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Macrophages are innate immune cells that have a central role in combating infection and maintaining
tissue homeostasis. They exhibit remarkable plasticity in response to environmental cues. At either end of
a broad activation spectrum are pro-inflammatory (M1) and anti-inflammatory (M2) macrophages with
distinct functional and phenotypical characteristics. Macrophages also play a crucial role in orchestrating
immune responses to biomaterials used in the fabrication of implantable devices and drug delivery sys-
tems. To assess the impact of different surface chemistries on macrophage polarisation, human monocytes

ﬁ:::g;f;ge were cultured for 6 days on untreated hydrophobic polystyrene (PS) and hydrophilic O, plasma-etched
Monocyte polystyrene (0,-PS40) surfaces. Our data clearly show that monocytes cultured on the hydrophilic O,-
M1 PS40 surface are polarised towards an M1-like phenotype, as evidenced by significantly higher expression
M2 of the pro-inflammatory transcription factors STAT1 and IRF5. By comparison, monocytes cultured on the

hydrophobic PS surface exhibited an M2-like phenotype with high expression of mannose receptor (MR)
and production of the anti-inflammatory cytokines IL-10 and CCL18. While the molecular basis of such
different patterns of cell differentiation is yet to be fully elucidated, we hypothesise that it is due to the
adsorption of different biomolecules on these surface chemistries. Indeed our surface characterisation
data show quantitative and qualitative differences between the protein layers on the 0,-PS40 surface
compared to PS surface which could be responsible for the observed differential macrophage polarisation

on each surface.
© 2016 The Authors. Published by Elsevier GmbH. This is an open access article under the CC

BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Implanted biomaterials typically trigger an inflammatory
immune response orchestrated by macrophages (Higgins et al.,
2009). Often this results in a cascade of inflammatory and fibrotic
events known as the foreign body response (FBR) (Bartoli and
Godleski, 2010). FBR begins with protein adsorption on the
implant surface, which promotes the adhesion of monocytes
and macrophages (Shen et al., 2004). Macrophages are sensitive
to microenvironmental changes and mount a rapid response to

Abbreviations: 0,-PS, oxygen plasma etched polystyrene; PS, polystyrene; RGD,
arginine-glycine-aspartate; TCP, tissue culture plastic; WCA, water contact angle.
* Corresponding author.
E-mail address: amir.ghaemmaghami@nottingham.ac.uk
(A.M. Ghaemmaghami).
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implanted materials. They can also fuse under the influence of the
cytokines interleukin 4 (IL-4) and IL-13, forming foreign body giant
cells (FBGCs). Macrophages and FBGCs induce infiltration and stim-
ulation of immune cells (e.g. lymphocytes) and stromal cells (e.g.
fibroblasts), leading to inflammation and fibrosis at the implant
site (Rostam et al., 2015). FBR can end with sequestration of the
implant within a fibrous capsule (Anderson et al., 2008). This cre-
ates mechanical and functional problems, and for devices such as
electrodes, can mean the end of their functional life (Morais et al.,
2010).

Macrophages are extremely plastic cells, adopting a wide
spectrum of phenotypes in response to different stimuli (Sica
and Mantovani, 2012). The physical, chemical, and topographical
characteristics ofimplanted materials can affect macrophage polar-
isation, resulting in macrophages that are either predominantly
pro-inflammatory or anti-inflammatory (Rostam et al., 2015).

0171-2985/© 2016 The Authors. Published by Elsevier GmbH. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/
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Table 1 100
Forward and reverse primer sequences used for qRT-PCR. =N
P
Genes Primers/probe Sequence (5'-3') 80 i i W 0,-PS40
= TCP
GAPDH Forward GAGTCAACGGATTTGGTCGT < 60 ? P
~ ) L1 Op
Reverse GACAAGCTTCCCGTTCTCAG o - peid
STAT1 Forward GGAAGGGGCCATCACATTCA ; 40
Reverse GTAGGGTTCAACCGCATGGA
SOCS1 Forward CCCTGGTTGTTGTAGCAGCTT 20
Reverse TTGTGCAAAGATACTGGGTATATGT
IRF5 Forward GCCATGAGCAGGGAAAGAAC 0 j |
Reverse CCCTTAGGCAATTCCTCCTATACA 02-PS40 TCP 02-PS8 PS
S0Cs3 Life Technologies Hs02330328.51 (Tagman) Fig. 1. Water contact angle (WCA) of polystyrene and TCP surfaces. The graph
IRF4 Life Technologies Hs01056533.m1 (Tagman) depicts the mean WCA £ SD for n=4 oxygen plasma-etched polystyrene (0,-PS40

