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One-step fabrication of three-dimensional
macropore copolymer-modified polycarbonate
array by photo-crosslinking for protein
immunoassay
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A photocross-linked copolymer was prepared, and could rapidly form a macropore structure in
phosphate buffer solution (PBS) without the addition of porogen. The photo-crosslinking process
contained the crosslinking of the copolymer itself and that with the polycarbonate substrate. The
three-dimensional (3D) surface was achieved through one-step photo-crosslinking of the macropore
structure. The macropore structure can be finely regulated by multiple dimensions, including
monomer structure of the copolymer, PBS and copolymer concentration. Compared with the
two-dimensional (2D) surface, the 3D surface has a controllable structure, a high loading capacity

(59 ug cm™2) and immobilization efficiency (92%), and the effect of inhibiting the coffee ring for
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Accepted 23rd February 2023 protein immobilization. Immunoassay results show that a 3D surface immobilized by I1gG has high
sensitivity (LOD value of 5 ng mL™%) and broader dynamic range (0.005-50 pg mL™%). This simple and

DOI: 10.1039/d3ra00696d structure-controllable method for preparing 3D surfaces modified by macropore polymer has great
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1. Introduction

Biochips, which consist of a protein/nuclein array on
a substrate, are widely used in biodetection and disease
diagnosis'™ due to the merits of cost-efficiency, portability and
scalability.”®* Compared to inorganic glass substrates, polymer
substrates are potential valuable alternatives. For example,
polydimethylsiloxane (PDMS), cyclic olefin copolymer (COC),
polymethyl methacrylate (PMMA), and polycarbonate (PC) are
widely used in biochips,”* with the advantages of solvent
compatibility, optical clarity, and low-cost fabrication. PC is
regarded as a good candidate for application in biochip
substrates.”® However, although a lot of work have been
done," ¢ the preparation of protein arrays on these polymer
substrates still suffers from two problems: the difficulty of
modifying the polymer substrate surface and the cumbersome
steps of preparing three-dimensional (3D) structures with
immobilizing high capacity of antibody for biodetection with
broad dynamic range.
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potential applications in the fields of biochips and biosensing.

In view of the inert nature of the polymer surfaces, it is
necessary to transform the inert surface into a bioanalytical
surface with active sites capable of binding capture molecules. A
common strategy is to introduce reactive functional groups, for
example, epoxy, carboxyl or aldehyde to the surface for protein
by covalent coupling.’”” However, the modifications of inert
polymers require a multistep chemical and physical process
that is cumbersome and time-consuming, thus increasing the
cost and making it difficult to control the quality of the chip
product. With the application of the photoinitiated surface
grafting technology, plastic surface modification could be
realized by one-step photo-grafting. The photo-grafting method
has high stability to the modified surface, and is simple to
operate. The functional groups used in the photoinitiated
surface grafting technology can be benzophenones and dia-
zirines. Benzophenone (BP) group has been extensively studied
due to its excellent photochemical activity, good thermal and
chemical stability.”® The BP is used to modify any surface with
a C-H group,"” whereas polymers containing the BP groups
serve as a simple and efficient photo-cross-linking tool for
modifying different surfaces. These surfaces modified by BP-
containing polymers are widely used in biosensing,**
coating,” composite material® and surface patterning.**>¢

Photo-crosslinking technology can solve the problem of
difficult and tedious problems in the modification of polymer
substrate surface, while the 3D structural surface provides the
basis for excellent biodetection performance of biochips.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Compared with the 2D flat surfaces, the 3D matrixes can greatly
increase the immobilization amount of the biological probes,
provide a more natural water environment and maintain the
biological activity of the immobilized biomolecules.?”*® Except
for 3D structures such as papers and membranes, most 3D
surfaces are obtained by modifying 2D planar substrates, and
hydrogel and porous polymer monolith modification are two
widely used strategies for 3D surface fabrication.”” Rigid mac-
ropore polymer monoliths are a porous polymer frit whose
structure is composed of a non-swellable, highly cross-linked
continuous phase containing interconnected pores.>**° The
cross-linked network structure and absorbent swelling proper-
ties of hydrogels will produce an “entropic shielding” effect on
macromolecules such as proteins and prevent them entering
and exiting from the matrices.*! In contrast, the porous polymer
monoliths have a non-swelling open porous space, which not
only ensures the unhindered penetration of large biomolecules
such as proteins, but also a short time and less residue in the
cleaning.*>** Due to these properties of macropore polymers,
they are widely used in thin-layer chromatography and protein/
DNA microarrays.**

