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Abstract

Bacterial infection has been one of the main obstacles for extensive biomedical
applications of biomaterial films. Understanding the interactions among
macromolecules, cells, and bacteria in the microenvironment located on the film surface
at the molecular level is essential for developing anti-bacterial films. Here we report
the distinct influence of several key serum proteins adsorbed on DLC and traditional Ti

films on initial bacterial adhesion, biofilm formation and corresponding immune
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responses. Type I collagen, Fn, and IgG were selected as the typical serum proteins.
Gram-positive bacterium Staphylococcus epidermidis and Gram-negative bacterium
Escherichia coli were used as the model bacteria. Macrophage phagocytosis tests were
carried out to examine the impact of adsorbed proteins on the ability of macrophages
to clear the adhered pathogens. Results show that it was the specific molecular
recognition between adsorbed proteins and bacteria, not the surface physiochemical
properties such as surface wettability, surface roughness and surfaces charge, that
decisively affected bacterial adhesion and following biofilm formation. Collagen
resisted bacterial adhesion on both DLC and Ti films, even though the molecules
exhibited distinct conformations on the two surfaces. Whereas for Fn and IgG, the
specific molecular recognition was closely related to protein conformations. Fn
molecules formed globular aggregates on Ti surfaces that greatly enhanced bacterial
adhesion, but exhibited a fibril conformation on DLC surfaces that inhibited bacterial
adhesion. IgG showed an end-on orientation with free F(ab), domains on Ti surfaces,
facilitating bacterial adhesion and biofilm formation, while the flattened orientation on
DLC films showed little effect on bacterial behaviors. Furthermore, pre-adsorption of
Fn and IgG significantly promoted the phagocytosis ability of macrophages against S.
epidermidis and affected the corresponding secretion of inflammatory cytokine. These
results would give insights into understanding protein-surface interactions for
developing appropriate surface modification techniques for biomaterials with desired

anti-inflammatory functions.

Keywords: Protein adsorption, bacterial adhesion, biofilm formation, macrophage

phagocytosis, protein conformation.

Introduction

With the rapid development of biomedical technologies, the role of biomaterials have
become increasingly important. However, biomaterial-associated infections have been
a major obstacle that limits the further application of biomedical materials. It was

reported that more than 70% of surgery failure resulted from biomaterial-associated
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infections!, which have to be taken into serious consideration. Therefore, a deep
understanding of bacterial biofilm formation on biomaterial surfaces is crucial to the

surface design of biomedical devices and implants.

When bacteria indwell and aggregate on biomedical devices, they usually produce a
matrix of extracellular polymeric substances (EPS) composed of polysaccharides,
proteins, lipids and extracellular DNA?2. Planktonic bacteria are embedded in the self-
produced matrix layers and form biofilms, which will protect the bacteria from the
attack of bactericides and the host immune system while promoting further biofilm
growth, thus leading to serious infections and surgery failure3-3. Once infections occur,
immune cells are recruited to the infected sites within minutes, phagocytize pathogens
and activate cellular functions such as proliferation, secretion of proteins and cytokines,

and respiratory burst to destroy phagocytized organisms®’.

Nevertheless, when studying biomaterial-associated infections, a crucial but usually
ignored issue is serum protein adsorption. After biomaterials are implanted into the
human body, adsorption of proteins occurs prior to the attachment and colonization of
bacteria or cells on materials surfaces®. Therefore, adsorbed proteins serve as the bridge
between the material surface and adherent cells. Adsorbed proteins may influence
cellular and bacterial growth by altering surface physicochemical properties, such as
surface wettability, surface roughness and surface charge®. Moreover, the type, amount
and conformation of adsorbed proteins could also affect the subsequent adhesion of
bacteria and host cells!®!> . In an earlier study, we have demonstrated that the
conformation of vitronectins affected cell adhesion!3: osteoblast adhesion and integrin
gene expression were greatly promoted when vitronectins formed multimers, but were
hardly affected when vitronectins formed dimmers. Hence, it is of vital importance to
study the influence of serum protein adsorption on biomaterial-associated infections,

given that related studies are rare and often ignored by researchers.

