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Abstract 

Synthetic materials employed for enhancing, replacing or restoring biological functionality may be 

compromised by the host immune responses that they evoke. Surface modification has attracted 

substantial attention as a tool to modulate the host response to synthetic materials, however, how 

surface nanotopography combined with chemistry affect immune effector cell responses is still poorly 

understood. To address this open question we have generated a unique set of model surfaces with 

controlled surface nanotopography in the range of 16 nm, 38 nm and 68 nm. We also provided tailored 

outermost surface chemistry that was amine, carboxyl or methyl group rich. The combinations of these 

properties yielded 12 surface types that are subject to functional assays assessing key immune effector 

cells, namely primary neutrophil and macrophage responses in vitro. Our data demonstrates that 

surface nanotopography leds to enhanced matrix metalloproteinase-9 production from primary 

neutrophils, and a decrease in pro-inflammatory cytokine secretion from primary macrophages. 

Together, these results are the first to directly compare the immunomodulatory effects of the 

cooperative interplay between surface nanotopography and chemistry. 
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1. Introduction 

Modern medical practice has been increasingly employing synthetic biomaterials to replace 

or enhance biological tissue functionality. However, the performance of these materials is 

often compromised by host immune responses. All implanted biomaterials have the potential 

to induce inflammation, followed by a foreign body response (FBR) and subsequent fibrotic 

encapsulation.
[1, 2]

 At present, these physiological processes are unpredictable and 

stochastic.
[3]

 They can lead to pain, discomfort and in some cases rejection of the implanted 

device. Patients that present with detrimental reactions after surgical implantation receive 

symptom-specific treatments in an attempt to resolve biological harm. Non-steroidal anti-

inflammatory drugs (NSAIDs) are widely prescribed to control inflammation,
[4]

 however, in 

certain cases such as dental implants, excessive use of NSAIDs may impede bone healing and 

implant integration, jeopardising the function of the device.
[4, 5]

 This highlights that whilst 

current ‘broad acting’ treatments to biomaterial-induced host reactions are effective at short-

term reduction of adverse clinical outcomes, there is a need for developing specific 

approaches to modulating the immune response. Biomaterial device surface modification has 

been instrumental in improving the integration, functionality and implant biocompatibility by 

modulating host reactions.
[6]

 Various chemical modification and coatings have been tested 

with little or no effect. The reason for this is that innate immune cells, such as neutrophils and 
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macrophages that offer the first line of defence, recognise the foreign body and initiate the 

processes of inflammation and fibrotic encapsulation.
[2, 7]

 

 

Recently, surface nanotopography has been identified as an important regulator of cellular 

and physiological processes.
[8]

 Medical devices come with inherent surface roughness 

(topography) either intentionally introduced or simply as a result of the manufacturing 

process. The type, scale and magnitude of surface nanotopography has been demonstrated to 

affect cell adhesion,
[9, 10]

 density and spreading,
[11, 12]

 cytokine secretion,
[13]

 motility,
[14, 15]

 

proliferation and differentiation,
[11, 16]

 and macrophage fusion.
[17]

 For example, Mohuiddin et 

al. demonstrated a two-fold and three-fold increase in IL-6 secretion by macrophages on 50 

nm and 200 nm nanodots respectively, when compared to smooth surfaces. However, the 

50nm nanodots also resulted in maximum cell spreading and cell density.
[18]

 In a similar 

manner, Hulander et al. found that immobilised 56 nm particles decreased platelet activation, 

whereas the 36 nm particles was advantageous for platelet contact and activation.
[10]

 There 

are no general rules that apply to how surface nanotopography can affect cell functions 

because of the disparity between cell types and assays in published reports, as well as 

differential methods of fabrication of the tested surface. Overall, there are limited published 

reports on the effect that surface nanotopography has on the functionality of inflammatory 

cells.
[19]

 Of the ones that are published, outcomes are often contradictory and difficult to 
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compare due to the different types of surface nanotopography and specific capabilities of a 

given laboratory. Furthermore, the outermost chemistry of the surfaces used is not purposely 

tailored and often heterogeneous as a result of the preparation process, which makes the 

picture even more complex. In view of the importance of inflammatory responses to 

biomaterials for the rational design of biomedical devices, there is a pressing need to 

understand how the interplay between surface chemistry and nanotopography affects 

inflammatory pathways. 

