Volume 17
Number 5

4 February 2026
Pages 2399-2882

Chemical
cience

rsc.li/chemical-science

ISSN 2041-6539

ROYAL SOCIETY EDGE ARTICLE

Bin Li et al.
OF CHEMISTRY Erasable and regenerated multicomponent patterned
polymer brushes




ROYAL SOCIETY

: oy
Chemical
P OF CHEMISTRY

Science

View Article Online
View Journal | View Issue

EDGE ARTICLE

Erasable and regenerated multicomponent

{") Check for updates‘
patterned polymer brushes

Cite this: Chem. Sci., 2026, 17, 2528

*bc

All publication charges for thisarticle  Yuhong Cui,? Baoluo He, €22 Qian Ye, (22 Feng Zhou (2 ° and Bin Li

have been paid for by the Royal Society
of Chemistry Patterning polymer brushes represents a significantly controllable approach to surface modifications,
capable of producing tailored interfacial properties. In particular, multi-component patterned polymer
types, thereby offering enhanced versatility in surface
regulation. Here, we present a novel DNA hybridization-based
microcontact printing technique (uCP) for the fabrication of patterned polymer brushes, which enhances
the precision and controllability of the patterning process. Initially, pCP is employed to immobilize thiol

end-functionalized single-stranded DNA (ssDNA) to a gold substrate. The

brushes consist of various polymer

functionalization and interface

immobilized ssDNA
subsequently hybridizes with initiator-functionalized complementary ssDNA, facilitating surface-initiated
atom transfer radical polymerization (SI-ATRP) within the delineated regions to fabricate patterned
polymer brushes. This method enables precise control over the molecular weight, chemical
composition, and functionality of polymer brushes, and also allows reversible grafting of polymer
rehybridization of double-stranded DNA (dsDNA).
Furthermore, this surface grafting technique exhibits remarkable adaptability for constructing binary and

brushes by modulating the unwinding and
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ternary brush surfaces through the integration of diverse polymer types. Consequently, it provides

DOI: 10.1039/d55c08183a a robust platform for developing multifunctional surfaces tailored to specific applications, such as
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Introduction

Polymer brushes are a type of brush-like interfacial material
formed by chemically anchoring one end of polymer chains to
a substrate surface, and can be used to regulate the physical and
chemical properties of the material surface. The controlled
fabrication of polymer brushes relies on surface-initiated poly-
merization techniques, such as atom transfer radical polymer-
ization (ATRP), which enable precise control of the polymer
chain length, grafting density, and chemical composition.'”
Patterned polymer brushes integrate surface-initiated poly-
merizations (SIPs) with lithographic or other patterning
methods. The preparation generally begins with the construc-
tion of a spatially resolved (patterned) initiator layer on the
substrate, followed by controlled polymerization reactions to
covalently grow polymer chains from the predetermined
regions, thereby accurately transforming the two-dimensional
initiator patterns into three-dimensional polymer brush arrays
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with high spatial resolution.** Consequently, patterned poly-
mer brushes have found widespread applications in many fields
such as biosensing and microelectronics.”**® Based on the
complexity of the pattern, polymer brushes can be classified
into unitary patterns and multi-component patterns. Unitary
patterns refer to surfaces composed of a single type of polymer
brush, characterized by uniform structures that are easy to
control.”** Multi-component patterns consist of two or more
different types of polymer brushes, which are typically arranged
in alternating sequences or in a partitioned configuration. The
construction of such multicomponent patterned systems from
chemically or structurally different polymer brushes enables the
realization of surface functionalities that cannot be achieved
with simple, compositionally homogeneous coatings. This
strategy enables the rational design of interfaces that integrate
conflicting properties, such as combining antifouling with cell-
adhesion domains to guide biological processes. Moreover,
these systems can incorporate polymer brushes with disparate
stimuli-responsiveness, yielding “smart” surfaces with
programmable wettability, adhesion, and mass transfer char-
acteristics for advanced bionic and diagnostic applications.***®