The two best studied macrophage phenotypes are M1 and M2.
M1 (classically activated) macrophages with pro-inflammatory and
anti-tumour function (Sutterwala et al., 1997) can be generated
in vitro from monocytes by treatment with the T helper (TH) 1
cytokine interferon gamma (IFN-vy) (Garcia et al., 2014) and/or
lipopolysaccharide (LPS)(Mills et al., 2000). The addition of granu-
locyte macrophage colony-stimulating factor (GM-CSF) during M1
polarisation augments the pro-inflammatory function of these cells
(Hamilton, 2002; Hamilton, 2008). By contrast, M2 (alternatively
activated) macrophages with anti-inflammatory and pro-wound
healing activities (Sutterwala et al., 1997) can be generated in
vitro from monocytes by treatment with the TH2 cytokines IL-4
(Garcia et al., 2014; Verreck et al., 2004) and/or IL-13 (Garcia et al.,
2014). The addition of macrophage colony-stimulating factor (M-
CSF) during M2 polarisation can enhance the anti-inflammatory
function of M2 macrophages (Garcia et al., 2014; Verreck et al.,
2004).

M1 macrophages produce high levels of pro-inflammatory
cytokines such as IL-12, IL-23 (Mantovani et al., 2004), tumour
necrosis factor alpha (TNF-a) (Hofkens et al.,2011; Hao et al.,2012),
IL-6, and IL-1P (Hofkens et al., 2011). They are also characterised
by elevated expression of the chemokine (C-C motif) receptor 7
(CCR7)(Agrawal, 2012), CCR2 (Willenborg et al., 2012), calpro-
tectin (Bartneck et al., 2010), and nitric oxide synthase 2, inducible
(NOS2) (Edin et al., 2012). In contrast, M2 macrophages secrete
large amounts of anti-inflammatory and pro-fibrotic cytokines such
as IL-10 (Mantovani, 2006), transforming growth factor (TGF-3)
(Hao et al., 2012), and IL-1 receptor antagonist (IL-1RA) (Baitsch
etal., 2011). In addition, these cells express high levels of mannose
receptor (MR) (Agrawal, 2012; Mantovani, 2006; Choi et al., 2010)
and the scavenger receptor CD163 (Edin et al., 2012; Mantovani,
2006).

Additionally, M1 macrophages express high Ilevels of
prostaglandin-endoperoxide synthase 2 (Ptgs2 or Cox2) and
IL23p19 genes, and exhibit phosphorylation of signal transducer
and activator of transcription 1 (STAT1). M2 macrophages can
be identified by high levels of Kruppel-like factor 4 (KIf4) and
chitinase 3-like 2 (Chi3l2 or YkI39) gene expression, and STAT6
phosphorylation (Murray and Wynn, 2011).

Appropriate regulation of macrophage activation post-
implantation is extremely important, since these cells play a
crucial role in the elimination of microbes and debris, biodegra-
dation, tissue regeneration and vascularisation, and extracellular
matrix reorganisation following tissue damage (Xia and Triffitt,
2006). Therefore, macrophages and FBGCs, either directly or
through modulating the function of other cell types, can tip the
balance between chronic inflammation and resolution/wound
healing following biomaterial implantation (Solheim et al., 2000).