 

In this current study, we aim to bridge this gap of knowledge via an innovative approach 

using substrata of controlled surface nanotopography on which we could precisely tailor the 

outermost surface chemistry. These substrata allowed us to interrogate, in a unique manner, 

the functional responses of primary neutrophils and macrophages; two vital innate immune 

cells that are the first to interact with an implanted material. We have selected 

nanotopographies of 16, 38 or 68 nm to address the regime below 100 nm. The outermost 

surface chemistries involved were amine, methyl and carboxyl rich since these chemistries 

are consistent with those found in a biological environment. 

 

 

2. Results and Discussion 
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2.1 Preparing controllable surface nanotopography and chemistry on planer substrata  

To generate controllable surface nanotopography and chemistry we combined plasma 

polymerisation and electrostatic self-assembly. The schematic of the preparation procedure is 

presented in Figure 1. Model substrata were first modified with a 20 nm thin plasma polymer film 

deposited from vapour of allylamine. These coatings are known to be rich in amine groups and thus 

carry a positive charge in aqueous medium at pH < 8.[20]  Controlled surface nanotopography was 

generated by the electrostatic attachment of gold nanoparticles (AuNPs) of nearly monodispersed 

size of 16, 38 and 68 nm. Gold nanoparticles were selected to generate chemicals from the surface 

that may interfere with the attaching cells. 

 

As prepared thus far, these substrates present not only a change of nanotopography but also mixed 

chemistries: an underlying amine/nitrogen rich coating and gold nanoparticles carrying carboxyl acid 

surface groups. This mixed chemistry is a problem that has been rarely taken into consideration. The 

problem arises from the inability to discriminate what affects cellular responses – the surface 

chemistry or nanotopography. We were able to uniquely tailor the outermost surface chemistry by 

overcoating the attached nanoparticles with a 5 nm thin layer of plasma polymer deposited from 

vapours of allylamine (AApp), octadiene (ODpp) or acrylic acid (ACpp) which produce films rich in –

NH2, -CH3 and –COOH functional groups, respectively (Figure 1). The thickness of the film was 

selected to ensure preservation of the magnitude of the nanotopography, as well as a continuous 
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and pinhole free coating.[21]  Plasma polymerisation was employed as it is probably the only 

technique that can generate nanoscale coatings on any type of substrate material.[22] 

 

2D and 3D atomic force microscopy (AFM) images of the modified surface are shown in 

Figure 2A and Figure 2B, respectively. The images confirm effective generation of 

nanotopography of controlled magnitude and its preservation after overcoating with a 5 nm 

thin plasma polymer layer. An AFM image of a glass substrate modified with AApp film 

only, revealing a very smooth surface is also shown. Quantification of these AFM images 

reveals that the number of immobilised particles decreases with the increase in particle size 

(Figure 2C); a corresponding increase in surface area when compared to glass control (Figure 

2D), and a proportional increase of surface roughness (RMS) with AuNP size (Figure 2E). 

These parameters were consistent for all surfaces regardless of the type of overcoating 

(Figure 2G-J). X-ray photoelectron spectroscopy (XPS) was used to determine the chemical 

composition of the modified surfaces. Table 1 shows that after nanoparticle immobilisation, 

the gold atomic concentration is 2.3, 3.1 and 4.3 At % for particles sizes of 16 nm, 38 nm and 

68 nm, respectively. Several differences are noticeable after overcoating with 5 nm thin 

plasma polymer films of different chemistries. In all cases, the gold atomic percentage 

decreases relative to uncoated nanoparticles. This is consistent with the measurement depth 

of XPS which is ca 10 nm, thus the predominant signal is that AApp based overcoating 
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provides a nitrogen rich chemistry which leads to increase of the N/C ratio relative to 

uncoated nanoparticles. At the same time the O/C ratio decreases. The advancing water 

contact angle (WCA) of the AApp coating without nanotopography is ca 69 degrees and 

consistent with published studies.
[20]

 As nanotopography is added through the attached 

nanoparticles, the WCA increases as expected from Wenzel and Cassie theories. The ODpp 

coating provides a pure hydrocarbon outermost layer, as evidenced by the decrease of both 

N/C and O/C ratios, with the high WCA further increasing with added nanotopography. 

ACpp overcoating was used to provide carboxyl acid functionalities, and as expected this is 

the most hydrophilic surface with the highest O/C ratio.  Altogether, the data in Figure 2 and 

Table 1 demonstrate that we are able not only to generate controlled nanotopography at the 

nanoscale but also, by utilising plasma polymerisation, uniquely tailor the outermost surface 

chemistry.   

