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A B S T R A C T

Precise molecular engineering of surfaces is critical for advancing biosensing, antifouling technologies, and smart 
material interfaces, yet current methods often suffer from uncontrolled orientation or require complex surface 
chemical modifications. Here, we report a modular protein-based platform that combines two key elements: (1) 
self-assembling B-M-E protein antifouling brushes composed of a solid-binding peptide (B), a multimerization 
domain (M), and an antifouling polypeptide (E). (2) Bioorthogonal SpyCatcher/SpyTag chemistry for precise 
post-assembly covalent immobilization of target molecules with site-specific control. We demonstrate high- 
efficiency conjugation on both gold and polystyrene surfaces using quartz crystal microbalance with dissipa
tion (QCM-D) and fluorescence assays. This bioorthogonal strategy offers one-step surface coating without 
complex chemical modifications, tunable and stable protein immobilization, and universal substrate compati
bility. Our post-assembly functionalization platform provides a versatile toolbox for creating functional protein 
coatings by suppressing non-specific binding, which minimizes background interference and improves detection 
sensitivity and specificity. This approach holds significant potential for applications such as point-of-care di
agnostics and continuous monitoring devices.

1. Introduction

Precise control over molecular composition and spatial organization 
of functional groups on solid surfaces is of fundamental importance in 
material science, biotechnology, and medicine(Jiang et al., 2020; Flynn 
et al., 2023; Song et al., 2024). From highly sensitive biosensors to 
long-lasting antifouling coatings, interfacial performance hinges on the 
ability to anchor bioactive molecules in a well-controlled manner under 
physiologically relevant conditions. Numerous coating strategies, 
including but not limited to oligo/poly(ethylene glycol) coatings(Ma 
et al., 2004; Hucknall et al., 2009; Heggestad et al., 2020; Riedel et al., 
2013; Lowe et al., 2015; Banerjee et al., 2011), polylysine-mediated 

coatings(Lebaudy et al., 2023; Tian et al., 2020), zwitterionic coatings 
(Cheng et al., 2009; Li et al., 2019) and peptides based coatings 
(Chelmowski et al., 2008; Chen et al., 2009; Nowinski et al., 2012; Alvisi 
et al., 2022), have been developed to meet the need of diverse anti
fouling applications. These developed coatings provide straightforward 
conjugation procedures and exhibit good to excellent antifouling prop
erties on a wide range of surfaces. They further allow post-fabrication 
functionalization through the incorporation of a minor fraction of bio
reactive units(Postma et al., 2025).

Nevertheless, despite these advantages, conventional modification 
strategies are inherently limited by their chemical and structural 
simplicity, often lack the biomolecular complexity required to 
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dynamically interface with biological systems. In contrast, protein-based 
coatings offer a powerful platform to mimic complex biological in
terfaces. A key advantage of such coating lies in genetic programma
bility, which allows for the precise integration of multiple functional 
domains within a single, seamlessly linked polypeptide chain.

In this way, genetically engineered polypeptides offer a modular and 
programmable alternative to traditional surface modification methods 
(Merkx et al., 2019; Chen et al., 2021; Alvisi and de Vries, 2023; Han 
et al., 2025). By leveraging the specificity of solid-binding peptide do
mains and the orthogonality of bioorthogonal chemistry(Alvisi and de 
Vries, 2023; Fu et al., 2024), polypeptides-based coatings enable precise 
control over interfacial properties. Our group recently developed a tri
block polypeptide architecture, termed B-M-E (Fig. 1c), which provides 
a robust and modular platform for creating tailor-made self-assembled 
antifouling polypeptide brush on diverse materials (oxides, metals, and 
plastics)(Alvisi et al., 2022; Zheng et al., 2023, 2025a, 2025b). In these 
modular designs, solid-binding peptides B are used to attach protein to 
solid surfaces(Brown, 1997; Hassert et al., 2012; Care et al., 2015). A de 
novo designed multimerization block M is used to enhance the coating 
stability and density through multivalency(Fallas et al., 2017). Finally, a 
hydrophilic, intrinsically disordered polypeptide block E is employed to 
provide antifouling functionality(MacEwan and Chilkoti, 2010; Varanko 
et al., 2020; Garanger and Lecommandoux, 2022; Guo et al., 2023; 
Strader et al., 2024). This fully recombinant system enables the creation 
of highly nonfouling interfaces without relying on synthetic polymers.

