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ABSTRACT: Macrophages are master regulators of immune responses towards implanted

biomaterials. The activation state adopted by macrophages in response to biomaterials determines their

own phenotype and function as well as those of other resident and infiltrating immune and non-immune

cells in the area. A wide spectrum of macrophage activation states exists, with M1 (pro-inflammatory)

and M2 (anti-inflammatory) representing either ends of the spectrum. In biomaterials research, cell-

instructive surfaces that favour or induce M2 macrophages have been considered as beneficial due to the

anti-inflammatory and pro-regenerative properties of these cells. In this study, we used a gelatin

methacryloyl (GelMA) hydrogel platform to determine whether micropatterned surfaces can modulate

the phenotype and function of human macrophages. The effect of microgrooves/ridges and micropillars

on macrophage phenotype, function, and gene expression profile were assessed using conventional

methods (morphology, cytokine profile, surface marker expression, phagocytosis) and gene microarrays.

Our results demonstrated that micropatterns did induce distinct gene expression profiles in human

macrophages cultured on microgrooves/ridges and micropillars. Significant changes were observed in

genes related to primary metabolic processes such as transcription, translation, protein trafficking, DNA

repair and cell survival. However, interestingly conventional phenotyping methods, relying on surface

marker expression and cytokine profile, were not able to distinguish between the different conditions,

and indicated no clear shift in cell activation towards an M1 or M2 phenotypes. This highlights the

limitations of studying the effect of different physicochemical conditions on macrophages by solely

relying on conventional markers that are primarily developed to differentiate between cytokine polarised

M1 and M2 macrophages. We therefore, propose the adoption of unbiased screening methods in

determining macrophage responses to biomaterials. Our data clearly shows that the exclusive use of

conventional markers and methods for determining macrophage activation status could lead to missed

opportunities for understanding and exploiting macrophage responses to biomaterials.

KEYWORDS: hydrogels, macrophages, immune modulation, gelatin methacryloyl, transcriptomics,

micropatterns
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INTRODUCTION

Macrophages are innate immune cells that play many roles in the body, including maintenance of tissue

homeostasis, clearance of aging and damaged cells, phagocytosis and killing of microorganisms and the

induction and regulation of inflammation and tissue repair1. They are able to perform these diverse

functions due to their extreme plasticity. Macrophages have been shown to adopt a spectrum of activation

states depending upon the prevailing microenvironment2.

Of these multiple activation states, M1 (pro-inflammatory) and M2 (pro-wound healing) phenotypes,

have been best characterised and are often used as reference points when describing intermediate

macrophage phenotypes. Although the M1-M2 macrophage activation paradigm is a simplification of

possible polarisation states, it can still be useful in determining whether macrophages lie towards the pro-

inflammatory end or the anti-inflammatory/pro-wound healing end of the activation spectrum3. In order

to distinguish the activation state, macrophages are commonly characterised on the basis of properties

such as the expression of cellular markers, cytokine profile and phagocytic ability4.

M1 macrophages secrete pro-inflammatory cytokines such as interleukin 12 (IL-12), IL-23, tumour

necrosis factor alpha (TNF-α), IL-6, and IL-1β5-7. They also demonstrate elevated expression of the

chemokine (C-C motif) receptor 2 (CCR2), CCR7, calprotectin, and inducible nitric oxide synthase 2

(iNOS2)8-11. By comparison, M2 macrophages produce high levels of anti-inflammatory and pro-fibrotic

cytokines such as IL-1 receptor antagonist (IL-1RA), IL-10, transforming growth factor (TGF-β), and 

CCL187, 12-13. Additionally, these cells are characterised by high expression of the mannose receptor

(MR, CD206) and the scavenger receptor CD1638, 11-12, 14.

An environmental determinant of macrophage phenotype that has long been recognised is the substrate

on which macrophages grow. It has been demonstrated that cells, including macrophages, respond to the

biological, chemical, physical and mechanical properties of a substrate. The increasing use of natural and

synthetic materials for biomedical applications such as drug delivery, implants, stents, pacemakers and

catheters have accelerated research into the immune response, and more particularly the macrophage
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response to substrates15, and how different physicochemical properties of a given material could affect

macrophage phenotype and function 16-17.

One class of materials that is gaining popularity both in biomedical research and tissue engineering are

hydrogels. Hydrogels are composed of a cross-linked network of hydrophilic polymers capable of

absorbing water and swelling to many times their original size18. These gels may be natural or synthetic

in origin and have a wide range of physical, chemical and biological properties18. In addition, hydrogels

can be relatively easily modified to achieve desired topographies, stiffness and biofunctional

characteristics (e.g. arginine-glycine-aspartic acid (RGD) sites for cell attachment)19.

