMI 1640 (Gibco, Invitrogen)
and the cell concentration was calculated using a hemocytometer. Typically, 12–20×106

monocytes and 80–100×106 PMNs were isolated from 60 mL whole blood. Cells were
statically seeded on PEG hydrogels fit into 48- or 96-well cell culture plates or the TCPS
(Costar®, Corning Inc., Corning, NY) surface directly at a concentration of 106cells/mL
(6.6×104 and 6.3×104 cells/cm2 for 48- and 96- well plates, respectively) suspended in
RPMI 1640 media with 10% autologous human serum at 37°C and 5% CO2. All
fluorescence-based assays were performed on cultures containing RPMI 1640 without
phenol red to prevent interference with the fluorescent signal.

Effects of protease inhibitors on monocyte adhesion
The MMP inhibitor GM6001 (Calbiochem, EMD Chemicals, Darmstaldt, Germany) and the
calpain inhibitor PD150606 (Sigma) were used to study the effects of MMPs and calpains
on monocyte adhesion [51, 52]. Optimization of concentrations of the inhibitors to be
employed in future studies was performed by adding gradient concentrations of GM6001 (5,
10, 25 and 50µM) and PD150606 (10, 50, 100 and 200µM) to monocyte culture media. The
supernatant was removed after incubating for 2hr and the adherent cells were then washed
twice with RPMI 1640. Adherent cells were imaged with a digital camera attached to
inverted microscope (Nikon Eclipse TE 300). The cell number on each image (sampling
area: 2.385mm2/image) was counted to determine cell density per mm2. The experiment was
repeated three times independently and three images were taken for each substrate at each
time point. The number of adherent cells increased with the increase of PD150606
concentration from 0 to 50µM and then decreased from 50 to 200µM (Figure 1A). The
number of adherent cells also increased with the concentration of GM6001 from 0 to 5µM,
and then decreased from 5 to 50 µM (Figure 1B). The monocyte adhesion on TCPS with
PD150606 and GM6001 generally showed the same decreasing trend after incubation from
1 to 24hr and the number of adherent cells dropped significantly at 24hr for both PD150606
and GM6001, suggesting these inhibitors were probably exhausted after long incubation
(data not shown). Based on the results of these studies, the incubation time and the
concentrations of GM6001 and PD150606 were optimized to enable the highest number of
adherent cells for the following study. Monocytes were seeded on TCPS plates with or
without PEG hydrogel. 10µM GM6001 or 50µM PD150606 was added to the culture
medium and the cells were incubated with the inhibitors for 2hr before each time point. The
adherent cells were then washed twice with DPBS, imaged, and counted at 2, 24, 96 and
168hr as described above. To further ascertain the viability of monocytes detached from
different substrates, cell culture supernatants were collected and transferred into a black
TCPS plate at 2, 24, 96 and 168 hours. The amount of live and dead cells were measured
simultaneously via a fluorescent assay (MultiTox-Fluor™, Promega, Madison, WI) at 400ex/
505em and 485ex/520em respectively according to the manufacturer’s instruction.

Determination of TNF-α release
Cells were seeded into a 48-well TCPS plate with or without PEG hydrogels in RPMI 1640
supplemented with 10% pooled human sera (Sigma). At 2, 24, 96 and 168hr, supernatant
was collected from each well and ELISA assays were performed to determine the
concentrations of TNF-α (Invitrogen). Cell culture supernatants without cells served as
controls. A standard curve was created for TNF-α (y=−0.3117x2+0.719x+0.0024, r2=0.999),
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where x is adsorbed/absorbed protein (µg/cm2) and y is the absorbance value. The protein
concentration in the supernatant was then calculated by comparing the absorbance value to
the standard curve.

The effect of TNF-α on cell adhesion
Various concentrations of recombinant human TNF-α (R&D Systems, Minneapolis, MN)
were employed to determine its effect on monocyte adhesion to TCPS. Human primary
monocytes were isolated and seeded on TCPS (5×104cells/well) in media supplemented
with 0.01, 0.05, 0.5, 5 or 50ng/mL TNF-α. Medium without TNF-α served as control. The
supernatants were removed at 2 and 12 hr and adherent cells were quantified using
microscopic imaging as described above.

