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Understanding the Influence of Serum Proteins Adsorption
on the Mechano-Bactericidal Efficacy and
Immunomodulation of Nanostructured Titanium
Karolinne Martins de Sousa, Denver P. Linklater,* Vladimir A. Baulin,*
Chaitali Dekiwadia, Edwin Mayes, Billy J. Murdoch, Phuc H. Le, Christopher J. Fluke,
Veselin Boshkovikj, Cuie Wen, Russell J. Crawford, and Elena P. Ivanova*

Nanostructured surfaces are effective at physically killing
bacterial cells, highlighting their prospective application as biomaterials.
The benefits of application of mechano-bactericidal nanostructures as an
alternative to chemical functionalisation are well documented, however, the
effects of protein adsorption are not well understood. In this work, theoretical
and experimental analyses are conducted by studying the adsorption of
human serum proteins (HSP) to nanosheet titanium (Ti) and its subsequent
effect on the mechano-bactericidal efficacy toward Staphylococcus aureus
and Pseudomonas aeruginosa cells. The nanosheet pattern exhibits enhanced
antibiofouling behaviour mantaining high bactericidal efficiency toward
both Gram-negative and Gram-positive cells in the presence of adsorbed HSP.
To ascertain the immunomodulatory response, S. aureus cells are introduced
to protein-conditioned Ti nanosheet surfaces prior to introducing RAW 264.7
macrophages. On the pre-infected nanostructured surfaces, macrophages
exhibit wound healing behaviour with superior activation of M2-
like macrophage polarization and secretion of anti-inflammatory cytokines. By
contrast, macrophages attached to infected smooth surfaces activated the M1-
like polarized phenotype via the high expression of pro-inflammatory cytokines,
indicating persistent inflammation. The outcomes of this work demonstrate
the suitability of Ti nanosheets as a potential biomaterial surface whereby
the mechano-bactericidal activity is not compromised by HSP adsorption and,
furthermore, positively influenced an anti-inflammatory immune response.
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1. Introduction

Ti implantable biomaterials are widely
used in orthopedics and dentistry for
the treatment of large bone defects, fix-
ation of fractures, and to address mus-
culoskeletal disorders.[1] Implantable de-
vices predominantly interact with host
bone tissues at their interface, exert-
ing an important influence on protein
adsorption and the subsequent migra-
tion of host cells.[2] As such, specific
control of the host cell-material inter-
actions is beneficial to improving im-
plant performance.[3] The surface of im-
plantable devices can be modified to in-
crease implant-cell interactions to en-
sure a long-term and stable fixation.

All devices surgically implanted within
the host body generate an inflamma-
tory response due to the inevitable
wound injury that accompanies device
implantation.[4] The direct contact of the
implanted device with host blood will
cause serum proteins to rapidly adsorb
onto the biomaterial interface.[5] The pro-
visional protein layer becomes a matrix
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by which to recruit immune cells and initiate the foreign body re-
sponse (FBR). The inflammatory FBR begins as an acute inflam-
matory phase whereby monocytes and macrophages are attracted
to the implanted device and mediate an attack as well as secreting
further inflammatory markers. Over time, macrophages colonise
the implant surface and aid in the transition from acute FBR to
the chronic phase of FBR. Previous studies have determined that
the surface roughness and topography of Ti biomaterials medi-
ate macrophage adhesion and the secretion of proinflammatory
markers.[6]

Biomaterial nanoscale roughness exerts a stronger im-
munomodulatory response than implant surfaces with mi-
croscale roughness.[7] In addition, macrophages are sensitive to
the specific nanoscale architecture of implant surfaces and can
influence the tissue–implant interactions via M1/M2 polariza-
tion. For example, research on anodised Ti implant surfaces pos-
sessing Ti nanotubes (NTs) has shown that NTs with diameters
of 30 nm induced the M2 polarization of human macrophages in
vitro, and, consequently, a reduced inflammatory response when
compared to NTs surfaces with larger diameters (80 nm).[7,8] The
NTs with larger diameters elicited a pro-inflammatory M1 polar-
ization response. It was also reported that Ti nanowire surfaces
produced via a hydrothermal etching treatment modulated pro-
tein adsorption and induced the anti-inflammatory M2 polariza-
tion of adhered macrophages.[9]

Despite intensive efforts toward improvement of tissue re-
generation while interacting with biomaterial surfaces, implant-
related bacterial infections frequently occur and are responsible
for ≈ 45% of all nosocomial infections.[10] Implant-related in-
fections are often resistant to standard antibiotic treatment and
persist until the implant is removed, leading to life-threatening
complications for the patient.[11] Previously, our group demon-
strated the role of surface nanoscale topography toward im-
parting mechanical bactericidal activity to implant surfaces.
[12] Mechano-bactericidal nanostructured surfaces can eliminate
pathogenic bacteria through the physical rupture of adhering bac-
terial cells. Bacterial cell death through mechanical means is a
promising substitute for chemical-based antibacterial biomate-
rial coatings.[13]

Hydrothermal treatment represents an efficient and facile
nanofabrication approach to synthesizing nanostructures pos-
sessing high mechano-bactericidal properties.[12f,14] Using a hy-
drothermal etching method, we recently developed nanosheet-
like Ti surfaces that inactivated 99% of P. aeruginosa and 90% of
S. aureus bacterial cells.[12f] Furthermore, the Ti nanosheet pat-
tern exhibited a remarkable modulation of osteogenic response
combined with mechano-bactericidal activity [12f,14d,15] and pro-
moted improved attachment, proliferation, and differentiation of
eukaryotic cells.[15,16]

While surface topography play a major role in blood pro-
tein adsorption,[17] protein adsorption may also promote topo-
graphic and geometric alterations of nanofeatures (whose activ-
ity is primarily dependent on their topographical dimensions).[18]

The interactions of total or whole serum proteins with com-
plex nanostructured surfaces and their effects on the surface’s
bactericidal performance are not well-understood and require
in-depth investigations.[19] Recent research has highlighted the
importance of a protein adhesion layer modulating mono-
cyte response to mechano-bactericidal hydrothermally etched Ti

nanotopographies.[20] Given the pivotal role of an adsorbed pro-
tein layer in coordinating macrophage response, and in turn
their role in determining the fate of implantation, it is impor-
tant to fully characterise the immunomodulation of mechano-
bactericidal nanostructured Ti surfaces. Therefore, in this study,
the adsorption of HSP at different concentrations to hydrother-
mally treated Ti (HTTi) surfaces was characterized using a bicin-
choninic acid (BCA) protein assay and high-resolution electron
microscopy techniques. For theoretical analysis of the pattern of
protein adsorption, a modified version of the Random Sequential
Adsorption (RSA) model was employed. Furthermore, we aimed
to evaluate the suitability of HTTi surfaces as an anti-infective
biomaterial by design of an in vitro infection model. The infec-
tion model was designed to emulate a clinical case of implant-
associated infection whereby the implant is contaminated with
bacteria during, or directly after implantation. Thus, we con-
sidered the impact of adsorbed serum proteins on RAW 264.7
macrophage attachment, proliferation, phenotype, and inflam-
matory response.

2. Results

2.1. Surface Topography of HTTi

Hydrothermal etching is a simple, affordable, and template-free
method of surface patterning Ti.[21] HTTi surfaces have been
reported to exhibit high levels of bactericidal activity as well as
increased cytocompatibility towards human cells.[14,22,23] In this
work, we fabricated HTTi surfaces by exposing Ti discs to an al-
kaline hydrothermal treatment for 6 h at 150 °C.[12] The HTTi sur-
face topographies were characterized using high-resolution scan-
ning electron microscopy (SEM), as shown in Figure 1A. Exam-
ination of high magnification micrographs revealed the forma-
tion of a homogeneous and dense network of sheet-like nanos-
tructures, with a nanoedge thickness of 10 ± 2 nm. The surface
feature morphologies formed are due to the dissolution of Ti4+

from the oxide layer (TiO2) and the subsequent surface precipi-
tation of potassium titanate (K2Ti3O7).[12,24] Over a 6 h reaction
time, the dense network of blade-like nanosheets shown in the
SEM images in Figure 1A is formed by an increased nucleation
and growth rate over the longer reaction time, leading to a ho-
mogeneous coverage of interlocking nanosheets with sharp na-
noedges. In contrast, the polished Ti (pTi) samples (used as a con-
trol surface) exhibited a conventional flat Ti topography. Surface
roughness was evaluated using atomic force microscopy (AFM)
(TableS1, Figure S1, Supporting Information). The fabrication of
a nanotopography on the Ti surface led to enhanced levels of sur-
face roughness, as shown in Table S1 (Supporting Information).
The average surface roughness (Sa) significantly (p < 0.001) in-
creased from 6.2 ± 3 nm (pTi) to 26.5 ± 4 nm (HTTi).