Research into the response to hydrogels has tended to focus on in vivo responses in mice and non-

human primates20-22. Only a few studies have looked specifically at the response of macrophages to

hydrogels23. Gelatin methacryloyl (GelMA) hydrogels are becoming increasingly popular as they

combine the bioactivity of gelatin with the tunability of a photo-crosslinkable hydrogel19, 24. Since

GelMA is synthesised from gelatin, which is a hydrolysis product of collagen (one of the major

extracellular matrix (ECM) proteins), it is biocompatible and does not elicit a strong immune response24.

In addition, it has RGD motifs and matrix metalloproteinase (MMP) target sites, which aid cell adhesion

and matrix remodelling, respectively25-26. GelMA has been used in applications such as regenerative

medicine, drug delivery, biosensing, cell signalling, and in vitro 3D cell culture24.

The aim of this study was to characterise human macrophage responses to microtopographies on

GelMA hydrogel. Substrate topography affects factors such as cell attachment, cytoskeleton

organisation, and cell and nuclear shape and orientation27-30. Other groups have investigated the effect of

substrate topography on mouse macrophages and human monocyte/macrophage cell lines using a variety

of materials such as polyethylene films, Polydimethylsiloxane (PDMS), electrospun scaffolds, expanded

polytetrafluoroethylene (PTFE) and titanium31-35. Paul et al. compared the response of human primary

monocyte-derived macrophages to microstructured and nanotextured polyvinylidene fluoride (PVDF)
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surfaces36. However, there is little information on the effect of different micropatterned hydrogels on the

phenotype and function of human primary macrophages.

Thus, in this study we first used soft photolithography to fabricate micropattenred GelMA hydrogels

followed by investigating the response of human monocyte-derived macrophages to such different

microtopographies. We mainly focused on two topographies namely micropillars (height=20 μm, 

diameter=20 μm, distance between pillars=5 μm) and microgrooves/ridges (depth=20 μm, groove 

width=20 μm, ridge width=10 μm) to determine the effect of focal point adhesion (micropillars) and cell 

elongation (microgrooves/ridges) on macrophage phenotype and function using conventional markers

(i.e. macrophage morphology, surface marker expression, cytokine profile and phagocytosis) as well as

their gene expression profile covering the whole genome.

MATERIALS AND METHODS

Materials

All materials were purchased from Sigma-Aldrich unless otherwise stated.

Micropatterned hydrogel fabrication

Coating glass slides with 3-(Trimethoxysilyl)propyl methacrylate (TMSPMA)

TMSPMA coating was carried out as previously described37 with some modifications. Briefly, glass

slides were submerged in 10% (w/v) NaOH overnight at room temperature, washed first with distilled

water then 100% ethanol, and air-dried. Slides were then baked at 80oC for 1 h, coated with TMSPMA

and baked at 80oC overnight. TMSPMA-coated slides were washed with 100% ethanol, dried, and baked

for 1-2 h at 80oC.

Coating TMSPMA glass slides with poly(2-hydroxyethyl) methacrylate (polyHEMA)

Coating TMSPMA-treated slides with polyHEMA was performed as previously described38 with some

modifications. Briefly, TMSPMA glass slides were cleaned with 100% ethanol, air-dried, dipped in 4.5%
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(w/v) polyHEMA in ethanol 2-3 times, and air-dried for 3 days.

Fabrication of micropatterned GelMA hydrogels

Hydrogel preparation and fabrication were performed by a two-step photolithography process as

previously described39-40 with some modifications. 15% (w/v) GelMA solution in 0.5% (w/v)

photoinitiator (2-hydroxy-4’-(2-hydroxyethoxy)-2-methylpropioprenone) in PBS was prepared at 60oC

in the dark. A drop of GelMA was placed on a TMSPMA-polyHEMA coated glass slide, and a

polydimethylsiloxane (PDMS) mould with the required pattern was placed on top of the gel. GelMA was

then photocrosslinked with UV (Omnicure 2000) at 800 mW for 9.5 s with 8 cm distance between UV

source and the sample. The micropatterns used were: 1) microgrooves: depth=20 µm, ridge width=10

µm, groove distance=20 µm, and 2) micropillars: depth=20 µm, pillar diameter=20 µm, distance between

pillars=5 µm. Unpatterned hydrogels were also fabricated as controls.