Despite the versatility of B-M-E coatings, strategies for bio
functionalization on surfaces remain limited. Over the past decades, 
strategies for cargo attachment via catalytic protein domains(Stagge 
et al., 2013; Sun et al., 2014, 2019; Buldun et al., 2018; Hatlem et al., 
2019; Keeble et al., 2022; Krishnan et al., 2023) as well as site-specific 
chemical attachment to specific amino acid residues have been devel
oped(Madl and Heilshorn, 2017; Zhang et al., 2016). In particular, the 
SpyTag (a 13-residue peptide) and its protein partner SpyCatcher, 
derived from the Streptococcus pyogenes fibronectin-binding protein, 
have gained significant attention due to their ability to spontaneously 
and irreversibly form an clean/mild isopeptide bond under physiolog
ical conditions(Zakeri et al., 2012; Keeble et al., 2017, 2019; Fu and Li, 
2020; Kimura et al., 2021; Krishnan et al., 2024; Boonyakida et al., 
2025). Such properties make it particularly well-suited for stable and 
site-specific conjugation in surface biofunctionalization for diverse 
applications.

In this study, we hypothesize that the incorporation of the Spy
Catcher/SpyTag (Fig. 1a) system into the B-M-E polypeptide brushes 
(Fig. 1c) would enable covalent, site-specific, and modular post- 
assembly functionalization on different surfaces (Fig. 1d). To test this 
hypothesis, we employed the SpyCatcher003/SpyTag003(Keeble et al., 
2019) system (unless specified, referred to as SpyCatcher/SpyTag 
hereafter for simplicity), which exhibit higher reaction rate than earlier 
versions(Keeble et al., 2017; Zakeri et al., 2012). As a proof of concept, 

we genetically fused super-folded green fluorescent protein (GFP) 
(Pédelacq et al., 2006) either to SpyCatcher or SpyTag as our model 
cargo protein to validate the platform (Fig. 1b). Protein purity was 
confirmed by sodium dodecyl sulfate-polyacrylamide gel electropho
resis (SDS-PAGE). Protein structural characterization by size-exclusion 
chromatography (SEC) and circular dichroism (CD) confirmed the 
proper folding and trimeric assembly of our functionalized polypeptides. 
We employed quartz crystal microbalance with dissipation (QCM-D) to 
quantitatively validate specific conjugation on both gold and poly
styrene surfaces, complemented by macroscale visualization of the 
conjugation process in microfluidic channels. Building on this, this 
strategy moves beyond the passive antifouling B-M-E coating to estab
lish a modular, genetically encoded platform for active and program
mable biofunctionalization. By leveraging SpyCatcher/SpyTag 
chemistry, it paves the way for next-generation passive antifouling 
coatings, high-performance biosensors, and advanced therapeutic 
interfaces.