Determination of extracellular ROS production
At 2, 24, and 96hr, supernatant from monocyte or PMN cultures was removed and
OxyBURST Green H2HFF BSA (10µg/ml; Invitrogen) in Hank’s buffered saline solution
(Gibco® Invitrogen) with or without 100nM phorbol 12-myristate 13-acetate (PMA; Sigma)
was added to the wells containing cells adhered to TCPS or PEG hydrogel surfaces.
OxyBURST Green H2HFF BSA contains a fluorescein derivative conjugated to bovine
serum albumin (BSA) which fluoresces upon oxidation by ROS. A review of the literature
and comparison of the chemistry to other probes suggests that this probe can be oxidized by
a variety of reactive oxygen species, but not reactive nitrogen species, including both more
stable and unstable species. PMA is a known stimulator of protein kinase C which activates
NADPH oxidase 2, the main source of ROS in monocytes and PMNs. The fluorescence was
then monitored (485ex/520em; Fluorstar Optima, BMG Labtech, Cary, NC) over 2hr at 37°C.
The mean fluorescence intensity (MFI) after 2hr was compared to a fluorescein standard
curve (1, 5, 10, 25, 50nM) to allow for plate-to-plate comparisons. All data is presented as
the equivalent (eq.) fluorescein MFI. As the probe was present while the cell was in contact
with a biomaterial surface for an extended period of time, oxidation by both stable and
unstable ROS is possible.

Determination of viability, apoptosis, necrosis, and secondary necrosis
The level of monocyte and PMN viability, apoptosis, and necrosis at 2, 24, 48, 96, and
168hr was determined using the ApoTox-Glo kit (Promega). Briefly, viability was assessed
by measuring the ability of cells with intact membranes to cleave a fluorogenic, cell-
permeant, peptide substrate, glycylphenylalanyl-aminofluorocoumarin (400ex/505em). The
resulting fluorescent signal is proportional to the number of living cells. Primary and
secondary necrosis was assessed by measuring the cleavage of fluorogenic, cell-impermeant,
peptide substrate, bis-alanylalanyl-phenylalanyl-rhodamine 110 (485ex/520em) by a “dead-
cell protease” which is released from cells with permeable membranes. A luminogenic
caspase-3/7 substrate, which contains the tetrapeptide sequence DEVD, was used to measure
the activity of both caspase 3 and 7. The activation of both caspases is downstream of the
intrinsic and extrinsic apoptotic pathways. Secondary necrosis was assessed by measuring
the activity of caspase-3 in the supernatant [53]. 70µl of supernatant from monocyte and
PMN cultures was diluted in 130µl buffer (20mM HEPES, 10% glycerol, 2mM DTT) and
the fluorogenic peptide substrate Ac-DEVD-AMC was added to a final concentration of
20µM. The solution was incubated at 37°C for 2hr and then the mean fluorescence intensity
(MFI) of the free-AMC was assessed (380ex/460em). Supernatant from a no-cell condition
served as a negative control.

Additionally, apoptosis and necrosis were qualitatively observed using fluorescence
microscopy. Briefly, at 2, 24, 48, 96, and 168hr, monocytes and PMNs were rinsed with
cold DPBS (Mediatech Inc., Manassas, VA) and fluorescent dyes were added according to
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the manufacturer’s protocol adapted for a 96-well plate format (Vybrant Apoptosis Assay
Kit #6; Invitrogen). Apoptosis detection was based on the translocation of
phosphatidylserine from the inner to outer membrane of the plasma membrane in apoptotic
cells. The high affinity of Annexin V for phosphatidylserine was used to associate a
fluorescent molecule (Alexa-Fluor 350; 365ex/440em) to the membrane of apoptotic cells.
Primary and secondary necrosis was detected using the nucleic acid-binding propidium
iodide dye (488ex/575em) which cannot penetrate the membranes of live or early apoptotic
cells. Live cells demonstrated no or a very low level of fluorescence.

Statistical analysis
All data is presented as the mean ± standard deviation of samples in independent
experiments (n≥3) and were analyzed by ANOVA or student’s t-test where values of p<0.05
were considered statistically significant.

