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ABSTRACT

Developing protective coatings with desirable antifouling and lubricating capabilities is crucial for the long-term performance of
implantable and interventional medical devices. However, stably immobilising functional materials onto diverse substrates
without complex pretreatment remains a major challenge. Herein, we report a ‘one-step co-deposition’ strategy to prepare
multifunctional coatings by synergising the amyloid-like phase transition of bovine serum albumin (BSA) with zwitterionic
polymers. Phase-transited BSA (PTB), generated via rapid amyloid-like aggregation induced by the reduction of intramolecular
disulfide bonds using tris(2-carboxyethyl)phosphine (TCEP), acts as a robust interfacial anchor. This anchor embeds zwitter-
ionic polymers—including poly(sulfobetaine methacrylate) (PSBMA), poly(carboxybetaine methacrylate) (PCBMA) and poly(2-
methacryloyloxyethyl phosphorylcholine) (PMPC)—into a dense protein network, realising the rapid functionalisation of
various material surfaces (e.g., metals, inorganic ceramics and hydrophobic polymers), forming ultrathin and superhydrophilic
coatings. The resulting coatings exhibit outstanding resistance to nonspecific biofouling, inhibiting the adsorption from complex
biological fluids, proteins and lipids by over 90%. Also, the strongly hydrated zwitterionic polymers enable an efficient lubri-
cation ability, reducing the friction coefficient to an ultralow range of 0.005-0.015 under physiological conditions. This work
presents a facile strategy that simultaneously integrates exceptional antifouling and ultra-lubricating properties, offering great
potential for tailoring multifunctional surfaces on biomedical devices for bioengineering applications.

1 | Introduction cells or bacteria. This phenomenon, known as ‘biofouling’, can

Advanced implantable medical devices (IMDs), such as joint cause severe complications, including thrombosis, device-

prostheses and vascular catheters, require sophisticated surface
engineering to maintain long-term stability in physiological
environments [1-7]. When foreign materials—including bio-
sensors, catheters and implants—come into contact with bio-
logical fluids, they instantaneously trigger the nonspecific
adsorption of proteins, subsequently leading to the adhesion of

associated infections and signal distortion in sensing applica-
tions. Concurrently, the high surface friction and wear gener-
ated by these devices during insertion or operation can inflict
mechanical damage on mucosal tissues, resulting in physio-
logical discomfort [8-14]. Conventional synthetic polymer
coatings, such as polyethylene glycol (PEG) [15], can endow
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IMD surfaces with antifouling properties in biological fluids via
the robust hydration layer formed on the substrate. However,
the preparation of these coatings typically entails time-
consuming and cumbersome pretreatments for different sub-
strates or involves the use of toxic reagents during synthesis,
which compromises biocompatibility and restricts their
biomedical applications [16-19]. Therefore, constructing func-
tional interfaces that combine ‘ultralow-fouling’ capabilities
with excellent lubricity is of paramount importance for the
development of next-generation medical devices [20].

Among all the approaches developed to fabricate novel anti-
fouling surfaces, the incorporation of zwitterionic polymers
exhibits great promise for preventing nonspecific adsorption of
biofoulants. Utilising highly hydrated chemical groups with
optimal physical properties, coupled with appropriate surface
coating techniques, is an effective strategy for developing stable,
nonfouling materials for long-term applications [21]. The hy-
dration layers formed by zwitterionic polymers bind water
molecules more tightly via electrostatic interactions, thereby
enabling these polymers to effectively resist the adhesion of
foulants [22-24]. However, the stable immobilisation of these
polymers onto diverse substrate materials remains a critical
challenge. Natural proteins offer inherent biocompatibility and
substrate-independent anchoring capabilities [6, 17, 25, 26]. For
instance, native bovine serum albumin (BSA) is widely used as a
blocking agent in immunoassays due to its ability to adhere to
plastics, metals and glass [27]. Building on this, Hu et al.
demonstrated that the rapid reduction of intramolecular disul-
fide bonds in BSA using tris(2-carboxyethyl)phosphine (TCEP)
triggers conformational unfolding and phase transition [28].
The resulting phase-transited BSA (PTB) exposes abundant
hydrophobic residues and free thiol groups, enabling it to self-
assemble into amyloid-like nanofilms and adhere firmly to
virtually any material surface, thereby significantly enhancing
its anchoring capacity [28].

Herein, we have developed a facile and universal ‘one-step co-
deposition’ strategy to construct biomedical coatings that
combine robust interfacial binding with superior antifouling
and lubricating functions [29]. The core of this strategy lies in
the synergistic integration of two functional components: zwit-
terionic polymers—including poly(sulfobetaine methacrylate)
(PSBMA), poly(carboxybetaine methacrylate) (PCBMA) and
poly(2-methacryloyloxyethyl phosphorylcholine) (PMPC)—with
well-defined molecular weights synthesised via reversible
addition-fragmentation chain transfer (RAFT) polymerisation,
and phase-transited BSA (PTB). The selection of SBMA, CBMA
and MPC was based on their representative zwitterionic struc-
tures, excellent hydration capability and suitability for
controlled polymerisation. These three monomers represent
three typical classes of zwitterionic materials, namely sulfobe-
taine, carboxybetaine and phosphorylcholine, which have been
widely recognised as effective nonfouling motifs. Compared
with conventional neutral hydrophilic candidates such as poly
(ethylene glycol)-based materials, zwitterionic polymers can
bind water molecules more strongly through electrostatically
induced hydration rather than solely relying on hydrogen
bonding or steric repulsion. In addition, the methacrylate

