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ABSTRACT

Surface roughness plays an important role in regulating protein adsorption to biomaterial surfaces and
modulating the subsequent inflammatory response. In this study, we examined the role of surface
nanotopography on albumin adsorption, unfolding and subsequent immune responses. To achieve the
objectives of the study, we create model surfaces of hill-like nanoprotrusions by covalently immobilizing
gold nanoparticles (AuNPs) of predetermined sizes (16, 38, and 68 nm) on a functional plasma polymer
layer. The amount of adsorbed albumin increased with the increase in surface area caused by greater
surface nanotopography scales. Circular dichroism spectroscopy was used to evaluate albumin confor-
mational changes and pointed to loss of a-helical structure on all model surfaces with the greatest
conformational changes found on the smooth surface and the surface with largest nanotopography
features. Studies with differentiated THP-1 cells (dTHP-1) demonstrated that immune cells interacted
with surface adsorbed albumin via their scavenger receptors, which could bind to exposed peptide se-
quences caused by surface induced unfolding of the albumin. Pre-adsorption of albumin resulted in an
overall decrease in the level of expression of pro-inflammatory cytokines from dTHP-1 cells. On the other
hand, pre-adsorption of albumin led in an increase in the production of anti-inflammatory markers,
which suggests a switch to the M2 pro-healing phenotype. The knowledge obtained from this study
could instruct the design of healthcare materials where the generation of targeted surface nano-
topography and pre-adsorption of albumin may enhance the biomaterial biocompatibility and lead to

faster wound healing.
© 2021 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

The interplay of protein adsorption and desorption then governs
the subsequent immune responses i.e. immune cell-surface inter-

Biomaterials are an integral part of current healthcare services
spanning from implantation to diagnostics and imaging. However,
their performance can be compromised by innate inflammatory
responses resulting from a foreign body reaction (FBR). The
inflammation induced by FBR process is initiated by the adsorption
of nonspecific serum proteins onto the surface of the biomaterial.
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action, cell-cell interaction, cytokines release, and ultimately the
fibrous capsule formation leading to plaque formation and implant
failure [1—-3] (Scheme 1).

The amount, type, and conformation of adsorbed proteins are
known to be dependent on the surface features of the biomaterials
such as topography, roughness, chemistry, energy, and wettability
[2,5—9]. Some key serum proteins known to adsorb rapidly onto the
surface of biomaterials include fibrinogen, fibronectin, albumin,
vitronectin, immunoglobulins, and complement protein [4,10]. The
amount and type of the adsorbed proteins modulate immune cell
adhesion through various receptors, directing their fate either to-
wards pro-inflammatory or anti-inflammatory phenotypes. In the
last decade, much research has focused on interrogating protein
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Abbreviations min minutes
nm nanometre(s)
AFM Atomic Force Microscope/Microscopy PBS phosphate buffer saline
ANOVA  one-way analysis of variance PI polyinosinic acid
AuNPs gold nanoparticles PMA phorbol 12-myristate 13-acetate
CDS Circular dichroism spectroscopy pOX 2-methyl-2- oxazoline
dTHP-1  differentiated THP-1 RMS Root Mean Square roughness
eV Electron volt RPMI Roswell Park Memorial Institute
FBR foreign body reaction SEM Standard error mean
FBS fetal bovine serum SR-AI scavenger receptor Al
h hours S seconds
HSA Human serum albumin XPS X-ray photoelectron spectroscopy
Red blood cells
Foreign body giant
Platelets cell formation and
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Scheme 1. Cascade of foreign body reaction on biomaterial surface. adapted from Christo et al. [4].

unfolding at surface interphases, as it is now known to significantly
alter interactions between the biomaterial and immune cells.
Visalakshan et al. demonstrated that unfolding of fibrinogen leads
to the exposure of a hidden receptor which binds to Mac-1 integrin
receptors of monocytes to induce proinflammatory response [11].
Shen et al. revealed that different surface chemistry can lead to the
adsorption of different amount of proteins such as fibrinogen,
fibronectin, IgG, and albumin, further modulating monocytes
adhesion [12]. A study by Keselowsky et al. showed that fibronectin
can modulate the formation of foreign body giant cells on the
surface of biomaterials [13].

Albumin is an essential serum protein known to play a domi-
nant role in FBR as it is one of the major proteins in the protein
corona formed on the surface of a biomaterial [ 14]. The high level of
albumin in the protein corona is due to its low molecular weight
(68 KDa) and its abundance in the blood (40 mg/mL) [3,5,15]. Al-
bumin is a 585 amino acid globular protein, folded into three
structurally similar domains (1,2 and 3) resembling heart shape.
Each of these domains consists of two subdomains (A, B) [15]
(Scheme 2). Furthermore, it exists in 3 different forms based on the
pH of the medium i.e. N-form (4.3—8.0), F-form (pH < 4.3), and B-
form (pH > 8) [3]. Albumin has also been reported to regulate os-
motic pressure and has been used as a carrier for drugs and fatty
acids [16,17]. It has also been used as a coat on implantable and
sensing devices to prevent platelet coagulation, adhesion of other
proteins, cells, and bacteria [2,18—21].