Results
MMP-mediated active detachment of monocytes

Our previous studies found that the number of adherent monocytes on both PEG hydrogel
and TCPS decreased with time, with a dramatic decrease in adhesion occurring between 24
and 96hr [12, 13]. These results were also replicated in this study with non-treated
monocytes (Figure 2). Correlating with these results, both viable and non-viable non-
adherent monocyte density peaked at 96hr (Figure 3A) suggesting that in addition to cell
death, active detachment may play a role in the decrease in adherent density. In this study,
inhibitors to MMPs (GM6001) and calpains (PD150606) were employed to determine the
effect of these proteases on monocyte adhesion since they have been repeatedly shown to
play significant roles in cell migration and invasion [25–28]. After treatment with GM6001,
adherent monocyte density on TCPS was enhanced (p<0.05; Figure 2) and non-adherent
monocyte density on both PEG and TCPS surfaces decreased (Figure 3B) significantly over
time. Conversely, inhibition of calpains only led to an increase in adherent monocyte density
on TCPS at 2hr (p<0.01; Figure 2) and did not significantly alter the number of non-
adherent monocytes (Figure 3C) which suggests that the effect of calpains is less important
than the effect of MMPs in modulating cell adherent density. However, adherent monocyte
density on PEG hydrogels after treatment with PD15606 at 2 and 24hr, though not
significant, was generally higher than with non-treated conditions. The high amount of non-
viable non-adherent monocytes (Figure 3A), however, suggests that cellular death is still a
major factor in the decrease in adherent cell density on both TCPS and PEG surfaces over
time.

Leukocyte death as mediated by extracellular TNF-α and ROS
In order to examine possible endogenous causes for cell death in vitro on TCPS and PEG
hydrogel surfaces, the levels of two known effectors of cell death that are produced by
monocytes were examined: TNF-α and ROS. The TNF-α concentration in cell culture
supernatant increased from 2 to 24hr followed by a significant decrease from 24 to 168hr
when monocytes were cultured on both PEG hydrogel and TCPS (Figure 4). The presence of
PEG hydrogels significantly increased the TNF-α concentration at 24 and 96 hours despite
the number of adherent monocytes on PEG hydrogels being markedly lower than on TCPS
at these time points (Figure 2; [13]). Interestingly, the addition of exogenous TNF-α
significantly increased the number of adherent monocytes on TCPS surfaces, though the
adherent cell number generally decreased with the higher concentrations of TNF-α (Figure
5).
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Both PMNs and monocytes/macrophages are capable of producing high amounts of ROS as
a mechanism to degrade foreign entities. Extracellular ROS production by monocytes was
analyzed by using a cell membrane impermeable probe which fluoresces upon oxidation.
Results using monocytes were compared to PMNs isolated from the same human donor to
limit effects of donor variation, as PMNs are a known producer of extracellular ROS in
vitro. PMNs produced much higher levels of extracellular ROS than monocytes over time
with or without PMA stimulation (Figure 6). Moreover, the only significant production of
ROS by monocytes without PMA stimulation was seen at 2hr (Figure 6A) and upon seeding
(data not shown). PMN production of ROS on both PEG and TCPS surfaces demonstrated
no change or a decrease from 2 to 24hr followed by an increase in production at 96hr
(Figure 6B). Finally, monocyte cultured for 9 days on TCPS produced marginal extracellular
ROS even with PMA stimulation (<1nM equivalent fluorescein MFI).