 

2.2 Modified surface nanotopography modulates neutrophil-derived MMP9 production 

 

Neutrophils are one of the earliest immune cells to contact implanted biomaterials and are 

recruited to the site from the blood stream. To determine the effect of nanotopography on 

neutrophils, various activation responses of primary, naïve neutrophils were assessed. As it 

was important to obtain a resting population of cells for these experiments, neutrophils were 
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isolated from murine bone marrow by negative selection using a cocktail of antibodies, 

resulting in a population of greater than 96% pure resting naive Gr-1
+
CD11b

+
 cells (Figure 

S1, Supporting Information). These naive neutrophils were incubated on different 

nanotopographically-modified surfaces and were assessed for surface activation marker 

expression, namely CD11b (Figure 3A) and CD62L (Figure 3B). These receptors are up-

regulated and down-regulated, respectively, on activated neutrophils to allow migration from 

blood vessels into the site of injury. 

 

Neutrophil interactions with invading pathogens results in pathogen engulfment 

(phagocytosis) and production of reactive oxygen species (ROS) in an attempt to degrade the 

foreign entity. These short-lived cells then undergo immunologically silent cell death via 

apoptosis as a mechanism to limit host tissue damage, as well as resolution of inflammation 

through their clearance by phagocytic cells such as macrophages.
[23]

 Assessment of ROS 

production (Figure 3C) and the extent of late stage apoptosis (Figure 3D) in neutrophils 

incubated on different nanotopography modified surfaces reveals no discernible changes in 

these responses. It was immediately evident that no one particular surface chemical 

modification, engendered nanotopographical modification, or modification used in 

combination grossly affects surface activation marker expression, ROS activity or extent of 

apoptosis. However, further assessment of neutrophil-derived pro-matrix metalloproteinase 
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(MMP)-9 and the active MMP-9 form was carried out. These key enzymes are involved in 

tissue remodelling and foreign body responses, including a role in collagen degradation.
[24]

 

Interestingly, an increase in neutrophilic MMP-9 (based on the MMP-9 to pro-MMP-9 ratio) 

is observed on all modified surfaces when compared to glass control surfaces (Figure 3E). 

Whilst there is minimal variability amongst different AuNP sizes within the AApp and ODpp 

overcoated groups, the ACpp modified surfaces carrying surface nanotopography displayed a 

substantial increase in MMP-9, with a two- and three-fold increase in secretion on the 38 nm 

and 68 nm AuNPs, respectively. This suggests that carboxyl acid rich coatings, when 

combined with nanotopography, can induce primary neutrophils to secrete a greater level of 

pro-MMP-9 and MMP-9, without substantially affecting other markers of neutrophil 

functionality.  

 

2.3 Pro-inflammatory cytokine responses from primary macrophages are diminished on rough and 

acidic modified surfaces 

Another key immune cell that is prominent in the host response to biomaterial implants is 

macrophages due to their highly plastic phenotype to generate an array of cytokines that skew 

pro-inflammatory or anti-inflammatory responses. Using in vitro cultured primary bone 

marrow-derived macrophages (BMDM), assessment of how surface nanotopography might 

influence the functionality of BMDM was carried out by quantifying pro-inflammatory 
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cytokine release upon activation. The results are presented in Figure 4 and indicate an overall 

reduction in cytokine expression levels upon the addition of nanotopography for all surface 

chemical modifications (Figure 4A). When compared to both glass control and ACpp 

without AuNPs, there was a four-fold reduction in TNFα expression by macrophages 

incubated on 68 nm AuNPs surfaces modified with ACpp (Figure 4A (i)). Levels of IL-6 

were decreased on surfaces of 38 nm and 68 AuNPs with AApp and ODpp overcoating, and a 

similar reduction was observed on 16 nm surfaces modified with ACpp (Figure 4A (ii)). 

There was a significant drop in IL-6 concentration from 122.7 ng/ml on glass control surfaces 

to 15.7 ng/ml on 68 nm surfaces modified with ACpp (Figure 4A (ii)). Macrophage secretion 

of IL-1β exhibited a similar pattern to IL-6 production, whereby IL-1β decreased on 

nanotopographically modified surfaces of AApp and ODpp overcoating, and the greatest 

reduction from glass control was observed on nanotopography of 68 nm height modified with 

ACpp  (Figure 4A (iii).  

 

To determine if these cytokine expression levels correlated with cell number, adherent cells 

were stained with DAPI (Figure 4B), quantified using Image J software, and subsequently 

represented as cells per surface/coverslip (Figure 4C). Whilst there is an overall reduction in 

cell numbers for all modified surfaces compared to glass control, there is no significant 

variability with the addition of nanotopography or surface coatings, suggesting that the 
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BMDM functionality is in response to the surface nanotopography and not simply a direct 

effect of cell numbers. The levels of cytokines per cell data is presented in the supporting 

material in Figure S2. The data trends to support a reduced level of cytokine expression per 

individual cell when surface nanotopography is added.   