In this study, to address the bacterial infection problems of biomedical films, we
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proposed a research strategy of examining the adsorption behaviors of typical key
serum proteins on the films, the recruitment and competitive adhesion of bacteria and
immune cells, and the interaction mechanisms among the species. The traditional
biomedical material Ti'* and a newly emerged biomaterial DLC were selected as model
biomaterials. DLC films may serve as promising coatings for biomedical devices owing
to their superior biological and mechanical properties!>-!7, yet bacterial infections are
the major challenge limiting their extensive biomedical applications. In this work, three
types of serum proteins: type I collagen, fibronectin (Fn), and immunoglobulin G (IgG),
due to their rich abundance and great importance on cellular and bacterial behaviors!”
19 were typically selected to investigate the influence of their adsorption behaviors on
bacterial biofilm formation and immune responses. Gram-positive bacterium
Staphylococcus epidermidis and Gram-negative bacterium Escherichia coli were
typically chosen to assess bacterial infections. Throughout this study, we attempted to
disclose the mechanisms of the influence of serum protein adsorption on biomaterial-
associated infections on the molecular level and provide insights for biomaterial surface

design.

Materials and methods

Materials.

DLC films were purchased from Star Arc Coating New Material Technology Co. Ltd.
Suzhou, China. The films were fabricated by CVD deposition on silicon substrates. Ti

films were prepared by PVD deposition on silicon substrates.

Culturing of bacteria.

S. epidermidis (CMCC(B)26069) and E. coli (ATCC25922) were cultured at 37°C
overnight in Trypticase Soy Broth (TSB) and Luria-Bertani (LB) media, respectively.
The bacteria were harvested by centrifugation at 1500 rpm for 10 min twice, then
diluted in PBS to an ODgg value of 0.1 (~1 x 10% cells/ml). For bacterial adhesion test,

S. epidermidis and E. coli were seeded onto the surfaces of the DLC and Ti films

ACS Paragon Plus Environment

Page 4 of 30



Page 5 of 30 ACS Applied Bio Materials

1

2

2 with/without prior protein adsorption. Morphologies of bacteria were acquired by using
Z field emission scanning electron microscopy (FESEM, FEI Quanta FEG 250, USA).
; After incubation for 4 h, the samples were rinsed three times with PBS and then
?O submerged in 4% paraformaldehyde to fix the adherent cells. Biofilm formation was
:; evaluated by crystal violet staining analysis method. After incubation for 24 h, the
:i samples were rinsed three times with PBS, and the biofilms were stained with 0.1 wt%
12 crystal violet solution for 5 min in dark. After washing the samples twice with PBS, 95%
1; ethanol solution was added onto the surfaces and remained for 30 min to dissolve the
;g stained biofilms. Finally, biofilm formation on the samples was measured using
;; microplate reader at ODsy,.

23

24

;2 Pre-adsorption of proteins.

;é Three key serum proteins, type I collagen (Solarbio, C8026), fibronectin (Fn, Solarbio,
29 F8180), and IgG (Sigma, 14506), were typically selected to adsorb on material surfaces.
2(1) For pre-adsorption, 200 pl protein solution (20 pg/ml) was added onto the DLC and Ti
gg samples and remained for 30 min. The samples were subsequently rinsed with PBS for
gg three times to remove unadsorbed protein molecules. Adsorbed proteins on the DLC
g? and Ti films were characterized by atomic force microscopy (AFM) (Bruker,
22 Bioresolve, Germany) in aqueous environment. Micro BCA protein assay (Sangon
2(1) Biotech, China) was conducted to quantitatively assess protein adsorption. After the
jé pre-adsorption of proteins and three-time rinsing, the samples were incubated in 300 pl
P 2% SDS solution at 37°C for 24 h.

46

47

jg Characterization of surface physicochemical properties.

g? The surface roughness and surface potential of the DLC and Ti films with/without
gg protein adsorption were characterized by AFM (Bruker, Incon, Germany) in AM-
g;’ PKFM mode. The surface wettability of the DLC and Ti surfaces with/without protein
g ? adsorption was assessed by static water contact angle measurement.