Given the advantages of photo-crosslinking technology and
the macropore 3D structure, we prepared a photo-crosslinked
copolymer, whose PBS solution can form 3D macropore copol-
ymer film on a polymer substrate through just one step of
photo-crosslinking. The three-dimensional (3D) array on poly-
mer substrate surface was achieved through one-step photo-
crosslinking of the macropore structure. The macropore struc-
ture can be finely regulated by multiple dimensions, including
monomers structure of copolymer, PBS and copolymer
concentration. The 3D array on polymer substrate a high
loading capacity (59 pg cm ?) and immobilization efficiency
(92%) of protein, and the effect of inhibiting the coffee ring for
protein immobilization. Immunoassay results show that the 3D
surface immobilized by IgG has high sensitivity (LOD value of 5
ng mL ') and broader dynamic range (0.005-50 pg mL ") for
biodetection. This simple and structure-controllable method
for preparing the 3D surfaces modified by macropore polymer
has great potential applications in the fields of biochips and
biosensing.

2. Materials and methods

2.1. Materials

Polycarbonate (PC) slides (75 x 25 x 0.5 mm?®) were obtained
from Bositai Biotechnology Co. (Chongqing, China). Meth-
acryloxybenzophenone = (MABP),  N,N-dimethylacrylamide
(DMAA), Na-4-styrenesulfonate (SSNa), acrylic acid (AA), butyl
methacrylate (BMA), azobis(isobutyronitrile) (AIBN), diethyl
ether, N,N-dimethylformamide (DMF) and dichloromethane
were purchased from Titan Technology Co. (Shanghai, China).
Phosphate-buffered saline (PBS, 0.1 M, pH 7.4), rabbit IgG (I1gG)
and Cy3-labeled goat anti-rabbit IgG H&L (Cy3-anti-IgG) were
obtained from Bioss Biotechnology Co. (Beijing, China). FITC-
labeled human IgG (FITC-IgG) was supplied by Sigma-Aldrich
Co. (Shanghai, China). All other chemicals were used as
received.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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2.2. Instruments

A Bruker NMR Spectrometer (Bruker Avance III HD) was used to
determine the chemical composition of copolymer, and all the
obtained spectra were measured in D,O. The molecular weights
of copolymers were determined by GPC (Waters 1525/2414, US).
N,N-Dimethylformamide (DMF) was used as eluant, with a flow
rate of 0.8 mL min~". Calibration was carried out with poly-
methyl methacrylate (PMMA) standards.

The morphology of the copolymer-based macropore struc-
ture was studied in a Scanning Electron Microscope (SEM,
GeminiSEM 300) with an accelerating voltage of 3 kV. Prior to
the measurement, the samples were covered with a thin layer of
gold (Au) by sputtering. Porosity and pore size distribution were
obtained by Image] analysis of SEM images. Fluorescent
microscopy images were taken to confirm protein immobiliza-
tion or interaction of immunoassay tests. Images were achieved
with a MF43 fluorescent microscopy (Micro-shot Technology
Co., China), and fluorescence intensity was analyzed using the
Image] software.

2.3. General synthetic procedures

For the synthesis of poly(SSNa-co-MABP-co-BMA-co-DMAA-co-
AA) (PSMBDA), the monomers were dissolved in DMF to
a concentration of 2 mol L™, followed by adding 0.2 mol% o.,o.-
azoisobutyronitrile (AIBN). The solution was degassed with
nitrogen and kept at 65 °C for 18 h, from which the copolymers
were precipitated by ether. The remaining unreacted monomers
and solvents were removed in water by dialysis (MWCO = 3500).
After freeze-drying, the resulting copolymers were a white solid
(70-80%, M,, = 2.8-4.1 g mol ')’ According to the content of
AA and the absence of monomer BMA or AA, six copolymers
(PSMBDA,,-PSMBDA,,, PSMDA and PSMBD) were prepared,
with chemical compositions and molecular properties, respec-
tively, as shown in Table 1.