Given the importance of albumin in physiological processes and

its abundance in biological fluids, it is of paramount importance to
understand the interactions of albumin with biomaterials. The ef-
fect of adsorbed albumin on nanoparticle clearance has been
investigated in several studies [22,23]. Santos et al. reported that an
albumin bath can reduce the uptake of mesoporous silica nano-
particles from the mononuclear phagocyte system [23]. Absorption
onto nanoparticles can also lead to structural changes in albumin
molecules which then allows the binding of macrophages via
scavenger receptor Al (SR-AI) [15]. Albumin adsorption has also
been extensively studied to interrogate the influence of bio-
materials surface chemistry [2,14,24]. However, much less is known
about the effect of surface nanotopography on albumin adsorption
and conformational changes, and how these may affect the sub-
sequent immunological responses.

To shed light on these events, we created model substrata
having well-defined surface characteristics in terms of nano-
topography and outermost surface chemistry. To generate surface
hill-like nanoprotrusions of targeted dimensions at the nanoscale,
we used gold nanoparticles (AuNPs) of diameters of 16, 38, and
68 nm which we covalently immobilized in equal number density
to functional oxazoline based plasma polymer coating. In the next
step, we established uniform outermost surface chemistry by
applying a 5 nm thin plasma polymer coating deposited from vapor
of 2-methyl-2-oxazoline (pOX). These model substrata were then
utilized to interrogate albumin adsorption and conformational
changes, and how these modulated the early innate immune re-
sponses in cultured monocytes and macrophages.
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Scheme 2. Structure of the albumin molecule. (Acquired from protein data bank — RCSB PDB: 1E78).

2. Experimental methods
2.1. Materials

Unless otherwise specified, chemicals, THP-1 cells, albumin, and
culture media used in the experiments were purchased from
Sigma-Aldrich (Merck Group) and used as received.

2.2. Surface preparation

2.2.1. Plasma polymerization

Plasma polymerization was used to coat a 20 nm layer of 2-
methyl-2-oxazoline (pOX) on model substrates. A custom-built
plasma reactor equipped with 13.56 MHz plasma generator,
described elsewhere was used to perform the plasma polymeriza-
tion process [25]. Model substrates such as glass coverslips, silicon
wafers, quartz glasses, and tissue culture plates were cleaned with
ethanol and acetone followed by air cleaning for 5 min at the radio
power of 50 W and pressure of 0.1 mbar. After air cleaning, surfaces
were coated with pOX at the pressure of 0.08 mbar, 50 W radio
power for 2 min (Scheme 3) [26].

2.2.2. Gold nanoparticles (AuNPs) synthesis and surface
immobilization

The AuNPs were synthesized by citrate reduction of gold chlo-
ride [27]. Briefly, 50 pL of gold (III) chloride trihydrate (100 mg/mL)
was added to 50 mL of Milli-Q water. The solution was heated in a
controlled reflux system at 150 °C and 1300 rpm. 1% trisodium
citrate was added to the boiling solution in different concentrations
(1, 0.5, and 0.3 mL) to produce AuNP of diameters of 16 nm, 38 nm
and 68 nm, respectively. After adding trisodium citrate, the solution
was heated for another 20 min. The heating source was removed
but the solution was further stirred at 1300 rpm until cool. Mer-
captosuccinic acid (1.5 mg/mL) along with sodium hydroxide
(0.81 mg/mL) was added to the AuNPs solution. Finally, the solution
was stirred at 300 rpm for 8—12 h to cap the nanoparticles with
carboxylic acid functional groups.

For surface immobilization, pOX coated substrates were
immersed in the AuNPs suspension synthesized as described above.
Different parameters such as pH, concentration of the AuNP sus-
pension and time of immersion were utilized to obtain well-

defined nanotopography (equal number of nanoparticles per unit
area). The pH of the suspension was maintained at 4 for all AuNPs.
For 16 nm AuNPs, a 1:10 dilution was prepared using Milli-Q water
and surfaces were immersed in this solution for 1 h and 10 min.
Furthermore, plasma polymerized surfaces were immersed in 38
and 68 nm AuNPs for 1 h and 20 min and 5 h, respectively, without
any dilution [11,26]. The surfaces were washed thrice with Milli-Q
water to remove any unbound nanoparticles and were dried us-
ing Ny gas flow.

2.2.3. Surface overcoating

Nanotopography modified surfaces were coated with a thin
layer of pOX (~5 nm) using the plasma polymer deposition system
described above using the pressure of 0.08 mbar and power of 50 W
for 25 s. These conditions allow preserving the scale of nano-
topography while achieving uniform outermost surface chemistry.

2.3. Characterization of the model substrata

2.3.1. Surface nanotopography

Atomic Force Microscopy (AFM) was used to analyze the surface
morphology of the model substrata. Imaging of the surface was
conducted using the NT-MDT NTEGRA SPM AFM instrument in
non-contact mode. Gold coated silicon nitride non-contact canti-
lever (NT-MDT, NSGO3) with resonance frequencies between 65
and 100 kHz was used. The oscillation amplitude was 10 nm. To
obtain 5 um x 5 um images a scan rate of 0.5 Hz was used. Images
were analysed using and Gwyddion software [28].