2. Results and discussion

2.1. Design and conceptual framework of B-M-E-SpyCatcher polypeptide 
brushes

Previously, we demonstrated that B-M-E coating proteins are 
modular and can be readily adapted to different surfaces by substituting 
the solid-binding B domain(Alvisi et al., 2022; Zheng et al., 2023, 
2025a). In this study, we use sequences of previously designed 
unfunctionalized B-M-E proteins that self-assemble into antifouling 
brushes on gold(Zheng et al., 2023) and polystyrene(Zheng et al., 
2025a) surfaces. As is shown in Fig. 1d, we genetically attach Spy
Catcher domains to create the new tetrablocks BAu-M-E-SpyCatcher with 
gold-binding peptides (one-letter amnio acid code: MHGKTQATSGTIQS) 
(Brown, 1997) as surface anchors and BPS-M-E-SpyCatcher with 
polystyrene-binding peptides (one-letter amnio acid code: 
VHWDFRQWWQPS)(Qiang et al., 2017) as surface anchors. In contrast 
to simple physical adsorption, solid-binding peptides engage in multiple 
cooperative interactions that render them highly resistant to desorption 
(Tang et al., 2013; Zheng et al., 2025a). Next, we employed GFP either 
fused with SpyTag or SpyCatcher as a model system to test SpyCatch
er/Tag conjugation(Pédelacq et al., 2006). We choose to attach the 
bulkier SpyCatcher to the coating protein rather than the SpyTag, since 
we anticipate that typically users want to use cargo (to be attached to the 
coating) tagged with the small SpyTag peptide.

We hypothesized that the B-M-E-SpyCatcher tetrablock retains its 
ability to prevent nonspecific protein adsorption through the antifouling 
E domain, while the terminal SpyCatcher domain enables site-specific 
covalent conjugation with SpyTag-fused cargo proteins. Detailed se
quences of primers, DNA and amino acids sequences used in this study 
are provided in Tables S1–S3. All expression plasmids were sequence- 

Fig. 1. Schematic representation of constructs used in this study. a) SpyCatcher/Tag system. b) GFP-SpyCatcher and GFP-SpyTag fusions. c) B-M-E triblock coating 
proteins binding to either gold- or polystyrene surfaces. d) Fusions of SpyCatcher with gold- and polystyrene-coating B-M-E proteins.
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verified prior to being transformed into E. coli. Proteins were purified 
using immobilized metal affinity chromatography (IMAC), followed by 
size exclusion chromatography (SEC). Protein integrity and purity were 
confirmed by SDS-PAGE. Molecular weights of the purified proteins are 
determined using MALDI-TOF (Fig. S1 and Table S4). Materials and 
Methods are provided in Support Information.

2.2. Trimer formation and SpyCatcher functional group presentation in 
solution

Next, we investigated the secondary structure of engineered pro
teins, with particular attention to the proper folding of the M domain in 
the context of the tetrablocks, by SEC and CD spectroscopy (Fig. 2). As 
shown in Fig. 2a, the SEC retention volumes for the gold- and 
polystyrene-binding B-M-E-SpyCatcher proteins were approximately 
10-11 mL. This aligns well with our previous studies, where the 
unfunctionalized B-M-E exhibited similar retention volumes (~11 mL) 
(Zheng et al., 2023, 2025a). The observed similar retention volumes 
suggest that the SpyCatcher domain did not significantly alter the hy
drodynamic volume of the complex, which is consistent with its rela
tively small size with a hydrodynamic diameter of 3.6 nm (Tyler et al., 
2023). Previously, we have demonstrated that the B-M-E proteins 
(depending on the size of the E block) form a monomolecular coating 
with a layer thickness of 13-20 nm(Zheng et al., 2023, 2025a). This 
coating thickness is within the effective penetration depth of the surface 
plasmon resonance evanescent field (typically 100-300 nm)(Abbas 
et al., 2011; Bajaj et al., 2023). Additionally, the retention volumes 
found are smaller than that of previously reported(Zheng et al., 2025b) 
bovine serum albumin (BSA, ~66 kDa, ~14 mL). Given that the mo
lecular weight of B-M-E-SpyCatcher monomer (~56 kDa) is smaller than 
that of BSA, the observed SEC profiles strongly suggest that B-M-E-S
pyCatcher proteins oligomerize in solution, consistent with the forma
tion of the designed trimeric complex (~168 kDa, ~10 mL), as we have 
previously reported(Zheng et al., 2023, 2025a, 2025b).