 

In this work we combined plasma polymer deposition with electrostatic self-assembly to 

generate 12 independent surface types with unique combinations of nanotopography and 

chemistry for the assessment of primary neutrophil and macrophage responses. 

Understanding innate immune cell responses to surface modification has important 

implications on the design and construction of implantable biomaterials. This study 

quantified functional outputs associated with neutrophil and macrophage activation. When 

primary neutrophils were exposed to the modified surfaces, there were no observed changes 

to classical activation responses such as ROS production, CD62L down-regulation or CD11b 

up-regulation at early time points, nor differences in the degree of apoptosis at a later stage. 

There were however, gross differences in the production of MMP-9 and pro-MMP-9 whereby 

all modified surfaces induced an increase in MMP-9 above glass control surfaces. The effect 

on chemical composition on MMP expression is consistent with published literature but until 

now has never been interrogated in terms of nanotopography.
[25]

 The MMP proteins are 

endopeptidases that are constitutively expressed as zymogens and play multiple roles in tissue 
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remodelling and inflammation upon activation via proteolytic cleavage of their N-terminal 

pro-peptide.
[24]

 The activation of neutrophils is known to release MMP-9 and the action of 

this protein has been described in the FBR in vivo.
[26]

 However, definitive roles of MMP-9 in 

the events of the FBR appear to be tissue and biomaterial specific, therefore require further 

empirical assessment.  

 

There was a nanotopography size-dependent decrease in macrophage secretion of IL-6, IL-

1β, and to a lesser extent, TNFα, in particular on ACpp surfaces. These observations are 

consistent with reports demonstrating hydrophilic -COOH surfaces have reduced leukocyte 

recruitment, inflammatory responses and fibrotic encapsulation in vivo.
[6, 27, 28]

 It has been 

shown that hydrophilic anionic surfaces increase biomaterial-adherent macrophage apoptosis 

and reduce macrophage adhesion and fusion at later stages.
[29, 30]

 Studies have also 

demonstrated that such surfaces can promote a more anti-inflammatory environment by 

decreasing cytokine levels.
[30, 31]

  

 

The levels of MMP-9 and TNFα were mostly conserved amongst AuNPs on the hydrophilic 

amine group rich AApp surfaces, with reductions in IL-6 and IL-1β concentrations observed 

for increasing surface nanotopography. Such positively charged surfaces have been reported 

to enhance protein binding in a favourable confirmation, resulting in greater macrophage 
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interactions and functionality.
[32, 33]

 This was evident in the equivalent or increased cytokine 

response on AApp surfaces when compared to glass control surfaces. It is important to note 

that all modified surfaces had equivalent, albeit reduced cell numbers compared to glass 

control surfaces, confirming that the total number of adherent cells did not account for the 

functional differences observed.
[30]

 Interestingly, hydrophobic ODpp surfaces revealed 

similar patterns to AApp surfaces despite the understanding that whilst these surfaces can 

recruit more leukocytes in vivo, proteins appear to adsorb tightly, subsequently inducing 

undesirable responses, such as enhanced inflammatory signals and increased capsule 

thickness around the biomaterial.
[27, 33, 34]

 Our data shows that the increase in surface 

nanotopography was more influential in decreasing IL-6 and IL-1β responses, suggesting a 

more prominent role of surface nanotopography and that wettability alone cannot be used as a 

reproducible correlate of cell functionality.
[35]

 It is not surprising that the most dramatic 

responses were observed on 68 nm AuNPs, considering the nature of cellular interactions 

with extracellular matrix, which embodies an architecturally complex 3D structure composed 

of numerous pores, proteins and fibres in the scale of ~60 nm.
[11, 14, 36]

 

 

3. Conclusion 

The greatest challenge in the field of biomaterials is the understanding, and importantly, the 

prediction of long-term biological responses in patients receiving implantable materials. 



 

 

  

 

This article is protected by copyright. All rights reserved. 

 

This article is protected by copyright. All rights reserved. 