The hydrogels were UV sterilised for 30 min, transferred to 24-well non-tissue culture (TC)-treated

plates (Corning Life Sciences), and incubated in antibiotic-antimycotic (Ab/Am) solution (500 U/ml

penicillin, 0.5 mg/ml streptomycin and 1.25 µg/ml amphotericin B in citrate buffer) overnight at 37oC,

5% CO2 in a humidified incubator. Hydrogels were washed once with complete RPMI medium (RPMI-

1640 medium supplemented with 10% (v/v) foetal bovine serum (FBS), 2 mM L-glutamine, 100 U/ml

penicillin, and 100 µg/ml streptomycin) to remove the residual photoinitiator before cells were seeded.

Monocyte-derived macrophage generation

Buffy coats were obtained from the National Blood Service (Sheffield, UK) following Ethics

committee approval. Peripheral blood mononuclear cells (PBMCs) were obtained from heparinised blood

by Histopaque-1077 density gradient 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 before41.

Purified monocytes were suspended in complete RPMI medium containing 50 ng/ml M-CSF (Miltenyi

Biotec) and seeded at 1x106 cells/well in 24-well ultra-low attachment plates (Corning Life Sciences).
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The cells were incubated at 37oC, 5% CO2 in a humidified incubator for 6 days, with fresh medium and

cytokines added on Day 3.

Macrophage culture on GelMA hydrogels

Monocyte-derived macrophages were harvested from the ultra-low attachment plates by placing the

plates on ice for 20 min followed by gentle pipetting to collect detached cells. The macrophages were

then washed, resuspended in fresh complete RPMI medium containing 50 ng/ml M-CSF, and 2.5x105

macrophages were seeded per patterned hydrogel (≈1.32x105 macrophages/cm2) inside 24-well non-Tissue

Culture (TC)-treated plates. For tissue culture-treated plastic (TCP) controls, 2.5x105 macrophages

prepared as described above were also seeded per well of a 24-well TC-treated plate. After overnight

incubation at 37oC, 5% CO2 in a humidified incubator, the cell-laden hydrogels were transferred to new

non-TC plates containing fresh complete RPMI medium and 50 ng/ml M-CSF and incubated again. For

TCP controls, the medium was changed at the same time. Macrophages were cultured on the GelMA

hydrogels and TCP controls for a total of 3 days. For lipopolysaccharide (LPS)-stimulated samples,

macrophages cultured on TCP or hydrogels for 3 days were then treated with 200 ng/ml LPS at 37oC,

5% CO2 for 24 h.

Morphological analysis of macrophages

Cells were fixed with 4% paraformaldehyde (PFA) in PBS, washed twice with PBS (5 min per wash),

then permeabilised with 0.2 % Triton-X100 in PBS for 20 min. All the steps in this procedure were

carried out at room temperature. After 2 further washes with PBS, non-specific binding was blocked with

5% goat serum in PBS as described in the previous section. This was followed by 2 washes with PBS

and cytoskeleton staining of F-actin with 5 µg/ml Alexa Fluor® 488 Phalloidin (Cell Signalling

Technology) in 1% goat serum and 0.1% sodium azide for 30 min. Cells were then washed 3 times with

PBS and stained with 250 ng/ml DAPI (4',6-Diamidino-2-Phenylindole) (Invitrogen) in PBS for 5 min,

washed 3 times with PBS, then mounted on a slide with Fluoromount™ mounting medium. Samples
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were then imaged using an IMSTAR automated fluorescent microscope (IMSTAR S.A., France), which

took ~100 images per sample.

Images were loaded into CellProfiler software (Broad Institute, Harvard, USA)42 and metadata

detailing the cell type in the image was extracted from the file name. Primary detection of the cell nucleus

(DAPI channel), followed by secondary detection of the cell body (F-actin channel) were optimised

following which the full dataset of images was analysed by the software and a database containing a

range of cell descriptors such as perimeter, area, major and minor axes, etc. was generated. For each

sample, the means of these descriptors were calculated and used for generating graphs and conducting

statistical analyses.

Flow cytometric analysis of mannose receptor (MR) and calprotectin

Macrophages were detached from the hydrogels or TCP by using 1 mg/ml collagenase A (Roche) in

PBS or non-enzymatic cell dissociation buffer, respectively, and placing on ice for 40 min, then washed

once with PBA (0.5% (w/v) bovine serum albumin (BSA) and 0.1% (w/v) sodium azide in PBS). Cells

were blocked with 5% (v/v) human serum in PBS at 4oC for 60 min, then washed once with PBA. 2 µg/ml

mouse anti-human anti-calprotectin antibody (Thermo Scientific Pierce) and 8 µg/ml PE/Cy5-labelled

mouse anti-human anti-CD206 antibody (for labelling the mannose receptor, MR) (BioLegend) were

added and samples incubated at 4oC for 30 min. After one wash with PBA, 4 µg/ml of Alexa Fluor 647-

labelled rabbit anti-mouse IgG (H+L) secondary antibody (Invitrogen) was added to the tubes containing

the anti-calprotectin primary antibody and samples were incubated at 4oC for 30 min. The samples were

washed a final time with PBA and fixed with 0.5% (v/v) PFA in PBS. Samples were run on an FC500

flow cytometer (Beckman Coulter) and the analysis was carried out using Weasel software (Walter and

Eliza Hall Institute of Medical Research).