58

59

60

Macrophage culturing and phagocytosis tests.
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Macrophage cell line (RAW 264.7, Type Culture Collection of Chinese Academy of
Sciences, Shanghai, China) was used to reveal the cellular responses of macrophages
on the sample surfaces. Macrophages were cultured in Dulbecco’s modified eagle
media (DMEM, Gibco) supplemented with 10% fetal bovine serum (FBS, Gibco) and
2% penicillin-streptomycin (Gibco) in humidified atmosphere with 5% CO, at 37°C.
The cells were counted and diluted to a concentration of 5 x 10° cells/ml. Cell adhesion
was examined using immunofluorescence assay. Cells were seeded onto the surfaces of
the DLC and Ti films with/without pre-adsorbed proteins. After incubation for 4 h, the
cells were washed three times with PBS, then fixed with 4% paraformaldehyde.
Subsequently, the cells were blocked by 1% BSA overnight. Actin filaments were
labeled with FITC-conjugated phalloidin (Sigma) for 90 min. Nuclei were stained with
DAPI (Sigma) for 30 min. The samples were rinsed with PBS three times and examined

immediately with confocal laser microscopy (CLSM, Leica TCS SP5, Germany).

The phagocytosis tests were conducted after the adhesion of S. epidermidis and E. coli
(~1 x 108 cells/ml) for 4 h on the DLC films with/without prior protein adsorption. The
samples were washed with PBS three times to remove unadsorbed bacteria, and
macrophages were then seeded. After incubated for 4 h, the cells were rinsed with PBS
and fixed with 4% paraformaldehyde. Morphologies of bacteria and macrophages were

characterized by FESEM.

Results and discussion

To gain a comprehensive understanding of the influence of pre-adsorbed serum protein
layers on bacterial behaviors on the DLC and Ti films, initial adhesion of S. epidermidis
and E. coli on the films were characterized using SEM (Fig. 1, 2). Surprisingly, pre-
adsorption of proteins showed remarkable influence on bacteria adhesion behaviors.
For S. epidermidis, the pre-adsorption of collagen could dramatically inhibit bacterial
adhesion on both DLC and Ti films (Fig. 1 A-2, B-2), where the adherent density
decreased from around 3.3 X 105 cells/cm? to around 1.5 X 10° cells/cm? on both two

films (Fig. 1C). Two or three bacteria bound with each other and were evenly
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distributed on the entire surfaces. However, Fn or IgG pre-adsorption inhibited S.
epidermidis adhesion only on the DLC films (Fig. 1 A-3, A-4), and there was no
significant difference in bacterial adhesion on the Ti films (Fig. 1 B-3, B-4). In addition,
for E. coli, the bacterial cells formed bacterial clusters without protein pre-adsorption
(Fig. 2 A-1, B-1), especially on the surface of DLC films. On the surfaces pre-coated
with proteins, the E. coli cells showed well-dispersed colonization. Collagen pre-
adsorption also significantly deterred E. coli adhesion, as the density of adherent
bacteria decreased from 5.0x10* cells/cm? to approximately 2.0x10* cells/cm? on both
two surfaces (Fig. 2 A-2, B-2, C). Noticeably, Fn and IgG showed different effect on
E. coli adhesion on the Ti and DLC surfaces. On the DLC surfaces, pre-adsorption of
Fn substantially inhibited the initial adhesion of E. coli, reducing bacterial density to
about 1.9x10* cells/cm? (Fig. 2 A-3). Whereas on the Ti surfaces, Fn dramatically
enhanced bacterial attachment, increasing bacterial density to around 7.0x10* cells/cm?
(Fig. 2 B-3). Moreover, IgG pre-adsorption on the Ti surfaces significantly promoted
E. coli adhesion, increasing bacterial density to four times that on the untreated surfaces
(Fig. 2 B-4). On the DLC surfaces, however, IgG had no pronounced promotion effect
(Fig. 2 A-4).
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Fig. 1 A, B: FESEM images showing the initial adhesion of S. epidermidis on DLC (A) and Ti (B)
films without (A-1, B-1) or with the pre-adsorption of type I collagen (A-2, B-2), Fn (A-3, B-3),
and IgG (A-4, B-4). C: The density of adherent S. epidermidis on the DLC and Ti surfaces

with/without protein adsorption.
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29 Samples

31 Fig. 2 A, B: FESEM images showing the initial adhesion of . coli on DLC (A) and Ti (B) films
33 without (A-1, B-1) or with the pre-adsorption of type I collagen (A-2, B-2), Fn (A-3, B-3), and
35 IgG (A-4, B-4). C: The density of adherent E. coli on the DLC and Ti surfaces with/without

37 protein adsorption.