In order to minimise implant-associated inflammation, various
approaches have been used to modulate macrophage-biomaterial

and 0,-PS8), tissue culture plastic (TCP), and untreated polystyrene (PS) surfaces in
ascending order of WCA.

interactions (Rostam et al., 2015; Zaveri et al., 2010a, b). Biomate-
rial surface chemistry is one factor that impacts cellular responses
(Unadkatetal.,2011) as it influences the amount, identity and con-
formation of protein adsorption on the surface (Sigal et al., 1998),
which in turn modulates cell behaviour. For instance, surfaces
functionalised with the arginine-glycine-aspartate (RGD) peptide,
chitosan, and vitronectin stimulate expression of CD147, CD98, MR,
and CD13 (molecules related to macrophage fusion) in monocytes
(McNally and Anderson, 2015; Dadsetan et al., 2004; Brodbecket al.,
2002).

Modification of material surface chemistry has been used to
change the functional properties and phenotype of different cell
types (Murphy et al., 2014; Celiz et al., 2015), including immune
cells (Sun et al.,, 2007; Senaratne et al., 2006). Such strategies
would enable the development of materials with cell-instructive
properties that could be used for devices such as pacemakers
(Taguchi et al., 2014), prosthetic joints (Katti, 2004), intraocular
lenses (McCoy et al., 2012), vascular grafts (Xue and Greisler, 2003)
and degradable sutures (Cao and Wang, 2009).

In this study, we employed plasma etching, a process used rou-
tinely in the mass production of tissue culture ware (Zamora et al.,
2003), to develop different surface chemistries using polystyrene
as our substrate. We then characterised the phenotype, cytokine
profile and functional properties of human monocytes that were
cultured on these surfaces for 6 days. Finally, to better understand
how these surface chemistries influence monocyte differentiation
and macrophage polarisation, we conducted initial characterisation
of protein adsorbates on each of the surfaces.

2. Materials and methods
2.1. Materials

All materials were purchased from Sigma-Aldrich unless other-
wise stated.

2.2. Surface preparation

Polystyrene samples (2 cm?) were made by cutting untreated
polystyrene (PS) petri dishes (Greiner bio-one Ltd.). Two oxygen
plasma etched polystyrene (O,-PS) surfaces were made by etch-
ing untreated PS with O, plasma using radio frequency powered
equipment described previously (Majani et al., 2010); these were:
1) 0,-PS40 - 40 W, 300 mTorr, 60s, and 2) 0,-PS8-8W, 300 mTorr,
5s. Polystyrene tissue culture plates (TCP) (Corning), which have a
proprietary treatment, were used as the fourth surface chemistry.

Please cite this article in press as: Rostam, H.M., et al., The impact of surface chemistry modification on macrophage polarisation.
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Fig. 2. Monocytes seeded on polystyrene and TCP surfaces for 6 days. The number of adherent cells and calprotectin-MR cell markers expression on PS, 0,-PS and TCP
surfaces was measured after 6 days of culture. The graph depicts mean cell number & SD for n=6 (0,-PS40 and PS) and n=2 (0,-PS8 and TCP). Cells were stained with rabbit
anti-human MR primary antibody and goat anti-rabbit secondary antibody conjugated with Alexa Fluor 488 (green), mouse anti-human 27E10 primary antibody (against
calprotectin) and goat anti-mouse secondary antibody conjugated with Rhodamine red-X (red), and DAPI (blue) to visualise the nucleus. Scale bar=200 pm, all images
are at the same magnification (see Supplementary Fig. 1). The number of calprotectin and mannose receptor positive cells on each slide was quantified using CellProfiler.
Significance was calculated by one-way ANOVA with Tukey’s post test: *, p <0.05; **, p <0.01.
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Fig. 3. Cytokine analysis of monocytes seeded on polystyrene and TCP surfaces for 6 days. (A) IL-10, (B) CCL-18, (C) IL-6 and (D) IL-1f3. The graphs depict mean cytokine
production + SEM for monocytes seeded on 0,-PS40 and PS (n=4), 0,-PS8 and TCP (n=3) surfaces. Significance calculated by one-way ANOVA with Tukey’s post test: *,
p<0.05; **, p<0.01; *** p<0.001.