Cytokine quantification

Supernatants were collected and assayed for the cytokines TNF-α, IL-12, IL-1β, CCL18, and IL-1RA 

by ELISA as per the manufacturer’s instructions (Table 1).
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Table 1. ELISA kits used in this study

Cytokine ELISA Kit supplier

IL-1β Antibody Solutions AS56-P, AS57-B (Capture and detection antibodies) 

Peprotech 200-01B (Standard protein)

IL-1RA PeproTech 900-K474

IL-12 PeproTech 900-K96

CCL18 R&D Systems DY394

TNFα Peprotech 900-K25 

Phagocytosis

Macrophages were treated with 10 particles/cell of Alexa Fluor 488-labelled zymosan (Molecular

Probes) in complete RPMI medium at 37oC, 5% CO2 for 30 min. Cells were then washed 3 times with

PBS and fixed with 4% PFA in PBS for 10 min. Cells were washed again 3 times with PBS and detached

from the gels or TCP as described in the section above (Flow cytometric analysis of MR and calprotectin).

Cells were then harvested, washed once with PBA and resuspended in PBA prior to running on a MoFlo

Astrios EQ flow cytometer (Beckman Coulter). Analysis was carried out using Kaluza Analysis 1.5

software (Beckman Coulter).

Mean number of particles per zymosan-positive cell was calculated using the formula: (Median

fluorescence intensity (MFI) of zymosan-positive cells – MFI of untreated cells)/MFI of zymosan

particles. Phagocytic index was calculated as: percentage of zymosan-positive cells x mean number of

particles per positive cell.

mRNA preparation

Samples were washed twice with cold PBS. Total RNA was isolated with Trizol reagent using the

PureLink® RNA mini kit, (Ambion, Thermo Fisher Scientific). RNA quality was assessed on an Agilent

2100 Bioanalyzer (Agilent Technologies) and samples with RNA integrity (RIN) values ≥ 7 were used 
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for microarray analyses.

Gene Microarrays

Preparation of cRNA, hybridization and scanning of Agilent arrays was done using the One Colour

Microarray-based Gene Expression Analysis (Agilent Technologies) according to manufacturer’s

protocol. Briefly, 200 ng of total RNA was labelled with T7-linked oligo-dT primers for first-strand

cDNA synthesis. Subsequently, labelled cRNA was generated from cDNA using T7 RNA polymerase

with cyanine 3-CTP dye. The labelled cRNA was then purified using the RNeasy mini kit (Qiagen) and

quantified using a NanoDrop ND1000 spectrophotometer (Thermo Scientific). For each sample, 1.65

µg cRNA was fragmented at 60°C for 30 min in fragmentation buffer, following which the 2x Hi-RPM

Hybridization Buffer was used to stop the fragmentation reaction. Samples were centrifuged at 13,000

rpm for 1 min and immediately hybridized to Agilent oligo microarrays in a hybridization chamber. The

assembled chamber was placed in a rotator oven (set at 10 rpm) and incubated at 65°C for 17 h. Slides

were washed in pre-warmed gene expression wash buffers containing 0.005% (v/v) Triton X-102 (10%)

and scanned with the GenePix® 4200 AL Microarray Scanner (Axon, Molecular devices, CA).

Gene Microarray analysis

Preliminary filtering and normalisation of data were carried out in JExpress Pro 2012 software. For

each donor, data on gels were quantile normalised to their respective TCP controls to obtain relative

expression values. Using R software, data from each individual array probe were processed. An ANOVA

and a pairwise Tukey’s post hoc test were conducted to identify conditions causing significant changes

in gene expression. Principal component analysis and heatmaps of relative expression for all significant

genes p<0.01 and p<0.05 were also generated for the R analysis.

Statistical analysis

A minimum of 3 donors (3 independent replicates) were tested for each assay. Graphs depict mean

data from each donor as individual symbols in addition to the mean ± standard deviation (SD) of all

donors used, while microscope images and histograms are from a representative donor. Statistical
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analyses were performed in GraphPad Prism v 6.05. Significance was calculated by one-way ANOVA

with Tukey’s post hoc test, p≤0.05 was considered significant.  

