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a b s t r a c t

Immune rejection, poor biocompatibility and cytotoxicity have seriously stalled the widespread appli-

cation of biometallic materials. To overcome these problems, biometallic materials with fast and suf-

ficient osseointegration, antibacterial properties and long-term stability have attracted the attention of

researchers worldwide. Surface modification is currently used as a general strategy to develop material

coatings that will overcome these challenging requirements and achieve the successful performance of

implants. In this study, we proposed a substrate surface-modification strategy based on biofilm CsgA pro-

teins that promote rapid cell attachment, proliferation, and stabilization of the cytoskeleton. CsgA-based

nano-coating is easy to fabricate and has superior performance, which is expected to expand the appli-

cation of medical implants.

© 2023 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Surface modification of scaffolds and substrates plays an im-

portant role in tissue engineering and biomedicine [1,2]. The in-

ert surface of polymer materials leads to their poor biocompatibil-

ity, which seriously affects the adhesion, proliferation, and migra-

tion of cells, such as polystyrene, polyurethane, and polytetrafluo-

roethylene [3–5]. Subsequently, many surface-modification strate-

gies have been proposed to enhance the biological activity of ma-

terials, mainly including chemical modification and physical ad-

sorption [6–9]. For example, the surface of the material is first

treated with physical techniques (i.e. using plasma) so that it can

be grafted with active molecules (i.e. active peptides) [10–12]. This

method is not only relatively cumbersome and complicated but

also affects the original properties of the substrate. Alternatively,

physical adsorption (i.e. adsorption of the extracellular matrix or

active peptides) is also a common but relatively inefficient method

[13–15]. Therefore, developing simple and efficient methods for

substrate surface modification is imperative.
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Biofilm proteins help bacteria adhere firmly to surfaces, such

as functional amyloid Curli fibers, which are important in biofilm

structure and adhesion to various surfaces [16,17]. As a subunit of

Curli, the CsgA protein not only has an adhesion function but also

self-assembles to form an amyloid fiber structure with good me-

chanical properties, environmental tolerance, and thermal stabil-

ity [18–20]. By soaking, CsgA can form conformable coatings on

nearly any substrate and surface. Therefore, as a very potential

surface-modification material, CsgA has been applied in the fields

of energy, electronic devices, material synthesis, and so on [21–23].

Since CsgA interacts with various human proteins that contribute

to bacterial virulence, we speculate that CsgA has good biocompat-

ibility and pro-cell adhesion activity [24].

In this work, we proposed a surface-modification strategy for

cell culture substrates based on biofilm CsgA protein. CsgA-based

nano-coating significantly promoted cell proliferation and angio-

genesis, induced cells to secrete epidermal growth factors, and al-

leviated fractal-like morphological features. We believe that CsgA-

based nano-coatings can be used as useful medical materials in the

future for the treatment and prevention of diseases, such as dia-

betic wounds.

We first expressed CsgA proteins as inclusion bodies in E.

coli BL21 (DE3) cells and obtained these proteins from the cell
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Fig. 1. Characterization of the CsgA protein and the CsgA nanofibre-coated Petri dish. (A) SDS−PAGE and Western blot images of the expressed CsgA protein. (B) UV−vis

spectra of the uncoated and CsgA nanofibre-coated Petri dishes. (C) XPS uncoated and CsgA nanofibre-coated Petri dish. (D) AFM height image and contact angle image

(insert) of the uncoated Petri dish. (E) AFM height image and contact angle image (insert) of the CsgA nanofibre-coated Petri dish. (F) Zoomed in AFM height image of the

coated Petri dish.

lysate through Ni-NTA affinity chromatography. The sodium dode-

cyl sulfate–polyacrylamide gel electrophoresis (SDS–PAGE) image

showed a clear band between 10kDa and 15kDa, which corre-

sponds with its theoretical molecular weight (Fig. 1A). The Western

blot image also confirmed the successful purification of CsgA pro-

teins (Fig. 1A). Then, we deposited fresh-made CsgA monomer pro-

tein solution in the 3-cm Petri dish, allowing coating formation at

the bottom through a spontaneous assembling process. After these

preparation procedures, we visually observed almost no significant

changes at the bottom of the Petri dishes. The UV–vis spectra fur-

ther confirmed that our coating is transparent (Fig. 1B). To verify

the coating in the Petri dish, several material analyses were con-

ducted. Initially, we used XPS to investigate the differences in the

surface chemistry of the dish before and after coating formation.