structures of SBMA, CBMA and MPC enable well-controlled
RAFT polymerisation, allowing polymers with comparable
backbones and degrees of polymerisation to be prepared. This
provides a suitable platform for comparing the influence of
different zwitterionic side-chain structures on coating perfor-
mance. In addition, SBMA-, CBMA- and MPC-based polymers
have been widely explored in biomedical interface engineering
and are generally regarded as biofriendly and low-fouling ma-
terials for surface modification [30-32]. Their charge-balanced
zwitterionic structures and strong hydration capability enable
low nonspecific interactions with proteins, cells and biological
fluids, which are favourable for maintaining a biologically
compatible interface. Therefore, the incorporation of PSBMA,
PCBMA and PMPC is not expected to compromise the inherent
biocompatibility of the BSA-based coating, but rather to further
improve its antifouling performance by constructing a highly
hydrated zwitterionic interface. During the TCEP-mediated
reduction of disulfide bonds, BSA undergoes amyloid-like ag-
gregation, exposing abundant hydrophobic residues and free
thiol groups. This allows it to serve as a ‘universal interfacial
anchor’, firmly adhering to various metallic, inorganic and
organic polymeric substrates via multiple noncovalent in-
teractions, thus eliminating the need for tedious chemical pre-
treatments. Simultaneously, the zwitterionic polymer chains are
mechanically entrapped in situ and physically entangled within
the dense PTB network, constructing a strongly bound hydra-
tion layer at the interface. This hydration shell not only estab-
lishes a physical and energetic barrier that effectively inhibits
nonspecific adsorption from complex biological fluids
(e.g., serum and milk) but also traps water molecules to form a
fluid-bearing layer, realising efficient ‘hydration lubrication’
[33, 34]. This work not only elucidates the synergistic mecha-
nism combining bio-inspired adhesion with synthetic polymer
functionality but also provides a rapid, scalable and universal
solution for the surface functionalisation of implantable and
interventional medical devices.

2 | Materials and Methods
2.1 | Materials

Bovine serum albumin (BSA, > 98%) and tris(2-carboxyethyl)
phosphine (TCEP, > 98%) were purchased from Shanghai
Macklin Biochemical Co. Ltd (Shanghai, China). The zwitterionic
monomers, including [2-(methacryloyloxy)ethyl]dimethyl-(3-
sulfopropyl)ammonium hydroxide (SBMA, > 98%), 2-carboxy-N,
N-dimethyl-N-(2"-methacryloyloxyethyl)ethanaminium inner
salt (CBMA, > 98%) and 2-methacryloyloxyethyl phosphor-
ylcholine (MPC, > 98%), were all obtained from Macklin
(Shanghai, China). For the reversible addition-fragment-
ation chain transfer (RAFT) polymerisation, 4-cyano-4-
(phenylcarbonothioylthio)pentanoic acid (> 98%) and 4,4'-azobis
(4-cyanovaleric acid) (ACVA, > 98%) were selected as the chain
transfer agent (CTA) and the radical initiator, respectively, both
from Macklin. Fluorescein isothiocyanate (FITC)-labelled conju-
gates, including BSA-FITC, HSA-FITC and Dextran-FITC, were
obtained from Solarbio Science & Technology Co. Ltd. (Beijing,
China). Fetal bovine serum (FBS) was purchased from Biosharp
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(Hefei, China), whereas fresh milk, egg yolk and egg white were
acquired from a local grocery store. Model proteins and enzymes,
specifically Concanavalin A (Con A, > 96%), collagenase (CLG,
> 96%), lysozyme (Lyso, > 96%) and mucin (> 96%), were all
purchased from Shanghai Macklin Biochemical Co. Ltd.
(Shanghai, China). Gold substrates (Au substrates) were supplied
by Nanjing Jingchenshun System Technology Co. Ltd. (Nanjing,
China). Silicon wafers were supplied by Juancheng Lilengke
Electronic Accessories Co. Ltd. (China). Mica was purchased from
Nanjing Runtang Trading Co. Ltd. (Nanjing, China). All chemicals
and solvents were used as received without further purification.
Deionised water (DW) was produced using a Milli-Q Integral 3
system (EMD Millipore; resistivity, 18.2 MQ-cm; total organic
content < 3 ppb).

|
Dipping

 G—!