To complement the SEC data, CD spectroscopy was employed to 
confirm the protein secondary structure. The CD signal is expected to be 
dominated by the α-helical M domain, as the unstructured B and E do
mains contribute minimally, and the β-sheet-rich SpyCatcher domain is 
relatively small compared to the M block. Indeed, as shown in Fig. 2b, 
the CD spectra of the B-M-E-SpyCatcher proteins are consistent with 
those previously reported for unfunctionalized B-M-E proteins(Alvisi 
et al., 2022; Zheng et al., 2023, 2025a, 2025b), displaying features 
characteristic of high α-helical content (with characteristic double 
minima around 208 nm and 222 nm). In contrast, CD spectra for the GFP 
fusion proteins have more characteristic of β-sheet rich proteins (with a 
characteristic of single minimum around 219 nm), as expected.

Subsequently, we evaluated the functionality of the SpyCatcher/ 

SpyTag proteins in solutions by examining covalent bond formation 
using SDS-PAGE (Fig. 3). Protein samples were mixed in PBS for 5 min 
prior to analysis. In Fig. 3a, lane 2 corresponds to purified BAu-M-E- 
SpyCatcher. Lanes 3 and 4 correspond to BAu-M-E-SpyCatcher mixed 
with GFP-SpyCatcher and GFP-SpyTag, respectively. The higher- 
molecular-weight conjugates observed in lane 4 confirms covalent re
action between BAu-M-E-SpyCatcher and GFP-SpyTag. As anticipated, 
no reaction occurs between BAu-M-E-SpyCatcher and GFP-SpyCatcher 
(Fig. 3a, lane 3). Similar results are found for BPS-M-E-SpyCatcher 
when mixed with GFP-SpyTag and additional (non-reactive) BPS-M-E 
(Fig. 3b). We do observe that a small fraction of BPS-M-E-SpyCatcher 
remains unreacted after 5 min incubation with GFP-SpyTag (Fig. 3b, 
lane 6). Nevertheless, taken together, the results confirm that the Spy
Catcher unit remains functional when genetically fused to the B-M-E 
proteins. Additional SDS-PAGE analyses for the reaction between BAu- 
M-E and GFP-SpyCatcher/Tag, as well as between GFP-SpyCatcher and 
GFP-SpyTag, are shown in Fig. S2a and S2b, respectively.

2.3. Surface assembly and site-specific functionalization via SpyCatcher/ 
SpyTag

To evaluate immobilization of proteins and site-specific functional
ization of the surfaces, we conducted QCM-D experiments on both gold 
and polystyrene surfaces (see Fig. 4). QCM-D enables real-time, label- 
free monitoring of both mass adsorption and the viscoelastic properties 
of surface-bound layers. These properties make it an ideal tool for 
assessing not only the immobilization of proteins, but also of the 
structural stability and rigidity of the resulting surface coating. To 
mitigate potential steric hindrance of the SpyCatcher domains when 
presented at a high surface density, we coated the surfaces with a 1:1 
mixture of B-M-E and B-M-E-SpyCatcher. Following coating of the 
sensor surfaces, GFP-SpyCatcher or GFP-SpyTag were injected into the 
QCM-D flow channels to test reactivity and potential non-specific 
binding. First, we tested the gold-binding variants of the proteins, per
forming QCM-D with gold-coated quartz sensors. As shown in Fig. 4a, 
injection of Au-coating protein (1:1 mixture of BAu-M-E and BAu-M-E- 
SpyCatcher) led to a marked frequency decrease, indicating rapid and 
efficient surface coating. The flat QCM-D signal during the PBS rinse 
demonstrates the coating is stable for prolonged rinsing with PBS. Upon 
injection of GFP-SpyCatcher (green line with circles in Fig. 4a), negli
gible frequency shifts were observed, suggesting minimal nonspecific 
binding to the antifouling brush. This demonstrates that the antifouling 
function of the E domain is preserved also in the presence of the Spy
Catcher domain. In contrast, injection of GFP-SpyTag (blue line with 
triangles in Fig. 4a) resulted in a significant frequency drop (see zoomed- 
in signal in Fig. 4c), consistent with rapid covalent conjugation and 
increased surface mass. During the subsequent PBS rinse, the frequency 