RESULTS

In order to determine the effect of GelMA micropatterning on human primary macrophages, the first

step was to select GelMA hydrogels of appropriate rigidity to permit high fidelity micropatterning and

good cell attachment. Three distinct stiffness of GelMA were selected – 5%, 10%, and 15% GelMA with

compressive moduli of 2.96 ± 0.28 kPa, 16.66 ± 0.95 kPa, and 25.82 ± 1.50 kPa, respectively (Figure

S1A in Supporting Information). 15% (w/v) GelMA was found to be the most appropriate for further use

as it could be micropatterned with high fidelity and allowed macrophage attachment and interaction with

the hydrogel surface (Figures S1 and S2 in Supporting Information).

Macrophage morphology on GelMA hydrogels

Macrophages cultured on micropatterned GelMA hydrogels and tissue culture-treated plastic (TCP)

both exhibited heterogeneous morphologies (Figure 1A). Depending upon the hydrogel patterning

employed, cell alignment was also altered, e.g. alignment in one direction on microgrooves/ridges

compared with random attachment on micropillars and unpatterned hydrogels (Figure 1A).

However, analysis of macrophages cultured on these different surfaces using CellProfiler software42

revealed that alterations in cell morphology were insignificant amongst hydrogel conditions. Instead, it

appeared that macrophages cultured on GelMA hydrogels (regardless of topographies) were significantly

smaller and had a significantly lower cytoplasm to nucleus ratio than those cultured on TCP (Figure 1B).

Cells on GelMA were also significantly more elongated than those on TCP, as measured by the cell major

to minor axis ratios (Figure 1B).
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A

TCP G P U

B

Figure 1. Morphology of human monocyte-derived macrophages on GelMA hydrogel micropatterns.

Human monocyte-derived macrophages were cultured on TCP (tissue culture plastic controls) and GelMA

micropatterns: G, microgrooves/ridges; P, micropillars; U, unpatterned for 3 days. A. Representative phase

contrast images. Scale bar=100 µm. B. CellProfiler analysis of macrophage dimensions (µm or µm2) on the

different surfaces. Data presented are mean ± SD for at least n=3 donors. Significance was calculated by a one-

way ANOVA with Tukey’s post hoc test, * p≤0.05, ** p≤0.01, *** p≤0.001.
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Phenotyping macrophages on patterned GelMA hydrogels by conventional means

Next, it was tested whether culturing macrophages on micropatterned GelMA hydrogels altered

conventional indicators of macrophage activation such as surface marker expression, cytokine profile,

and phagocytic activity.

No significant differences were observed in the percentage of positive cells or the expression (median

fluorescence intensity) of MR or calprotectin (used here as M2 and M1 markers respectively) under any

of the conditions (Figure S3 in Supporting Information).

Three pro-inflammatory (TNF-α, IL-12, IL-1β) and two anti-inflammatory (IL-1RA, CCL18) 

cytokines were quantified in the supernatants of unstimulated macrophages and LPS-stimulated

macrophages. Since less cells were present in the GelMA conditions than in TCP due to the smaller size

of the GelMA patterns, cytokine values for the different conditions were normalised for cell number. The

cytokine data presented here are cytokine concentration in pg/ml per 104 cells (Figure 2).

No significant differences were observed between TNF-α, IL-12, IL-1RA, and CCL18 production by 

macrophages on the different GelMA topographies (Figure 2), possibly due to the small sample size,

however some trends were observed. For example IL-1RA production by cells on microgrooves/ridges

and unpatterned GelMA tended to be higher than levels produced by cells on micropillars (or TCP) both

pre- and post-LPS stimulation (Figure 2). Furthermore, in LPS-stimulated macrophages, CCL18

production appeared to be increased on unpatterned GelMA compared to microgrooves/ridges or

micropillars (Figure 2).

Whilst no significant differences were observed between unstimulated macrophages cultured on TCP

vs. GelMA, upon LPS stimulation of these cells, it was observed that microgroove/ridge and micropillar

patterning on GelMA significantly reduced the production of TNF-α compared to unpatterned GelMA 

(p=0.0196), bringing TNF-α production in line with that observed on TCP (Figure 2). Macrophages on 

unpatterned GelMA were also found to produce significantly more IL-1RA than those on TCP following

LPS stimulation (p=0.0250, Figure 2). No significant differences were observed in the production of IL-



14

12 or CCL18 between any of the conditions (Figure 2). IL-1β production was also measured in these 

samples, but was found to be negligible in all conditions pre- and post-LPS stimulation (data not shown).