2.2 | Preparation of Phase-Transited BSA and
Zwitterionic Polymer Co-Deposited Coatings

221 |
Polymers

Preparation of Phase-Transited BSA and Zwitterionic

As illustrated in Figure 1a, PTB was prepared by reducing native
BSA with TCEP. Briefly, 100 mg of BSA was dissolved in 10 mL
of deionised water, followed by the addition of 10 mL of TCEP
solution (10 mg mL ™), with the pH adjusted to 6.0 using NaOH.
The mixture was sealed in a glass vial and stirred magnetically
for 30 min. To remove unreacted reagents, the resulting solution
was purified by dialysis against deionised water for 3 days.
Finally, the product was collected as a PTB powder after
lyophilisation.
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FIGURE1 | Preparation and characterisation of the BSA-based coatings. (a) Schematic illustration of the preparation of PTB via TCEP reduction,

the synthesis of zwitterionic polymers through RAFT polymerisation and the facile one-step co-deposition process of PTB and zwitterionic polymers
for surface functionalisation. (b) XPS survey spectra of pristine Au and Au surfaces modified with PTB-PSBMA, PTB-PCBMA and PTB-PMPC.
(c) Corresponding high-resolution deconvolution spectra of S 2p, N 1s and P 2p, confirming the successful conjugation of various functional

components. (d) FTIR spectra of bare mica and mica surfaces modified with PTB-PSBMA, PTB-PCBMA and PTB-PMPC. (e) Coating thickness of

different functionalised surfaces measured by spectroscopic ellipsometry. (f) Static water contact angles on different surfaces, demonstrating the

variation in surface hydrophilicity after modification.
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Target zwitterionic polymers, including poly(sulfobetaine
methacrylate), poly(carboxybetaine methacrylate) and poly(2-
methacryloyloxyethyl phosphorylcholine), with a degree of
polymerisation (DP) of 200 were synthesised via reversible
addition-fragmentation chain transfer (RAFT) polymerisation
[35, 36], as also depicted in Figure 1a. Specifically, zwitterionic
monomers (SBMA, CBMA or MPC, 5 mmol), the chain transfer
agent (0.025 mmol) and the initiator (0.02 mmol) were dissolved
in 15 mL of 0.5 M NacCl solution. The reaction mixture was
purged with nitrogen gas for 30 min to eliminate dissolved ox-
ygen. Subsequently, the polymerisation was conducted at 70°C
for 24 h. The resulting polymer solution was purified by dialysis
against deionised water for 3 days to remove unreacted mono-
mers and impurities, followed by lyophilisation to obtain the
final zwitterionic polymers.

2.2.2 | Preparation of Co-Deposited Coatings

Co-deposited coatings were fabricated on various substrates,
including metallic, inorganic and organic materials, via a facile
one-step co-deposition strategy [37-39]. Taking the gold (Au)
substrate as a representative example, the Au substrate was first
pretreated by irradiation in an ultraviolet (UV) ozone cleaner for
20 min to remove surface contaminants. A total of 20 mg of
lyophilised PTB powder was dispersed in 10 mL of PBS buffer
(50 mM, pH 8.5) and ultrasonicated for 30 min in an ice-water
bath. Subsequently, 20 mg of a zwitterionic polymer (PSBMA,
PCBMA or PMPC) was added to the solution and thoroughly
mixed to obtain a co-deposition dispersion. The pretreated Au
substrates were then immersed in the dispersion at room tem-
perature for 10 h under constant orbital shaking at 50 rpm.
Finally, the functionalised substrate was removed, thoroughly
rinsed with ultrapure water to eliminate loosely bound mole-
cules, and dried under a stream of nitrogen gas to obtain the
PTB and Zwitterionic Polymer Co-Deposited Coating.

2.3 | Characterisation

2.3.1 | Material Characterisation

UV-Vis absorption spectra were recorded using a Shimadzu UV-
2600 spectrophotometer (Japan) in the wavelength range of
250-500 nm to characterise the standard calibration curve of
native BSA, the Ellman's reaction in different solutions and the
reduction kinetics of BSA by TCEP. First, a standard calibration
curve for BSA in TE buffer (50 mM Tris-HCl, 1 mM EDTA, pH
7.5) was established, as shown in Supporting Information SI:
Figure S1. The concentration of free thiol groups in the solution
was determined via the classical Ellman's assay. Specifically,
50 uL of Ellman's reagent solution (4 mg mL ') was mixed with
2.5 mL of the sample solution and incubated at room temper-
ature for 15 min prior to spectral acquisition. To prevent the
interference of TCEP with Ellman's reagent during quantitative
analysis, residual TCEP in the BSA solution was removed using
a desalting column. As shown in Supporting Information S1:
Figure S2, the desalting process effectively eliminated interfer-
ence from TCEP, thereby ensuring the accurate detection of
thiol groups in the PTB solution. In addition, the reduction of
BSA by TCEP over different reaction times was monitored and
summarised (Supporting Information S1: Figure S3). The results
indicate that TCEP rapidly reduces BSA, with the reaction

reaching equilibrium within approximately 15 min. For the
zwitterionic polymers, their chemical structures were charac-
terised by Fourier transform infrared (FTIR) spectroscopy using
a Thermo Fisher Nicolet iS50 spectrometer over the wave-
number range of 500-4000 cm ' (Supporting Information S1:
Figure S4). The molecular weights of the synthesised polymers
were determined by gel permeation chromatography (GPC)
using an Agilent 1260 Infinity II system (USA), with detailed
results provided in Supporting Information S1: Table S1.