41 These results suggest that protein adsorption could dramatically influence initial
43 bacterial adhesion behaviors. Initial bacterial attachment may have considerable impact
45 on the following biofilm formation and bacterial infection?, thus the influence of
47 protein adsorption on the subsequent biofilm growth of S. epidermidis (Fig. 3A) and E.
49 coli (Fig. 3B) was quantitatively assessed. For S. epidermidis, pre-adsorption of
collagen, Fn and IgG inhibited biofilm formation to different degrees, following a trend
similar to that observed for initial adhesion. This indicates that the regulation of S.
epidermidis biofilm formation by protein pre-adsorption was mainly achieved by
regulating initial bacterial adhesion. For E. coli, however, pre-adsorption of collagen
and Fn enhanced biofilm formation, and the promotional effect of Fn was more

pronounced. In contrast, IgG exerted adverse effects on biofilm formation of E. coli.
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This is different from the phenomenon observed for the initial E. coli adhesion, where
bacterial adhesion was significantly promoted by IgG and inhibited by collagen. Thus,
these results demonstrate that the biofilm formation of E. coli was only partly affected
by the initial bacterial adhesion, and might also have been determined by the following
bacterial growth factors, such as proliferation and EPS secretion, which were also
influenced by protein adsorption. The underlying mechanisms should be further

investigated.
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Fig. 3 Biofilm formation of the S. epidermidis (A) and E. coli (B) on the DLC and Ti surfaces

with/without protein adsorption.

In order to elucidate the underlying mechanism as to how the pre-adsorbed proteins
influenced bacterial adhesion and biofilm formation, we analyzed the possible
explanations. Given that bacterial adhesion is a complex process, many research efforts
have been devoted to clarifying the phenomenon from two possible perspectives: on
the one hand, it is believed that the effect of adsorbed proteins on bacterial adhesion
and biofilm formation is determined by surface physicochemical properties including
wettability, roughness, and charge state?!->4, which could be altered by the protein

adsorption process. On the other hand, some researchers believe that the specific
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molecular recognition between adsorbed proteins and bacterial cell wall receptors?>-2’
plays the decisive role, thus the conformation of the adsorbed proteins was the key point.
In this work, we analyzed the relationship between the altered surface physicochemical
properties and bacterial adhesion and biofilm formation of S. epidermids and E. coli.
AFM was employed to evaluate the surface roughness and surface charge, and water
static contact angle measurement was applied to assess the wettability. Results showed
that after protein adsorption, the water contact angle decreased on both the DLC and Ti
films, indicating that the surfaces became more hydrophilic. Next, we analyzed the
bacterial density (Fig. 1C, 2C) and biofilm growth (Fig. 3) of S. epidermidis and E. coli
as a function of the water contact angle. It was found that the bacterial growth of S.
epidermidis and E. coli showed similar trends with the changes of the water contact
angle, but there was no clear linear relationship (Fig. 4A). Besides, the relationship
between surface roughness and bacterial growth was analyzed, but no noticeable
correlation was found (Fig. 4B). Because the surface of the bacterial cell wall is
negatively charged, some studies presumed that this electronegativity is the main factor
affecting bacterial adhesion and growth on surfaces?®?°. Therefore, we further
characterized the surface potential of the surfaces before and after the adsorption of
collagen, Fn and IgG to explore the influence of surface potential on S. epidermidis and
E. coli adhesion and biofilm formation (Fig. 4C). Disappointingly, there was no
significant linear relationship between initial bacterial attachment and subsequent
biofilm formation and surface potential. These results suggest that the three surface
physicochemical properties: surface wettability, surface roughness and surface charge

were not the desicive factors affecting bacterial adhesion and biofilm formation.
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Fig. 4 The variation of the density of adherent bacteria (-1) and biofilm formation (-2) with
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surface wettability (A), surface roughness (B) and surface potential (C) on DLC and Ti surfaces

with/without protein adsorption.

Given that bacterial growthwas not dominated by non-specific interactions, we next

studied the molecular specific recognition between adsorbed proteins and bacteria.