16 

 

Reconstructing and detailing these mechanisms may allow for more targeted approaches, and 

highlights how immune processes are amenable to manipulation by synthetic biomaterials. In 

this study, we were able to uniquely fabricate surfaces of controlled and tailored 

nanotopography and outermost surface chemistry, and interrogate the responses of primary 

neutrophils and macrophages. We found that nanotopography was capable of reducing MMP-

9 expression in neutrophils. In the case of macrophages the levels of expression of IL-6 and 

IL-1β was reduced by surface nanotopography in the case of all chemical modifications 

involved. The capacity to effectively modulate neutrophil and macrophage responses through 

surface nanotopography may translate into favourable outcomes in a clinical setting of 

biomaterial implantation and may also affect the foreign body response. We anticipate that 

future explorations in this field of research will facilitate the rational design of biomedical 

implants with physicochemical surface characteristics tailored at the nanoscale that will 

enhance utility and function and improve clinical outcomes.  

 

4. Experimental Section 

Synthesis of gold nanoparticles 

Gold (Au) nanoparticles (NPs) were synthesized by reducing hydrogen tetrachloroaurate 

(HAuCl4) using trisodium citrate, before a 0.01% HAuCl4 solution was boiled with vigorous 

stirring. Particles of 16, 38 and 68 nm diameter were synthesised by varying the amount of 
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1% trisodium citrate from 1 ml to 0.3 mL, respectively,
[37]

 which altered the colour of the 

solutions from light yellow to wine red. The solution was boiled for an additional 20 mins 

before being left to cool down to room temperature,
[37]

 and then surface modification of these 

nanoparticles was performed by using 2-mercaptosuccinic acid as described elsewhere.
[38]

  

 

Immobilisation of gold nanoparticles  

For immobilisation, plasma polymerised allylamine (AApp) samples were immersed in a 

solution of gold nanoparticles for different time intervals ranging from 2 to 15 hrs depending 

on the size of particles. These surfaces when immersed in solution carry positive charge 

while nanoparticles are capped with negatively charged carboxylic acid. This lead to an 

electrostatic binding between positively charged AApp and negatively charged gold 

nanoparticles. For our experiments, we immersed AApp in 3 different sized gold 

nanoparticles (16, 38 and 68 nm). Finally, to remove loosely bound nanoparticles these 

samples were washed with Milli-Q water and dried using nitrogen.  

 

Plasma polymerisation 

Plasma polymerisation was carried out in a custom built reactor with a 13.56 MHz plasma 

generator.
[39]

 Deposition of allylamine (AA), acrylic acid (AC) and octadiene (OD) was 

carried out at a pressure of 0.2 mbar and a deposition time of 2 minutes was employed. Power 
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used for deposition of all three monomers was 40 W, 10 W and 20 W, respectively. Using 

these conditions a polymer film of thickness 23 nm, 20 nm and 25 nm was obtained, 

respectively. A film of 5 nm thickness, used for overcoating, was achieved keeping a constant 

deposition time of 20 secs for all monomers. Before deposition, all substrates were cleaned 

by applying air plasma for 2 mins at 50 W. 

 

Atomic force microscopy 

An NT-MDT NTEGRA SPM atomic force microscope (AFM) was used in non-contact mode 

to provide nanotopographical images. Au coated silicon nitride tips were used in non-contact 

mode on the reflective side (NT-MDT, NSG03) and had resonance frequencies between 65 

and 100 kHz.  Images of 5 μm x 5 μm were scanned at a scan rate of 0.5Hz and amplitude of 

oscillation of 10nm. Image J was employed for calculating number of particles from these 

AFM images. The number of particles was used to calculate percentage increase in surface 

area, percentage surface coverage and interparticle distance. For calculating number of 

nanoparticles per µm
2
, % increase in surface area, % surface coverage, and interparticle 

distance we have prepared three samples per nanoparticle size. These samples were analyzed 

by taking three images per sample. 

  

X- ray photoelectron spectroscopy (XPS) analysis  
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XPS was used to determine the surface composition of the plasma polymers with the 

deposited AuNPs. Spec SAGE XPS spectrometer equipped with a monochromatic Mg 

radiation source was operated at 10 kV and 20mA to record all spectra. Survey spectra were 

recorded at pass energy of 100eV and 0.5eV resolution for identifying the atomic 

concentrations of all samples. All binding energies (BE) were corrected relative to a neutral 

C1s carbon peak at 285.0 eV. Processing and curve fitting was performed in Casa XPS. 

 

Animals  

All experimental protocols were approved by the Animal Ethics Committees of SA Pathology 

(Project Number 56.12) and the University of Adelaide (Project Number M-2012-11). All 

methods were performed in accordance to the guidelines of the University of South Australia 

(South Australian Animal Welfare Act 1985). Normal C57Bl/6 (B6) mice were bred and 

housed at the Reid Animal Facility at the University of South Australia. All mice were 8-12 

weeks of age, and all experiments were approved by the SA Pathology and University of 

Adelaide animal ethics committee, and conducted following national and institutional ethical 

guidelines. 