2.3.2. Chemical analysis - X-Ray Photoelectron Spectroscopy

X-ray Photoelectron Spectroscopy (XPS) was performed to
determine the surface chemistry of the model surfaces. A SPECS
SAGE XPS system with a Phoibos 150 hemispherical analyzer and
MCD-9 detector was used. All results were obtained using a non-
monochromated MgKa radiation source (hv: 1253.6 eV) operated
at 10 kV and 20 mA (200 W). Survey spectra from 0 to 1000 eV were
performed at 100 eV pass energy with 0.5 eV resolution. High-
resolution scans were conducted for C, N, O, and Au to quantify
the concentration of these elements present at the surface. Casa
XPS software (http://www.casaxps.com/) was used for analysis.
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Scheme 3. Schematic representation of the process utilized to generate model surfaces having controlled hill-like nanotopography and uniform outermost surface chemistry.

2.3.3. Plasma polymer film thickness

The thickness of the pOX coating was measured using the J. A.
Woolam Co. variable angle spectroscopic ellipsometer (VASE). Data
were analysed using WVASE32 software (J. A. Woolam). For
ellipsometry measurements, coatings were deposited on silicon
wafers.

2.3.4. Wettability of surfaces

Surface wettability was determined by measuring the angle of a
static water droplet at the solid/liquid/gas air interface. RD-SDM02
contact angle measuring equipment was used for acquiring images
of the water droplet. All images were analysed using Image]
software.

2.4. Quantification of adsorbed albumin

2.4.1. Micro BCA method

The amount of albumin adsorbed onto model surfaces was
determined by Micro BCA (Thermo Fischer Scientific, Life Tech-
nologies Australia).12 well tissue culture plates with a surface area
of 3.8 cm? (Corning®) were modified with the targeted surface
nanotopography and chemistry [11]. Firstly, the wells of the plates
were thoroughly washed with phosphate buffer saline (PBS). Hu-
man serum albumin (HSA) (1 mg/mL) solution was incubated with
model surfaces for 1 h at room temperature followed by three times
washing with PBS to remove any unbound albumin. BCA working
reagent was prepared as per the manufacturer's instructions. Sur-
faces were incubated with 250 pL of BCA working reagent for 2 h at
37 °C. After incubation, 200 pL solution was taken out and was
added into a 96 well tissue culture plate. Absorbance was measured
at 562 nm using a plate reader (FLUOstar Optima, BMG Labtech).
The amount of HSA adsorption was determined by fitting the
absorbance value in the standard curve obtained for HSA.

2.5. Circular dichroism spectroscopy (CDS)

CDS is used to determine the conformational changes of protein
including unfolding of o and B sheets and tertiary structure. CDS
was performed on the modified surfaces using established pro-
tocols [11]. Desired surface modification was applied to a quartz
slide (40 x 9.5 x 1 mm) and incubated in 1 mg/mL HSA solution for
1 h at ambient temperature followed by washing with PBS to
remove any unbound HSA. CD spectra were obtained in the range of
200 nm—260 nm with a resolution of 0.2 nm, 1 nm bandwidth, and
a scanning speed 50 nm min~". Eight accumulations of CD spectra

were recorded before and after HSA adsorption for each sample to
reduce the signal-to-noise ratio. A baseline corrected spectrum of
1 mg/mL HSA was obtained for native albumin.

Raw data (millidegrees) was expressed as molar residue ellip-
ticity (MRE) using the Dichoweb CD analysis software. The K2D
method was used to determine the amount of secondary structure
in absorbed albumin using Dichroweb software [29—31].

2.6. Cell cultures

THP-1 human monocytic cells were obtained from Sigma
Aldrich-Merck group. Cells were cultured in Roswell Park Memorial
Institute (RPMI) 1640 media supplemented with 10% v/v fetal
bovine serum (FBS, gibco, Life Technologies Australia) and 1% v/v
penicillin and streptomycin (gibco, Life Technologies USA). Cell
cultures were incubated at 37 °C in 5% CO; air. Cell density was
maintained between 1 x 10° and 1 x 108 viable cells/mL.

2.7. Immune cells interaction with HSA

The THP-1 monocytes and macrophages differentiated from
THP-1 (dTHP-1) were used for determining the interaction of cells
with surface adsorbed albumin. THP-1 monocytes were stimulated
with 100 ng/mL phorbol 12-myristate 13-acetate (PMA) in RPMI
media for 48 h followed by changing with PMA free media for 24 h
to obtain dTHP-1 macrophages [32]. Nanotopography and chem-
istry modified tissue culture well plates were precoated with HSA
using 1 mg/mL for 1 h. Monocytes and macrophages at 1 x 10°
viable cells/mL were used for this experiment. Cells were incubated
with modified surfaces with and without adsorbed albumin for 1 h
at 37 °C in 5% CO; air. A shorter period was used for this assay to
differentiate cell attachment by unstimulated cells and to minimize
the effect from nutrient lack serum free medium. The media was
removed, and surfaces washed three times with PBS to remove any
unbound cells. Cells were stained with fluorescent live-cell tracker,
NucBlue™ dye (Thermo Fisher Scientific, Australia) for 15 min, and
visualized using fluorescence microscopy (Olympus IX83) [11].