2.4. Fabrication of the macropore copolymer-modified PC
(MC-PC) surface

Bulk commercially available transparent foils of polycarbonate
(PC), with a thickness of 0.8 mm, were laser-cut to 75 x 25 mm
slide dimensions, with the protective adhesive foil being
removed. The PC slides were sonicated in deionized water for
3 min, and dried in a nitrogen flow. The copolymers in PBS
were spotted on the cleaned PC films with pipette. The spots
were dried in air and cross-linked for 6 min under UV irradi-
ation at 365 nm with the intensity of 80 mW c¢m 2. The mac-
ropore copolymer-modified PC (MC-PC) slides were
thoroughly rinsed with water, and stored in a 4 °C refrigerator
for later use.

To monitor the photo-crosslinking properties of the benzo-
phenone groups in the copolymers and hydrophilicity, PC slides
(75 x 25 mm) were coated with 150 puL of aqueous PSMBDA;,
solution (25 mg mL~'). The variations of the copolymer solu-
tion, under different UV illumination time (365 nm, 80 mW
cm™?), were measured using a TU-1901 UV-Vis spectropho-
tometer (Beijing Purkinje General Instrument Co., China). The
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Table 1 Synthetic results of copolymers

Monomer unit composition (mol%) Molecular weight? Solubility”

In feed In copolymer®

SSNa/MABP/BMA/DMAA/AA SSNa/MABP/BMA/DMAA/AA Yield (%) M, x 10* M, /M, Ethanol Water
PSMBDA,, 8/5/19/58/10 8/7/21/58/6 75 4.1 1.8 + +
PSMBDA,, 8/5/19/48/20 9/6/20/49/16 70 3.5 1.9 + +
PSMBDA;, 8/5/19/38/30 9/6/21/39/25 72 3.2 1.9 + +
PSMBDA,, 8/5/19/28/40 9/7/21/29/34 71 4.1 1.8 — +
PSMDA 8/5/—/57/30 9/6/—/62/23 77 3.1 1.6 - +
PSMBD 8/5/19/68/— 10/7/20/63/— 78 2.8 1.9 + +

“ Determined by "H-NMR spectrum in D,0. > Molecular weights were determined by GPC in DMF, polymethyl methacrylate standards. M, and M,,
represent number and weight average molecular weight, respectively. ¢ Polymer solubility was measured by 25 mg mL " and described as (+) or

insoluble (—) at room temperature.

water contact angles, on the copolymer-modified PC surfaces,
were measured by the sessile drop method using OCA20 contact
angle analyzer (Data Physics, Germany), with 2 pL water droplet
at room temperature. The film thickness, on the surface
modified with different concentration copolymers, was
measured by Profilometer (Bruke, Dektak XT), i.e., a polymer
solution of 0.7 pL was spotted on the PC surface, dried, and
washed after UV illumination, with the thickness of the spot
being measured.

2.5. Protein immobilization on the MC-PC surface

The prepared MC-PC slide was added to a mixed aqueous
solution of EDC (40 mM) and NHS (20 mM), which was left for
30 min at room temperature to activate the carboxyl groups. The
activated slide was rinsed with deionized water, exposed to
protein IgG or FITC-IgG, and left for 2 h at room temperature.
The immobilized IgG or FITC-IgG immobilized macropore
copolymer-modified PC (IgG-MC-PC or FITC-IgG-MC-PC) slide
was obtained. For the FITC-IgG-MC-PC slides, the fluorescence
intensity was determined by the fluorescence microscopy.
Subsequently, the proteins-modified slides were blocked by
bovine serum albumin (BSA, 10 mg mL ™) in phosphate buffer
solution (PBS) for 1 hour, followed by three alternating washes
with deionized water and PBST (10 mM PBS, 0.05% Tween-20,
pH 7.4). Their fluorescence intensity was measured again.
Furthermore, the ratio of the fluorescence intensity after and
before blocking by BSA was the immobilization efficiency. The
immobilization density was calculated from the calibration
curve (Fig. S17).

2.6. Immunoassay tests

On the IgG-MC-PC slide was spotted the Cy3-labeled goat anti-
rabbit IgG H&L (Cy3-anti-IgG) in 10 mM PBS. Here, the immu-
noreaction was allowed to proceed for 1 h at room temperature.
The slide was then thoroughly rinsed six times with PBST. After
nitrogen blowing, the fluorescence signal of the Cy3 dye was
measured by fluorescence microscope. The gray mean value was
evaluated using Image] software.