Fig. 2. Characterization of protein constructs. a) SEC analysis. Absorbance at 230 nm (A230) as a function of retention volume. b) CD spectra displaying ellipticity 
(mdeg) versus wavelength (nm). CD measurements were performed at 0.1 mg/mL protein concentration in PBS, recorded at 20 ◦C.
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Fig. 3. SDS-PAGE analysis confirms protein purity and reactivity. a) Reactivity of gold-binding tetrablocks BAu-M-E-SpyCatcher with GFP-SpyCatcher and GFP- 
SpyTag. b) Reactivity of triblock BPS-M-E and tetrablock BPS-M-E-SpyCatcher with GFP-SpyTag. Molecular mass markers are presented in lane 1 for a) and lane 
4 for b), respectively. Protein bands are indicated by small arrows in matching colors.

Fig. 4. Real-time surface assembly and functionalization of B-M-E brushes monitored by QCM-D. a) Specific sensing of GFP-SpyCatcher (green line with circles) and 
GFP-SpyTag (blue line with triangles) on gold surfaces. Au-coating protein refers to BAu-M-E + BAu-M-E-SpyCatcher in a 1:1 M ratio (5 μM:5 μM) applied to gold 
surfaces. b) Specific sensing of GFP-SpyTag on polystyrene surfaces. PS-coating protein refers to BPS-M-E + BPS-M-E-SpyCatcher with 1:1 M ratio (2.8 μM:2.8 μM) 
applied to polystyrene surfaces (purple line with triangles). Polystyrene surfaces coated only with BPS-M-E (cyan line with circles). c) Enlarged view of the gray 
highlighted region in Fig. 4a with the baseline frequency of the coated sensor set to 0 Hz. d) Enlarged view of gray highlighted region in Fig. 4b with the baseline 
frequency of the coated sensor set to 0 Hz. PBS is indicated as buffer. GFP-SpyC/T refers to GFP-SpyCatcher and GFP-SpyTag, respectively.
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remained stable, confirming the specificity and irreversibility of the 
SpyCatcher/SpyTag bond formation. The corresponding dissipation 
data (Fig. S3a) further support the formation of a stable protein layer.

Encouraged by the results on gold surfaces, we next tested whether 
our design could be extended to non-metallic surfaces. QCM-D sensors 
coated with polystyrene were used as a model for plastic substrates 
because polystyrene is a common material for microfluidic devices and 
well plates—to its direct applicability in lab-on-a-chip and continuous 
sensing systems. This study employed a step-by-step experimental 
strategy to validate the platform. The specific, covalent nature of the 
conjugation was first established on gold by contrasting the strong 
positive signal from GFP-SpyTag with the null response from the 
structurally matched negative control, GFP-SpyCatcher (Fig. 4a).