To evaluate the surface wettability of the Ti samples, a sessile
drop water contact angles (WCA) were measured under ambient
conditions. Prior to surface modification, the control pTi surface
exhibited a WCA of 58.9 ± 6°, whereas after the hydrothermal
treatment, the WCA decreased to 22 ± 2° (Figure 1A). These re-
sults indicated the increased hydrophilicity of the HTTi surfaces
following etching.

Despite the marked change in surface hydrophilicity, the
chemical composition of the surfaces was relatively unchanged
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Figure 1. Surface characterization of pTi and nanotextured Ti surfaces. A) Representative SEM micrographs showing the topography of the Ti surfaces
before and after hydrothermal treatment. Inset images show water contact angle (WCA) measurements. The HTTi surfaces exhibited a highly hydrophilic
nature with a WCA of 22.0± 2°, whereas pTi surface exhibited a WCA of 58.9± 6°. B) XPS survey spectra of the different Ti surfaces. C) X-ray diffractograms
showing the crystalline phases on the Ti surfaces: 𝛼-phase of Ti; anatase and rutile phases of TiO2 phases. D) De-convoluted C 1s and Ti 2p XPS
peak regions. E) STEM micrograph and corresponding EDS chemical maps of the HTTi nanosheets. F) HR-STEM dark-field micrograph of single TiO2
nanosheet and lattice crystal structure.

after treatment. X-ray photoelectron spectroscopy (XPS) was per-
formed to verify the chemical composition of the different Ti sur-
faces (Figure 1B and Figure 1D). The XPS survey spectra showed
that the principal chemical components present on the Ti sur-
faces were Ti, carbon (C), and oxygen (O) (Figure 1B). The iden-
tification of K as a chemical component found only on HTTi
surfaces was determined to be a consequence of the hydrother-

mal treatment, which led to the formation of potassium titanate
(K2Ti3O7). De-convoluted scans of the Ti 2p regions confirmed
that the HTTi surfaces were mainly composed of TiO2. The C
1s spectra indicated that the carbon present on the surface was
attributed to C─C/C─H, C─O, and O─C═O bonds, which were
found to be consistent with the ratios typically observed in “ad-
ventitious” carbon contamination. The analysis of O 1s peaks
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re-confirmed the carbon contamination by revealing the presence
of C═O and C─O. De-convoluted high-resolution XPS peaks are
illustrated in Figure 1D.

X-ray diffraction (XRD) was performed to evaluate surface
crystallinity. The diffractograms showed peaks that highlighted
the crystallinity of the Ti surfaces (Figure 1C). High-intensity
peaks at 35.3°, 38.6°, 40.3°, 53.2°, 70.8°, 74.3°, and 77.6° cor-
responded to the Ti a phase (JCPDS 44–1294).[15,25] The peaks
at 63.1° and 76.4° indicated the presence of anatase and ru-
tile phases, respectively (JCPDS No. 21–1272).[26] No substantial
changes in the surface crystallinity between pTi and HTTi were
detected. However, an enhanced formation of TiO2 was observed
for HTTi surfaces, with an increase in peak intensity being ob-
served for both the anatase and 𝛼 phases.

2.2. Protein Adsorption on HTTi Surfaces

The conditioning protein layer that rapidly forms on the surface
after device placement is essential for the recruitment of immune
cells, including macrophages.[27] Furthermore, the presence of
serum proteins modulates host cell adhesions essential for the
successful long-term implantation of medical devices.[28] To eval-
uate serum protein adsorption onto the nanotextured Ti surfaces,
a BCA assay was used to comparatively analyse the amount of ad-
sorbed HSP on non-structured (pTi) and HTTi surfaces as a func-
tion of protein concentration (Figure 2A). HSP adsorption was
assessed at increasing concentrations of 0.1, 1, 10 and 100% fol-
lowing 1 h of incubation with the HTTi surfaces and the control,
pTi. The amount of HSP adsorption was strongly concentration-
dependent for both smooth and modified Ti surfaces; however,
the total HSP adsorption was significantly increased on the nan-
otextured HTTi surfaces; in agreement with previously published
observations that indicated that protein adsorption can be greater
on nanostructured surfaces compared to smooth surfaces.[29] At
higher serum concentrations, HSP adsorption was found to be
1.6 and 2.3 times greater (p < 0.05 at 10%; p < 0.01 at 100%, re-
spectively) on HTTi surfaces than on their non-structured coun-
terpart (pTi). An increase in initial protein concentration also re-
sults in an increased quantity of protein adsorbed.[30] Addition-
ally, in the case of Ti, the inherent oxide layer present on the
surface plays a significant role in influencing the adsorption of
protein.[31]

Since albumin is the predominant protein detected in circu-
lating HSP,[32] an in-depth assessment of the adsorption of al-
bumin using bovine serum albumin (BSA) was also conducted.
The structural similarity between BSA and human serum al-
bumin frequently renders it as the preferred model for com-
parative studies.[33] Following BSA adsorption onto the different
Ti surfaces (Figure 2B), the BCA assay indicated a similar ad-
sorption pattern for BSA as previously determined for HSP. As
well as more prominent in the HTTi surfaces than that in the
pTi surfaces, quantification of adsorbed BSA determined to be
a concentration-dependent process. At BSA concentrations of 10
and 100%, protein’s adsorption was found to be 1.7 and 3 times
greater (p < 0.01 at 10%; p < 0.001 at 100%, respectively) on the
HTTi surfaces than on the control (pTi) surfaces.

These findings indicated that the roughness of HTTi surfaces
has a notable impact on the adsorption of a single (BSA) or com-

plex (HSP) serum proteins, as compared to the smooth pTi sur-
faces. Indeed, rough surfaces provide more surface area avail-
able for protein adsorption, leading to a greater amount of pro-
tein being adsorbed.[34] Additionally, pockets or crevices avail-
able on rougher surfaces act as physical traps for proteins, which
also result in increased protein adsorption.[35] For example, Ti
NTs was found to trap proteins, including collagen and bone
morphogenetic protein 2 (BMP-2).[36] However, the increased
protein adsorption may be also attributed to the increased hy-
drophilicity of HTTi surfaces. For example, hydrophobic sur-
faces are likely to increase overall protein adsorption, e.g., im-
munoglobulin G2, which plays a role in the expression of pro-
inflammatory cytokines by attached macrophages,[37,38] whereas
hydrophilic surfaces have been shown to increase the adsorption
of serum albumin.[39] The size of albumin facilitates protein dif-
fusion through the stable layer of water molecules that forms on
hydrophilic surfaces.[39] Moreover, albumin contains significant
amounts of charged residues capable of forming unique contacts
with hydrophilic surfaces, increasing the likelihood of its adsorp-
tion on such surfaces.[38,39]

The surface morphology of the HTTi nanosheets after HSP
adsorption was investigated using SEM and scanning transmis-
sion electron microscopy (TEM/STEM). There was an evident in-
crease in the nanosheet edge thickness (Figure 2C, D, and E),
accompanied by the formation of protein aggregates on top and
along the edge of the nanostructures resulting in an increase in
edge thickness from 10 nm (surfaces with no HSP) to up to ≈

21 nm (at HSP concentrations of 100%); however, interspace be-
tween the nanosheets remained free of proteins as clearly seen in
Figure 3D. The increase in nanoedge thickness due to protein ag-
gregation was correlated to an increase in protein concentration,
as determined by the BCA assay. To further understand the ad-
sorption of HSP on HTTi surfaces, high-resolution TEM/STEM
was performed (Figure 2E). Analysis of TEM/STEM micrographs
of the single nanosheets revealed that only a thin layer of ≈

10 nm thin of amorphous material indicative of HSP (artificially
coloured green), was built up around the nanosheet (seen as crys-
talline fringes and artificially coloured red).