2.8. Selective binding with scavenger receptors

Native albumin does not express the epitopes for binding to
scavenger receptors of macrophages. Albumin needs to undergo
structural modifications to expose ligands for scavenger receptors
[15]. To confirm the effect of surface properties on the conformation
of albumin, polyinosinic acid (PI) was used. Polyinosinic acid
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selectively binds with scavenger receptors (SR-A1) of macrophages
and blocks the interaction of cells and albumin. dTHP-1 cells at
1 x 10% cells/mL were incubated with PI (100 pg/mL) for 1 h and
seeded onto surfaces with and without albumin. The pre-treated
cells were incubated on the modified surfaces for 1 h at 37 °C in
5% CO, atmosphere. The media was removed, and the surfaces were
washed with PBS to remove any unbound cells. NucBlue™ was used
to visualize the surfaces under the fluorescence microscope.

2.9. Immune response

The immune response from monocytes and macrophages was
determined by using 24 tissue culture well plates with modified
surfaces. The modified surfaces were incubated with 1 mg/mL of
HSA in PBS for 1 h followed by washing with PBS. Cell seeding
density was maintained at 1 x 10> cells/mL. Serum-free RPMI
media was used throughout this experiment to distinguish the ef-
fect of albumin. Cells were seeded onto the modified surface with
and without albumin and incubated for 2 h at 37 °C in 5% CO> air as
the objective of this experiment was to determine the very early
inflammatory response of surface modification after albumin
adsorption using healthy cells in serum-free media [11]. The su-
pernatant was collected and centrifuged to remove the cells and
kept at —80 °C until further analysis. Secreted cytokines were
measured by flow cytometry (BD Fortessa X-20) using the Multi-
Plex Biolegend kit as per manufacturer's instructions.

2.10. Statistical analysis

All the experiments were conduct using three parallel samples
and each experiment was repeated three times. GraphPad Prism
(Graphpad, CA, USA) and OriginPro 8.5 (OriginLab Cooperation,
USA) were used to draw graphs and perform statistical analysis. All
results were presented as mean + SEM. The effect of surface
modifications was compared to smooth surface chemistry surface
by using one-way analysis of variance (ANOVA). The level of sig-
nificance (p-value) is denoted by using asterisk (*) where
* = (<0.05), ** (<0.01), *** = (<0.001) and **** = (<0.0001).

3. Results

Model surfaces with desired hill-like nanotopographical and
chemical properties were fabricated by immobilizing carboxyl acid
group capped AuNPs of diameters of 16, 38, and 68 nm on a func-
tional plasma polymer coating deposited from vapor of 2-methyl-2-
oxazoline (pOX). These coatings are documented to retain a pop-
ulation of intact oxazoline rings which can be utilized for covalent
surface binding of entities containing carboxyl acid groups such as
proteins and nanoparticles [33]. An identical number of surface
protrusions was achieved by adjusting the solution concentration
and time of nanoparticles immobilization, as previously described
[26].

3.1. Surface characterization

The surface morphology of the model substrata was character-
ized using AFM. Fig. 1a presents the 3D and 2D AFM images of the
surface of pOX coated glass coverslip after plasma polymer layer
deposition and immobilization of AuNPs. The 3D images demon-
strate that the procedure resulted in hill-like nano-protrusions,
whose height increased with the increase in nanoparticle size. This
observation is also supported by the cross-sectional profiles pre-
sented in Fig. 1a. The 2D images show that the immobilization of
nanoparticles created surface protrusions that have stochastic
distribution with nearly complete absence of aggregations. The
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AFM images in Fig. 1a were utilized to calculate the number of
nanoparticles per pm? to confirm that the number of surface pro-
trusions were nearly identical on all surfaces. The results are pre-
sented in Fig. 1b and show that the number of immobilized
nanoparticles on each nanotopography modified surface was
26 + 1. The Root Mean Square roughness (RMS) was also calculated
from the AFM images. As expected, the RMS increased with the
increase in height of surface nanotopography from 3.5 < 10.3 <
16.2 nm (Fig. 1c). To generate uniform outermost surface chemistry,
a 5 nm thin layer of pOX was deposited on top of the immobilized
nanoparticles. This manner of surface engineering ensured that the
only surface property that changed was the height of surface
nanotopography while other parameters such as surface chemistry,
nano-protrusions density, etc. remained the same for all model
surfaces.