2.3. Water contact angle (WCA) measurement ating in tapping mode in air. The images were processed and
analysed with Nanoscope v5.30r2 software and Gwyddion soft-
WCA was measured on an automated DSA100 instrument ware.
(Kriiss) using pico-litre ultrapure water as previously described
(Taylor et al., 2007).
2.5. Time-of-Flight secondary ion mass spectrometry (ToF-SIMS)
2.4. Atomic force microscopy (AFM)
An IONTOF GmbH ToF-SIMS IV instrument was used with a Bi3*
AFM was carried out on a DimensionTM 3000 AFM equipped primary ion source at 25KkV exhibiting a pulsed target current of
with a NanoScope Illa controller (Veeco Instruments Ltd.) oper- ~1pA as previously described (Hook et al., 2013).

Please cite this article in press as: Rostam, H.M., et al., The impact of surface chemistry modification on macrophage polarisation.
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Fig. 4. Comparison of transcription factor mRNA expression in monocytes seeded on un-treated polystyrene (PS) with water contact angle 84.2° and oxygen plasma etched
polystyrene (0,-PS40) with water contact angle 9.8°. qRT-PCR analysis of (A) STAT1, (B) SOCS3, (C) IRF5, (D) SOCS1, (E) IRF4 relative mRNA expression in monocytes on PS
and 0,-PS40 macrophages after 6 days of culture. All values are reported relative to the house-keeping gene GAPDH. The graphs depict mean gene expression  SEM of three
different donors (3 technical replicates performed for each donor). Significance calculated by Student’s t-test: *, p <0.05; **, p<0.01; ****, p <0.0001.

Table 2

Carbon (C), Oxygen (0O), and Nitrogen (N) atomic percentage concentration on polystyrene and TCP surfaces before and after incubation with culture medium. Data presented

are mean of n=3.

Elemental concentration (Atomic%) before
incubation with culture medium

Elemental concentration (Atomic%) after
incubation with culture medium

C [0} N C (0] N
PS 96.4 25 1.1 81.3 111 7.5
0,-PS8 94.0 53 0.6 75.9 15.1 9.0
TCP 93.1 6.0 0.8 77.7 135 8.8
0,-PS40 87.1 12.1 0.7 73.1 17.1 9.8

2.6. X-ray photoelectron spectroscopy (XPS)

XPS analysis was carried out using a Theta Probe MKII spec-
trometer with a micro-focussed monochromated Al Ka source as
previously described (Hook et al., 2012).

2.7. Multivariate analysis

Principle component analysis (PCA) was carried out using
PLS_Toolbox v5.2 (Eigenvector Research) for Matlab (Mathwords
Inc.). Data were mean centred before analysis.

2.8. Monocyte isolation and culture

Buffy coat samples were obtained from healthy volunteers
after obtaining written informed consent and approval of the

local ethics committee (National Blood Service, Sheffield, United
Kingdom). Peripheral blood mononuclear cells (PBMCs) were
obtained from buffy coats by Histopaque-1077 density gradi-
ent centrifugation. Monocytes were isolated from PBMCs using
the MACS magnetic cell separation system (positive selection
with CD14 MicroBeads and LS columns, Miltenyi Biotec) as
described before (Garcia-Nieto et al., 2010; Harrington et al.,
2014). Purified monocytes were suspended in RPMI-1640 medium
supplemented with 10% FBS, 2mM L-glutamine, 100 U/ml peni-
cillin, and 100 pg/ml streptomycin. 3 x 106 monocytes were
seeded on each surface and incubated at 37°C, 5% CO, for 6
days.

Please cite this article in press as: Rostam, H.M., et al., The impact of surface chemistry modification on macrophage polarisation.
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Fig. 5. Phagocytic activity of monocytes cultured on O,-PS40 and PS surfaces for 6 days. On Day 6 of culture, monocyte-derived macrophages on (A) O>-PS40 and (B) PS were
treated with Alexa Fluor 488-labelled zymosan particles for 30 min at 37 °C, 5% CO,. Data shown are representative of 3 independent experiments. Scale bar =20 pwm.