2.3. Theoretical Analysis of Protein Adsorption on Nanotextured
Ti Surfaces

In this study, we utilized a modified version of the RSA model
to effectively analyze the localization of adsorbed human serum
albumin on the nanotextured surfaces.[18] The blocking function,
i.e., the probability to adsorb a protein at a surface, taking into ac-
count the presence of previously adsorbed proteins, is calculated
as a function of the occupancy (Figure 3A). In turn, occupancy
𝜃 (Figure 3B) refers to the measurement or representation of how
much space or surface area is covered or filled by adsorbed par-
ticles or molecules. The occupancy is a key parameter in under-
standing the extent to which the surface or substrate is covered
by the adsorbed particles. Occupancy is expressed as a fraction,
ranging from 0 to 1, where 0 represents an empty surface (no
adsorption), and 1 represents a fully covered surface (complete
adsorption). As particles are randomly and sequentially placed
into an empty space without overlap, the occupancy increases,
affecting the blocking function and the probability of finding an

Adv. Mater. Interfaces 2024, 11, 2301021 2301021 (4 of 17) © 2024 The Authors. Advanced Materials Interfaces published by Wiley-VCH GmbH

 21967350, 2024, 17, D
ow

nloaded from
 https://advanced.onlinelibrary.w

iley.com
/doi/10.1002/adm

i.202301021 by Spanish C
ochrane N

ational Provision (M
inisterio de Sanidad), W

iley O
nline L

ibrary on [25/05/2026]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

http://www.advancedsciencenews.com
http://www.advmatinterfaces.de


www.advancedsciencenews.com www.advmatinterfaces.de

Figure 2. Protein adsorption on Ti surfaces. Quantification of A) HSP and B) BSA protein adsorption on pTi and HTTi surfaces using a BCA assay. The
HTTi surfaces exhibited increased levels of protein adsorption compared to that observed on the smooth pTi surface. Statically significant differences are
labelled as *(p < 0.05); **(p < 0.01); and ***(p < 0.001). C) Representative SEM micrographs showing the topography of HTTi surfaces with adsorbed
HSP at concentrations ranging from 0% (indicating no HSP) to 100%. At higher HSP concentrations, aggregates formed on top of the nanostructures
(highlighted in red and detailed in the insets). The scale bars denote a length of 500 nm for the high-magnification SEM micrographs and 50 nm for the
insets. D) Nanoedge thickness after HSP adsorption. An increase in nanosheet thickness was observed after increasing HSP concentrations. E) High-
resolution TEM/STEM images of a single crystalline Ti nanosheet of ≈ 10 nm thin presented in vertical cross-section, (artificially coloured red). Following
the adsorption of HSP at a concentration of 100%, an amorphous material, indicative of protein, was observed (artificially coloured in green) on the Ti
nanosheets. The scale bars denote a length of 100 nm for the low-magnification (top) and 10 nm for the high-magnification TEM/STEM micrographs
(bottom).

empty adsorption site. The occupancy is a measure how densely
particles or molecules pack on a surface and how this might af-
fect physico-chemical properties of the surface and the interac-
tion with bacteria. In case of the flat surface the limit of occu-
pancy, or jamming limit, is 𝜃∞ = 0.545,[18] while for the studied
Ti surface jamming limit is lower 𝜃∞ = 0.466. This means that
while the nanostructured surface can accommodate more pro-
teins due to ≈ 4 times increased available area with respect to flat
surface, the density of proteins is significantly lower due to curva-

ture of the nanostructures, especially at the bottom of the valleys,
Figure 3D top view: nanofeature geometry result convex geome-
tries lead to higher distance between proteins, and hence lower
degrees of surface coverage per unit area and correspondingly for
concave shapes there are less distances between the proteins and
more surface coverage. As a result, there are more proteins on
the tips of the nanofeatures than in the valleys. These properties
became more pronounced when a decrease in the size mismatch
between the proteins and the surface nanostructures occurred.

Adv. Mater. Interfaces 2024, 11, 2301021 2301021 (5 of 17) © 2024 The Authors. Advanced Materials Interfaces published by Wiley-VCH GmbH
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Figure 3. RSA modelling of protein adsorption to HTTi surface at the maximum protein load (saturation limit in RSA model). A) Average blocking
function as a function of occupation number of protein on the surface. B) Occupation number versus surface density of proteins. The surface is 500
× 500 nm2 in projection. The surface area increase due to nanostructures elevation is 4-fold. The protein diameter is 7 nm. C) SEM micrograph and
corresponding 3D visualisation of the surface based on SEM used to model serum protein adsorption. D) 3D renders of the protein occupation of the
HTTi surface: Top, 3D perspective. Red point shows the reference in all projections. There is more protein adhered at the tip of the nanosheets than in
the valleys due to concave shape of the surface.

2.4. Bactericidal Efficacy of HTTi Surfaces with Adsorbed HSP

The sharp edges of the nanosheets produced via hydrothermal
treatment have been previously reported to efficiently kill clini-
cally relevant bacterial strains such as Gram-negative P. aerugi-
nosa and Gram-positive S. aureus, including methicillin resistant
strains (MRSA) with efficacy of up to 99%.[12,14] Additionally, a
similar surface was able to support the attachment and prolifer-
ation of MG-63 osteoblast-like cells despite being infected with
bacteria.[31] The bactericidal mechanism of nanosheet-like sur-
faces is reported to be due to stretching of bacterial cell mem-
brane and cutting the bacterial membrane by physical inser-
tion of the sharp edge of the nanosheet.[40] However, despite the
excellent antibacterial efficiency of such nanostructures, it re-
mained unclear whether the mechano-bactericidal activity might

be affected by the presence of an adsorbed protein layer. There-
fore, we assessed the bactericidal performance of HTTi sur-
faces with different amounts of adsorbed HSP toward S. au-
reus and P. aeruginosabacteria using staining confocal laser scan-
ning microscopy (CLSM) images (Figure 4). Nanostructured sur-
faces conditioned with HSP protein were hereafter denoted as
HTTi+HSP. Assessment of the bactericidal efficacy of HTTi sur-
faces prior to HSP adsorption was also performed, and it is
shown in Figure S5 (Supporting Information). HSP-free HTTi
surfaces were able to eliminate S. aureus and P. aeruginosa bac-
terial cells with a maximum antibacterial efficiency of 86.6 ± 7%
and 95.3± 3%, respectively. For comparison, non-structured con-
trol surfaces prior to (pTi) and after HSP adsorption (pTi+HSP)
were also analysed. On control surfaces, both bacterial cell
strains successfully proliferated and thrived, with around 90% of
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Figure 4. Antibacterial efficacy of HTTi surfaces after HSP adsorption (HTTi+HSP). A) Representative CSLM and SEM micrographs. Typical CLSM
micrographs of attached bacteria on nanostructured surfaces showing the proportion of live (green colour) and dead (red colour) bacterial cells. Scale
bar = 10 μm. High-magnification SEM images (top view) of S. aureus and P. aeruginosa cells attached to nanostructured surfaces. The cells exhibited
significant levels of altered morphology (highlighted red) when in contact with nanostructured surfaces. Scale bar = 1 μm. B) Bactericidal efficiency
presented as a percentage of non-viable bacterial cells. C) Bacterial cell density expressed by the total number of cells adherent per mm2. Statistically
significant differences are labelled as *(p < 0.05); **(p < 0.01); ***(p < 0.001).

bacterial cells alive, as illustrated in Figures S5 and S6 (Support-
ing Information).

Nanostructured HTTi surfaces with absorbed HSP
(HTTi+HSP) demonstrated significant efficacy in eradicat-
ing pathogenic S. aureus cells. The elimination rates were
80.6 ± 7%, 77.9 ± 12%, 71.1 ± 14%, and 70.1 ± 9% at HSP
concentrations of 0.1%, 1%, 10%, and 100%, respectively. In
the case of Gram-negative P. aeruginosa cells, HTTi+HSP
surfaces exhibited remarkable antibacterial activity, eliminat-
ing 90.1 ± 5%, 87.4 ± 13%, 82.3 ± 7%, and 81.7 ± 11% of
bacterial cells at corresponding HSP concentrations of 0.1%,
1%, 10%, and 100%. The reduced killing efficiency when
compared to protein-free HTTi surfaces (Figure S5, Sup-
porting Information) may be associated with the formation
of protein aggregates on top of the nanosheets, resulting in
an increased nano-edge thickness and reduced sharpness,
impairing their mechano-bactericidal efficiency. Despite the
reduction in killing efficiency, the surfaces remained highly
mechano-bactericidal.