 

Primary neutrophil purification from bone marrow 
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Primary resting neutrophils were purified from the bone marrow of mice as previously 

described.
[40]

 Briefly, bone marrow was flushed from the tibia and femur bones of B6 mice 

and red blood cells were lysed. Cells were pelleted, and resuspended in 500 µL of PBS before 

the addition of the negative selection cocktail with the following biotinylated antibodies (per 

10
7
 cells); anti-CD5 (250 ng), anti-CD45R (125 ng), anti-CD49b (250 ng), anti-CD117 (100 

ng), anti-F4/80 (500 ng) and anti-TER 119 (100 ng). All antibodies were purchased from 

eBioscience.  

 

Antibodies were incubated with cells for 15 mins, rotating at 4°C, washed once, then 

resuspended in 100 µL MACS buffer per 10
7
 cells and 15 µL of anti-biotin microbeads 

(Miltenyi Biotec) per 10
7
 cells for an addition 15 mins (rotating at 4°C). Labelled cells were 

washed in 10 mL MACS buffer and resuspended in 500 µL MACS buffer. MACS LS 

Columns (Miltenyi Biotec) were prepared according to manufacturer’s instructions before 

labelled cells were applied to the column 200 µL at a time, followed by three 1 mL MACS 

buffer washes. The final addition of 100 µL was followed with an additional 3mL wash.  

 

The collected cells were stained with fluorescent antibodies against CD11b and Gr-1 to 

determine the proportion of neutrophils before (Supplementary Figure 1A) and after 

(Supplementary Figure 1B) purification. To assess the activation status of the purified 
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neutrophils, CD62L expression was quantified in unstimulated cells and cells stimulated with 

10 ng/mL of PMA for several different time points (Supplementary Figure 1C). All 

fluorescence values were acquired on the FACSCanto II flow cytometer and analysed using 

the FlowJo software.  

 

Assessing neutrophil activation by surface marker expression 

Purified resting neutrophils (1x10
6
 cells/mL in PBS) were incubated at 37°C on glass 

coverslips of various nanotopography and chemical coating placed in wells of a 24-well plate. 

After 1 hr, neutrophils were immediately cooled on ice before cells were collected by gently 

scraping off surface and stained with 1 µg/mL anti-CD11b and anti-Gr-1 for 30 mins on ice. 

Cells were washed twice, and run on the FACS Canto II flow cytometer. FlowJo software 

was used to analyse the data and calculate mean fluorescence intensity (MFI). 

 

Detecting neutrophil apoptosis 

Neutrophils (1x10
6
 cells/mL in complete RPMI) were plated on glass coverslips of various 

nanotopography and chemical coatings at 37°C overnight (16 hrs) to allow apoptosis to 

occur, then immediately cooled on ice before cells were collected by gently scraping off 

surface. Neutrophils were washed, resuspended in Annexin V binding buffer and stained with 

3 µL/sample of Annexin V (BD Biosciences) and 1 µL/sample DAPI (Sigma Aldrich) for 15 
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mins at room temperature. Samples were immediately run on the FACS Canto II flow 

cytometer and analysed using FlowJo software.  

 

Determining reactive oxygen species 

Plated neutrophils (1x10
6
/mL cells in PBS) were incubated on glass coverslips of various 

nanotopography and chemical coatings at 37°C for 30 mins, immediately cooled on ice, and 

cells were collected by gently scraping off surface. Neutrophils were washed, and 

resuspended in 500 µL PBS containing 1 mM CM-H2DCFDA (prepared according to 

manufacturer instructions, Life Technologies) and 1 µg/mL anti-Gr-1, for 20 mins at room 

temperature. Cells were washed, and samples were immediately run on the FACS Canto II 

flow cytometer for analysis using FlowJo software.  

 

Quantifying MMP-9 production by gelatin zymography 

Neutrophils (1x10
6
 cells/mL in incomplete RPMI/surface) were plated on glass coverslips of 

various nanotopography and chemical coatings at 37°C for 16 hrs. Supernatant was collected, 

concentrated and buffer was exchanged on a 10MWCO spin column (Merck Millipore) 

according to manufacturer’s instructions. A total of 1 µg of protein was prepared in 2x non-

reducing Laemmli buffer before being loaded onto a 10% SDS-PAGE gel containing 

1mg/mL of gelatin and resolved via electrophoresis. The resultant gel was washed twice in 
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renaturing buffer (2.5% Triton-X in MQ water) and once in developing buffer (50 nM Tris-

HCl, 5 mM CaCl2 and 0.02% NaN3 in MQ water, pH 7.4). Fresh developing buffer was 

added and incubated at 37°C for 24 hrs. All washes were performed with gentle shaking (60 

rpm) for 30 mins unless otherwise indicated.   