With this orthogonality confirmed, subsequent experiments on 
polystyrene focused on quantifying the conjugation efficiency of the 
positive reaction (GFP-SpyTag), leveraging the already-demonstrated 
specificity of the SpyCatcher/SpyTag system. Therefore, only GFP- 
SpyTag was selected for testing the orthogonality on polystyrene sur
faces. Two types of channels were prepared: one coated with BPS-M-E 
alone, the other coated with PS-coating protein (1:1 M ratio mixture of 
BPS-M-E and BPS-M-E-SpyCatcher). As shown in Fig. 4b, during the 
protein coating phase, the frequency signal did not decrease mono
tonically as it did for the gold-binding proteins on the gold surfaces. 
Instead, there was a small overshoot eventually followed by signal sta
bilization. This dynamic behavior may reflect a Vroman-like effect 
(Hirsh et al., 2013) or transient aggregation followed by reorganization 
of the coating proteins on the hydrophobic polystyrene surface. Note 
that the polystyrene-binding peptides of the coating proteins (one-letter 
amnio acid code: VHWDFRQWWQPS)(Qiang et al., 2017) contain three 
tryptophan (W) residues and one phenylalanine (F) residue, which could 
lead to some degree of self-assembly of the coating proteins in solution, 
which would require conformational rearrangements upon adsorption 
on surfaces. Similar behavior was reported in our earlier study on the 
coating of polystyrene surfaces with BPS-M-E triblock proteins(Zheng 
et al., 2025a). Following PBS rinsing, a slight upward shift in frequency 
was observed in both channels, indicating the removal of some loosely 
adsorbed protein. After this transient signal, we found good stability of 
the surface-bound layer for prolonged rinsing with PBS. Upon injection 
of GFP-SpyTag, the surface coated with BPS-M-E alone showed no 
detectable frequency shift, confirming minimal nonspecific adsorption. 
In contrast, the surface coated with 1:1 BPS-M-E + BPS-M-E-SpyCatcher 
exhibited a substantial frequency decrease, indicating successful and 
specific covalent conjugation between surface-bound SpyCatcher and 
GFP-SpyTag. The final PBS rinsing step confirms the irreversible nature 
of the interaction. Dissipation data for these QCM-D experiments are 
given in Figure S3a and Figure S3b.

Our earlier studies showed that gold-coating proteins at a concen
tration of 10 μM and polystyrene-coating proteins at a concentration of 
5 μM form a saturated coating layer on the respective surfaces(Zheng 
et al., 2023, 2025a). Under this premise of saturated coverage, the larger 
initial frequency shift on gold (− 60 Hz vs. − 40 Hz on PS) indicates the 
formation of a thicker, more extended, and highly hydrated brush 
structure (Fig. 4a and b). Crucially, despite this higher degree of hy
dration and a likely higher initial areal density of SpyCatcher proteins, 
the subsequent cargo conjugation was less efficient on gold (ΔF = − 7.3 
Hz) than on polystyrene (ΔF = − 10.4 Hz). We attribute this difference to 
steric accessibility: the dense, thick brush on gold sterically masks a 
significant fraction of its SpyCatcher domains, rendering them inactive. 
This is proved by the minimal dissipation change during conjugation on 
gold (ΔD = +0.32 ppm). This indicated that the reaction occurs with 
little perturbation to the pre-formed brush on gold surfaces. In contrast, 
coating on polystyrene presents its SpyCatcher moieties with higher 
accessibility, leading to a higher conjugation efficiency. This is sup
ported by the larger frequency shift and substantial dissipation increase 
on polystyrene (ΔD = +0.63 ppm) further suggests that the conjugation 
process may involve a beneficial reorganization of the interface to 

maximize cargo loading. While precise absolute density determination 
can be obtained using Sauerbrey equation(Sauerbrey, 1959; Yang et al., 
2025) if the coating layer is rigid. However, our system’s hydrated 
flexible E block may not fully meet this criterion. Thus, while the ab
solute densities are first-order approximations, the calculated ~40 % 
loading density is higher on polystyrene versus gold (Supplementary 
Information, Note S1). Together, these data confirm: the structural 
integrity and antifouling performance of the B-M-E coatings during 
functionalization, and the formation of specific, covalent SpyCatch
er/SpyTag complexes rather than nonspecific adsorption. Also, this es
tablishes an important design principle: the optimal coating architecture 
for functionalization is not necessarily the one that binds the most 
protein, but the one that presents the most functional groups in an 
accessible manner.