Remarkably, HSP-conditioned HTTi (HTTi+HSP) surfaces
exhibited an increased antibiofouling behaviour, with a signifi-
cant reduction of attached bacterial cells for both strains when
compared to protein-free HTTi surfaces. The antibiofouling ca-
pacity of the protein layer was more evident at higher HSP con-
centrations (Figure 4C). Specifically, the attachment propensity
of S. aureus cells on the nanostructured surfaces was reduced
from 46.7 ± 7 × 103 cells mm−2 (protein-free HTTi surfaces,
Figure S5B, Supporting Information) to 16.5 ± 2 × 103, 6.5
± 2 × 103, 5.1 ± 2 × 103, and 4.8 ± 2 × 103 cells mm−2 for
HTTi+HSP surfaces with HSP concentrations of 0.1%, 1%, 10%,
and 100%, respectively (Figure 4C). This reduced attachment ac-
counted for an ≈ 3-fold and 7-fold decrease in attached S. aureus
cells on the nanostructured surfaces incubated with 0.1% and
1% serum, respectively, and an ≈ 9-fold reduction in attached
S. aureus cells on surfaces incubated with 10% and 100% HSP
concentrations. For P. aeruginosa cells, the attachment propen-
sity on the nanostructured surfaces was reduced from 40.2 ± 7
× 103 cells mm−2 (protein-free HTTi, Figure S5B, Supporting
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Information) to 14.4 ± 2 × 103, 5.5 ± 2 × 103, 2.8 ± 1 × 103,
and 2.0 ± 1 × 103 cells mm−2 for HSP concentrations of 0.1%,
1%, 10%, and 100%, respectively. This reduction accounted for
3-, 9-, 15-, and 20-fold reductions in the number of cells attached
on surfaces incubated with HSP at concentrations of 0.1%, 1%,
10%, and 100%, respectively. The antibiofouling phenomenon
may be explained by the high concentration of albumin in human
serum accounting for ≈60% of all protein found in serum.[32] Pre-
vious studies have shown that albumin reduced bacterial attach-
ment propensity, especially toward bacteria of the Staphylococcus
genus.[41] In this work, we also observed antibiofouling behaviour
for P. aeruginosa cells.

2.5. Competitive Colonization between S. aureus and RAW 264.7
macrophage Cells on HTTi Surfaces

Once an implantable device is incorporated into the host, it is be-
lieved that both host cells and bacteria attempt to attach to the sur-
face of implant material.[42] If the host cells will be able to colonise
the surface first, the bacteria will fail to colonise the surface. Un-
fortunately, bacterial cells are often colonising the implantable
surfaces faster than the host cells.[22a,43] Implant-related infec-
tions may be initiated during the implant surface during surgery,
thus undermining the tissue integration.[44] In the case of an im-
planted biomaterial pre-infected with pathogenic bacteria prior to
implantation, macrophages work as a part of the innate immune
system phagocyting foreign microorganisms, being the primary
line of defence of the immune system against pathogens infect-
ing the implanted surface.[45] Macrophages can remain present
at the implantation site from weeks to months, exerting crucial
biological actions that lead to wound healing.[4b,46]

S. aureus stands as the leading pathogen implicated in infec-
tions associated with orthopedic implants, contributing to ap-
proximately two-thirds of all bacterial infections occurring in the
context of orthopedic implant procedures.[47] Therefore, we as-
sessed the response of RAW 264.7 macrophages to HTTi and
HTTi+HSP surfaces pre-infected with S. aureus cells. Analysis of
RAW 264.7 cell viability during the co-colonization with S. aureus
revealed no evident cytotoxicity, with cell viability greater than
90% for all analysed samples (Figure 5D; Figure S7D, Support-
ing Information). In the presence of S. aureus, the control pTi and
pTi+HSP samples showed a progressive decrease in macrophage
attachment over the 7 days, regardless of cell viability and HSP
adsorption, as seen in Figure 5E and Figure S7E (Supporting In-
formation).

Examination of SEM micrographs showed that the S. aureus
cells attached to the HTTi and HTTi+HSP surfaces exhibited
notably altered bacterial cell morphologies, indicating disrupted
cell integrity (Figure 5F; Figure S7F, Supporting Information).
In contrast, the bacterial cells attached to pTi and pTi+HSP sur-
faces were found to possess a smooth and consistent spherical
morphology, indicating that the bacterial cells remained healthy
once attached to the non-structured surfaces.

The bactericidal efficacy of the HTTi nanosheet topography
was assessed with (Figure 5A) and without (Figure S7A, Sup-
porting Information) HSP adsorption, and after 24 h of co-
colonisation with RAW 264.7 cells. Analysis of our data showed
that HTTi and HTTi+HSP samples killed 79.1 ± 11% and

72.8 ± 9.2% of bacterial cells, respectively (Figure 5A; Figure
S7A, Supporting Information). Contrastingly, the control pTi and
pTi+HSP samples showed negligible bactericidal potential, with
only 10.6 ± 5% and 9.4 ± 4% S. aureus cells killed (Figure 5A;
Figure S7A, Supporting Information). On day 1 of the in vitro
infection model, HTTi+HSP exhibited an S. aureus cell density
of 148.4 ± 38 cells mm−2 compared to 800.2 ± 171 cells mm−2

found on pTi+HSP surfaces. This reduction represents a 5-fold
decrease in S. aureus cell density. A similar correlation can be
drawn when comparing surfaces without HSP adsorption. HTTi
demonstrated an S. aureus cell density of 468.3 ± 164 cells mm−2

contrasting to 1260.6 ± 368 cells mm−2, indicating a 3-fold de-
crease in S. aureus cell density. On day 4, no bacterial cells were
observed attached to the HTTi and HTTi+HSP surfaces; in con-
trast, the bacterial cells attached to the control samples (pTi and
pTi and HSP) continued to proliferate, resulting in increasing
numbers over the 7 days of analysis (Figure 5B; Figure S7B, Sup-
porting Information).

2.6. Phagocytosis by RAW 264.7 Cells

During the first day of co-colonization, the macrophage cells at-
tached to the different Ti surfaces exhibited the formation of
phagosomes, as shown in the high resolution CLSM images
(Figure 6B; Figure S8, Supporting Information). Phagocytosis
is illustrated in Figure 6A, showing macrophage cells engulf-
ing bacterial pathogens. After 4 and 7 days of incubation, the
macrophage cells adherent to nanostructured surfaces (HTTi
and HTTi+HSP) displayed a rounded morphology, without cyto-
plasmic membrane extensions (Figure S8, Supporting Informa-
tion) —In contrast to the nanostructured surfaces, macrophages
attached to the control surfaces (pTi and pTi+HSP) exhibited
clear and evident phagosomes during the 7 days of analysis,
showing enhanced cell area and aspect ratio (Figure 6D and E;
Figure S8, Supporting Information), indicating an active phago-
cytosis process characteristic of M1 polarized macrophages.[48]

In the acute phase of FBR, the macrophages generally exist as
the classically activated type 1 (M1) phenotype, characterized by
a high expression of pro-inflammatory cytokines and persistent
inflammation.[8,49]

TEM/STEM analysis was also performed to investigate the bio-
interface and the cell-material interactions between macrophages
RAW 264.7 and S. aureus cells during competitive colonisation
of Ti surfaces. Following 1 day of co-culture, infected Ti sam-
ples with attached RAW 264.7 cells were fixed and embedded in
a thin layer of resin applied to the disc surface. Thus, subsequent
sectioning of the interface revealed an accurate representation of
macrophage behaviour at the modified Ti interface. TEM/STEM
images revealed large amounts of S. aureus engulfed by RAW
264.7 cells on control surfaces prior to (pTi) and after HSP ad-
sorption (pTi+HSP), suggesting an active phagocytosis process
(Figure 6C; Figure S9, Supporting Information). By contrast,
cross-sectional TEM/STEM analysis of macrophages attached to
pre-infected nanostructured surfaces (HTTi and HTTi+HSP) ex-
hibited reduced phagocytic activity (Figure 6C; Figure S9, Sup-
porting Information).