XPS was utilized to analyze the outermost surface chemistry of
the modified surfaces (Fig. 1d). The pOX coating contained carbon
(72 At%), nitrogen (12 At%), and oxygen (16 At%). After the immo-
bilization of gold nanoparticles, an additional peak corresponding
to Au 4f was detected demonstrating the successful addition of
AuNPs (Fig. 1d). The intensity of the Au 4f peak increased with the
increase in nanoparticles size (16 < 38< 68 nm). The deposition of
an overcoating of pOX resulted in a decrease in the intensity of the
Au 4f peak across all surfaces. This is expected taking into consid-
eration the sampling depth of XPS. The wettability of the model
surfaces was characterized by sessile drop water contact angle
measurements. The results presented in Fig. 1e show that the in-
crease in surface nanotopography feature size resulted in a
decrease in the water contact angle which is consistent with
Wenzel wetting state behaviour of hydrophilic surfaces [25].

3.2. Albumin adsorption

Albumin is the most abundant protein in the blood. It is also one
of the first proteins that binds to foreign bodies constituting a
significant fraction of the protein corona [34]. It is thus important to
understand how biomaterial surface properties influence the
amount and conformation of adsorbed albumin and how these may
influence the subsequent immunological response. Human serum
albumin adsorption on the model surface having well-defined
surface topographical properties described above was measured
by Micro BCA. Micro BCA is a colorimetric method in which protein
acts as a catalyst for the conversion of cupric to cuprous ion
resulting in the formation of purple color by bicinchoninic acid.
Micro BCA (Fig. 2a) analysis showed that the amount of adsorbed
HSA increased with an increase in the magnitude of surface
roughness. The greater amount of adsorbed HSA could be directly
related to the increase in the surface area caused by the addition of
surface nanotopography (Fig. 2b).

3.3. Albumin unfolding

Conformational changes in the native form of albumin have
been known to expose protein sequences that can then bind to the
scavenger receptors of immune cells [15]. To determine the effect of
surface nanotopography on the secondary structure of albumin, far
UV-circular dichroism spectroscopy was performed using a modi-
fied method for studies on surfaces [5]. Fig. 3a shows the CDS
spectrum of albumin in its native state. Two negative peaks at
220 nm and 208 nm are visible, which represent the n — 7* and ©
— * transitions of the a-helical secondary structure for albumin
[35,36]. Fig. 3b illustrates the change in the secondary structure of
albumin after adsorption onto modified surfaces with different
nanotopography. Albumin on smooth pOX and 68 pOX exhibited
the greatest change in o — helical structure as evidenced by the
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substrata after pOX (top) deposition and after immobilization of AuNPs having diameters of 16, 38 and 68 nm; (b) Number of nanoparticles per unit area of the surface calculated
from the AFM images; (c) RMS values obtained from the AFM images; (d) XPS spectra of the model surfaces before and after overcoating with pOX, and (e) advancing water contact
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reduction in ellipticity at 220 and 208 nm. However, the spectra of
albumin on both 38 pOX and 16 pOX had minimal change in peaks
negativity which can be attributed to less conformational change
and better preservation of the secondary structure. The results
obtained from CDS were then analysed using the Dicroweb soft-
ware. Fig. 3c shows that native HSA possesses 63% of a-helices and
6% of B-sheets. Upon interaction with the surface, the a-helix
structure of the protein was significantly altered on all surfaces
suggesting significant conformational change of the molecule. The
lowest retention of a-helix structure and greatest unfolding was
noted on the smooth surface (pOX) and the surface having the
greatest nanotopographical features (68 pOX).

3.4. Interaction of immune cells with modified surfaces

Studies of immune cell interaction with the nanotopography
modified surfaces were performed using monocytes (THP-1) and
macrophages (dTHP-1). Modified surfaces with and without pre-
absorbed albumin were incubated with THP-1 cells for 1 h to
determine cell adhesion. THP-1 cells adhered in very few numbers
to any of these surfaces regardless of whether albumin was pre-
adsorbed or not (Figure S1). This result was expected as these
cells do not have adhesion receptors and albumin does not have the
epitope for monocytes interaction [15]. Since there was no signifi-
cant adhesion of monocytes with the modified surfaces, dTHP-
1 cells were used for further immune cell studies. All surfaces with
or without pre-adsorbed albumin showed significant adhesion of
dTHP-1 cells. However, a significant reduction in the cell number
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was observed on the surfaces having pre-adsorbed albumin (pOX-
p <0.0001; 16 pOX-p < 0.01; 38 pOX-p < 0.001; 68 pOX-p < 0.0001)
compared to surfaces without (Fig. 4a). Furthermore, in the case of
surfaces without pre-adsorbed albumin, no significant difference
was observed in the number of adhered cells amongst the surfaces
with different modifications (Fig. 4b). However, pre-adsorption of
albumin resulted in a significant difference in cell numbers on 16
pOX, 38 pOX and 68 pOX (p < 0.0001) compared to pOX (Fig. 4c).

3.5. Selective binding of scavenger receptors (SR-A1) with albumin

To understand the mechanisms underpinning the reduction in
number of macrophages on surfaces having pre-adsorbed albumin,
we conducted further studies where certain pathways were
blocked. Macrophages are known to interact with albumin using
their scavenger receptors [15]. Therefore, we used polyionosinic
acid (PI) which is known to act as a blocker for these receptors
[37,38]. dTHP-1 cells were incubated with PI acid for 1 h to block the
scavenger receptors and were then added to the modified surfaces
with and without pre-adsorbed albumin.