Apoptosis and necrosis of leukocytes
In order to better understand the type of cell death occurring in vitro on PEG and TCPS
surfaces, monocytes and PMN viability, apoptosis, and necrosis were analyzed
simultaneously using fluorescent and luminescent probes. Similar to the results of previous
microscopic assays (Figure 2; [12, 13]), monocyte and PMN viability decreased
significantly after 24hr (p<0.05; Figure 7). Additionally, apoptosis and necrosis peaked at
24hr for both cell types on TCPS and PEG surfaces. The activity of necrosis indicators were
also elevated at 168hr for monocytes. Higher activity of necrosis indicators was present with
monocytes in the presence of TCPS at 24hr as compared to PEG surfaces (p<0.05; Figure
7A). In the case of PMNs, higher levels of caspase 3/7 activity was seen with PEG
compared to TCPS at 2hr; however, at 24hr, higher caspase 3/7 activity was seen with TCPS
surfaces (p<0.05; Figure 7B). As the assay used to determine the incidence of necrosis did
not discriminate between primary and secondary necrosis, the activity of caspase-3 in the
supernatant was assayed to determine the level of secondary necrosis. Evidence of PMN
secondary necrosis peaked at 24hr on both surfaces and decreased over time (Figure 8). No
significant evidence of monocyte secondary necrosis was seen over time except on PEG
surfaces at 168hr. Qualitatively, microscopic fluorescence imaging of monocytes and PMNs
adhered to both PEG and TCPS surfaces demonstrated instances of both the translocation of
phosphatidylserine from the inner to outer membrane of the plasma membrane as well as the
staining of nuclear DNA by the cell-impermeable dye, propidium iodide, at 2, 24, 48, 96,
and 168hr (Figure 9). Thus, both types of assays demonstrated the occurrence of both
apoptosis and necrosis by monocytes and PMNs. However, while the necrosis observed for
PMNs may be primarily due to secondary necrosis after 2hr, monocytes seem to be
undergoing primary necrosis in vitro.

Discussion
Previous work has demonstrated a decrease in primary human monocyte adherent density on
biomaterial surfaces in vitro over time often accompanied by time-dependent alterations in
cell behavior [11–13, 19–24]. In this study, we found that monocytes are removed from
these substrates through both active detachment mechanisms and monocyte death by both
apoptosis and necrosis. MMPs, but not calpains, appeared to play a critical role in the
detachment of monocytes from TCPS and PEG surfaces as shown by an increase in adherent
cell density (TCPS; Figure 2A) and a decrease in non-adherent cell density (TCPS and PEG;
Figure 3) after treatment by an MMP inhibitor. The lack of an increase in adherent density
on PEG hydrogel surfaces after treatment with GM6001 and the greater impact of
PD150606 on adherence to PEG surfaces (Figure 2B), however, indicates that the regulating
mechanism of cell adhesion on TCPS and PEG hydrogel may be different. Calpains
primarily play a role in the destabilization or disassembly of adhesion complexes. PD150606
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can thereby act to increase cell adhesion by reducing the dissociation of integrins from the
cytoskeleton through calpain activity [54]. Thus, integrin cleavage by calpains may affect
initial monocyte adhesion to TCPS; however, it does not appear to play a major role in the
monocyte interaction with the surface at later time periods. Although not found to cause a
significant increase in adherent density, calpains may also play a larger role in monocyte
detachment to PEG hydrogels (Figure 2B). In contrast, the mechanism of action of GM6001
on cell adhesion through inhibition of MMPs is largely unknown. MMPs modulate cell
behavior through multiple mechanisms such as cleaving either the extracellular proteins to
which cells bind or cytokines which can control downstream adhesive events. Additionally,
MMPs often bind to integrin receptors such as αvβ3, α2β1 and α3β1, in order to efficiently
cleave extracellular proteins [55–57]. The close interaction between MMPs and integrins,
however, may lead to the cleavage of integrins from the cell membrane. Recent reports have
shown that MMP-9 can lead to the cleavage of the β2 integrin subunit from macrophages
and the β1 integrin from endothelial cells [58, 59]. Thus, inhibition of MMPs may reduce
the occurrence of multiple events which can lead to a decrease in monocyte adherent
density. For example, on both PEG hydrogels and TCPS, GM6001 treated monocytes
showed significantly enhanced cell viability than the other groups, especially at later time
points (96 and 168hr, p<0.01; Figure 3). This observation is in agreement with a previous
report that showed the inhibition of MMPs by GM6001 protects cells from lethal toxin
−mediated cell death [60]. Alternatively, although not examined in this study, alterations in
monocyte adhesion strength to these surfaces could also be altered over time and through
treatment with GM6001. Thereby, events inherent to in vitro culture, such as media changes,
may have less impact on removing weakly adherent cells from the surface.