AFM was employed to characterize the microstructure of the DLC and Ti surfaces. It

was found that the DLC films displayed large island-like structures with diameters of
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about 150~200 nm (Fig. 5A-1), while the Ti films possessed small grain-like structures
with diameters of about 30~50 nm (Fig. 5A-2). The morphologies of collagen, Fn and
IgG proteins adsorbed on the surfaces were then characterized. It was noted that
collagen was apt to form interconnected folded fibril clusters with fibril diameters of
approximately 15 nm on the surface of the DLC films (Fig. 5B-1), whereas quite long,
thick fibrillar structures with diameters of around 30 nm were formed on the entire Ti
film surface (Fig. 5B-2), indicating that collagen is easier to self-assemble to form
fibrous structures on Ti surfaces. Fn exhibited fibril-contained nodules in a beads-on-
a-string arrangement with an average height of 2 nm, and the nodules were evenly
distributed on the island-like particles of DLC films in high density (Fig. SC-1). On Ti
surfaces, Fn molecules formed globular agglomerates with an average diameter of ~43
nm and an average height of ~2.5 nm (Fig. 5C-2). IgG molecules showed a globular
conformation on both the DLC and Ti surfaces (Fig. 5D). After analyzing the heights
of the observed molecules, it was noted that the majority of the IgG molecules adsorbed
on the Ti surfaces possessed a higher height of 3.5 nm compared to that on the DLC
surfaces (2.5 nm) (Fig. 5D), suggesting that IgG displayed distinct conformations on
the two surfaces. In addition, micro-BCA assay was used to evaluate the amount of
adsorbed proteins. It was found that the amounts of proteins adsorbed on the DLC
surfaces were significantly higher than those on the Ti surfaces. The amounts of

different types of proteins were basically the same on the same materials.
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Fig. 5 A, B, C, D: AFM images showing the surface morphologies of the DLC (-1) and Ti (-2)

films with/without protein pre-adsorption. The bare films (A) and the films pre-adsorbed with type
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I collagen (B), Fn (C) and IgG (D). The typical molecules adsorbed on the films are highlighted in
the framed and arrow-pointed areas. The magnified images of adsorbed proteins are on the bottom
of B, C and D (the scale bar is 50 nm). Graphical depictions of the typical protein molecules are
shown in the right-bottom corners of B, C and D. The height distributions of the adsorbed IgG
particles are shown on the bottom of D-1 and D-2. E: The quantity of adsorbed proteins on DLC

and Ti surfaces.

Combined with the results of initial bacterial adhesion tests on S. epidermidis and E.
coli, it was found that despite collagen exhibited distinct conformations, the pre-
adsorption of collagen inhibited bacterial adhesion on both two films, demonstrating
that the inhibitory effect of collagen pre-adsorption is independent of the conformation
of the molecules. However, the situation was quiet different for IgG and Fn. IgG
dramatically enhanced the initial adhesion of S. epidermidis and E. coli on the Ti films,
whereas greatly inhibited bacterial adhesion on the DLC films. This phenomenon may
correlate with the protein conformation of IgG molecules. The height analysis
suggested that the average height of the adsorbed IgG was higher on the Ti surfaces
than on the DLC surfaces. Our previous investigations on IgG adhesion have shown
that when the adsorbed IgG molecules exhibited a flat conformation, the average height
was ~2.5 nm; when the adsorbed IgG molecules exhibited a vertical conformation, the
average height could reach ~ 3.5 nm?°. It is therefore likely that in this case, the IgG
molecules adsorbed on the Ti surfaces showed a vertical conformation, while the
molecules on the DLC surfaces had a flattened conformation. Moreover, taking the
surface potential data into consideration, it was found that the pre-adsorption of IgG
made the surface potential much higher on the Ti films (~-160 mV) than on the DLC
films (~-400 mV) (Fig. 4C). An IgG molecule is composed of three domains: one Fc
domain with negative charge and two Fab domains with positive charge. Therefore, the
higher surface potential of Ti surfaces after IgG adsorption induced the protein
molecules to display an end-on conformation, exposing the two Fab domains which
could specifically recognize the receptors on the bacterial cell wall, thus promoting