2.3.2 | Surface Characterisation

To confirm the successful co-deposition of PTB and zwitterionic
polymers on the substrates, FTIR spectra of bare mica and mica
surfaces modified with PTB-PSBMA, PTB-PCBMA and PTB-
PMPC were recorded using a Thermo Fisher Nicolet iS50
spectrometer (USA) in the wavenumber range of 500-
4000 cm™'. The chemical composition of the coatings on
different substrates was analysed by X-ray photoelectron spec-
troscopy (XPS) using a Thermo Scientific K-Alpha spectrometer
(USA). Survey scans were collected over a binding energy range
of 0-1000 eV, followed by high-resolution scans for S, N and P
elements. The thickness of native BSA, PTB-PSBMA, PTB-
PCBMA and PTB-PMPC coatings on silicon wafers (Si) was
determined using a spectroscopic ellipsometer (J.A. Woollam
RC2, USA). Surface wettability was evaluated by measuring the
static water contact angle (WCA) using a contact angle goni-
ometer (Ossila L2004A1, UK). Furthermore, the surface
morphology of pristine Au and polymer-modified Au surfaces
(PTB-PSBMA@Au, PTB-PCBMA@Au and PTB-PMPC@Au)
was characterised by atomic force microscopy (AFM) in AC
mode under dry conditions using AC240 probes. The surface
roughness was quantified by the root-mean-square (RMS) value.

2.3.3 | Fluorescence-Based Static Biofoulant Adsorption Assay

The adsorption behaviours of BSA-FITC, HSA-FITC and
Dextran-FITC on pristine mica, native BSA@Mica and PTB-
zwitterionic polymer-modified mica surfaces (PTB-PSBMA@-
Mica, PTB-PCBMA@Mica and PTB-PMPC@Mica) were quali-
tatively determined using an Olympus IX71 inverted fluore-
scence microscope (Japan). Specifically, both the pristine and
modified mica substrates were immersed in PBS buffer (1x,
pH 7.4) containing the respective fluorescent probes at a con-
centration of 0.1 mg mL~". The samples were incubated for 12 h
in the dark. Subsequently, the surfaces were thoroughly rinsed
with fresh PBS buffer to eliminate loosely bound foulants prior
to fluorescence imaging.

2.34 | Quartz Crystal Microbalance With Dissipation
Monitoring (QCM-D) Test

In this assay, diluted biofluids (5%) and protein solutions
(10 mg mL ') were employed as model foulants. For the lipid
fouling test, canola oil—selected as a model lipid due to its high
viscosity—was dissolved in ethanol and sonicated for 30 min.
The lipid/ethanol mixture was subsequently dispersed in water
using a high-shear homogeniser (T18 digital ULTRA-TURRAX,
IKA, Germany) at 20,000 rpm for 15 min to form a stable
emulsion. To prepare the functionalised sensors, bare Au sen-
sors were immersed in the co-deposition dispersion at room
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temperature for 10 h. All QCM-D measurements were per-
formed using a Gamry QCM-I Mini instrument (USA). The
obtained data were analysed based on the extended viscoelastic
model using the Biosense software [7, 40, 41].

2.3.5 | Chemical Mapping Analysis via O-PTIR

To evaluate the antifouling performance of the BSA-based
coatings, bare substrates, native BSA-modified substrates and
PTB-zwitterionic polymer-coated substrates (PTB-PSBMA, PTB-
PCBMA and PTB-PMPC) were incubated in various fouling
solutions—including egg white, FBS, milk and lipids—at 37°C
for 24 h. Specifically, gold substrates were employed for the
fouling assays involving proteins, FBS and milk, whereas silicon
wafers were utilised for the lipid fouling tests. Following the
24 h incubation period, the substrates were removed and thor-
oughly rinsed with extensive ultrapure water to eliminate
loosely adherent foulants prior to characterisation.

2.3.6 | Tribological Measurements

Tribological tests were conducted using a UMT TriboLab trib-
ometer (Bruker, USA) in a linear reciprocating ball-on-disk
configuration. A polytetrafluoroethylene (PTFE) ball with a
diameter of 5 mm was employed as the upper counterpart. Prior
to the measurements, the PTFE ball was sequentially ultra-
sonicated in acetone, ethanol and pure water, followed by dry-
ing under a stream of nitrogen gas. The pristine and surface-
modified silicon substrates were mounted in a Petri dish
(diameter = 50 mm) to serve as the stationary lower plate. To
simulate physiological conditions, PBS buffer (1x, pH 7.4) was
added to the dish, ensuring that the substrates were fully
immersed in the solution. The applied normal load (F,) ranged
from 0.1 to 20 N. For the linear reciprocating motion, the stroke
length was fixed at 5 mm, whereas the average sliding velocity

(vs) varied from 0.5 to 10 mm s~ .

3 | Results and Discussion

3.1 | One-Step Preparation and Fundamental
Properties of PTB-Zwitterionic Polymer Co-
Deposited Coatings

The construction of the multifunctional nanocoating was
accomplished through a simple one-step co-deposition strategy
that integrates the phase-transition behaviour of BSA with the
specific chemical functionalities of zwitterionic polymers. As
illustrated in Figure 1a, native BSA was first reduced by TCEP.
This reduction cleaves the intramolecular disulfide bonds,
inducing protein unfolding and thereby exposing hydrophobic
residues and free thiol groups that facilitate surface anchoring.
The reduction process was verified by UV-Vis spectroscopy [5].
Following TCEP treatment, the characteristic absorbance at
412 nm corresponding to the chromogenic reaction between
Ellman's reagent and thiol groups increased markedly (Sup-
porting Information S1: Figures S1-S3), confirming the suc-
cessful generation of free thiols.