2.9. Immunofluorescent staining

Procedure was carried out at room temperature. On day 6, cells
were fixed in 4% paraformaldehyde (EMS Diasum) in PBS. Two
blocking steps were performed: 1) 3% BSA and 1% glycine (Fisher
Scientific) in PBS, 2) 5% goat serum in PBS. Cells were stained with
2 pg/ml mouse anti-human calprotectin antibody (Ab) (Thermo
Fisher Scientific)and 1 j.g/ml rabbit anti-human MR Ab (Abcam) for
1 h, then stained with 8 p.g/ml Rhodamine red X goat anti-mouse
IgG(H+L) secondary Ab (Thermo Fisher Scientific) and 8 pg/ml
Alexa flour 488 goat anti-rabbit IgG(H + L) secondary Ab (Thermo
Fisher Scientific) for 1 h. Cells were counterstained with 250 ng/ml
DAPI (Thermo Fisher Scientific), covered with Fluorosave anti-
fade medium (Calbiochem) and mounted in Fluoromount medium.
Images were taken with an automated fluorescence microscope
(IMSTAR) and the data were processed with CellProfiler software
v2.1.1.

2.10. Cytokine analysis

IL-6, IL-10, and IL-1f3 were measured by the FlowCytomix bead-
based multiplex system (eBioscience) with a slight modification to
the manufacturer’s instructions as previously described (Horlock
etal.,, 2007; Wong et al., 2006; Sharquie et al., 2013). Samples were
analysed on a Beckman Coulter FC500 flow cytometer. Results were
analysed using the eBioscience FlowCytomix Pro 3.0 software.

CCL18 was measured using the human CCL18/PARC DuoSet
ELISA kit (R&D Systems) as per the manufacturer’s instructions.

2.11. RNA extraction, cDNA conversion, and quantitative
real-time PCR (qRT-PCR)

RNA was extracted from cells using RNeasy Plus Minikit (Qiagen)
following manufacturer’s protocol. cDNA was synthesised from
1 g of total RNA using the superscript III first-strand synthesis
kit (Invitrogen) according to the manufacturer’s protocol. Using a
LightCycler® 96 machine (Roche), qRT-PCR was performed based
on TagMan and SYBR chemistry. Primers are listed in Table 1. Data
were analysed by LightCycler® 96 SW 1.1 software (Roche). Rela-
tive expression of genes of interest was calculated by normalising
against the house-keeping gene glyceraldehyde 3-phosphate dehy-
drogenase (GAPDH) based on the relative standard curve method.

2.12. Phagocytosis

Monocytes cultured on surfaces for 6 days were incubated with
25 particles/cell Alexa Fluor 488-conjugated zymosan A (Saccha-
romyces cerevisiae) BioParticles (Thermo Fisher Scientific) at 37 °C,
5% CO, for 30 min, then washed 5 times with PBS. Cells were imaged
with a Zeiss LSM 880 confocal microscope using a 40x oil objective
lens (NA=1.30), a 488 nm argon laser, and 500-535 nm emission
bandwidth. Images were captured using Zen digital imaging soft-
ware.

Please cite this article in press as: Rostam, H.M., et al., The impact of surface chemistry modification on macrophage polarisation.
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Fig. 7. ToF-SIMS analysis of polystyrene and TCP surfaces after incubation with cell culture medium. (A) Scores plot for PCs 1 and 2 using positive ions only. (B) Loading plots
for PC2. List of ions with the highest (C) positive or negative loadings for PC2 with corresponding assignments and associated amino acids.
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2.13. Statistical analysis

Statistical analysis was performed on GraphPad Prism 6. Signif-
icance was calculated by one-way ANOVA or Student’s t-test, and
correlation was measured by Pearson correlation. P values <0.05
were considered statistically significant.

3. Results
3.1. Characterisation of polystyrene surface wettability

Polystyrene surface wettability was determined by measuring
the WCA of each surface. Untreated PS was the most hydropho-
bic (WCA=84° +4°), followed by 0,-PS8 (59° +£4.7°), commercial
TCP (38° £+ 9°), and the most hydrophilic surface, 0,-PS40 (10° 4 2°)
(Fig. 1).

3.2. The effect of changes in surface wettability on monocyte
attachment and expression of calprotectin and mannose receptor

The number of monocytes adherent to the 4 surfaces after 6 days
of incubation was compared. There were significant differences
in the number of adherent cells on 0,-PS8 compared to O,-PS40
(p=0.0027) and PS (p=0.0015) (Fig. 2). Differences between the
other conditions were not significant.