The production of reactive nitrogen species, including nitric
oxide, are involved in the antimicrobial activity of macrophages
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Figure 5. RAW 264.7 cell response to Ti surfaces conditioned with HSP in the presence of an active S. aureus infection. A) High antibacterial efficacy
of HTTi surfaces during co-colonisation with macrophages. B) Elimination of S. aureus cells after 1, 4, and 7 days incubation with macrophages. C)
CLSM micrographs of attached RAW 264.7 and S. aureus cells on pTi+HSP and HTTi+HSP surfaces. Scale bar = 50 μm. D) RAW 264.7 cell viability
during a 7-day incubation period on infected Ti surfaces. E) RAW 264.7 cell number expressed per mm2. F) SEM images of macrophage and bacteria
co-colonisation. S. aureus cells exhibit significant levels of altered morphology (highlighted red) when in contact with nanostructured substratum. In
contrast, a healthy cell morphology (highlighted green) is observed for control substrata.

toward pathogenic microorganisms.[50] During active infections,
macrophages increase the production of nitric oxide as a cyto-
toxic strategy to eliminate invaders.[51] The large production of
nitric oxide by macrophages has been previously related with
sepsis.[51a,52] Therefore, the amount of nitric oxide released was
assessed by measuring the concentration of nitrite (stable degra-
dation of nitric oxide) in the supernatant of RAW 264.7 cells co-
cultured with S. aureus cells using Griess Reagent (Figure 6F).
The results showed decreased levels of nitric oxide release on
HTTi and HTTi+HSP surfaces when compared with that ob-
tained on the pTi and pTi+HSP surfaces. This result agrees with
the estimated bactericidal efficiency of HTTi and HTTi+HSP
surfaces (Figure 5A; Figure S7A, Supporting Information) and
their antibiofouling behaviour (Figure 5B; Figure S7B, Support-
ing Information) whereby the modified surfaces demonstrated a
decreased viability and attachment of S. aureus cells. Therefore,
it stands to reason that the macrophages released a moderate
amount of nitric oxide as a response against the reduced num-

ber of viable S. aureus cells attached to the HTTi and HTTi+HSP
surfaces. In contrast, for the control surfaces (pTi and pTi+HSP),
the macrophages cells produced a more severe response against
the pathogenic cells, with an increased nitrite concentration be-
ing observed.

2.7. Macrophage Polarization on S. aureus Infected Ti Surfaces

Inflammation associated with implanted biomaterials and po-
tential wound healing is especially coordinated by macrophages
and their polarization conditions. Macrophages exhibit differ-
ent phenotypes in response to environmental signals.[49,53] In
an infection scenario, macrophages polarize to the M1 phe-
notype and release reactive species (including nitric oxide)
as a strategy to assist the host against pathogens.[51,54] Pro-
inflammatory M1 macrophages are induced by IFN-𝛾 and
lipopolysaccharide and generally express IL-1𝛽, IL-6, iNOS,

Adv. Mater. Interfaces 2024, 11, 2301021 2301021 (9 of 17) © 2024 The Authors. Advanced Materials Interfaces published by Wiley-VCH GmbH
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Figure 6. Phagocytosis of S. aureus by RAW 264.7 cells during co-colonization. A) Schematic representation of phagocytosis of bacteria by macrophage
cells. Created with BioRender.com. B) CLSM micrographs showing RAW 264.7 cells attached to HTTi+HSP and pTi+HSP phagocyting S. aureus bacterial
cells (yellow arrows). C) TEM/STEM images of RAW 264.7 macrophage cells during co-colonization with S. aureus cells. A greater degree of phagocytic
activity of RAW 264.7 cells were found on pTi+HSP substrata, revealed by the increased amounts of S. aureus cells found engulfed by the macrophages.
In contrast, a reduced phagocytic activity on HTTi+HSP surfaces is observed. D,E) Quantification of RAW 264.7 cell morphology including (D) cell
area and (E) cell aspect ratio during co-colonization. RAW 264.7 cells attached to infected pTi and pTi+HSP surfaces exhibited enhanced cell area and
aspect ratio, characterized by superior phagocytic activity. By contrast, RAW 264.7 cells attached to infected HTTi and HTTi+HSP surfaces did not show
significant elongation (aspect ratio of 1.5). F) Relative amounts of nitric oxide production by RAW cells on each Ti surface in the presence of active S.
aureus infection.

and TNF-𝛼 with surface markers CD86 and CCR7.[48,53,55]

In contrast, anti-inflammatory M2 macrophages are induced
by IL-4/IL-13, IL-10, and immune complexes. M2-activated
macrophages produce high levels of ARG1 and IL-10 with
surface markers CD163 and CD206 [56] During the transi-
tion to the chronic phase of FBR, macrophages switch po-
larization to the alternatively activated type 2 (M2) phenotype
which is associated with the expression of anti-inflammatory cy-
tokines to reduce inflammation and initiate tissue repair and
wound healing.[49,57] The presence of a greater proportion of
M1 to M2 macrophages is highly indicative of implant failure.
Chronic FBR elicited by M1 macrophages impairs osseointegra-
tion, leading to eventual osteolytic loosening of the implanted
device.[8,49,51c]

RAW 264.7 macrophage polarization on Ti surfaces in the pres-
ence of a S. aureus infection was investigated by evaluating the
expression of M1 and M2 biomarkers—CCR7 and CD206, re-
spectively, and by evaluating the expression of pro-inflammatory
(TNF-𝛼 and IL-1𝛽) and anti-inflammatory cytokines (IL-4 and
IL-10). Macrophages attached to pTi and pTi+HSP surfaces ex-
hibited an upregulated expression of pro-inflammatory biomark-
ers and cytokines, while cells grown on nanostructured HTTi
and HTTi+HSP surfaces demonstrated a significant reduction
in pro-inflammatory cytokine expression (Figures 7B and C).
Moreover, macrophages attached to pTi and pTi+HSP surfaces
showed suppressed expression of anti-inflammatory markers
and cytokines, while cells grown on HTTi and HTTi+HSP sur-
faces exhibited an upregulation of anti-inflammatory markers
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Figure 7. Polarization of RAW 264.7 macrophage during colonisation of pre-infected Ti surfaces with S. aureus cells. A) Schematic representation of M1
and M2 macrophage polarisation. When M2 macrophage polarization outweighs M1, a desirable anti-inflammatory response is mediated. Created with
BioRender.com. B,C) Expression of relevant pro-inflammatory (B) and anti-inflammatory (C) markers and cytokines evaluated via qPCR.

and cytokines. These results indicated a possible macrophage
polarization toward the M1 phenotype on pTi and pTi+HSP
surfaces and the M2 phenotype on HTTi and HTTi+HSP sur-
faces. The data was confirmed with an independent experi-
ment that quantified the production of M1 and M2 biomark-
ers by fluorescence intensity (Figure S10, Supporting Informa-
tion). Microplate readings revealed an enhanced M1 biomarker
CCR7 fluorescence intensity for RAW 264.7 cells incubated on

pTi. In contrast, CCR7 fluorescence intensity was diminished
on the HTTi and HTTi+HSP substrata. The opposite trend
was observed when evaluating M2 biomarker CD206 fluores-
cence; macrophages incubated with HTTi and HTTi+HSP ex-
hibited a significant increase in fluorescence intensity com-
pared to that observed on the pTi and pTi+HSP surfaces
(Figure S10, Supporting Information). These results indicate that
HTTi and HTTi+HSP nanotopography can effectively inactivate
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S. aureus bacterial cells while concomitantly inducing the im-
munomodulation of wound healing associated M2 polarization
of RAW 264.7 macrophages cells and reduced inflammatory
responses.

3. Discussion

The foreign body response to a biomaterial initiates rapidly fol-
lowing the implantation of a medical device as an inherent con-
sequence of the tissue injury necessary for device placement. The
direct contact between blood fluids with the implant surface re-
sults in instantaneous adsorption of serum proteins onto the de-
vice interface. This protein layer is fundamental to the recruit-
ment of the host immune system that will mediate the fate of im-
plantation. Protein adsorption, however, may also influence the
adhesion of pathogenic bacterial cells that contaminate the im-
plant during surgery. Mechano-bactericidal topographies possess
highly specific nanopatterns that rely on physical contact between
bacteria and the nanofeatures to initiate cell rupture and death.
It is well documented that the subtle variations in the geome-
try of surface nanostructures can significantly impact bactericidal
performance.[12e,13c,58] There is ongoing debate that the adsorp-
tion of serum proteins to nanostructured surfaces may affect the
shape of underlying nanofeatures[18c] and hence, may undermine
the mechano-bactericidal performance of the surface. Therefore,
the investigation of protein adsorption on mechano-bactericidal
surfaces becomes fundamental.