Meanwhile, three distinct zwitterionic polymers—PSBMA,
PCBMA and PMPC—were synthesised via reversible
addition-fragmentation chain transfer (RAFT) polymerisation
[36]. Their chemical structures were confirmed by FTIR

spectroscopy (Supporting Information S1: Figure S4), which
exhibited characteristic vibrational bands of sulfonate groups,
quaternary ammonium moieties and phosphate groups [42]. GPC
analysis (Supporting Information S1: Table S1) demonstrated
well-controlled molecular weights and narrow polydispersity
indices, which are favourable for the formation of uniform poly-
mer brush layers [43]. Leveraging the strong anchoring capability
of PTB, the zwitterionic polymers were entrapped within a
densely packed protein network, and co-deposition was achieved
via a straightforward one-step dip-coating process.

The surface chemical composition of the resulting coatings on
gold substrates was characterised by XPS. The survey spectra
(Figure 1b, Supporting Information S1: Figure S5) revealed a
clear transition from Au-dominated signals of the pristine sub-
strate to spectra enriched in C, N and O, indicating complete
surface coverage. High-resolution core-level spectra (Figure 1c)
further confirmed the successful incorporation of the three
zwitterionic polymers, clearly identifying the characteristic
chemical environments of each functional component. Specif-
ically, the S 2p spectrum of the PTB-PSBMA coating displayed a
high-binding-energy peak attributed to sulfonate groups
(—S0; ™), confirming the presence of sulfobetaine side chains
[44]. For the PTB-PCBMA surface, the N 1s spectrum exhibited
a distinct signal corresponding to quaternary ammonium groups
(—N*(CHjs),), distinguishable from the amide nitrogen of the
protein backbone [45]. In the case of the PTB-PMPC coating, the
P 2p spectrum clearly identified the characteristic peak of
phosphate ester groups (P = O), explicitly validating the suc-
cessful co-deposition of the phosphorylcholine functionality
[46]. These findings were further corroborated by FTIR analysis
on mica substrates (Figure 1d), where, in addition to the amide
bands of the protein network, the characteristic stretching vi-
brations of sulfonate (S = O, 1040 cm™"), carboxylate (COO ~,
1600 cm™) and phosphate (P = O, 1240 cm™) groups were
clearly observed [45-48].

A critical advantage of this co-deposition strategy lies in its
substrate universality. As evidenced by the static water contact
angle (WCA) measurements (Figure 1f, Supporting Information
S1: Figure S6), the co-deposition process consistently trans-
formed a diverse library of substrates—ranging from metals and
inorganic ceramics to hydrophobic polymers—into super-
hydrophilic surfaces with WCAs typically dropping below 20°.
Spectroscopic ellipsometry [49] (Figure 1e) indicated that these
functional coatings are ultrathin, with an average thickness of
approximately 5-6 nm, ensuring minimal dimensional change
to the underlying devices. Furthermore, Atomic Force Micro-
scopy (AFM) characterisation was performed to further evaluate
the surface microstructure of the functional coatings
(Figure 2a). The pristine Au surface exhibited an atomically flat
morphology with a low RMS roughness of 0.190 nm. After co-
deposition, the PTB-PSBMA, PTB-PCBMA and PTB-PMPC
coatings displayed continuous and homogeneous nanoscale
granular morphologies, which are typical of amyloid-like pro-
tein aggregation [50]. The corresponding 3D AFM topographic
images further confirmed the formation of dense coating layers
without obvious cracks or large-scale defects. The RMS rough-
ness values of PTB-PSBMA, PTB-PCBMA and PTB-PMPC were
0.967, 0.992 and 0.706 nm, respectively, indicating that the
coatings introduced only slight nanoscale roughness while
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FIGURE 2 |

maintaining relatively smooth surface features. In addition, the
height profiles shown in Supporting Information S1: Figure S9
revealed that the surface height fluctuations were mainly
confined within several nanometres, further supporting the
uniform and continuous microstructure of the coatings. Such a
nanoscale and defect-free coating morphology provides a stable
structural foundation for maintaining hydration layers, thereby

benefiting the subsequent antifouling and lubrication
applications.
3.2 | Antifouling Performance of

PTB-Zwitterionic Polymer Co-Deposited Coatings

The antifouling mechanism depends on the synergistic action
between PTB and the zwitterionic moieties. PTB presents a
variety of functional groups—including amino, carboxyl,