The spectrum of the coated dish exhibited distinctive O 1s and N

1s peaks, which were attributed to the amino acid, highly indicat-

ing that the CsgA proteins were coated at the bottom of the dish

(Fig. 1C).

Significantly, we conducted AFM morphology measurements.

Height images indicated the absence of nanofibre features on

the surface of the dish with uncoated CsgA protein, only PA/PE

composite membranes on the surface of the dish were detected

(Fig. 1D). As reported previously, peptides could be assembled to

construct nanostructures on a particular surface, which highly de-

pends on the chemistry properties of the surface [25]. By con-

trast, coated dishes with CsgA protein exhibited typically inter-

twined nanofibres, which indicated the surfaces-assistant assem-

bly of CsgA proteins on the Petri dish (Fig. 1E). As shown in Fig.

1F, the assembled pattern was uniform, which might contribute to

the promotion of cell adhesion and growth.

Moreover, surface-assistant assembly of peptide/protein could

switch the hydrophilic properties of the surface [25]. Accordingly,

when the CsgA coating was on the surfaces, we speculated that the

polar residues of amino acids, such as the carboxyl and hydroxy

groups, were covered on the Petri dish surface, leading to the de-

crease in the water contact angle. In our results (Figs. 1D and E),

the contact angle is confirmed to become more hydrophilic after

coating and assembled formation (97.1° ± 0.5° vs. 78.3° ± 0.9°).
Collectively, we solidly established the feasibility of our CsgA pro-

Fig. 2. CsgA-based nano-coating promotes rapid cell attachment. (A) Confocal

imaging of the fast adherence of GFP-expressing human umbilical vein endothe-

lial cells (GFP-HUVECs) in control (upper) and CsgA nano-coated dishes (lower).

(B) Number of fast adherent GFP-HUVECs in control and CsgA nano-coated dishes.

tein coatings on the bottom surface of the Petri dish by a surface-

assistant assembly process and form a uniform pattern.

To examine the biological activity of CsgA-based nano-coatings,

we first performed a rapid adherence experiment. GFP-HUVECs, at

a concentration of 5000 cells/mL, were added to the dish (without

cell and tissue culture-treated) with or without CsgA-based nano-

coating, and cell morphology and adherence were observed with a

confocal microscope at the indicated times (Fig. 2A). As the incu-
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Fig. 3. CsgA-based nano-coating promotes cell proliferation and migration. (A) Morphology of HUVECs in control dishes (upper) and CsgA nano-coated dishes (lower).

(B) Confocal images of GFP-HUVECs in control dishes (upper) and CsgA nano-coated dishes (lower). (C) CsgA-based nano-coating promotes HUVEC migration.

bation time increased, the number of cells in both dishes increased

significantly. Among them, the number of cells in the CsgA nano-

coated culture dish reached a peak after 60min of culture, which

was three times the number of cells in the control dish (Fig. 2B).

The results suggested that CsgA-based nano-coating could signifi-

cantly promote cell adhesion.

Subsequently, we examined the effects of CsgA-based nano-

coating on HUVEC proliferation. HUVECs were seeded in CsgA

nano-coated and control dishes and observed and photographed

under a microscope after culturing for a specified period. After 4h

of culture, the cells in the CsgA nano-coated dishes were all adher-

ent, whereas those in the control dish were round and appeared to

have just adhered.