The production of TNF-α and ROS, two possible effectors of cell death, did not positively
correspond to apoptotic or necrotic cell death. The addition of exogenous TNF-α led to an
increase in the number of viable adherent monocytes, however, the density generally
decreased with increasing TNF-α concentrations (Figure 5). Based on this result and the
overall low concentration of TNF-α released by monocytes in the presence of TCPS and
PEG hydrogels (generally less than 1 ng/ml; Figure 4), it is unlikely that this amount of
TNF-α was sufficient to lead to high levels of programmed cell death. Additionally, TNF-α
interaction with TNFR1 has also been shown to lead to multiple downstream outcomes
including enhanced survival [40]. Although monocytes/macrophages are considered one of
the primary causes of a highly oxidative wound microenvironment through the release of
ROS, within the conditions of this study, monocytes only produced a small amount of
extracellular ROS at 2hr in response to both TCPS and PEG surfaces (Figure 6A).
Furthermore, this slight amount of production at the earliest time point may have only been
an artifact from the isolation procedures as no differences were seen between surfaces.
Therefore, extracellular ROS production is unlikely to be a primary mechanism of monocyte
death on these substrates. Even though intracellular and extracellular ROS are commonly
associated with mechanisms of cell death, ROS and reactive nitrogen species have also been
shown to play critical roles in mediating fibroblast adhesion [61] and monocyte survival [45,
62]. As such, the role of extracellular ROS in in vitro primary monocyte culture may
possibly have multiple consequences. In contrast to monocytes, PMN extracellular ROS
production, similarly high at 2hr, also demonstrated enhanced ROS levels at 96hr despite a
drastic decrease in cell viability (Figure 6B). In this case, ROS production in concurrence
with cell death may provide a possible explanation for this observation. Previous research
has determined that ROS play a key role in the spontaneous apoptosis of PMNs [47]. The
later production of ROS may also be related to the ability of PMNs to undergo an alternative
mechanism of cell death, termed “ETosis”, which results in the production of “extracellular
traps” which consist of net-like structures comprised primarily of DNA. It has been shown
that high levels of ROS are required for ETosis to occur; in fact, PMA is often used to
trigger ETosis [63]. Although the occurrence of ETosis is typically associated with an
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antibacterial strategy, some evidence exists for stimulation by biomaterials [64]. In this
study, qualitative observations of ETosis based on cell morphology was observed on both
TCPS and PEG hydrogel surfaces in the form of DNA-based extracellular structures
similarly to those seen is published literature (data not shown). Alternatively, monocyte
detachment mediated by MMPs, as described previously, may also lead to an increase in
monocyte death over time. The lack of an extended microenvironment within the in vitro
culture system may alter the effect of detachment on monocyte/PMN viability compared to
what is observed during wound remodeling in vivo. While approximately one third or
greater of the non-adherent monocytes were viable over all time points (Figure 3A), the non-
adherent monocytes may be dying at a higher rate those adhered onto a substrate.

The occurrence and method of cell death in primary cultures is likely an influential factor in
the evaluation of the inflammatory response of primary cells in vitro and the translation of
these observations in vivo. In this study, monocyte death, particularly in the first 24hr,
occurs by both apoptotic and necrotic mechanisms. This result is consistent with previous
work in our lab that found increased levels of high mobility group box protein 1 and growth-
related oncogene 2 [12] in monocyte cultures indicative of necrotic cell death. In contrast,
evidence of secondary necrosis in PMN cultures indicates that the primary mode of PMN
death was likely apoptosis which is consistent with previous literature demonstrating that
primary PMNs undergoing spontaneous apoptosis upon introduction to in vitro culture [47,
65]. Apoptotic and necrotic cell remains can trigger different cellular responses, particularly
with phagocytes which are responsible for clearing cell debris. For example, phagocytosis of
necrotic cell remains by macrophages is thought to trigger differentiation to a more
inflammatory phenotype while apoptotic remains have been shown to cause a wound
healing phenotype [66, 67]. Therefore, the manner in which cells are dying in vitro may lead
to an inflammatory response not likely to be observed in vivo. In particular, as seen with
PMNs, without the proper clearance mechanisms, apoptotic bodies will undergo secondary
necrosis thus altering the inflammatory response of the remaining viable cells.