hydroxyl, thiol, amide and hydrophobic carbonaceous
motifs—that strongly bind and immobilise the zwitterionic
polymers. The zwitterionic groups (sulfobetaine, carboxybetaine
and phosphorylcholine) possess large electrostatic dipole mo-
ments and tightly coordinate a dense, energetically favourable
hydration layer [48, 51]. This physical and energetic water
barrier imposes substantial steric hindrance and a large ther-
modynamic penalty on the adsorption of diverse biomolecules,
effectively preventing their contact with the underlying sub-
strate. To rigorously evaluate this capability, we employed a
multiscale assessment comprising microscopic fluorescence
imaging, real-time dynamic monitoring and macroscopic chem-
ical imaging. At the microscale, resistance to nonspecific adsor-
ption was directly visualised by fluorescence microscopy [33,
52]. Substrates were incubated with FITC-labelled model fou-
lants representing different classes of biological contaminants:
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BSA (a typically negatively charged plasma protein), HSA
(Human Serum Albumin) and dextran (a neutral, adhesive
polysaccharide). As shown in Figure 2c, the pristine mica and
native BSA-modified control surfaces exhibited intense fluo-
rescence after exposure to all three foulants, indicating sub-
stantial accumulation. This observation implies that although
native BSA is amphiphilic, its hydration capacity is insufficient
to repel these foulants. In sharp contrast, surfaces modified with
PTB-PSBMA, PTB-PCBMA and PTB-PMPC appeared nearly
dark and were visually indistinguishable from the background.
Quantitative analysis of the relative fluorescence intensity
(Figure 2d) further confirmed that, compared with the blank
control group, the adsorption of both proteins and poly-
saccharides on the zwitterionic-coated surfaces was reduced by
more than 60%. This broad-spectrum repellency, independent of
foulant charge or size, supports the generality of the hydration-
barrier mechanism [24, 41].

Fouling in biological systems—defined as the spontaneous,
dynamic adsorption and accumulation of biomolecules on
surfaces—can be monitored directly and in real time by quartz
crystal microbalance with dissipation monitoring (QCM-D) [41].
The schematic illustration of the working principle of QCM-D is
shown in Figure 3a. QCM-D was used to screen the antifouling
performance of the PTB-zwitterion co-deposited coatings
against a variety of model biological foulants, with bare Au
sensors and native BSA-coated Au sensors serving as controls.
Figure 3b shows the frequency shifts (AF) of the sensors during
five cycles of milk-water rinsing. The bare Au sensor exhibited a
rapid and large frequency decrease that did not recover after
water rinsing, indicating the formation of a thick, irreversibly
bound fouling layer. By contrast, the PTB-zwitterionic
polymer—functionalised sensors—displayed a markedly diff-
erent response: although a frequency change was observed
during milk injection (attributable to the bulk viscosity of the
fluid), the signal returned almost entirely to baseline after
rinsing with water. This ‘reversible adsorption’ behaviour in-
dicates that foulants could not penetrate the hydration shell to
form permanent contact with the surface, demonstrating the
excellent antifouling performance of the PTB-zwitterion coat-
ings [41]. The PTB-zwitterion coatings showed efficient resis-
tance against a broad spectrum of biological contaminants,
including complex biofluids (fetal bovine serum, egg white and
egg yolk), common proteins (Concanavalin A, lysozyme, colla-
genase, BSA and mucin) and lipids (Figure 3c-f, Supporting
Information S1: Figure S7). For all three zwitterionic coatings,
the irreversibly adsorbed mass was consistently suppressed to
negligible levels, typically below 80 ng cm™2 (with the exception
of egg yolk). For instance, the residual amounts of egg white on
PTB-PSBMA, PTB-PCBMA and PTB-PMPC-coated sensors after
water rinsing were approximately 15.99, 28.79 and 7.95 ng cm ™2,
respectively. In stark contrast, the adsorption of egg white on
native BSA-coated and bare gold sensors reached significantly
higher levels of ~ 1154.15 and ~ 1544.2 ng cm™>, respectively.

Long-term operation using real biofluids in macro-scale bulk
tests is of significant practical importance for evaluating the
antifouling capacity of coatings. In macro-scale tests, the sur-
faces undergo more complex physicochemical and biological
processes, such as the formation of biofilms, which is the

primary cause of irreversible functional failure in devices and
healthcare-associated infections. This evaluation was coupled
with Optical Photothermal Infrared (O-PTIR) chemical imaging.
Although traditional infrared microscopy is typically diffraction-
limited, O-PTIR enables the precise localisation of foulants
based on their characteristic infrared (IR) peaks, achieving
chemical imaging at the submicron scale [53-56]. After being
incubated in dilutions of egg white, milk, FBS and lipids for
24 h, the substrates were rinsed with deionised water
(Figure 4a). The accumulation of foulants on the substrate
surfaces was tracked by monitoring the intensity of their char-
acteristic IR peaks (Figure 4b, Supporting Information S1:
Figure S8). The resulting chemical maps (Figure 4c) provided a
vivid contrast: the unmodified substrates were heavily blanketed
with large, dense aggregates of biomolecules, appearing as high-
intensity ‘hot spots’ across the entire scan area. Conversely, the
chemical maps for the PTB-PSBMA, PTB-PCBMA and PTB-
PMPC surfaces were predominantly uniform and low-
intensity, confirming that the surfaces remained chemically
clean. The normalised fouling coverage calculated from these
maps (Figure 4d) revealed that although the control surfaces
were nearly 100% covered by foulants, the zwitterionic coatings
maintained a fouling coverage close to 0%. This result is
particularly significant as it proves that the coatings can with-
stand long-term, static immersion in high-concentration bio-
logical fluids without saturation or failure of the antifouling
mechanism [24, 28].