Enhanced adsorption of the antiadhesive serum proteins,
such as albumin, is generally reported to hinder osteoblast,
macrophages, and bacterial adhesion and proliferation, result-
ing in a larger anti-inflammatory response and lowered risk of
infection but also decreased osseoinduction.[59] It was believed
that increased serum protein adhesion to nanostructured sur-
faces was governed by the increase in surface area alone;[20] how-
ever, a recent study proposed that the presence of a highly porous
oxide layer on Ti surfaces is the major cause of greater protein
adsorption.[31] For example, it was shown by Barberi, et al. that Ti
surfaces with significant nanoporosity exhibited a greater level of
albumin and fibronectin adsorption compared to flat surfaces.[31]

Hydrophobic surfaces have been generally recognized to pro-
mote protein adsorption,[38,60] although few research groups have
reported an opposite trend, whereby hydrophilic surfaces exhib-
ited augmented levels of protein adsorption.[19]

Herein, our experimental and theoretical analyses clearly in-
dicate that the serum proteins did not occupy the space between
the nanofeatures, rather the protein aggregates were formed on
the top of the nanofeatures of the HTTi surfaces (Figure 3A).
The outcomes of RSA modelling indicated that such pattern
of protein adsorption on nanofeatures is due to phenomena
associated with the convex geometries of the surface nanofea-
tures leading to greater distance between proteins, and hence
lower degrees of surface coverage per unit area.[18a] Albumin
has been documented to aggregate on the top of the nanopillar
features.[18]

The bactericidal activity of Ti nanosheets is dependent on
the sharpness of the exposed edges.[6,12f] It is important to con-
sider that protein adhesion may lead to an augmented thick-
ness of the nanosheet edges and consequently influence the
degree of bactericidal efficacy. Here, however, despite the layer

of HSP, the nanotextured surfaces (HTTi+HSP) maintained a
high mechano-bactericidal efficacy by killing 81.7 ± 11% and
70.1 ± 9% of P. aeruginosa and S. aureus cells, respectively.
In agreement with previous studies, we showed that the num-
ber of S. aureus and P. aeruginosa cells attached to protein-
conditioned hydrothermally treated Ti surfaces (HTTi+HSP)
was reduced.[18a,19b,61] Other groups showed that while adsorbed
albumin exhibited an antibiofouling toward bacterial attach-
ment, the adsorbed fibronectin was found to promote bacterial
attachment.[18a,41,62]

A recent study of bactericidal hydrothermally etched Ti alloy
nanospike topography (average height of 348 ± 152 nm, a di-
ameter of 98 ± 60 nm, and spacing of 437 ± 46 nm) demon-
strated a killing efficiency of 94.7% of attached P. aeruginosa
and 61% of attached S. aureus.[20] The nanospike topography
did not show cytotoxicity toward macrophage cells. The activa-
tion state and degree of activation of macrophages grown on
various surfaces are highly dependent on the dimensional fea-
tures of the surface topography and architecture.[63] A compari-
son of macrophage response to TiO2 NTs surfaces demonstrated
that nanoscale features (<100 nm) are more effective at facil-
itating M2 polarization than microscale features.[7] So far, the
influence of the different nanoscale features and architecture
on macrophage polarization, such as nanowires, nanopillars, or
nanosheets, has not been clearly defined.[63,64] For example, hy-
drothermally etched Ti nanowires of different aspect ratio, hence
different elastic moduli, were shown to control the polarization
of macrophages depending on their ability to deflect in response
to cell attachment. Nanostructures with low elastic moduli con-
tributed to enhanced cell spreading and polarization toward the
M1 phenotype whereas nanostructures with a high elastic mod-
uli were not conducive to macrophage spreading and resulted
in a decreased immune response.[64] A nanoplatelet topogra-
phy (similar to nanosheets) induced the pro-inflammatory M1
macrophage polarization.[63] Herein, the bactericidal nanosheet
topography of the HTTi and HTTi+HSP surfaces positively influ-
enced RAW 264.7 cell attachment, without any detriment to cell
viability: the increased number of focal adhesion sites expressed
on macrophages colonizing HTTi and HTTi+HSP surfaces sug-
gest that the nanoscale features act as binding sites, favoring
the increased adhesion and proliferation of macrophages. We hy-
pothesize that the ability of the nanosheet topography to signif-
icantly promote M2 macrophage polarization can be attributed
to a combination of serum protein adsorption and topographical
factors.

Nevertheless, it is not the quantity of adsorbed protein that
dictates the host body response, but the type of protein.[65] For
example, it was demonstrated that serum proteins on HTi sur-
faces adsorbed an increased amount of protein and, in particu-
lar, a greater percentage of vitronectin and a decreased amount
of complement proteins than nonstructured Ti surfaces (+3%
lipoproteins, +4% vitronectin, −8% albumin). THP-1 monocytes
attached to the Ti nanospike topography with adsorbed protein
demonstrated a significant reduction in pro-inflammatory cy-
tokines and an increase in the production of anti-inflammatory
cytokines.[66] Thus, the increased adsorption of fibronectin and
vitronectin may play a role in inducing macrophage anti-
inflammatory cytokine expression whereas the adsorption of im-
munoglobulins (IgG) results in the macrophage polarization to
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the M1 phenotype and enhanced expression of pro-inflammatory
cytokines.[67]

Our in vitro infection model demonstrated that the mechano-
bactericidal effect of the HTTi and HTTi+HSP nanosheet
topography ensured the rapid elimination of contacting S.
aureus cells. Macrophages attached to HTTi and HTTi+HSP
nanosheet topography did not exhibit an exacerbated phagocy-
tosis (Figure 6), and bacterial cells were not evident on the sur-
face at day 7, suggesting complete early elimination of the in-
fection. In the infection model, macrophages attached to HTTi
and HTTi+HSP demonstrated polarization toward the M2 phe-
notype, revealed by the increased levels of CCR7 and CD206
biomarkers and anti-inflammatory cytokines IL-4 and IL-10. In
contrast, the bacterial cells attached to the pTi surfaces success-
fully proliferated. Macrophages on pTi and pTi+HSP surfaces
were observed to be actively phagocytosing S. aureus cells but
could not out-compete the cells for colonization of the surface
over a 7-day incubation period. Bright et al., demonstrated that
S. aureus cells exhibited a downregulation of capA, which codes
for a capsular biosynthesis protein, on a HTTi surface, suggest-
ing that S. aureus were less able to produce a capsule and more
likely to be recognized and engulfed by macrophages.[68,69] M1
polarization of the RAW 264.7 cells was more evident for pTi and
pTi+HSP surfaces. A crucial aspect to ensuring the prolonged
and successful biomaterial implantation and efficacy is that the
biomaterial should induce desirable immunological responses,
facilitating the process of tissue regeneration and macrophages
are a key innate immune cell involved in this process.[69]

4. Conclusion

A thorough topographical analysis indicated that the adsorp-
tion of a protein layer resulted in an increase in the thickness
of the nanosheets on HTTi surfaces, and at increased protein
concentrations, the formation of nanoaggregates of protein on
top of the nanofeatures; however, without building up the space
between the nanosheets as also confirmed by random sequen-
tial adsorption modelling. Computer simulation analysis indi-
cated that proteins adhered at the tip of the nanosheets rather
than in the valleys due to concave shape of the surface nanofea-
tures. A detailed evaluation of bactericidal efficiency and bac-
terial cell attachment showed that, when compared to protein-
free nanostructured surfaces (HTTi), the HTTi+HSP killing effi-
ciency was reduced concomitantly with increased adsorbed pro-
tein concentrations, perhaps because of the increased thickness
and subsequent reduced sharpness of the nanoedges. Neverthe-
less, the thickness of the nanoedges in the presence of total
serum did not exceed ≈ 20 nm, thus allowing the surfaces to
maintain high mechano-bactericidal efficacy. Most importantly,
the surfaces incubated with HSP demonstrated antibiofouling
behaviour when compared to that of the HSP-free surfaces. Here
we showed that S. aureus infected mechano-bactericidal nanos-
tructured surfaces with a conditioning layer of adsorbed serum
protein (HTTi+HSP) positively impacted the inflammatory re-
sponses of RAW 264.7 cells towards activated type 2 (M2) phe-
notype and expression of anti-inflammatory cytokines. We have
successfully demonstrated the synergistic effect of HTTi and
HTTi+HSP surfaces, that possess nanofeatures capable of me-
chanically rupture and inactivate bacterial cells, while simultane-

ously induce pro-healing type 2 (M2) macrophage polarization
and secretion of anti-inflammatory cytokines. The outcome of
this study provides significant insights into the immunomod-
ulatory characteristics of hydrothermally treated Ti nanostruc-
tures and their potential application as a future generation of im-
plantable biomaterials.

5. Experimental Section
Materials and Reagents: Commercially pure ASTM Grade 2 Ti rods of

5 mm diameter were obtained from Goodfellow (Huntingdon, England).
KOH pellets (85%), absolute ethanol (99%), and acetone (99%) were pur-
chased from Merck (Pty) Ltd. (Bayswater, Australia).