Unstimulated LPS-stimulated

Figure 2. Cytokine production by macrophages on micropatterned GelMA hydrogels. Pro-inflammatory and

anti-inflammatory cytokines and chemokines by human macrophages cultured on TCP, tissue culture plastic
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controls and GelMA micropatterns: G, microgrooves/ridges; P, micropillars; U, unpatterned for 3 days

(unstimulated) and after stimulation with 200 ng/ml LPS for 24 h (LPS-stimulated). Data presented are mean ±

SD for at least n=3 donors. Significance was determined by one-way ANOVA with Tukey’s post hoc test, *

p≤0.05.

In order to study functional responses of macrophages cultured on micropatterned GelMA hydrogels,

a phagocytosis assay was carried out using zymosan particles (Figure 3A). No significant differences

were observed in the percentage of cells that had taken up zymosan particles or in the phagocytic index

of the cells, although a trend towards reduced phagocytic index was observed in the micropillar condition

(Figure 3B). However, a significant difference was observed between the mean number of zymosan

particles per positive cell cultured on microgrooves/ridges vs. those on micropillars (G=15.19 particles

per cell vs. P=10.89 particles per cell, p=0.0128, Figure 3B).

A

G P U

Zymosan-treated macrophages Untreated macrophages
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B

Figure 3. Phagocytosis by macrophages on micropatterned GelMA hydrogels. Phagocytosis of zymosan

particles by human macrophages cultured on GelMA micropatterns: G, microgrooves/ridges; P, micropillars; U,

unpatterned. Macrophages were treated with 10 particles/cell of zymosan at 37oC, 5% CO2 for 30 min. A.

Representative histograms of zymosan uptake by macrophages – red, untreated macrophages; green, zymosan-

treated macrophages. B. Graphs depict the percentage of cells containing at least one zymosan particle (+ve cells),

average number of particles per +ve cell, and phagocytic index. Data presented are mean ± SD for n=3 donors.

Significance was determined by one-way ANOVA with Tukey’s post hoc test, * p≤0.05.

Microarray analysis of macrophages cultured on patterned GelMA hydrogels

Gene microarray analysis was carried out in order to gain a global picture of topography-induced

changes in macrophage gene expression. Using R, the relative expression data was processed for each

individual array probe. An ANOVA and a pairwise Tukey‘s post-hoc test was conducted to identify

conditions causing significant changes in gene expression.

Principal component analysis (PCA) and hierarchical clustering analysis of the significantly altered

genes (p<0.05) showed that the different gel conditions – microgrooves/ridges, micropillars, and

unpatterned – formed distinct clusters (Figure 4A), suggesting that this subset of genes can distinguish

between macrophages cultured on different topographies. Hierarchical cluster analysis confirmed this

(Figure 4B). 90 probes were identified to be significant in one or more pairwise comparison at p<0.05

(Figure S4 in Supporting Information), while 10 probes were significant at p<0.01 (Figure 5 and Table

2). Pairwise comparisons of the three hydrogel conditions suggested that micropillars had the greatest

*
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impact on macrophage gene expression as the greatest number of significantly altered probes was

observed for micropillars (Table S1 in Supporting Information).

A B

Figure 4. Principal component analysis (PCA) and cluster analysis of microarray data. A. PCA and

B. cluster analyses of microarray data from 3 donors (1, 2 and 3 denote donors) were carried out in R.

Only significantly altered genes (p<0.05 by one-way ANOVA with Tukey’s post hoc test) were used to

generate these plots. G, microgrooves/ridges; P, micropillars; U, unpatterned.
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Figure 5. Heatmap of top 10 significantly altered genes from microarray data. Microarray results from 3

donors (1, 2 and 3 denote donors) were analysed in R. A heatmap of the top 10 significantly altered genes (p<0.01

by one-way ANOVA with Tukey’s post hoc test) is presented here. G, microgrooves/ridges; P, micropillars; U,

unpatterned.
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Table 2: Relative expression of genes differentially expressed from microarray data.

Gene
Microgrooves/ridges

(G)

Micropillars

(P)

Unpatterned

(U)

TMED2 + a ++ +++

AMD1 + + ++

IVNS1ABP 0 b 0 ++

ZSWIM7 - c + ++

SCFD1 0 0/- +

DERA - 0/+ +

EXOSC9 -- - 0/+

HMGN1 -- -- -

GIMAP6 --- - -

ODF3B --- - -

a +, up-regulation, b 0, no change, c -, down-regulation, of expression compared to their respective TCP
controls. Greater number of + or – symbols implies greater up- or down-regulation, respectively.