In order to advance the fabrication of micropatterned
surfaces, a variety of surface modification techniques have been
established for precise control over surface attributes, including
nanoimprint lithography,**>° femtosecond laser ablation,*”**
and pCP.>** Among these, pCP is characterized by its relative

© 2026 The Author(s). Published by the Royal Society of Chemistry
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(a) Schematic diagram of fabricating patterned polymer brushes on gold surfaces via a DNA-based ATRP initiator. (b) Procedures for

forming a pattern of single brush, binary brush, and ternary brush on the gold surface by cross-sequential printing.

simplicity, high resolution and precision, cost-efficiency, and
scalability. It patterns reactive molecules to a substrate surface
using a soft template, typically polydimethylsiloxane (PDMS),
thereby providing an accurate template for subsequent post-
reactions.***° Moreover, LCP can be easily integrated with other
nanofabrication techniques such as self-assembly, nanoparticle
deposition, or optical lithography. In the early 1990s, Kumar
and Whitesides pioneered the development of nCP and utilized
it to prepare patterned arrays of self-assembled thiol mono-
layers on gold substrates.** Despite the precision in pattern
construction by puCP, the traditional nCP method faces certain
challenges. For example, when printing multiple regions,
maintaining clarity at the boundaries of different functional
areas has been proven to be difficult, and diffusion-related
cross-contamination between different inks is a great
concern.**** Furthermore, when printing biomolecules, strict
humidity control is essential to guarantee printing accuracy and
biomolecule stability.*> To address these issues, the develop-
ment of a more straightforward and efficient printing method is
imperative. DNA is a double-helical biomacromolecule that is
attractive due to its high specificity in hybridization and low
nonspecific adsorption.**** These characteristics enable DNA
molecules to precisely recognize and bind to target molecules in
distinct regions, thereby enhancing precision and controlla-
bility, and fulfilling the rigorous requirements of biomolecular
patterning.>*** Moreover, He et al. demonstrated that surface-
anchored DNA macroinitiators can significantly accelerate the
growth rate of polymer brushes in the early stage of ATRP
relative to conventional small-molecule initiators, owing to

© 2026 The Author(s). Published by the Royal Society of Chemistry

a synergistic effect of the charged phosphate backbone and the
copper catalyst.>®

The integration of pCP and highly controlled surface-
initiated ATRP facilitates polymerization reactions to occur
within precisely defined regions.*”"*” Herein, we propose a novel
surface patterning technique (Fig. 1). This approach involves
the immobilization of the DNA initiator to the surface via nCP
and integrating it with the ATRP reaction to facilitate the precise
fabrication of multi-component patterned polymer brushes.
This technique utilizes the unique molecular recognition and
directional hybridization capabilities of DNA initiators to avoid
the pattern blurring caused by initiator diffusion and non-
specific adsorption in traditional processes, thus forming
polymer brush patterns with clear boundaries. Through precise
regulation of the ATRP process, the molecular weight and
grafting density of polymer brushes can be controlled.
Compared with traditional pCP, DNA hybridization exhibits
a broader tolerance to ambient humidity and substantially
enhances the robustness of the patterning process. Moreover,
owing to the intrinsic reversibility of DNA hybridization, poly-
mer brushes can be cleaved and regenerated.

Results and discussion

To synthesize the ATRP initiator, thiol-terminated ssDNA
(ssDNA-SH) comprising 34 base pairs was initially attached to
the surface of a gold substrate using a PDMS stamp to form
a patterned monolayer. Subsequently, DBCO-terminated ssDNA
(ssDNA-DBCO) with a complementary sequence was reacted