 

The developed gels were stained with coomassie blue stain, followed by destaining gels with 

destain buffer (water, methanol, and acetic acid in a ratio of 50:40:10 v/v/v) to detect clear 

bands indicative of digested gelatine due to the presence of pro-MMP-9 (~92 kDa) and 

MMP-9 (~82 kDa). Images of gels were scanned and semi-quantified using ImageJ density 

function. Zymographs are ideal in this situation because it allowed both MMP-9 and pro-

MMP-9 to be detected and plotted as a ratio.   

 

Preparing L929 conditioning media 

To prepare L929 conditioned media, confluent L929 cells were detached, collected and 

passaged 1:10. Cells were then cultured until the media was exhausted (7-8 days). The 

conditioned media, which contained the macrophage growth factor M-CSF, was removed, 

filtered (0.22 μm), aliquoted and stored at -20°C until required.    

 

In vitro culture of bone marrow derived macrophages 
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Bone marrow derived macrophage (BMDM) cells were generated by flushing bone marrow 

cells from femurs and tibia of B6 mice, depleting red blood cells using lysis buffer, and 

resuspending cell in complete RPMI supplemented with 20% L929 conditioned media. On 

day 4 of culture, suspension cells were removed, and media replenished before being seeded 

(0.5x10
6
 cells/well in 500 uL) on coverslips modified with the indicated surface 

nanotopography. Cells were maintained for an additional three days at 37°C/5%C02 to allow 

for full differentiation into macrophages. To assess BMDM phenotype, cells were gently 

scraped off on day 7 of culture and stained with anti-CD11b and anti-F4-80 antibodies for 30 

mins on ice. Cells were washed, fixed and later ran on the flow cytometer for detection of 

CD11b+F4-80+ events using the FlowJo software. This method allowed bound monocytes to 

differentiate into macrophages on the various surfaces for three days before external stimuli 

were added to assess how surface interactions influenced known macrophage function.  

 

Cytokine secretion from activated macrophages 

On day 7, the in vitro generated BMDMs were stimulated with lipopolysaccharide (LPS, 

serotype O111:B4; 100 ng/mL; Sigma Aldrich) or left unstimulated for 4 hrs, and supernatant 

collected for the analysis of TNF-α, and IL-6. There was no IL-10 detected in these cultures 

(data not shown). BMDMs were then stimulated with adenosine triphosphate (ATP, 5 mM; 
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Sigma Aldrich) for 1 hr, and supernatant collected for IL-1β analysis using standard ELISA 

protocols. Cytokines were not detected in unstimulated cultures (data not shown).  

 

Quantifying numbers of adherent bone marrow derived macrophages  

BMDM plated onto surfaces were gently washed with PBS before fixing with 100% 

methanol overnight. Cells were stained with 1 µg/mL DAPI for 2 mins at room temperature, 

and washed twice before mounting onto glass slide. Four images per surface were taken using 

an Olympus IX51 Fluorescence Microscope and the CellSens program. ImageJ software was 

used to automatically count the cells in the field of view, and the image dimensions (in µm) 

were used to calculate total cell numbers on the total area of the 13 mm-diameter glass 

coverslip.  

 

Statistical Analysis 

All statistical analysis was performed on GraphPad Prism 5, and a one-way analysis of 

variance (ANOVA) performed with a Dunnett’s posttest. Each surface nanotopography was 

compared against the glass surfaces, which was selected as the control.  

 

Supporting Information 

Supporting Information is available from the Wiley Online Library or from J.D.H and K.V. 
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Figure 1. Schematic diagram representing the process of generating different nanotopography 

modified surfaces. Plasma polymerisation was used to coat (A) glass coverslips with (B) a plasma 

polymer film deposited from vapour of allylamine, followed by (C) immobilization of gold 

nanoparticles (16, 38 and 68nm) and (D) overcoating with a 5 nm thin plasma polymer film 

deposited from vapour of allylamine (AApp), acrylic acid (ACpp) or octadiene (ODpp).   
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Figure 2. Atomic Force Microscopic analysis of surfaces modified with 16, 38 or 68 nm gold 

nanoparticles and overcoated with a 5 nm thin layer of AApp in (A) two, and (B) three dimensions. 