Finally, the 89 unique genes corresponding to the 90 probes significantly differentially expressed were

processed to identify enriched Kyoto Encyclopaedia of Genes and Genomes (KEGG) pathways and gene

ontology (GO) terms using the R script “NIPA” (https://github.com/ADAC-UoN/NIPA). In the

Biological Processes category, 31 terms were identified to be significantly enriched compared to all genes

in genome (p<0.05 hypogeometric test conducted with GOStats43). The top 10 of these are shown in

Figure 6.
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Figure 6. Gene ontology map of the top 10 biological processes that were significantly enriched compared

to the rest of the genome. The size of the circle and colour represent the number of genes in each term within the

differentially expressed gene list, X-axis represents enrichment –log10 p value.
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DISCUSSION

This study presents novel data on the responses of human macrophages to micropatterned GelMA

hydrogels. The rationale behind the study was to determine whether by modulating focal point adhesion

and cell morphology using two specific microtopographies, namely micropillars and

microgrooves/ridges, could modulate human macrophage phenotype, activation status and function. In

order to assess macrophage behaviour we initially utilised conventional methods for determining

macrophage phenotype (microscopy) and activation status (surface marker expression, cytokine

secretion and phagocytosis) followed by an unbiased screening of global gene expression.

In our study, macrophage morphology was significantly different on GelMA hydrogels compared to

TCP controls, with cells on TCP controls being larger, less elongated and having a greater cytoplasm to

nucleus ratio. The vastly different chemistry and rigidity of TCP compared to GelMA could explain the

significant difference in cellular morphology observed27. However, when comparing cell morphology on

the different GelMA topographies (microgrooves/ridges vs. micropillars vs. unpatterned), despite

observing transient changes, no significant difference was observed in any of the morphological

descriptors. This is in contrast to studies with mouse macrophages that show significant changes in

morphology on patterned surfaces such as greater elongation when constricted by 20 μm lines32 or 3-5

μm wrinkles31 compared to planar surfaces. One likely reason for differing observations in these studies

compared to our study is that the materials used – PDMS32, polyethylene films31 and GelMA (present

study) – have dissimilar chemical and stiffness profiles (e.g. mostly much stiffer than GelMA), which

would result in differences in cell behaviour on these surfaces27. Another reason for discrepancies

between the studies by McWhorter et al.32 and Wang et al.31 and the present study could be the

differences between human and mouse macrophages. Human peripheral blood monocytes, and therefore,

monocyte-derived macrophages, are a heterogeneous population44 and as such will not respond to stimuli

in a uniform way.
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Surface topography has been used to induce changes in a number of cell types including immune cells

such as macrophages15. For example, topography-induced elongation of mouse macrophages was shown

to correspond to a more alternatively activated, anti-inflammatory phenotype in these cells31-32. However,

a recent study by Malheiro et al. using the human monocytic cell line THP-1 (differentiated with phorbol

12-myristate 13-acetate, PMA, to resemble macrophages) showed no impact of topography on

macrophage activation, although cell shape was altered45. Human macrophages can be differentially

activated by topography, but the difference only seems to be apparent when comparing large-scale

differences such as micropatterned vs. nanopatterned surfaces, as seen in a study by Paul et al. using

human primary monocyte-derived macrophages on textured PVDF surfaces36.

Nevertheless, the results of the present study indicate some changes in conventional measures of

macrophage activation when using human macrophages and micropatterned surfaces. Patterning the

GelMA hydrogels led to a significant decrease in production of the master pro-inflammatory cytokine

TNF-α in response to LPS stimulation, although the type of pattern (microgrooves/ridges or micropillars) 

did not seem to be important in this process. LPS-stimulated macrophages on the patterned gels also

appeared to produce less of the anti-inflammatory cytokine IL-1RA than those on unpatterned gels, but

this was not significant. In addition, macrophages on the micropillars were found to phagocytose

significantly less (~50%) zymosan particles than those on microgrooves/ridges and unpatterned gels.

However, this did not correlate to a significant decrease in the phagocytic index of cells on micropillars.

Finally, no significant difference was observed in the expression of MR (M2 marker) or calprotectin (M1

marker) or the percentage of the population expressing either of these markers on any of the topographies

tested. Hence, these results indicate that micropatterned hydrogels can alter certain activation markers in

human primary macrophages, although the observed profiles did not fit into strict M1 or M2 activation

states, but probably represent a biomaterial-specific activation state.

In fact, this hypothesis is supported by the results of our gene microarray experiments, where the

significantly different genes on the three hydrogel conditions (microgrooves/ridges, micropillars, and
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unpatterned) were all related to primary metabolic processes. PCA using these significantly altered genes

showed that the cells on each topography had a distinct gene expression profile, evidenced by the clear

clustering of data points belonging to each group.