Chem. Sci., 2026, 17, 2528-2534 | 2529
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with 2-azidoethyl 2-bromoisobutyrate through strain-promoted
azide-alkyne “click” reaction (SPAAC), yielding Br-terminated
ssDNA (ssDNA-Br) as the ATRP initiator. The molecular weight
of DBCO-modified ssDNA was 11 028.7, following the reaction
with 2-azidoethyl 2-bromoisobutyrate (M, = 236.07); the
molecular weight of ssSDNA-Br increased to 11 264.7, indicating
the successful preparation of the ssDNA-Br initiator. ssSDNA-Br
was assembled with ssDNA-SH via complementary base pair-
ing and was anchored on a gold surface (Fig. S4). ssDNA (5'-
thiol, 3-DBCO modified) reacted with azide-fluor-545 and was
subsequently attached to the gold substrate using a 50 um
square-shaped PDMS stamp. The modified gold surface showed
strong fluorescence, proving that ssDNA could self-assemble on
the gold surface (Fig. S2 and S5). Two different PDMS stamp
patterns, 50 um square and 25 pm strip, were utilized to transfer
ssDNA-SH, allowing for the creation of patterned ATRP initia-
tors through hybridization with ssSDNA-Br. With 3-sulfopropyl
methacrylate potassium salt (SPMA) as the monomer, CuCl,-
-H,0 as the catalyst, and ascorbic acid as the reducing agent,
PSPMA brushes were obtained on the DNA initiator modified
gold surface through surface-initiated atom transfer radical
polymerization (SI-ATRP). Fig. 2 shows the optical and fluores-
cent microscopy images of PSPMA following acridine orange
staining, with the intensely red fluorescent areas indicating the
presence of PSPMA. To confirm the presence of PSPMA, the
polymer on the surface was cleaved and collected for "H-NMR
and *C-NMR measurements (Fig. S7). The peaks at 4.01, 2.86,
and 1.99 ppm can be assigned to the methylene groups con-
necting the sulfonate group and the ester bond. The peak at
178.8 ppm in the "*C-NMR spectrum can be attributed to the
carbonyl ester. These results suggest that PSPMA possesses
a high degree of purity.

The growth dynamics of patterned polymer brushes were
monitored using ellipsometry. As illustrated in Fig. 3a, the
thickness of PSPMA increased with the extension of the printing

a b
-
c d
-

Fig. 2 Optical and fluorescent microscopy images of PSPMA with
different patterns after acridine orange staining: (a and b) 50 pm square
and (c and d) 25 um strip, imprinting time of the DNA initiator was
10 min and the polymerization time was 4 h.
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Fig. 3 PSPMA brush thickness with respect to the printing time (a) and
polymerization time (b). (c) In([M]o/[M],) is linearly related to the poly-
merization time, [Mlg is the initial monomer concentration and [M]; is
the SPMA concentration at different times (min). (d) Relationship
between M,, and M,,/M,, as a function of monomer conversion.

time, reaching a maximum thickness at 8 minutes. Further-
more, the highest brush thickness was obtained when the
ssDNA-SH content reached 70% (Fig. S8). By controlling the
polymerization time, the thickness of polymer brushes can be
adjusted. The logarithmic relationship between the initial and
time-dependent monomer concentrations, In([M]y/[M],),
demonstrated a linear growth with polymerization time and
reached a plateau after 240 min (Fig. 3b and c). The evolution of
molecular weight M,, with respect to monomer conversion was
determined using gel permeation chromatography (GPC), and
M, increased linearly with monomer conversion. The monomer
conversion rate reached 14.8% within 360 min, resulting in
polymers with M, ranging from 30000 to 110000, and di-
spersity (P) ranging from 1.3 to 1.8, indicating a well-regulated
living polymerization process enabled by the DNA-based ATRP
initiator (Fig. 3d and S9).

Polymer brushes can be detached from the gold surface
under elevated temperature conditions (95 °C) by disrupting the
hydrogen bonds between the complementary bases of dsDNA,
wherein one strand of ssDNA remains anchored to the gold
substrate through the gold-thiol bond, while the polymer
brushes linked to another DNA strand become dissociated from
the substrate. Consequently, upon subsequent rehybridization,
the new ssDNA-Br initiator, possessing a complementary base
sequence, can still reattach to the ssDNA-modified gold surface
(Fig. 4a). The chemical composition of the gold surface after
ssDNA assembly and hybridization, PSPMA growth, and
detachment, was analyzed using X-ray photoelectron spectros-
copy (XPS) and Fourier transform infrared spectroscopy (FTIR).
The XPS spectrum revealed that after self-assembly of ssDNA on
the gold surface, the N 1s signal was observed on the Au-ssDNA
surface (Fig. 4b). The peaks at 398.3 and 399.8 eV correspond to
the conjugated N and N-H/saturated N of the DNA base,
respectively. Furthermore, the C 1s spectrum was characterized