The molecular structures of the three zwitterionic polymers may
further influence their antifouling behaviours. PSBMA contains
a quaternary ammonium cation and a sulfonate anion, in which
the sulfonate group remains strongly ionised over a wide pH
range, thus providing stable electrostatically induced hydration.
PCBMA consists of a quaternary ammonium cation and a
carboxylate anion; the carboxylate group can participate in
additional hydrogen bonding and electrostatic interactions,
although its ionisation state may be more sensitive to environ-
mental pH. PMPC contains a phosphorylcholine group that
mimics the hydrophilic headgroup of cell membrane phospho-
lipids, which is beneficial for reducing nonspecific protein and
lipid adhesion. Despite these structural differences, all three
polymers possess charge-balanced zwitterionic groups and can
form tightly bound hydration layers, thereby effectively sup-
pressing the adsorption of proteins, polysaccharides, lipids and
complex biological fluids.

3.3 | Lubrication Performance of
PTB-Zwitterionic Polymer Co-Deposited Coatings

Beyond their exceptional antifouling properties, the prepared
coatings were investigated for their ability to modify surface
tribology. In biological systems, such as articular cartilage,
lubrication is mediated by surface-bound macromolecules (like
lubricin and hyaluronic acid) that trap water to form a fluid
load-bearing layer. Mimicking this ‘hydration lubrication’
mechanism, the zwitterionic polymer chains in our coatings are
designed to act as efficient boundary lubricants [57, 58]. To
evaluate this, we conducted rigorous tribological testing using a
ball-on-disk  tribometer under physiological conditions
(1 x PBS, pH 7.4), as illustrated in Figure 5a. As illustrated in
Figure 5b, the bare silicon substrate exhibited high and
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FIGURE 3 | The antifouling performance of the coatings was monitored in real-time and quantitatively evaluated via QCM-D. (a) Schematic

illustration of the dynamic adsorption process of biofoulants on the sensor surfaces. (b) Frequency shifts of sensors with different coatings during

alternating rinsing cycles of milk and water. (c-e) Corresponding frequency shifts on various modified surfaces during the adsorption of (c) fetal
bovine serum (FBS), (d) lysozyme and (e) lipids. (f) Comparison of the residual adsorbed mass of biofluids, proteins and lipids on pristine Au,
native BSA-modified surfaces and various PTB-zwitterionic polymer-functionalised surfaces (PTB-PSBMA, PTB-PCBMA and PTB-PMPC) after

water rinsing (all data were recorded following the water rinsing step).

significantly fluctuating friction curves with a friction coeffi-
cient (i) exceeding 0.025. This behaviour indicates the occur-
rence of direct solid-solid asperity contact, which typically leads
to high shear stress and surface damage. Although the native
BSA coating reduced friction to some extent (u~0.02), the hy-
dration capacity of the protein layer alone was insufficient
to provide efficient lubrication. In contrast, the three
PTB-zwitterionic polymer co-deposited coatings all exhibited
stable, ultra-low friction coefficients within the range of

0.005-0.015, representing a reduction of approximately
60%-80% compared to the bare substrate. This superior lubricity
stems from the robust ability of zwitterions to entrap water
molecules. Under normal compression and shear, the resulting
hydration layer is tightly bound by strong electrostatic in-
teractions, resisting being squeezed out of the contact zone. This
maintains the integrity of the hydration layer and ensures
persistent and stable lubrication in physiological aqueous en-
vironments [33].
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The lubrication performance of the PTB-zwitterionic co-
deposited coatings was further evaluated by measuring the
friction between a PTFE probe and the coatings under varying
applied loads (F,) and sliding speeds (vs) in a physiological
aqueous environment. Figure 5c presents the influence of
normal load on the frictional behaviour of the multifunctional
nanocoatings at a constant sliding speed of 5 mm s™*. As the
load was incrementally increased from 0.1 to 20 N (corre-
sponding to a contact stress increase from 10.72 to 62.72 MPa),
the u values remained consistently stable at approximately
0.015. Notably, even under the highest load of 20 N (62.72 MPa),

the superlubricating capability was maintained, reaching levels
comparable to the lubrication performance found in bio-
tribological systems and confirming its feasibility for various in
vivo biotribological applications. Furthermore, the friction co-
efficients of the PTB-zwitterionic co-deposited coatings were
investigated at different sliding speeds (Figure 5d). As the
sliding speed increased from 0.5 mm-s'-10 mm-s™, u
remained at a low level with negligible variation. This speed-
insensitive lubrication behaviour conforms to Amontons' law,
further extending the applicability of these coatings to complex
scenarios, such as vascular grafts where inner-wall lubrication
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Evaluation of the tribological performance of BSA-based coatings under model physiological aqueous conditions. (a) Schematic

illustration of the experimental configuration for friction and wear tests between BSA-based coatings and a PTFE counterpart using a
reciprocating tribometer in PBS buffer (1x, pH 7.4). (b) COF-time curves for different modified surfaces. (c) Variation of the friction coefficient u

as a function of the normal load F, at a constant sliding velocity of 5 mm s~

!, (d) Friction coefficient u versus sliding velocity v, under a

constant normal load of 10 N (49.18 MPa). (e, f) Results of cyclic reciprocating friction tests estimating the lubrication durability of

PTB-zwitterionic polymer coatings under a high normal load of 10 N (49.18 MPa) and a sliding velocity of 10 mm s™.

must be maintained to reduce resistance to blood flow at both
low (artificial veins) and high (artificial arteries) velocities [59].