Ten probes were identified to show significantly different gene expression with different GelMA

micropatterns (ANOVA with pairwise Tukey‘s post hoc test adjusted p < 0.01). These correspond to 10

genes: ODF3B, IVNS1ABP, DERA, GIMAP6, ZSWIM7, AMD1, HMGN1, EXOSC9, TMED2,

SCFD1. These genes may be divided into different groups based on their cellular functions: 1) cell

survival and proliferation, 2) protein trafficking and 3) regulation of nucleic acid processing and function.

The first group of genes, those playing a role in cell proliferation and survival, consists of four members

– AMD1, GIMAP6, DERA, and IVNS1ABP. AMD1 (adenosylmethionine decarboxylase 1) encodes an

intermediate enzyme in polyamine biosynthesis, essential for cellular proliferation and tumour

promotion. GIMAP6 (GTPase, IMAP family member 6) encodes a member of the GTPases of immunity-

associated proteins (GIMAP) family, which contain GTP-binding and coiled-coil motifs, and may play

roles in the regulation of cell survival. DERA (Deoxyribose-Phosphate Aldolase) catalyses a reversible

aldol reaction between acetaldehyde and D-glyceraldehyde 3-phosphate to generate 2-deoxy-D-ribose 5-

phosphate. It participates in stress granule assembly and has been shown to permit cells in which

mitochondrial ATP production was abolished to make use of extracellular deoxyinosine to maintain ATP

levels46. IVNS1ABP (influenza virus NS1A binding protein) plays a role in cell division and in the

dynamic organisation of the actin skeleton as a stabiliser of actin filaments by association with F-actin.

It protects cells from cell death induced by actin destabilisation.

The second group of genes, those involved in protein trafficking, consists of two members – SCFD1

and TMED2. SCFD1 (sec1 family domain containing 1) plays a role in SNARE-pin assembly and Golgi-

to-ER retrograde transport. TMED2 (transmembrane p24 trafficking protein 2) is involved in vesicular

protein trafficking, acting in the early secretory pathway and post-Golgi membranes.
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Finally, the third group of genes, which play a role in nucleic acid processing and function, consists of

three members – ZSWIM7, HMGN1, and EXPSC9. ZSWIM7 (zinc finger SWIM-type containing 7) is

involved in early stages of the homologous recombination repair pathway of double-stranded DNA

breaks arising during DNA replication or induced by DNA-damaging agents. HMGN1 (high mobility

group nucleosome binding domain 1) encodes a protein that binds nucleosomal DNA and is associated

with transcriptionally active chromatin. Along with a similar protein, HMG17, it may help maintain an

open chromatin configuration around transcribable genes. EXOSC9 (exosome component 9), transcript

variant 2 (codes for isoform 2 of the protein) forms a component of the human exosome (an

exoribonuclease complex which processes and degrades RNA in the nucleus and cytoplasm), binding to

adenylate uridylate-rich element (ARE)-containing unstable RNAs. It may play a role in degradation and

turnover of mRNA.

Thus, from the microarray results it would appear that GelMA hydrogel microtopographies may

modulate cell survival and stress responses in macrophages. The data also indicate alterations in gene

transcription, DNA repair, mRNA degradation, and protein trafficking by macrophages on

micropatterened GelMA hydrogels. In general, micropatterning of GelMA appeared to down-regulate

the expression of the top 10 significantly altered genes as compared to unpatterned GelMA. The down-

regulation also appeared to be greater in the case of microgrooves/ridges than in the case of micropillars.

The functional consequences of these changes in gene transcription need to be further investigated.

CONCLUSION

Our study supports the previous work45 showing that microscale topographies on their own do not

seem to significantly change macrophage polarization state based on the conventional readouts routinely

used to assess macrophage activation status. Instead, our results indicate that changes in topography alter

more fundamental processes in macrophages such as gene transcription, translation, protein trafficking,

DNA repair and cell survival. This underlines the need for unbiased screening of macrophage responses
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(especially human macrophages) in biomaterial and tissue engineering applications. These observations

highlight the fact that when cells are exposed to conditions that are not highly polarising (e.g. surface

topography), despite significant changes in the cells’ key biological processes, conventional macrophage

activation readouts may not indicate any changes and could even be misleading. Hence, in such cases,

the use of very selective markers derived from cytokine-induced macrophage activation may lead to

missed opportunities for fully understanding and exploiting macrophage-biomaterial interactions and the

key cellular processes it can modulate. The adoption of an unbiased screening approach such as that

demonstrated in the present study would have wide-reaching implications for understanding and

modulating inflammation, foreign body responses and wound healing in response to biomaterials.
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