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 (a) Erasure and reproducibility of polymer brushes on the gold

surface. (b) XPS spectra and (c) FTIR spectra showed the reversible

immobilization of PSPMA. (d) The thickness changes of PSPMA after four reversible cleavage-polymerization.

by three distinct peaks: C-C/C-H (284.8 eV), C-N/C-O (286.3
eV), and N-C(=0)-N (288.1 eV) (Fig. S10).

Meanwhile, the signals corresponding to the N-H, C=0,
and P-O groups in DNA were also detected in the FTIR spectrum
in Fig. 4c. The characteristic peaks of K and S elements of
PSPMA were observed in the full XPS spectrum, while signals of
Au 4d and Au 4f peaks were notably diminished. The peaks at
282.9, 284.7, 286.1, and 288.3 eV in the C 1s spectrum were
attributed to —-(C-C)n-, C-C/C-H, C-0O, and O-C=0 moieties of
PSPMA, respectively. The presence of the C-C/S=O0 signal was
confirmed in the FTIR spectrum. These results showed that
PSPMA was successfully immobilized to the surface of the gold.
When the polymer brushes on the ssDNA were washed off, the
signals of the S and K elements in the XPS spectrum di-
sappeared, and the characteristic absorption peak of PSPMA
disappeared in the FTIR spectrum. Following subsequent
secondary hybridization and polymerization, these signals
reappeared. The process was repeated four times, and the
thickness of polymer brushes remained unaffected, demon-
strating that polymer brushes prepared with the DNA initiator
can be repeatedly erased and regenerated on the gold surface.

In addition, we have demonstrated the capability to precisely
control the distribution of various polymer brush types on one
single substrate surface, thereby facilitating the creation of
complex binary and ternary pattern structures. The preparation
of binary polymer brushes, which comprise two distinct poly-
mer brushes, was initiated by employing a PDMS stamp with
a 25 um stripe pattern to print ssDNA-SH, followed by the

© 2026 The Author(s). Published by the Royal Society of Chemistry

growth of the first polymer brush, poly(ethylene glycol) meth-
acrylate (POEGMA). For the fabrication of the second polymer
brush (PSPMA), the same stamp of 25 pm stripe pattern was
used. The gold substrate was subsequently rotated by 90°, and
ssDNA-SH was stamped. ssDNA-SH was only printed onto
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Fig. 5 The first print uses a 25 um stripe pattern, followed by a 90°
rotation of the gold wafer, and the second print uses the same 25 um
stripe pattern for cross-printing to obtain POEGMA-PSPMA binary
brushes. Fluorescent microscopy images of first POEGMA (a) and after
growing the second PSPMA (b). (c) 3D profile image of POEGMA-
PSPMA and (d) the respective thicknesses of POEGMA and PSPMA.
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regions where the PDMS stamp made contact with the gold
substrate that had not been modified with POEGMA. Fig. 5a and
b show the fluorescence images of the gold surface following
each printing step and the growth of the polymer brush. During
the initial printing stage, POEGMA was grown on the gold
surface in horizontal stripes, forming a regular and uniform
pattern. Subsequently, PSPMA was integrated based on the
original POEGMA configuration to develop a POEGMA-PSPMA
binary polymer brush surface featuring a cross arrangement.
Nevertheless, at the periphery of the patterned polymer
brushes, contact was compromised, preventing the transfer of
ssDNA-SH and consequently leading to gaps between adjacent
polymer brushes. The surface topography of the binary polymer
brush surface was imaged using a 3D profilometer. As shown in
Fig. 5c and d, the thickness of POEGMA was approximately
25 nm, whereas that of PSPMA was about 45 nm. The FTIR
spectrum showed the characteristic absorption peaks corre-
sponding to the C-C and S=O functional groups of PSPMA.
Concurrently, the XPS spectrum revealed the presence of the S
element of the sulfonic acid group in the PSPMA structure;
these results confirmed the successful construction of the
POEGMA-PSPMA binary polymer brush surface (Fig. S12).