Conclusion
The mechanisms leading to a decreased adherent density of primary human monocytes on
TCPS and PEG hydrogel surfaces was partially elucidated. MMPs, but not calpains, were
found to play a key role in the active detachment of monocytes from these substrates.
Monocyte death through both apoptosis and necrosis was also found to be a cause for the
decrease in monocyte adherent density. TNF-α release by monocytes peaked at 24hr,
however, differences in production when exposed to TCPS versus PEG surfaces were not
reflected in changes to cell viability so a causal relationship could not be established.
Similarly, ROS production by monocytes was seen only at 2hr and therefore is not a sole
endogenous cause of cell death. The occurrence of primary monocyte apoptosis/necrosis as
well as active detachment from a material surface has implications not only in in vitro study,
but also in the translation of the in vitro inflammatory response of these cells to in vivo
applications.
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Figure 1.
The number of adherent monocytes on TCPS cultured with various concentrations of (A)
PD150606 and (B) GM6001 for 2 hours. Cells without treatment of PD150606 or GM6001
served as the control.
§: significantly different compared to the control at 2 hours, p<0.05.
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Figure 2.
The number of adherent monocytes on TCPS (A) and PEG hydrogel (B) surfaces after 2
hours incubation with10µM GM6001 ( ) or 50µM PD150606 ( ) before each time point.
Cells cultured without GM6001 or PD150606 served as control ( ).
§: significantly different compared to the control without additive at the same time point,
p<0.05;
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Figure 3.
Viable ( ) and non-viable ( ) monocytes in the cell culture supernatant after treatment
with 10µM GM6001 (B) or 50µM PD150606 (C) for 2 hours before each time point on
TCPS and PEG hydrogel substrates. The fluorescence of live and dead cells was measured
for each sample simultaneously (MultiTox-Fluor™, Promega). Cells cultured on TCPS
without GM6001 or PD150606 served as control (A).
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Figure 4.
TNF-α concentration in monocyte culture supernatant on TCPS ( )and PEG hydrogel ( )
substrates at 2, 24, 96 and 168 hours.
§: significantly different compared to TCPS at the same time point, p<0.05;
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Figure 5.
The adherent monocyte density on TCPS after incubation for 2 ( ) or 12 ( ) hours in
media supplemented 0.01, 0.05, 0.5, 5 or 50 ng/mL human recombinant TNF-α. Media
without exogenous TNF-α served as the control.
§: significantly different compared to the control without cells at 2 hours, p<0.05;
‡: significantly different compared to the cell number at the same time point treated with
0.01 ng/mL TNF-α, p<0.05.
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Figure 6.
Extracellular ROS production by monocytes (A) and PMNs (B) adhered to TCPS and PEG
hydrogels at 2( ), 24( ) and 96( ) hr. ROS levels were determined using a cell
membrane impermeable probe which fluoresces upon oxidation (485ex/520em).
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Figure 7.
The level of monocyte (A) and PMN (B) viability ( ), apoptosis ( ), and necrosis ( ) at
2, 24, 48, 96, and 168hr after exposure to TCPS and PEG hydrogel substrates. Viability was
assessed by measuring the cleavage of a fluorogenic, cell-permeant, peptide substrate by
cells with intact membranes. Primary and secondary necrosis is assessed by measuring the
cleavage of fluorogenic, cell-impermeant, peptide substrate, by a “dead-cell protease” which
is released from cells with permeable membranes. Mean fluorescent intensity (MFI) of the
samples were compared to a fluorescein standard curve to allow for comparison between
time points. Finally, cleavage of a luminogenic caspase-3/7 substrate was used to assess
apoptosis.
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Figure 8.
Levels of secondary necrosis present in monocyte and PMN cultures as determined by
measuring the activity of caspase-3 in the supernatant. Supernatant from cells exposed to
TCPS ( ) and PEG hydrogel ( ) substrates for 2, 24, 48, 96, and 168hr were exposed to
fluorogenic caspase-3 substrate and the mean fluorescence intensity from the cleaved probe
was assessed.
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Figure 9.
Photomicrographs of apoptotic and necrotic monocytes on TCPS (A) and PEG hydrogel (B)
surfaces at 24hr. Apoptosis detection was based on the translocation of phosphatidylserine
from the inner to outer membrane of the plasma membrane in apoptotic cells (Blue).
Primary and secondary necrosis was detected using the nucleic acid-binding propidium
iodide dye which cannot penetrate the membranes of live or early apoptotic cells (Red).
Live cells demonstrated no or a very low level of fluorescence. The PEG hydrogel created
blue background fluorescence. The white reference line represents 75µm.
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