Fabrication of HTTi Surfaces: A Secotom-50 (Struers, Cleveland,
United States) instrument was used to cut the Ti rods into discs of 1 mm
thickness. Before surface fabrication, the samples were polished using sil-
icon carbide grinding papers with a grit size of P1200 and ultrasonically
cleaned in a sequential cycle of acetone, ethanol, and Milli-Q water for a
period of 10 min for each cycle. Non-modified Ti discs (pTi) were used as
control surfaces. For the fabrication of surface nanostructures, the sam-
ples were then subjected to a hydrothermal treatment by immersing them
into 1 M KOH solution in a Teflon-lined reactor and heating to 150 °C for
6 h. Afterward, the samples were retained in MilliQ water for 24 h. Then,
the modified discs were annealed at 450 °C using a Thermolyne Muffle
Furnace (Thermo Fisher Scientific, Waltham, United States) for 4 h. After
annealing, the Ti discs were ultrasonically cleaned for 20 min using a 50%
ethanol solution and then air dried.

Optical Profilometry: The surface topography of the different Ti sam-
ples was examined using a 3D optical profilometer ContourGT-X (Bruker,
Billerica, USA). The average roughness was measured on at least 5 differ-
ent areas of the surface and then averaged. Images were analysed using
the ProfilmOnline platform.

AFM: A NanoWizard4 AFM (JPK BioAFM Business, Bruker
NanoGmbH, Germany) was used to characterize the surface topog-
raphy of the substrata. The AFM head was mounted on an upright
optical microscope (IX81, Olympus, Japan), and the experiments were
carried out on an active vibration isolation table and in an acoustic
hood (Accurion, Germany). The scans were performed in air, using an
n-type antimony-doped silicon probe (SICON, AppNano, USA) in JPK’s
Quantitative Imaging (Qi) mode. AFM image analysis was completed
using Gwyddion (ver. 2.62).

Wettability: Surface static WCA measurements were performed under
ambient conditions using a Phoenix-MT(T) instrument (SEO Co., Suwon,
South Korea), which dispensed a droplet of water with a volume of ≈ 2 μL.
The images were analysed using ImageJ software (version 1.48). The re-
sults were recorded as an average of five separate measurements for each
substratum.

SEM: High-resolution scanning electron micrographs of the Ti sur-
faces were obtained using a Verios 460L XHR SEM (FEI, Hillsboro, USA)
operated at 5 kV. The SEM images were analysed using Image J software
(version 1.48).

XPS: XPS was performed to investigate the chemical composition of
the samples using a Kratos AXIS Supra XPS (Kratos Analytical Ltd., Manch-
ester, United Kingdom) instrument equipped with a monochromatic X-ray
source (aluminium K𝛼, 1486.7 eV) operated at 150 W.

XRD: XRD was performed to evaluate surface crystallinity using a D4
Endeavor (Bruker, Billerica, USA) instrument equipped with Cu-K𝛼 radi-
ation (𝜆 = 0.15406 nm) under ambient conditions. The samples were
scanned under ambient conditions over a 2𝜃 range of 30°–85° at a scan-
ning rate of 1° per minute.

Protein Adsorption: Sterile HSP from male AB plasma were obtained
from Sigma-Aldrich (Saint Louis, United States), which was diluted in ster-
ile phosphate-buffered saline (PBS, Gibco, Life Technologies, Carlsbad,
United States) to different concentrations (0.1%, 1%, 10%, and undiluted
at 100%), as described elsewhere.[70] The Ti surfaces were fully immersed
into 200 μL of protein solution at each concentration for 1 h at 37 °C. To
remove unattached proteins, the samples were gently washed with PBS.
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Total Amount of Protein Estimated using BCA Protein Assay: After
HSP incubation onto Ti surfaces as described in 2.9, the total amount of
protein adsorbed on the samples was quantified using a BCA protein
assay (Thermo Fisher Scientific, Waltham, United States), which was
prepared according to the manufacturer’s instructions. Since albumin was
the predominant protein detected in circulating human plasma serum,[32]

assessment of the total amount of bovine serum albumin (BSA) adsorbed
on Ti surfaces was also conducted. Similar to HSP, BSA was diluted in
sterile PBS to different concentrations (0.1%, 1%, 10%, and undiluted
at 100%).

TEM/STEM: Ti samples were incubated with HSP, as described
in section (Protein Adsorption), using an HSP concentration of 100%.
After incubation, the samples were fixed with 2.5% glutaraldehyde for
1 h and subsequently post-fixed with 1.5% potassium ferrocyanide and
1% osmium tetroxide for 1 h. After washing three times, the surfaces
were incubated with 1% uranyl acetate overnight at 4 °C. For TEM visu-
alization, samples containing nanostructures were gently scrapped with
a stainless-steel blade, and the content was transferred to an Eppendorf
tube containing 10 μL of distilled water. The solution was drop-casted
unto copper grits. TEM analysis was performed using a JEM-F200 TEM
(JEOL Ltd., Akishima, Japan).

Generalized RSA Model for the Adsorption of Human Serum Albumin:
The kinetics of protein adsorption for a given bulk concentration n of pro-
teins were commonly expressed through the fraction of covered area 𝜃 as
a function of time t. It was usually assumed that the adsorption of proteins
does not appreciably affect the bulk protein concentration. This serves as
a model control parameter, along with the rates of adsorption and desorp-
tion, ka and kd, respectively. The kinetics of adsorption were described by
the following equation:

d𝜃
dt

= ka nB (𝜃) − kd𝜃 (1)

Where, B(𝜃) was the blocking function, also known as the surface exclu-
sion effect function. This was defined as the probability to adsorb a protein
to the surface for a given occupancy 𝜃. For an empty surface, e.g., at the
beginning of adsorption, 𝜃 = 0 and the blocking function B(𝜃) = 1. As the
surface coverage increases during the adsorption process, B(𝜃) decreases
as less substrate surface area becomes available for adsorption, and thus
the probability of finding an empty adsorption site decreases. Equation (1)
describes the transition towards a dynamic equilibrium, which depends on
the concentration and on the geometrical features of the underlying sur-
face, which determine the shape of the blocking function.

In general, an analytical solution to the RSA adsorption requires Monte
Carlo (MC) simulations of the adsorption to determine the blocking
function B(𝜃). In the MC simulations, the blocking function B(𝜃) at a
given coverage 𝜃 in the RSA model was defined as the ratio between the
number of potentially successful attempts, Nsucc, and the total amount
of attempts, Natt.

B𝜃 =
Nsucc

Natt
(2)

Each system was simulated N times and for each configuration in a
given simulation, the number of attempts required to adsorb the particle
was computed. Numerically, the calculation was performed with the use of
a MC method, which records the number of successful attempts required
to attach the protein onto a free site. Each simulation was repeated 1000
times. As a result, the blocking function B(𝜃) was computed as an average
of the number of attempts for a given surface coverage 𝜃.

Results for equations (1) and (2) were computed for the real nanos-
tructured surface as obtained by AFM. AFM scans were performed in tap-
ping mode on a JPK Nanowizard (Bruker), in air at ambient conditions,
using a silicon cantilever (Cont20A, Veeco Probes) with a spring constant
of 0.9N m−1 and a resonance frequency of ≈20 kHz over a scan area of
0.5 × 0.5 μm2.

Bacterial Strains and Growth Conditions: Gram-negative P. aerugi-
nosa ATCC 9721 and Gram-positive S. aureus CIP 65.8T bacteria were

obtained from the American Type Culture Collection (ATCC, Manas-
sas, United States) and the Collection de l’Institut Pasteur (CIP, Paris,
France). Bacterial cells were refreshed from frozen stocks on nutrient
agar (Oxoid, Thermo Fisher Scientific, Waltham, United States) for 24 h
at 37 °C.

Bacterial Viability and Attachment: At least three independent exper-
iments were completed for each strain, where bacterial cell suspensions
were prepared by suspending one or two loopfuls of bacteria in 5 mL of
nutrient broth (Oxoid, Thermo Fisher Scientific, Waltham, United States).
The cell suspensions were adjusted to an optical density of OD600 = 0.1 by
further dilution with nutrient broth. Sterilized Ti discs were fully immersed
in 100 μL of bacterial suspension in a sterile 96-well plate for 18 h at 25
°C under static and dark conditions. After incubation, the samples were
gently washed, stained for 25 min using a LIVE/DEAD BacLight Bacterial
Viability Kit (Invitrogen, Carlsbad, United States), and imaged via CLSM
(Zeiss LSM 880, Carl Zeiss Microscopy, Jena, Germany).