6938 | RSC Adv, 2023, 13, 6936-6946

3. Results and discussion

3.1. Synthesis of copolymers

The copolymers (PSMBDA) with different feed ratios of the
monomers were synthesized as random copolymers by free
radical polymerization. The designed copolymers consist of (i)
DMAA units that provide a hydrophilic matrix, (ii) AA providing
active sites for covalent linking proteins, (iii) MaBP for the light-
induced immobilization on the PC surface and the cross-linking
of polymer segments, (iv) ionic monomers (SSNa) and butyl
methacrylate (BMA) for controlling the hydrophilic-hydro-
phobic balance to form the macropore polymer structure.

To investigate the relationship between the copolymer
composition and the macropore structure, to determine the
optimal composition for protein immobilization, copolymers
with different monomer compositions were prepared. Key
analytical data of the copolymers are summarized in Table 1.
The chemical structures of the copolymers were confirmed by
'H NMR (Fig. S21). Chemical shifts at 6.60-8.40 ppm were
assigned to the aromatic protons of DMAA and SSNa moieties.
The other characteristic peaks were assigned as follows:*”**
3.57-4.20 ppm (-OCH,-) for the BMA unit, 2.33-3.18 ppm
((CH3),N-) for the DMAA unit and the protons on the backbone,
1.20-1.43 ppm (-CH,-CH,-) for the BMA unit, and 0.69-
1.03 ppm (-CHj3) for the MABP and BMA units. Details of the
characteristic peak attribution are shown in Fig. S2, and the
copolymer compositions closely match the original feed ratios
(Table 1). The average molecular mass (M,,) and polydispersity
(M,/M,,) of the copolymers are in the range of 28-41 kg mol *
and 1.6-1.9 (Table 1), respectively. All the copolymers are
soluble in water, laying a foundation for the construction of the
aqueous solution-based macropore copolymer.

3.2. Fabrication of the macropore copolymer-modified PC
(MC-PC) surface

Polymers of macropore structures are mainly prepared by two
methods, one is free radical polymerization of monomers,
cross-linking agents, initiators and porogens, and the other is
HIPE polymerization technology.**** The two methods form

© 2023 The Author(s). Published by the Royal Society of Chemistry
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porous structures through the addition of unreacted organic
porogens or internal phase separation, where all processes are
completed in one step. Their advantage is fewer steps, but it is
difficult to control the formation process of the macropore
structure. Instead, the formation of the macropore structure
herein was divided into three steps composed of polymer
preparation, macropore structure formation and photo-
crosslinking fixation. Those can facilitate the quality control
of each process, and quickly build macropores structure in the
required area by coating or spotting. In brief, the step-by-step
operation strategy could be beneficial to improvement in the
stability of product quality and the preparation on-demand.
The preparation of the PC surface decorated by macropore
copolymers is shown in Scheme 1. All the prepared copolymers
were hydrosoluble on account of the presence of water-soluble
DMAA and SSNa monomers (Table 1). The copolymers were
dissolved in PBS, and spotted on the PC plate with a pipette. As
the water evaporated, the salt concentration in the solution
gradually increased, and the polymer began to precipitate from
the solution and formed a macropore structure. After the
formation of the macropore structure, the self-crosslinking of
the copolymer and fixation of the copolymer on the PC surface
were realized by one step of photo-crosslinking (Fig. 1A). The
photo-crosslinking mechanism of BP has been clearly
studied.******> The benzophenone (BP) in MABP comonomer can
generate a triplet biradical via triggering n—-m* or w-m* transi-
tion of the carbonyl group under UV light (250-365 nm) irra-
diation. The biradical then abstracts a hydrogen atom from
neighboring polymer segment, leading to the creation of
a benzophenone ketyl radical and a polymer radical. These
radicals produce covalent bonds between the polymer and BP,

Plastic substrate

IIITYY

Immunoassay test
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thus curing the structure and morphology of the macropore
polymer frit. The photo-crosslinking capability of the copolymer
was analyzed by monitoring the absorption spectra at 250-
290 nm (Fig. S31). The absorption intensity decreases with the
increase in the degree of crosslinking.** When the copolymer
was exposed to UV light of 365 nm with an intensity of 80 mW
ecm 2, the maximum absorption peak intensity decreased
significantly (Fig. 1B), indicating a successful photo-
crosslinking process.