The performance of the coating, including its stability and ability to 
resist nonspecific adsorption in complex media, is critical for its prac
tical application. Here, we define stability as the structural integrity of 
the coating within a typical assay timeframe. We next evaluated its 
performance on polystyrene substrates. The results show that the BPS-M- 
E + BPS-M-E-SpyCatcher brush after GFP-SpyTag functionalization is 
highly stable over 30 min in 10 % human serum (HS, Fig. 5a). 
Furthermore, the coating effectively retained its antifouling property 
under these conditions, indicating that the conjugation chemistry and 
brush architecture remain intact in biologically relevant environments. 
In Fig. 5b, the fouling percentage of the BPS-M-E + BPS-M-E-SpyCatcher 
functionalized surface (~9.5 %) was drastically lower than that of bare 
polystyrene as reported earlier(Zheng et al., 2025a). The fouling per
centage calculation method was described elsewhere(Zheng et al., 
2025b). The dash line with an arrow is the fouling percentage of surface 
coated with BPS-M-E (~6 %). Additional dissipation data further support 
the coating stability in diluted HS (Fig. S4). The complete QCM-D data 
on polystyrene surfaces are provided in Fig. S5.

2.4. Fluorescence visualization confirms functionalized surface reactivity

While QCM-D provides molecular-level insights into the real-time 
binding kinetics and surface mass adsorption, fluorescence imaging of
fers complementary, application-relevant validation by visually con
firming successful surface functionalization. Therefore, we replicated 
the QCM-D functionalization conditions in polystyrene microfluidic 
channels. The surfaces of these channels were coated either with BPS-M- 
E alone or with a 1:1 mixture of BPS-M-E + BPS-M-E-SpyCatcher. 
Additionally, we included an uncoated channel as a reference. Next, 
these channels were exposed to GFP-SpyTag and imaged using fluores
cence microscopy. As shown in Fig. 6a, the uncoated polystyrene 
channels exhibited strong nonspecific (possibly multilayer) adsorption 
of GFP-SpyTag, resulting in a strong fluorescence signal. In contrast, 
weaker and uniform fluorescence due to specific chemical conjugation 
was observed for channels coated with the BPS-M-E + BPS-M-E-Spy
Catcher mixture (Fig. 6b). The intensity was approximately one third of 
that of the uncoated surfaces, indicating a dense adsorption of the GFP- 
SpyTag construct onto uncoated PS channels. This suggests that a 
satisfyingly high fraction of the SpyCatcher moieties in the 1:1 mixture 
of protein is actually linked to the GFP-SpyTag. Finally, channels coated 
solely with BPS-M-E showed negligible fluorescence (Fig. 6c), as ex
pected for a channel with a nonreactive coating with excellent anti
fouling properties(Zheng et al., 2025a). Quantitative analysis of 
normalized fluorescence intensity is provided in Fig. 6d. Together, these 
results support the QCM-D findings, demonstrate the robustness of this 
post-assembly conjugation strategy for stable, site-specific surface 
functionalization, and highlight its potential for biosensing and diag
nostic applications.

The modular design of our platform also opens the possibility of 
performing the SpyCatcher/SpyTag conjugation step directly in complex 
media, such as cell lysates or crude protein extracts, rather than solely in 
purified buffer systems. Earlier report employed SpyTag-SpyCatcher 
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reaction to purify SpyTag-linked protein from crude protein extract 
(Khairil Anuar et al., 2019). Therefore, the modularity of our platform 
presents a transformative model for diagnostic biosensing in complex 
solutions. It enables a ‘plug-and-play’ paradigm where a sensor chip, 
pre-coated with the B-M-E-SpyCatcher brush, can be rapidly function
alized with any commercially available SpyTag-fused antibody or other 
biorecognition elements. This platform facilitates the creation of highly 
specific, antifouling sensing interfaces without the need for sample 
pre-treatment. This capability directly addresses the core principle of 
diagnostic testing by minimizing analyte manipulation and paves the 
way for versatile point-of-care devices.