bacterial adhesion on the Ti surfaces. The IgG with the flattened conformation on the
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DLC surfaces, however, had little effect on bacterial adhesion. For Fn, it was
demonstrated that the pre-adsorption of Fn enhanced E. coli adhesion on the Ti films,
but inhibited E. coli adhesion on the DLC films, suggesting that the distinct initial
adhesion behaviors of the bacteria may have resulted from the different conformations
of the adsorbed Fn molecules. From the AFM images, it was found that the Fn adsorbed
on the Ti surfaces formed globular agglomerates, which was in consistence with
previous findings reporting that Fn preferred to adsorb in a globular conformation with
a mean width of 55 + 9 nm and a mean height of 4.6 £ 1.6 nm on Ti-based materials,
such as Ti, Ti compounds and Ti alloys’!-*2. Whereas on the DLC films, the Fn
molecules displayed a fibril conformation containing nodules in a beads-on-a-string
arrangement. The globular Fn nodules were 12~22 nm in diameter and around 2 nm in
height. It is reported that these nodules were the result of Fn dimers aligning in a
staggered manner with an overlap between the first seven Fn type III modules of each
Fn dimer33. The conformational changes of Fn molecules may induce the differences in
exposed cell-binding domains, thus affecting the initial adhesion of bacteria. Based on
the discussion above, it could be concluded that the molecular specific recognition
between Fn/IgG proteins and bacteria was the major factor affecting the initial bacterial
adhesion. But the detailed mechanisms of how the proteins interact with cell wall

receptors and the inhibitory effect need to be further investigated.

To figure out the subsequent impact of the pre-adsorption of the proteins on bacterial

infections, the inflammatory responses towards S. epidermidis and E. coli were assessed.

Macrophages are one of the most predominant immune cells. They can reach the
implant site immediately after implantation and remain at the biomaterial surface to
detect bacteria via their surface receptors, thereby aiding to regulate inflammatory
processes and rejection reactions3#3%, After the 30-minute protein adsorption and the
following 4-hour macrophage adhesion, macrophage cells were fixed and stained for
further analyses. Results reveal that collagen substantially reduced macrophage
adhesion, whereas Fn and IgG greatly promoted the attachment of macrophages, and

the promotional effect of [gG was more pronounced (Fig. 6). This result suggests that
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the types of the pre-adsorbed proteins on the films significantly affected macrophage

adhesion.

100 pm 100 pm
— T —— EET—

100 pm 100 pm

Fig. 6 CLSM images showing the macrophages adhered on the DLC (A) and Ti (B) films. The

bare films (-1) and the films pre-adsorbed with collagen (-2), Fn (-3) and IgG (-4).

The impact of protein adsorption on macrophage phagocytosis was further investigated.
After protein adsorption, S. epidermidis was allowed to adhere and grow on the film
surfaces, then macrophages were introduced after colonization of the bacteria. The
morphologies of the macrophages were characterized by SEM (Fig. 7). Compared with
those attached on the bare DLC and Ti surfaces, the macrophages spread poorly and
did not covered large surface area on the collagen-coated surfaces. The cells showed
isolated circular shapes (Fig. 7A-2, B-2), and abundant unphagocytized S. epidermidis
bacteria could be seen, implying the negative effects of the pre-adsorbed collagen on
macrophage phagocytosis. In contrast, however, for both the Fn and IgG-coated
surfaces, the cells spread extensively with strengthened vesicular membranes. On the
IgG-coated surfaces, the cells possessed the largest spreading area, and the engulfing
phenomenon at the edges of single macrophages was clear to see (Fig. 7A-4, B-4),
suggesting activated cell states of macrophages and strong phagocytosis abilities.
Furthermore, the production of inflammatory-associated cytokine during macrophage
phagocytosis was assessed using TNF-a secretion assay (Fig. 7C). TNF-a is a vital pro-
inflammatory factor that can be up-regulated at inflammatory sites, and it has been

reported to promote macrophage phagocytosis’®. It was noted that the adsorbed
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collagen and IgG had no sigifcant effect on the secretion of TNF-o on the DLC and Ti
surfaces, but Fn substantially promoted TNF-a secretion on the DLC surfaces. The

promotional effect of Fn may be associated with the Fn conformation on the DLC

surfaces, where they exhibited linear fibril shapes, exposing more cell-binding domains.

Nevertheless, the detailed mechanisms should be further studied using biochemical

characterization and structural biological analysis.