Following the 18 h incubation period, the Ti discs with attached bacte-
rial cells were fixed with 2.5% glutaraldehyde (Sigma-Aldrich, Saint Louis,
United States) and sequentially dehydrated with a graded ethanol series
(ethanol volume fractions of 30, 50, 70, 90, and 100% for 10 min each). The
samples were sputter-coated using a Leica EM ACE600 (Leica Microsys-
tems GmbH, Wetzlar, Germany) with 5 nm of iridium. High-resolution
scanning electron micrographs of the Ti surfaces were obtained using a
Verios 460L XHR SEM (FEI, Hillsboro, USA) operated at 5 kV. The SEM
images were analysed using Image J software (version 1.48).

RAW 264.7 Cell Line: The RAW 264.7 macrophage cell line was pur-
chased from American Type Culture Collection (ATCC, Manassas, United
States). The cells were cultured in T75 cell culture flasks with Dulbecco’s
Modified Eagle Medium (DMEM, Gibco, Life Technologies, Carlsbad,
United States) at 37 °C in a humidified incubator with 5% CO2. The RAW
264.7 cells were sub-cultured when the cell density achieved 90% conflu-
ency. Once confluent, the culture medium was removed, and the adher-
ent cells were rinsed with sterile phosphate-buffered saline (PBS, Gibco,
Life Technologies, Carlsbad, United States) and trypsinized using Trypsin-
EDTA (0.25%) (Gibco, Life Technologies, Carlsbad, United States) at 37 °C
for 3 min. Then, the cell suspension was centrifuged at 250 RCF for 5 min.
Following centrifugation, the supernatant was removed, and the resultant
cell pellet was resuspended in 1 mL of DMEM.

The Ti discs were placed in a sterile 96-well plate and then fully covered
with a suspension of RAW 264.7 cells at a density of 5 × 103 cells mL−1

and incubated at 37 °C in a humidified atmosphere incubator with 5%
CO2. The incubation periods used for analysis were 1, 4, and 7 days.

RAW 264.7 Cell Viability and Attachment: Ti discs with attached RAW
264.7 cells, as described in 2.15, were stained with calcein AM (2 μM) and
ethidium homodimer-1 (4 μM) (Invitrogen, Carlsbad, United States) for
30 min under dark conditions at room temperature. The samples were
subsequently imaged using CLSM (Zeiss LSM 880, Carl Zeiss Microscopy,
Jena, Germany).

Immunocytochemistry and Cytoskeleton Staining: Ti discs seeded with
RAW 264.7 cells were washed twice with PBS and subsequently fixed using
4% paraformaldehyde for 15 min. The cells were permeabilized using 0.2%
Triton X-100 for a further 15 min. Following this, the cells were blocked
in 1% BSA for 30 min. The cells were then treated with an anti-vinculin
(mouse) primary antibody as an indicator of focal adhesions at room tem-
perature for 1 h. A secondary antibody, anti-Mouse IgG in goat serum, was
drop-cast onto samples and incubated for 1 h at room temperature; the
actin filaments were stained using phalloidin for a further 20 min, and then
the cell nuclei were stained using TO-PRO−3 Iodide for 30 min. The cells
were imaged using CLSM (Zeiss LSM 880, Carl Zeiss Microscopy, Jena,
Germany).

Competitive Colonization in vitro Model: Gram-positive S. aureus CIP
65.8T bacteria were obtained from the Collection de l’Institut Pasteur (CIP,
Paris, France). The bacterial cells were refreshed from frozen stocks on
nutrient agar (Oxoid, Thermo Fisher Scientific, Waltham, United States)
for 24 h at 37 °C. The cell suspensions were adjusted to an infective dose
of 105 cells per mL, as previously described.[22] Sterilised Ti discs were
fully immersed in 100 μL of bacterial suspension in a sterile 96-well plate
for 6 h at 25 °C under static and dark conditions. After pre-infection,
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the RAW 264.7 cell line was prepared in a penicillin-streptomycin-free
DMEM and were seeded on pre-infected Ti surfaces at a density of 5 × 103

cells mL−1 and incubated at 37 °C in a humidified atmosphere incubator
with 5% CO2. The competitive colonization was assessed at 1, 4, and
7 days. After the co-colonization incubation period, the samples were
gently washed, stained using a LIVE/DEAD BacLight Bacterial Viability Kit
(Invitrogen, Carlsbad, United States), and with calcein AM (2 μM) and
ethidium homodimer-1 (4 μM) (Invitrogen, Carlsbad, United States) for
30 min under dark conditions at room temperature. The samples were
imaged using CLSM.

Quantification of Nitric Oxide Production: Nitric oxide release was
assessed by a Griess assay (Biotium, San Francisco, United States).
RAW 264.7 and S. aureus cells were co-colonized as described in the
section (Competitive Colonization in vitro Model) for 2 days. After the co-
colonization incubation period, the supernatant (150 μL) was collected,
mixed with Griess reagent (20 μL), and incubated at room temperature for
30 min as per manufacture protocol. The solution was then transferred
to a 96-well plate, and its absorbance at 550 nm was recorded using a
CLARIOstar Plus microplate reader (BMG LabTech Pty., Ltd., Ortenberg,
Germany).

Quantification of M1 and M2 polarization markers CCR7 and CD206:
Ti discs were co-colonized with RAW 264.7 and S. aureus cells, as previ-
ously described in the section (Competitive Colonization in vitro Model)
for 2 days. After co-colonization, the RAW 264.7 cells were trypsinized and
washed with PBS. The RAW 264.7 cells were then blocked with CD16/32
for 10 min and subsequently incubated with allophycocyanin-conjugated
CCR7 and phycoerythrin-conjugated CD206 for 1 h. After incubation, the
cell suspension was transferred to a 96-well plate, and the fluorescence in-
tensity (excitation/emission: 650/660 nm for allophycocyanin and 565/578
for phycoerythrin) was recorded using a CLARIOstar Plus microplate
reader (BMG LabTech Pty., Ltd., Ortenberg, Germany).

Macrophage Polarization: Ti samples were seeded with S. aureus and
RAW 264.7 cells, as described in the section (Competitive Colonization
in vitro Model) and incubated for 2 days. After incubation, RNA was ex-
tracted using an Isolate II RNA Mini Kit (Meridian Bioscience Inc., Cincin-
nati, United States) according to the manufacturer’s protocol. The total
isolated RNA was converted to cDNA using a SensiFAST cDNA Synthesis
Kit (Meridian Bioscience Inc., Cincinnati, United States). Finally, a Sensi-
FAST SYBR & Fluorescein Kit (Meridian Bioscience Inc., Cincinnati, United
States) was used to quantify the expression of TNF-𝛼 and IL-𝛽, as anti-
inflammatory cytokines IL-4 and iIL-10, as well as M1 and M2 markers
CCR7 and CD206 via a real-time quantitative polymerase chain reaction
(RT-qPCR) assay. The sequences of the forward and reverse primers used
in this work were collected from previously published work[71] (Table 1).
Gene expression was normalized to the housekeeping gene (GAPDH). RT-
qPCR analysis was performed using a CFX96 Touch real-time PCR detec-
tion system (Bio-Rad, Hercules, USA).

Statistical Analysis: All data were presented as mean ± standard devia-
tion, representative of three independent experiments. Statistical analysis
was performed using a Student’s t-test in GraphPad Prism, where p < 0.05
was used to determine statistical significance.

Graphical Illustrations: The graphical illustrations seen in the Graphi-
cal Abstract, Figure 6A, and Figure 7A were created using BioRender.com.

Table 1. Primer sequences for real-time PCR analysis.

Gene Forward sequence (5′-3′) Reverse sequence (3′-5′)

TNF-𝛼 CCCTCACACTCAGATCATCTTCT GCTACGACGTGGGCTACAG

IL-1𝛽 TGCCACCTTTTGACAGTGATG AAGGTCCACGGGAAAGACAC

IL-4 CCATATCCACGGATGCGACA AAGCCCGAAAGAGTCTCTGC

IL-10 GCTCTTACTGACTGGCATGAG CGCAGCTCTAGGAGCATGTG

CCR7 TGTACGAGTCGGTGTGCTTC GGTAGGTATCCGTCATGGTCTTG

CD206 CTCTGTTCAGCTATTGGACGC CGGAATTTCTGGGATTCACGTTC

GAPDH AGGTCGGTGTGAACGGATTTG TGTAGACCATGTAGTTGAGGTCA
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