Furthermore, the ratio of MR+ to calprotectin+ cells on each
surface was measured as an indication of M2 vs. M1 polarisa-
tion, respectively. The highest ratio of M2/M1 marker expression
was observed in PS followed by 0,-PS40 (Fig. 2). 0,-PS8 showed
the lowest M2/M1 ratio (Fig. 2). In terms of total number of cells
expressing M1 or M2 markers, the only statistically significant dif-
ference was higher number of calprotectin+ cells on TCP compared
to PS (p=0.0483).

3.3. A highly hydrophobic surface induces production of IL-10 but
not CCL18 by macrophages

Cells on PS produced significantly higher levels of IL-10
compared to 0,-PS40 (p=0.0008), TCP (p=0.0050), and O,-PS8
(p=0.0022) (Fig. 3A). By comparison, cells on O,-PS8 produced sig-
nificantly more CCL18 than cells on any other surface (Fig. 3B). Cells
on 0,-PS40 produced the highest levels of IL-6 and IL-1[3, with
negligible levels produced by cells on PS (Fig. 3C,D).

3.4. A highly hydrophilic surface supports differentiation of
monocytes towards pro-inflammatory macrophages

qRT-PCR was used to determine the relative expression of acti-
vation state-associated transcription factor mRNA in monocytes
differentiated on 0,-PS40 and PS surfaces. Significant increases
in the expression of pro-inflammatory transcription factors STAT1
(p<0.0001) and IRF5 (p=0.0059) were seen in monocytes on O,-
PS40 compared to those on PS (Fig. 4A and C). Also, there were
significant differences in SOCS1 expression (p=0.0239), but not
IRF4 expression (p=0.0786), between monocytes seeded on O,-
PS40 and PS surfaces (Fig. 4D and E). The difference between SOCS3
expression on the two surfaces was negligible, although statistical
analysis showed this to be significant (Fig. 4B).

Furthermore, our data shows monocytes differentiated on O,-
PS40 were highly phagocytic as evidenced by the engulfment of
fluorescently labelled zymosan particles. Cells differentiated on PS
showed negligible phagocytic activity (Fig. 5).

3.5. Characterisation of surface chemistry and protein adsorbate
quantification on hydrophobic and hydrophilic surfaces

The oxygen concentration determined by XPS on the surfaces
was 2.54+0.2% on PS, 5.3+ 1.1% on 0,-PS8, 6+ 1.2% on TCP and
12.0+1.4% on 0,-PS40 (Table 2). Significant differences in the oxy-
gen concentration of the different surfaces were observed (Fig. 6A).
The surface oxygen introduced by plasma etching and proprietary
TCP treatment correlated positively with surface hydrophilicity
(Fig. 6B, r2=0.9212, p=0.0402).

To characterise the surface chemistry of the materials under
culture conditions, samples were incubated in culture medium
without cells. The nitrogen concentration of each surface was used
to quantify the amount of adsorbed protein (Samuel et al., 2001).
The protocol used retained strongly adsorbed protein species on the
surface but removed weakly adsorbed ones prior to surface analysis

After incubation with the culture medium, significant ele-
mental composition differences were observed for all surfaces
(Table 2). The protein overlayer thickness also differed signif-
icantly between all the surfaces (p<0.0001), except between
TCP and 0,-PS8 surfaces (p=0.3390) (Fig. 6C). The following
hierarchy was observed for protein overlayer thickness: PS,
2.114+£0.06 nm < 0,-PS8, 2.76 £ 0.01 nm < TCP, 2.67 £ 0.11 nm < 0,-
PS40, 3.194+0.03 nm. Further, the protein adsorption on these
samples showed a strong but non-significant correlation with
surface WCA (r2=0.8727, p=0.0658) and oxygen atomic percent-
age before medium treatment (r=0.8825, p=0.0606) (data not
shown).

By comparing the observed protein overlayer thickness to the
size of the most abundant globular protein in serum, albumin, it
can be seen that the protein layer ranges from 2.1 to 3.2 nm mono-
layers in thickness. Thus, even at the lowest protein coverage, the
cells would likely encounter a completely covered polymer surface.
Consequently, we sought to gain some insight into the composition
of this protein layer through surface mass spectral analysis using
ToF-SIMS.