TNF-o secretion
(10*pg/ml)

DLC Collagen Fn IgG
Samples

Fig. 7 A, B: FESEM images of macrophage phagocytosis against S. epidermidis on the DLC
(A) and Ti (B) films. The bare films (-1) and the films pre-adsorbed with collagen (-2), Fn (-3) and

IgG (-4). C: TNF-a secretion of macrophages with and without protein pre-adsorption.

Conclusion

Inflammatory responses on biomedical DLC and Ti films were investigated by
examining the influence of pre-adsorbed type I collagen, Fn and IgG on initial bacterial
adhesion and biofilm formation of S. epidermidis and E. coli and corresponding
macrophage phagocytosis. It was disclosed that the specific molecular recognition

between adsorbed proteins and bacteria was the decisive factor affecting bacterial
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adhesion and following biofilm formation, and this process was partly attributed to the
conformation of adsorbed protein molecules. Fn molecules formed globular aggregates
on Ti surfaces that greatly enhanced bacterial adhesion, but exhibited a fibril
conformation on DLC surfaces that inhibited bacterial adhesion. IgG showed an end-
on orientation with free F(ab), domains on Ti surfaces, facilitating bacterial adhesion
and biofilm formation, while the flattened orientation on DLC films showed little effect
on bacterial behaviors. Further macrophage phagocytosis assessment revealed that the
phagocytosis against colonized bacteria was mainly determined by the types of pre-
adsorbed proteins. Fn and IgG strongly promoted macrophage adhesion and
phagocytosis on both two surfaces, but collagen pre-adsorption showed an adverse
effect. The underlying specific molecular mechanisms, such as related signal paths and
bacteria binding domains should be further investigated in future work. The results
would give insights into understanding biomaterial-associated bacterial infections and
shed light on the application of surface modification by proteins in designing anti-

bacterial surfaces.
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36 Fig. 1 A, B: FESEM images showing the initial adhesion of S. epidermidis on DLC (A) and Ti (B) films without
37 (A-1, B-1) or with the pre-adsorption of type I collagen (A-2, B-2), Fn (A-3, B-3), and IgG (A-4, B-4). C:
38 The density of adherent S. epidermidis on the DLC and Ti surfaces with/without protein adsorption.
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Fig. 2 A, B: FESEM images showing the initial adhesion of E. coli on DLC (A) and Ti (B) films without (A-1, B-
1) or with the pre-adsorption of type I collagen (A-2, B-2), Fn (A-3, B-3), and IgG (A-4, B-4). C: The
density of adherent E. coli on the DLC and Ti surfaces with/without protein adsorption.
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45 Fig. 3 Biofilm formation of the S. epidermidis (A) and E. coli (B) on the DLC and Ti surfaces with/without
46 protein adsorption.
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Fig. 4 The variation of the density of adherent bacteria (-1) and biofilm formation (-2) with surface
wettability (A), surface roughness (B) and surface potential (C) on DLC and Ti surfaces with/without protein
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45 Fig. 5 A, B, C, D: AFM images showing the surface morphologies of the DLC (-1) and Ti (-2) films

46 with/without protein pre-adsorption. The bare films (A) and the films pre-adsorbed with type I collagen (B),
47 Fn (C) and IgG (D). The typical molecules adsorbed on the films are highlighted in the framed and arrow-
pointed areas. The magnified images of adsorbed proteins are on the bottom of B, C and D (the scale bar is
50 nm). Graphical depictions of the typical protein molecules are shown in the right-bottom corners of B, C
49 and D. The height distributions of the adsorbed IgG particles are shown on the bottom of D-1 and D-2. E:
50 The quantity of adsorbed proteins on DLC and Ti surfaces.
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Fig. 6 CLSM images showing the macrophages adhered on the DLC (A) and Ti (B) films. The bare films (-1)
and the films pre-adsorbed with collagen (-2), Fn (-3) and IgG (-4).
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Fig. 7 A, B: FESEM images of macrophage phagocytosis against S.epidermidis on the DLC (A) and Ti (B)
37 films. The bare films (-1) and the films pre-adsorbed with collagen (-2), Fn (-3) and IgG (-4). C: TNF-a
38 secretion of macrophages with and without protein pre-adsorption.
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