3. Concluding remarks

We developed a modular and genetically encoded platform for site- 
specific and stable surface functionalization of generically antifouling 
brushes using SpyCatcher-functionalized B-M-E polypeptide brushes. 
This biospecific platform enables post-assembly covalent 

immobilization of cargo proteins on gold, polystyrene and other surfaces 
(for which solid-binding peptides are available) under mild, aqueous 
conditions. Using a combination of QCM-D analysis and fluorescence 
imaging in microfluidic channels, we demonstrated robust, irreversible 
binding across chemically distinct interfaces with minimal nonspecific 
adsorption. Importantly, the antifouling properties and modular archi
tecture of the B-M-E brushes, combined with the orthogonality and ki
netic efficiency of the SpyCatcher/SpyTag reaction, make this system a 
versatile toolkit for surface biofunctionalization.

One of the distinct advantages of genetically encoded antifouling 
polypeptides is the ability to fuse functional peptides or proteins directly 
to the antifouling block (E), generating tetrablock constructs that 
directly self-assemble into functionalized brushes. While such a pre- 
assembly functionalization is straightforward and effective, it also pre
sents limitations: each new functional domain requires new protein 
expression and purification, and surface adsorption of certain cargos 
may interfere with proper coating formation. These considerations 
highlight the value of the complementary post-functionalization 

Fig. 5. QCM-D antifouling assay of adsorption of 10 % HS after GFP-SpyTag functionalization. a) QCM-D frequency data of 10 % HS adsorption on BPS-M-E (cyan 
line with circles) and BPS-M-E + BPS-M-E-SpyCatcher (purple line with triangles) coated polystyrene surfaces. b) QCM-D dissipation data of 10 % HS adsorption. The 
dash line with an arrow indicates the fouling percentage of surface coated with BPS-M-E.

Fig. 6. Fluorescence microscopy of polystyrene microfluidic channels with various coatings, after the addition of GFP-SpyTag and PBS rinsing. a) Strong nonspecific 
adsorption of GFP-SpyTag on uncoated polystyrene surface (blue line with circles). b) Chemical conjugation of GFP-SpyTag to polystyrene channel coated with 1:1 
BPS-M-E + BPS-M-E-SpyCatcher (purple line with triangles). c) Minimal signal for GFP-SpyTag added to channel with BPS-M-E antifouling coating (green line with 
rectangles). d) Fluorescence intensity normalized to the value of the uncoated polystyrene channel. Scale bar in a), b) and c) is 500 μm.
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strategy we have developed here, enabling modular surface tailoring 
without compromising the antifouling base layer. Additionally, this 
approach represents a shift from passive antifouling toward active bio
functionalization, extending the functionality of the B-M-E coating. 
Importantly, the stability of the solid-binding peptides (B), combined 
with the covalent nature of the Spy chemistry, suggests that our platform 
is highly suitable for reusable devices and long-term storage. Future 
work will quantify the shelf-life of pre-functionalized surfaces and their 
performance over multiple regeneration cycles, which is a critical step 
towards commercial applications.

Building on this foundation, the platform also opens avenues for 
integrating responsive or stimuli-triggered elements, enabling dynamic 
control over surface functionalities. For example, coupling the Spy
Catcher/SpyTag system with other orthogonal conjugation pairs (e.g. 
SnoopCatcher/SnoopTag) or stimuli-responsive motifs (e.g., pH-, redox- 
, or ultrasound-responsive motifs) could allow reversible or conditional 
cargo presentation in real time(Buldun et al., 2018; de Haas et al., 2023; 
Lennicke and Cochemé, 2021; Hahmann et al., 2024). Furthermore, by 
incorporating cell-targeting ligands (e.g., RGD motif) or leveraging 
engineered protein or antibody(Ligorio and Mata, 2023; Dai et al., 
2020), this approach would enable the creation of spatially organized 
and functionally diverse biointerfaces. Such surfaces could support 
next-generation applications in tissue engineering, point-of-care di
agnostics, and implantable therapeutic devices(Kinnamon et al., 2022; 
Ligorio and Mata, 2023). Altogether, this genetically encodable and 
modular strategy provides a robust foundation for designing multi
functional, adaptive, and application-tailored protein-based 
biointerfaces.
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