To effectively assess differences in the complex spectra between
samples, PCA was used to identify the key variance across the
datasets. Plots of PC1 and PC2 for the positively charged ions in
the ToF-SIMS data discriminated between all 4 surfaces and repli-
cate measurements clustered together, indicating similarity of the
information contained in the spectra (Fig. 7A). All 4 samples were
separated from each other using the ions contained in PC2, while
PC1 separated 0,-PS8 from the other surfaces (Fig. 7A). For PC2,
negative loadings for PC2 were associated with particular amino
acids (Fig. 7B)(Samuel et al., 2001), suggesting that a significant con-
tribution in the PS sample had a positive score, whereas the other
3 samples had negative scores, with TCP having a score between
the other two samples. The majority of the ions with the high-
est positive or variance in surface chemistry is associated with
differential protein adsorption and/or orientation. Specifically, sec-
ondary ions associated with tyrosine and phenylalanine, lysine,
histidine, valine, and methionine (Fig. 7C) had positive loadings,
indicating a higher intensity of these amino acids on PS samples. For
the positive PC2 loadings, it was also notable that there were ions
that could have derived from polystyrene, m/z=55.0548 (C4H7+);
m|z=77.0377 (C6H5+); m/z=105.0699 (C8H9+), suggesting that
there may be areas uncoated by proteins. lons associated with argi-
nine, alanine, and proline had negative loadings for PC2, indicating
that these amino acids were present at a higher intensity on O,-PS8,
TCP, and 0,-PS40 samples. Thus, the surface protein composition
was substantially different on the 4 surfaces.

PS and 0,-PS40 surfaces from either ends of the WCA spectrum
were selected for topographical characterisation using AFM. Both
surfaces had similar roughness, r, =11 nm (data not shown).
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4. Discussion

In this study we observed monocyte differentiation towards
different macrophage phenotypes in response to altered surface
chemistry in the absence of exogenous polarising cytokines. Given
its widespread use for tissue culture we used polystyrene for sur-
face modification studies. Using O, plasma etching we developed
4 surfaces with distinct chemistries that were graded by their sur-
face wettability (measured as WCA). Untreated PS was the most
hydrophobic and 0,-PS40 the most hydrophilic. Our data show
that the hydrophilic surface 0,-PS40 stimulated monocyte polar-
isation towards a pro-inflammatory M1-like phenotype while the
hydrophobic surface PS had the opposite effect.

The ratio of MR+ (M2-marker (Agrawal, 2012; Mantovani, 2006;
Choi et al., 2010)) cells to Calprotectin+ (M1-marker (Bartneck
et al., 2010)) cells was ~3 on PS and decreased to ~1 on 0,-PS40
(Fig. 2). This was in line with the cytokine profile of the cells where
monocytes cultured on PS secreted significantly higher levels of
the anti-inflammatory cytokine IL-10 (Mantovani, 2006) (Fig. 3A).
Also, phagocytic activity in PS-cultured cells was negligible com-
pared to 0,-PS40-cultured cells (Fig. 5) (Aderem and Underhill,
1999). It is worth highlighting that the effect of macrophage polar-
isation on phagocytosis depends upon whether the phagocytosis
is Fc-mediated or mediated by a specific pathogen recognition
receptor (Martinez and Gordon, 2014; Martinez et al.,, 2009).
While Fc-mediated phagocytosis is thought to be reduced in M1
macrophages, non-Fc-mediated phagocytosis of some pathogens
(e.g. Candida albicans) is increased in macrophages with M1 like
phenotype (Martinez and Gordon, 2014). This is in line with our
observation showing more efficient phagocytosis of zymosan par-
ticles by macrophages on 0,-PS40 surfaces which is likely to be
mediated through zymosan-specific receptors (Underhill, 2003).