Finally, the long-term durability and wear resistance of the
coatings were tested under aggressive conditions (F,, = 10 N,
corresponding to a contact stress of 49.18 MPa, and
vs = 10mm s~1) for 300 reciprocating cycles. Durability is a
critical parameter for biomedical coatings, as delamination or
wear-through can lead to device failure or inflammatory re-
sponses. As shown in Figure 5e, the friction force curves for the
PTB-PSBMA, PTB-PCBMA and PTB-PMPC coatings remained
stable, symmetric and low throughout the 300 cycles, with
steady-state friction forces ranging from 0.1 to 0.2 N and
negligible dependence on the cycle number. After 300 recipro-
cating cycles, the calculated u showed almost no change,
remaining at approximately 0.015 (Figure 5f), demonstrating a
durable lubrication performance comparable to natural hydra-
tion lubrication systems [60]. This exceptional mechanical sta-
bility is attributed to the synergistic architecture of the coating:
(1) the amyloid-like PTB network serves as a robust multipoint
anchoring layer that adheres firmly to the substrate, preventing
shear-induced delamination; and (2) the zwitterionic polymer

1

chains dissipate shear energy through hydration lubrication.
This dual-functional design ensures that the coating maintains
its integrity and functional performance even under sustained
mechanical stress, making it highly suitable for applications
involving moving parts or insertion forces, such as catheters,
endoscopes and guidewires [61]. The combination of ‘ultralow-
fouling’ properties demonstrated in the previous section with
the superior, durable lubrication validated here establishes these
PTB-zwitterionic polymer coatings as a comprehensive solution
for enhancing the biocompatibility and functionality of medical
interfaces.

The hydration characteristics associated with the different
zwitterionic side chains also contribute to the lubrication
behaviour of the coatings. For PSBMA, the strongly ionised
sulfonate groups promote stable water binding, which helps
maintain a hydrated interfacial layer under shear. For PCBMA,
the coexistence of carboxylate and quaternary ammonium
groups provides electrostatically induced hydration together
with possible hydrogen-bonding interactions, contributing to
reduced interfacial shear resistance. For PMPC, the phosphor-
ylcholine groups resemble the outer surface chemistry of cell
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membranes and can retain water through strong dipole-ion in-
teractions, thereby supporting efficient hydration lubrication.
As a result, although the three zwitterionic polymers have
different side-chain structures, they all generate highly hydrated
interfaces that resist water squeeze-out under compression and
shear, leading to stable and low friction coefficients.

To further contextualise the performance of the present coating,
we compared our PTB-zwitterionic polymer co-deposited
coating with representative antifouling and lubricating coating
systems reported in previous studies (Supporting Information
S1: Table S2). Although direct quantitative comparison should
be interpreted with caution because of differences in substrates,
coating thicknesses, counter bodies, applied loads/contact
stresses, sliding conditions and fouling models, the comparison
highlights the comprehensive advantages of the present system.
Unlike some previously reported coatings that mainly focus on
either antifouling or lubrication, the coating developed in this
work integrates broad-spectrum antifouling performance, ul-
tralow friction, substrate-independent deposition, ultrathin
coating geometry and a facile one-step fabrication process.

Despite these promising results, several limitations and future
challenges should be noted. The current work mainly evaluates
the coatings under in vitro antifouling and tribological condi-
tions, whereas their long-term stability, degradation behaviour
and biological responses in complex in vivo environments
remain to be systematically investigated. In addition, although
the PTB network enables robust and substrate-independent
anchoring, the coating stability mainly relies on multiple non-
covalent interactions and physical entanglement, and therefore
its durability under aggressive wear, sterilisation and long-term
implantation conditions should be further assessed. Future
work will focus on optimising the coating composition,
improving mechanical robustness through mild crosslinking or
enhanced interfacial interactions and validating the coatings on
practical biomedical devices such as catheters, guidewires, bio-
sensors and artificial joints through comprehensive biocom-
patibility and in vivo studies.

4 | Conclusion

In summary, we have developed a nanoscale protein-based
coating through a facile one-step co-deposition strategy, which
exhibits both superior antibiofouling and lubrication properties
in physiological environments. Composed of PTB and zwitter-
ionic polymers, the coating enabled stable anchoring on a
diverse range of substrates—including metals, inorganic ce-
ramics and hydrophobic polymers—without the need for com-
plex pretreatments. The synergy between the robust anchoring
capability of PTB and the high hydration capacity of the zwit-
terionic polymers endowed the surfaces with exceptional dual
functionality: antifouling and lubrication. Specifically, the
coating effectively suppressed over 90% of nonspecific adsorp-
tion from complex biological media (such as serum, milk and
egg white), achieving an ‘ultra-low fouling’ state. Simulta-
neously, it facilitated a highly efficient hydration lubrication
mechanism under physiological conditions, reducing the coef-
ficient of friction to an ultra-low range of 0.005-0.015. Notably,
the integrity of this superior lubrication performance could
be preserved even under high contact pressures and during

long-term reciprocating wear. This work provides a simple,
universal and cost-effective strategy for surface coating con-
struction, offering a promising surface modification solution for
implantable medical devices and high-performance biomedical
interfaces.
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