When the scavenger receptors were blocked, the macrophages
did not adhere to the albumin pre-coated surfaces ((HSA (+), PI (+))
(Blue color), whereas the same cells attached to surfaces without
pre-adsorbed albumin ((HSA (-), PI (—)) (orange color) as no re-
ceptors were blocked (Fig. 5). However, cells with blocked scav-
enger receptors could adhere to the surfaces without pre-absorbed
albumin ((HSA (-), PI (+)) (light green). This was possible since
macrophages can still attach to the surface without albumin
coating using other receptors such as the integrin receptors. With
albumin pre-adsorbed, but the scavenger receptors not blocked
((HSA (+), PI (-)) (green), the cells still adhered to the surface
although in smaller number than on (HSA (), PI (—). These results
support the data in Fig. 4 and confirm that albumin undergoes
conformational change upon adsorption to the surface, thus pre-
senting normally hidden peptide sequences, which in turn allows
attachment of macrophages via the scavenger receptors.

3.6. Initial innate immune response

Monocytes (THP-1) and macrophages (dTHP-1) were incubated
on the model surfaces with different nanotopography to determine
inflammatory responses. After incubation, the supernatant was
collected for analysis of pro- and anti-inflammatory cytokines
expression. Negligeable cytokine expression was obtained from the
monocytes and any difference amongst surfaces with different
modifications was not statistically significant. This is expected as
these cells are known to be non-surface adherent (Figure S2),
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discussed above.

Macrophages were incubated on the modified surfaces for 2 h
and supernatant was collected for analysis. The expression of TNF-a
was greater on 16 nm (p < 0.001), 38 nm (p < 0.05), and 68 nm
(p < 0.0001) nanotopography modified surfaces compared to the
smooth surfaces irrespective of albumin pre-adsorption (Fig. 6a and
b). Amongst different nanotopography scales, the 38 nm caused the
lowest levels of TNF-a. while the 68 nm the greatest. However, an
overall reduction in the expression of TNF-o expression was
observed when surfaces had pre-adsorbed albumin (Fig. 6¢). In
order to gain insight at an individual cell level, the amount of
expressed TNF-o. normalized to the number of cells which had
adhered to the surface. The result revealed that the reduction of
TNF-o. expression was significant only for the smallest nano-
topography of 16 nm (Fig. 6d). In the case of IL-1B, a significant
increase in the expression of this pro-inflammatory cytokine was
observed on 68 nm nanotopography (Fig. 6e). There was no sig-
nificant difference observed in IL-1f production amongst different
surfaces when albumin was pre-adsorbed (Fig. 6f). Different from
TNF-a, the only decrease in IL-1B expression on albumin pre-
adsorbed surfaces was when the nanotopography scale was
16 nm and 68 nm, only the latter being statistically significant
(Fig. 6g). Then considered at individual cell level, the expression of
IL-1pB was greater on albumin pre-adsorbed surfaces (although still
lower that on samples without albumin), being statistically signif-
icant only in the case of pOX. (Fig. 6h). This supports the hypothesis
that unfolding of albumin, most strongly observed on the smooth
surface (pOX), can stimulate immune cells through exposure of
normally hidden peptide sequences.

We also analysed the expression of anti-inflammatory cytokines
IL-1RA and IL-10. There was no significant difference in the levels of
expression of IL-1RA and IL-10 amongst the model surface with
different nanotopography (Fig. 7a, b, e, and f). Overall, the expres-
sion of both IL-1RA and IL-10 were greater on the surfaces having
pre-adsorbed albumin (Fig. 7c and g). The expression of IL-10
increased significantly on 16 pOX and 38 pOX (p < 0.05) surfaces
having pre-adsorbed albumin compared to the analogous surfaces
without. Further, we evaluated the expression of anti-inflammatory
cytokines at individual cells level. These analyses revealed an in-
crease in the secretion of IL-1RA on the pOX (<0.001) and 38 pOX
(<0.05) surfaces (Fig. 7d). In the case of IL-10, the expression of this
cytokine increased markedly on all surfaces having pre-adsorbed
albumin except 68 pOX (Fig. 7h).

Collectively, the general trend pointed to a reduction of pro-
inflammatory cytokines expression and an increase in anti-
inflammatory cytokines production on surfaces containing pre-
adsorbed albumin compared to analogous surfaces without

FN
S
$

Fedede ke

300+

100

Number of cells per mm?
n
(=3
o

o
¥

16pOX 38pOX 68 pOX pOX  16pOX 38pOX 68 pOX

Fig. 4. Immune cell interaction. (a) The adhesion of macrophages (dTHP-1) with the model surfaces with and without pre-adsorbed albumin. b) The adhesion of macrophages on
different model surfaces without pre-adsorbed HSA. (c) The adhesion of macrophages on to the different model surfaces with pre-adsorbed HSA. (p < 0.01** 0.001*** and

0.0001%#%+),



PR.L Dabare, A. Bachhuka, E. Parkinson-Lawrence et al.