The morphology of HUVECs was perfect after 3 days of culture

in CsgA dishes, and the cell density was significantly increased

(Fig. 3A). By contrast, the cells in the culture dishes of the con-

trol group were still in a diseased state, and the number of cells

did not change. Moreover, the confocal imaging results of GFP-

HUVECs confirmed this effect (Fig. 3B and Fig. S1 in Supporting

information). The results indicate the potential use of CsgA-based

nano-coating as an effective agent for promoting cell adhesion and

proliferation. To further investigate the effect of CsgA-based nano-

coating on cell proliferation, we conducted wound-healing experi-

ments [26]. As shown in Fig. 3C, the cells in the CsgA nano-coated

dish were almost confluent after 72h of culture, whereas the con-

fluence rate of the cells in the control dish was only approximately

42%. The above results again indicate that the CsgA-based nano-

coating has good cell adhesion and cell proliferation activities.

Cells exhibit fractal-like morphologies in unsuitable environ-

ments [27]. Accordingly, we validated the effect of CsgA-based

nano-coating on fractal-like morphologies using GFP-HUVECs. GFP-

HUVECs at a density of 50,000 cells/mL were observed and

recorded under a confocal microscope after culture in both dishes

for 3 days. The cells in the control dish presented fractal-like mor-

phologies, whereas the cells in the CsgA nano-coated dish did not

show a similar situation, indicating that CsgA-based nano-coating

provided a good growth environment for HUVECs (Fig. 4A). Given

that EGF is important in this process, we investigated the effect

of CsgA-based nano-coatings on cellular EGF [26]. After HUVECs

were grown in two culture dishes for 24h, the cells were col-

lected and treated with lyase, and the supernatant was collected

after centrifugation. EGF content was detected using an EGF kit.

Expectedly, the concentration of EGF in CsgA-based nano-coated

dishes was twice that in control dishes, indicating that CsgA-based

Fig. 4. CsgA-based nano-coating promotes HUVEC growth. (A) CsgA-based nano-

coating alleviates fractal-like morphologies induced by EGF deficiency. (B) CsgA-

based nano-coating promotes EGF secretion from HUVECs. (C) EGFR mRNA levels

in HUVECs with or without CsgA-based nano-coating. (D) EGFR protein levels in

HUVECs with or without CsgA-based nano-coating. (E) CsgA-based nano-coating al-

leviates the inhibitory effect of the cell adhesion inhibitor Latrunculin A.

nano-coating could promote cell growth and proliferation by in-

ducing EGF secretion (Fig. 4B). Moreover, we examined the effects

of nano-coating on epidermal growth factor receptor (EGFR) ex-

pression. The results of the quantitative polymerase chain reaction

and Western blot showed that the nano-coating material barely af-

fected the expression of EGFR in HUVECs (Figs. 4C and D).

Given the good growth-promoting and proliferative properties

of CsgA-based nano-coating, we speculated that the coating might

affect the growth of the cytoskeleton. Latrunculin A is a reversible

inhibitor of actin assembly that inhibits cell growth [28]. There-

fore, we examined the effects of latrunculin A on HUVEC growth.

As shown in Fig. 4E, latrunculin A repressed cell attachment and
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unfolded in a dose-dependent manner. CsgA-based nano-coating

significantly alleviated the inhibitory effect of the latrunculin A on

cell adhesion. The results indicate that CsgA can stabilize the cy-

toskeleton, thereby promoting cell adhesion.

In this study, we reported a convenient modification strat-

egy based on the self-assembly of CsgA proteins. CsgA proteins

formed a typical interwoven nanofibre coating on the bottom of

the Petri dish through self-assembly. CsgA-based nano-coating pro-

moted rapid cell adhesion, proliferation and migration and alle-

viated the maladaptive state of cells by inducing EGF secretion

instead of affecting EGFR expression. In addition, it significantly al-

leviated the inhibitory effects of cell adhesion inhibitors on cells.

We believe that this efficient and convenient surface-modification

strategy can help to improve the clinical application of biomateri-

als, especially biometallic materials.
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