Analysis of transcription factor expression gave a more mixed
picture of surface-induced macrophage polarisation. IRF4 was
expressed at similar levels in monocytes on both 0,-PS40 and
PS surfaces. This corresponds to previous reports of IRF4 gene
expression being similar in M-CSF and GM-CSF-induced human
macrophages (Krausgruberetal.,2011). Cells on O,-PS40 expressed
highly significant levels of the pro-inflammatory transcription fac-
tors STAT1 (Martinez and Gordon, 2014; Sica and Bronte, 2007)
and IRF5 (Krausgruber et al., 2011; Weiss et al.,, 2013) com-
pared to cells grown on PS (Fig. 4). However, 0,-PS40-cultured
cells also expressed significantly more SOCS1 (Wilson, 2014;
Whyte et al., 2011) than PS-cultured cells. SOCS1 is associated
with M2 macrophage activation as it downregulates IFN-y-driven
JAK2/STAT1 and TLR/NF-kB signalling, and promotes arginase 1
expression (Wilson, 2014). Interestingly, Whyte et al. reported that
SOCS1 can also inhibit IL-10 secretion (Whyte et al., 2011). This
may explain the significant increase in IL-10 production by SOCS1-
low cells on PS vs. SOCS1-hi cells and lower IL-10 secretion on
0,-PS40 surfaces (Figs. Fig. 44D and Fig. 33A). Given that the bal-
ance of SOCS1 and SOCS3 expression in macrophages affects their
activation state (Wilson, 2014), our data suggest that macrophages
cultured on polystyrene display a unique phenotype that may be
directed towards a more pro-inflammatory or anti-inflammatory
state by modifications to surface wettability.

Given the potential impact of surface chemistry on pro-
tein absorption, we hypothesised that the impact of different
polystyrene surfaces on macrophage polarisation is due to differ-
ences in the identity and conformation of proteins adsorbed on
these surfaces (Sigal et al., 1998). To test this hypothesis, sur-
face chemistry characterisation of all surfaces was carried out by
XPS and ToF-SIMS. The XPS data showed that the greatest total
amount of protein was adsorbed on hydrophilic 0,-PS40. Simi-
lar results were reported by Grinnell and Feld when they found
that fibronectin adhesion to hydrophilic glass was more than to

hydrophobic functionalised glass. However, others have reported
that fibronectin binds to hydrophobic polystyrene surfaces more
than to hydrophilic surfaces (Grinnell and Feld, 1982). Further-
more, ToF-SIMS data confirmed that ions assigned to amino acids
arginine, alanine, and proline were more prevalent on O,-PS40,
while ions assigned to tyrosine and phenylalanine, lysine, histidine,
valine, and methionine were more prevalent on PS (Fig. 7).

From this surface characterisation we propose that the adsorbed
protein, controlled by the polystyrene surface chemistry, influences
the macrophage response. An example of known interaction with
proteins is macrophage engagement of fibronectin and fibrinogen
on implanted biomaterial surfaces through leukocyte 2 integrin
receptors (particularly M2 (Mac-1) mediator (Flick et al., 2004;
Tang et al., 1996)), which initiates signalling pathways leading to
macrophage activation and secretion of inflammatory cytokines
such as IL-6, IL-1a,, TNF-3 (Rostam et al., 2015), and chemotac-
tic factors such as IL-8 and macrophage inflammatory protein
1 beta (MIP-1(3) (Jones et al., 2007). In addition to the type of
adsorbed proteins, their orientation on a surface can affect the type
of macrophage response (Garcia et al., 1999).

5. Conclusions

Our data clearly show that changes in surface chemistry result-
ing from O, introduction by plasma treatment affect protein
adsorption on the material. This in turn appears to influence
monocyte polarisation towards macrophages with distinct phe-
notypes. Specifically, hydrophobic PS was shown to suppress
expression of M1-associated markers and cytokines while promot-
ing M2-associated markers. On the other hand, highly hydrophilic
0,-PS40 had the opposite effect. Protein overlayer thickness and
amino acid profiles were different on hydrophilic and hydrophobic
polystyrene, suggesting differences in protein adsorption.

We therefore suggest that changes in the chemistry of material
surfaces can be a powerful tool for modulating macrophage pheno-
type and function without using polarising cytokines. This has clear
implications in biomaterial design and function with applications
in cell culture and medical device fabrication amongst others.
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