The versatility, efficiency, and adaptability of nCP technology
render it an excellent tool for patterning complex structures

Regions (components)

8 (Au)

Single 1 (Au-PDMAEMA)
2 (Au-POEGMA)
3 (Au-PSPMA)

Binary 4 (Au-PDMAEMA-PSPMA)
5 (Au-PDMAEMA-POEGMA)
6 (Au-POEGMA-PSPMA)
Ternary 7 (Au-PDMAEMA-POEGMA-PSPMA)
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utilizing various types of polymer brushes. To achieve a more
intricate ternary brush pattern, the initial print employed a 25
um stripe pattern. Subsequently, the second print involved
rotating the gold wafer by 90° and utilizing the same 25 pm strip
pattern to facilitate cross-printing. Finally, the third print
adopted a 4 um square pattern for backfilling the initiator. Fig. 6
schematically illustrates the patterned polymer brushes
produced in different regions following the three printing steps.
Starting with the initial printing of ssDNA-SH, and followed by
ssDNA-Br hybridization and an ATRP reaction, polymer brushes
exhibiting distinct patterns were successfully fabricated. These
patterns comprised poly(2-(dimethylamino)ethyl methacrylate)
(PDMAEMA) (25 um strips), POEGMA (25 pm strips), and
PSPMA (4 pm squares). Through sequential cross-printing
processes, ternary polymer brush surfaces can be fabricated.
Subsequent to any two cross-printings, surfaces incorporating
combinations of PDMAEMA-PSPMA, PDMAEMA-POEGMA, and
POEGMA-PSPMA binary brushes can be achieved. Following
three cross-printings, a surface of PDMAEMA-POEGMA-PSPMA
ternary brushes was successfully fabricated. Fluorescence
images showed the spatial distribution of various polymer
brushes on the gold substrate. The analysis revealed that poly-
mer brushes exhibited good surface coverage and demonstrated
high uniformity. Despite differences in the physical and

-

Fig.6 Use a 25 um strip pattern for the first print, flip the gold sheet 90° and use the 25 um strip pattern for the second cross print, and finally use
a 4 um square pattern for backfilling. After three printing steps, the single brush, binary brush and ternary brush were obtained in different areas.

2532 | Chem. Sci,, 2026, 17, 2528-2534
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chemical properties of these polymer brushes, they retained
well-defined boundary contours under fluorescence imaging.
This observation suggests that cross-diffusion between adjacent
regions was effectively suppressed, thereby ensuring that each
polymer brush was confined to its designated area. Moreover,
the precise spatial organization between distinct regions further
proved the accuracy and controllability of the DNA initiator
based printing technology (Fig. S13). Due to their unique
structures and adjustable properties, these highly controllable
polymer brushes hold significant potential for various applica-
tions, including biosensing, cell culture, and nanotechnology.
Their versatility and customizability make them valuable tools
for addressing complex challenges in surface science.

Conclusion

In summary, we have demonstrated a new DNA initiator based
uCP method that is suitable for the preparation of multi-
component patterned polymer brushes on gold substrates.
This approach utilizes ssDNA and a custom-designed PDMS
stamp, facilitating its attachment to the gold substrate through
printing, which is restricted to areas where the two interfaces
are in mutual contact. Subsequently, the ATRP initiator-
terminated ssDNA is reversibly anchored to the complemen-
tary ssDNA-modified gold surface through dsDNA hybridiza-
tion. Patterned polymer brushes are grown on the initiator-
modified gold substrate through the ATRP reaction. These
regions can undergo further patterning utilizing pCP to
construct binary and ternary polymer brushes with complex and
spatially defined structures. This innovative surface patterning
technique enables the precise modulation of the molecular
weight and grafting density of polymer brushes, and incorpo-
rates a unique capability for reversible surface modification. By
leveraging the controlled unwinding of dsDNA and subsequent
re-hybridization, polymer brushes can be repeatedly erased and
regenerated from the gold substrate.
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