The (C) number of particles, (D) percentage increase in surface area, (E) roughness based on root 

mean squared (RMS), and (F) interparticle distance, were calculated for 16, 38 and 68 nm. Surfaces 

that were uncoated (white bars) or coated (black bars) with different surface chemistry were 

assessed for (G) number of particles, (H) percentage increase in surface area, (I) RMS, and (J) 

interparticle distance. Scale bar in (A) 1 µm, and (B) 5 µm x 5 µm on the X and Y axis.  
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Figure 3. Early activation responses of primary neutrophils are not altered on different 

nanotopography modified surfaces but MMP-9 production is enhanced on rough and acidic surface 

modifications. Purified naïve neutrophils were purified from bone marrow and incubated on the 

surfaces for the assessment of (A) CD11b expression, and (B) percentage of ROS+Gr-1+ cells. (C) The 

activation marker CD62L marker is also quantified based on hi and lo expression. (D) Neutrophil 

apoptosis and cell death are detected using standard DAPI and Annexin-V staining methods. (E) 

Neutrophils are incubated on the surfaces for 16 hrs before supernatant is collected, concentrated 

and the buffer was exchanged on a 10MWCO spin column. A total of 1 ug protein was run for the 

detection of pro-MMP-9 (~92 kDa) and MMP-9 (~82 kDa) by gelatin zymography. Results are 

representative of two to three independent experiments, and data shown as mean ± SEM. The p 

values were calculated in reference to the control glass surface and were not significant against 

nanotopography surfaces as deduced via one-way analysis of variance with the Dunnett’s post-test. 
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Figure 4. Secretion of pro-inflammatory cytokines by primary macrophages is reduced on rough and 

acidic modified surfaces. Bone marrow-derived macrophages were cultured and plated on different 

nanotopography modified surfaces prior to stimulation with 100 ng/ml LPS for the detection of TNFα 

(A (i)) and IL-6 cytokines (A (ii)). Secondary 5 mM ATP stimulation was performed prior to measuring 

IL-1β (A (iii)) secretion using standard ELISA. BMDM incubated on the surfaces are fixed and stained 

with DAPI for microscopic detection (B) and quantification of cell adhesion numbers using the Image 
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J software (C). Representative images in (B) are taken from AApp modified surfaces. Results are 

representative of three independent experiments, and data shown as mean ± SEM. The p values 

were calculated in reference to the control glass surface and are denoted as thus: * P<0.05 deduced 

via one-way analysis of variance with the Dunnett’s post-test. 
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Table 1. Surface chemical composition of different nanotopography modified surface derived from 

the XPS analysis as well as the corresponding advancing water contact angle (WCA). All the XPS data 

was plotted with a standard error of 5%. 
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Innate immune effector cells can differentially respond to the controlled surface nanotopography 

in the range of 16 nm, 38 nm and 68 nm. Additonal overcoating of these surfaces with amine, 

carboxyl or methyl group rich chemistries demonstrated that surfaces with hydrophillic anionic 

overcoated 68 nm gold nanoparticles could modulate neutrophil and macrophage functionality.   
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Figure S1. Purification of bone marrow cells for obtaining resting primary neutrophils. Primary 

neutrophils were negatively selected from bone marrow of mice using biotinylated antibodies 

against CD5, CD45R, CD49b, F4/80 and Ter119. Cells were incubated with anti-biotin MACS beads 

and ran on a MACS column as per standard protocol. Unpurified (A) and neutrophil purified (B) 

neutrophils were stained for CD11b and Gr-1 markers for quantification of double-positive 

neutrophil purity using flow cytometry. Left panels indicate size (FCS) and complexity (SSC) of cells, 

with right panels showing expression of Gr-1 and CD11b. (C) The activation status of purified 

neutrophils was assessed by quantifying the down-regulation of mean CD62L fluorescence. 

Neutrophils were stimulated with PMA for the indicated time before being cooled on ice, gently 

scraped off surfaces, and stained for CD62L expression quantified as mean fluorescence intensity 

(MFI) for assessing resting or activation status.   
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Figure S2. Bone marrow-derived macrophages were cultured and plated on different 

nanotopography modified surfaces prior to stimulation with 100 ng/ml LPS for the detection of the 

cytokines TNFα (A) and IL-6 (B). Secondary 5mM ATP stimulation was performed prior to measuring 

IL-1β secretion (C) using standard ELISA. Results are depicted as cytokine concentration per cell, and 

are representative of three independent experiments with data shown as mean ± SEM. The p values 

were calculated in reference to the control glass surface and are denoted as thus: * P<0.05 deduced 

via one-way analysis of variance with the Dunnett’s test. 

 