0OX 16 pOX

vinosinic

v

(+) HSA
acid

(+) Pol

yinosinic

.

.

acid

(+) HSA
(-) Polyinosinic
acid

(-) HSA
(+) Pol

vinosinic

(-) HSA
(-) Pol
acid

g

25

g

l

8

Number of cells per mm?

o

pOX

Materials Today Advances 12 (2021) 100187

g

38 pOX 68 pOX

BB HSA(-) PI(-)

HSA (-) Pl (+)
@B HSA (+) Pl (-)
@B HSA (+) Pl (+)

o Hl L0

16 pOX 3I8pOX 68 pOX

Fig. 5. (a) Fluorescence microscopy images and the (b) corresponding quantification of selective binding of dTHP-1 cells on the model surfaces having different topographical
modification with and without scavenger receptor A1 blocker (polyinosinic acid), and pre-adsorption of albumin: without albumin and without PI ((HSA (-), PI (-)), without
albumin and with PI ((HSA (-), PI (+)), with albumin and without PI ((HSA (+), PI (-)), and with albumin and with PI ((HSA (+), PI (+)).

albumin. Evaluation of the cytokine expression at individual cell
level significantly enhanced this trend.

4. Discussion

Surface roughness plays an important role in promoting protein
adsorption and modulating the subsequent inflammatory re-
sponses to biomaterials [9,11,12,39,40]. The introduction of nano-
scale topography to the biomaterial surface can help mimic the

extracellular matrix structure, which then imparts the capability to
study the effect of surface roughness on biological responses
in vitro. Proteins are known to spontaneously bind to the surface of
biomaterials when in contact with biological fluids. The amount,
orientation, and conformational changes of these proteins then
govern the interaction with cellular receptors via different signaling
pathways [9]. In this study, human serum albumin was utilized as it
is an important small protein that is present in high amounts in the
protein corona [34,41]. It is well known that albumin influences
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nanoparticle clearance by interacting with the surface receptors of
immune cells [15,42]. However, a gap in knowledge still exists
regarding the influence of adsorbed albumin on cellular responses
following biomaterial implantation. Thus, the purpose of this work
was, via generating model biomaterial substrata, to shed light on
the affect if surface nanotopographical modification on the mod-
ulation of albumin binding, unfolding, and the subsequent immune
responses.

To test our hypothesis, model substrata were fabricated by uti-
lizing our well-established protocols, where AuNPs having well
controlled sizes of 16, 38, and 68 nm are covalently immobilized to
a pOX plasma polymer layer [26]. This type of surface modification,
where the only parameter that changes is the surface nanohill-like
dimensions, opens possibilities to study the effect of pure surface
nanotopography on various biological responses. AFM imaging
confirmed an increase in surface roughness with the increase in the
diameter of AuNPs [43] (Fig. 1a). Chemical analysis by XPS
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confirmed the identical outermost surface chemical composition of
all surfaces. Along with surface roughness, the surface wettability
of the modified surface was also altered. Advancing water contact
angle of the nanoparticles modified surfaces decreased with
increasing surface roughness (Fig. 1e) and points to a Wenzel
wetting state [25].

Surfaces modified in this manner were then utilized to explore
albumin adsorption and unfolding. Surface protein adsorption is
dependent on many factors such as concentration, diffusion coef-
ficient, size of the protein, affinity to the material, electrical double
layer, and London interaction between protein particles and the
surfaces [44,45]. Introducing nanotopography to these surfaces
increased the surface roughness, hence, the surface area available
for protein adsorption [45]. Elter et al. described how proteins
accumulate on rough surfaces compared to planar surfaces. These
workers used nanogrooves with convex and concave corners to
explain this phenomenon. They determined that initially, protein
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molecules interact with convex edges due to high electrostatic
forces. Later, proteins migrate towards concave edges by high
dispersion interactions [44]. In our study, albumin adsorption
increased with the increase in surface roughness (Fig. 2a). The in-
crease in adsorbed protein amount followed the same trend as the
increase in the surface area associated with greater nano-
topography features (Fig. 2b).

We also found that adsorbed albumin undergoes conforma-
tional changes on our model surfaces regardless of the presence of
surface nanotopography and its scale (Fig. 3). These conformational
changes included a reduction in the protein a-helicity and an in-
crease in the number of B-sheets compared to native albumin.
Numerous studies have been performed to determine the confor-
mational change of proteins upon adsorption [5,15,46—52]. Picé has
explored unfolding of albumin through three processes (native <
unfolded reversible < unfolded irreversible) when increasing the
temperature [51]. Dockal et al. found that albumin structural
transition is pH-dependent and can undergo tertiary structure
isomerization at alkaline pH. Furthermore, domain II was more
susceptible to loosening its structure at acidic pH [46]. The struc-
ture of albumin after adsorption onto silica particles has altered and
the structural changes were dependent on the buffer used [48]. The
changing of structure is also dependent on the nanoparticle con-
centration [15]. The surface chemistry of biomaterials is known to
affects the adsorption and unfolding of albumin [5,49]. In this
study, we focused on the role of surface nanotopography. The
temperature, buffer, density of nanoprotrusions and pH were kept
constant while the only parameter that changed was surface
nanotopography. We found that albumin undergoes the greatest
structural change on smooth pOX surface and the nanotopography
of highest scale (68 nm) while fewer conformational changes were
observed on the smaller topographic features.

The importance of immune cells response to surfaces with
adsorbed albumin is well recognized [53]. Therefore, we further
studied how albumin adsorption and conformational change on
our model substrates affect the very initial immune cell responses.
Protein adsorption onto a biomaterial surface mediates the
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interaction with immune cells through specific receptors for spe-
cific proteins. Albumin is recognized by the scavenger receptor-A
(SR-A1) of macrophages, which in the case of small particles, fa-
cilitates cellular uptake [15,54,55]. SR-AI macrophage scavenger
receptors are type Il surface glycoproteins (~220 kDa) comprised of
structurally identical three subunits. Each subunit is composed of
several domains: intracellular N-terminal domain, a trans-
membrane region, a spacer domain, an a-helical coiled-coil
domain, collagenous domain, and C-terminal isoform-specific
domain. The C-terminal isoform-specific domain has cysteine-
containing tandem repeats [56]. SR-A1 receptors mainly bind
with polyanionic ligands via electrostatic interaction through its
charged segments present in the collagenous region [56]. The
positively charged regions of SR-A1 bind with albumin polyanionic
regions present in domain I and domain II [15]. The binding of
monocytes on our modified model surfaces, both, with and without
pre-adsorbed albumin, was negligible (<25 cells/mm?-Figure S1)
due to the absence of receptors for interaction. However, macro-
phages (dTHP-1) bound to both surfaces (with and without albu-
min pre adsorption) but in fewer numbers on these with pre-
adsorbed albumin since binding occurred only due to the interac-
tion through only SR-A1 [15]. Blocking of the scavenger receptor
with polyionosinic acid demonstrated that this is indeed the
binding pathway to the surfaces having pre-adsorbed albumin. Our
surfaces induce conformational change of albumin domain 1 or/
and II which facilitates interaction with the cationic regions of SR-
A1 by electrostatic interactions. (Scheme 4).

Important for application on biomaterial surfaces, we further
examined the expression of pro- and anti-inflammatory cytokines
on the model surfaces as a measure of the initial innate immune
response. Overall, there was no notable influence of the scale of
surface nanotopography on pro-inflammatory cytokine expression,
surfaces with pre-adsorbed albumin led to reduction in the
expression of TNF-o. and IL-1f compared to analogous surfaces
without albumin. The results retained broadly the same trend at an
individual cell level. An exception was the smooth surface where
the opposite effect was observed i.e., IL-13 expression significantly

Scheme 4. Schematic representation of the interaction between albumin and scavenger receptor Al. Cationic sections of the collagenous region can bind with the polyanionic

regions of conformationally changed domain I and domain II of albumin [56,57].

1
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increased on the surface having pre-adsorbed albumin, the latter
being attributable to the high level of albumin unfolding on this
type of surface. The expression of anti-inflammatory cytokines
significantly increased after albumin pre-adsorption on the surface.
This is consistent with the work of Mijiritsky et al. who investigated
the influence of albumin-impregnated bone granules on immune
cells and stem cells. They showed albumin-impregnated bones
increased the secretion of IL-10 over time compared to control bone
[41]. In our study, all surfaces showed increase in the production of
IL-1RA and IL-10 compared to analogues without albumin, the least
being on highest nanotopography (68 pOX). These results indicate
that pre-adsorption of albumin on biomaterial surfaces may induce
macrophage toward the anti-inflammatory pathways.

5. Conclusions

This study examines the role of surface nanotopography on al-
bumin adsorption, unfolding and the subsequent inflammatory
response. We create model surfaces of hill-like nanoprotrusions by
covalently immobilizing AuNPs of predetermined sizes (16, 38, and
68 nm) on the plasma polymerized pOX layer. A thin (5 nm),
continuous and pinhole-free layer of pOX was then applied to tailor
the outermost chemistry while preserving the scale of surface
nanotopography. The amount of adsorbed albumin increased with
the magnitude of surface nanotopography features, which could be
explained with the greater surface area. CDS studies pointed to
conformational changes in albumin upon adsorption to all surface
with most significant loss of a-helix structure on the smooth sur-
face and this with greatest nanotopography (68 nm). Studies with
differentiated THP-1 cells demonstrated that macrophages interact
with the surfaces through the scavenger SR-AI receptors. Pre-
adsorption of albumin resulted in an overall decrease in the level
of expression of pro-inflammatory cytokines. On the other hand,
pre-adsorption of albumin resulted in an increase in the production
of anti-inflammatory markers, which suggests the inflammatory
response directs towards anti-inflammatory wound healing
pathway. The knowledge obtained from this study can instruct the
design of healthcare materials where generation of targeted surface
nanotopography and pre-adsorption of albumin may enhance the
biomaterial biocompatibility and lead to accelerated healing.
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