After UV illumination, the copolymers were cross-linked and
immobilized on the surface of PC film. Some of non-crosslinked
copolymers and inorganic salts were washed, forming a pore-
like structure on the PC surface (Fig. S47). In addition, the
macropore structural modification layer can be immobilized on
the surface of different plastic substrates (PE, PET, PMMA, PS,
PVC or PP, Fig. S51). This result can verify the universality of the
photo-crosslinking immobilization method with benzophe-
none functional groups. The porosity of PSMBD is about 20%,
and its pore size distribution range is wide (Fig. S6T). When the
molar percentage of the monomer AA increased to 30 mol%, the
porosity increased to 45%, with the pore size gradually
becoming uniform and being concentrated in the range of from
0.1 to 0.5 um. However, as the AA content continued to increase,
the porosity decreased. These results indicate that the propor-
tion of hydrophilic monomer AA can adjust the morphology of
macropore copolymer. Furthermore, the copolymer PSMDA,
without the hydrophobic monomer BMA did not form a pore-
like structure on the PC surface, although its AA content is
30 mol% (Fig. S4Ff). The hydrophilic and hydrophobic prop-
erties of copolymers may play a key role in the formation of
macropore structures. When the copolymer has a good

ek R
WO S .

Formation and fixation of
macropore copolymer

1) EDC/NHS

Immobilization of protein

& = Protein )\= Antibody

Scheme 1 Process for the preparation of 3D protein chip with macropore copolymer on polymer substrate for immunoassay.
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Fig. 1

(A) The schematics showing the crosslinking reaction of copolymer (PSMBDA3) at the benzophenone group on PC plastic substrate and

(B) absorption spectra of PSMBDAszo during UV illumination. (C)—(E) SEM images of the modified PC film prepared with a 25 mg mL™ of

PSMBDA3g in H,O, in 10 mM PBS, or in 50 mM PBS, respectively.

solubility, it has a gel-like polymer structure in aqueous solu-
tion. When the water evaporates, the gel-like polymer structure
collapses to a non-porous glassy structure.** As the solubility
decreases, phase separation occurs in the aqueous solution of
the copolymer and a phase boundary is formed, and upon
removal of the aqueous solvent, the copolymer is able to form
a porous structure.* Therefore, the hydrophilic and hydro-
phobic property of copolymer has an important influence on
phase separation®® and may be a key factor in the formation of
macropore structures.

To clarify the effect of PBS on the pore formation process, the
SEM images of the PSMBDA;, at different PBS concentrations
are shown in Fig. 1. The PC surface has no pore structure when
the phosphate is absent in the copolymer solution (Fig. 1C). The
macropore structure formed after the addition of PBS, and
some long cracks will appear when the concentration of PBS is
too high (Fig. 1D and E). As reported in the literature,*** salt
promoted the self-hydration caused by the interaction between
ion and water; simultaneously, it destroys the clathrate struc-
ture formed by water molecules around the hydrophobic
moieties of the polymer, resulting in the reduction of polymer
solubility (salt-out effect) and the forming macropore struc-
tures. These findings suggest that the main role of phosphate
may be to promote the orderly deposition of copolymers in
water, thereby creating the conditions for the formation of
macropore structures, while the role of PBS is equivalent to that
of a porogen.

In addition to hydrophilicity and hydrophobicity of copoly-
mers and PBS, the concentration of the copolymer also affects
the thickness of the modified layer. In the range of concentra-
tion from 5 to 50 mg mL ", the thickness of the layer modified

6940 | RSC Adv, 2023, 13, 6936-6946

with the macropore copolymer increases linearly with the
copolymer concentration (Fig. S7t). When the concentration of
the copolymer is too low, there is not enough copolymer to build
up the complex pore structures, resulting in most of the PC
surface being not covered by the pore structures of polymer.
With the increase in the copolymer concentration, on the PC
surface increases the coverage of the pore structures. When the
polymer concentration is above 40 mg mL ', the pores are
partially blocked by the copolymer, resulting in a reduced
porosity. In conclusion, the hydrophilicity and hydrophobicity
of the copolymer molecular chain and PBS are crucial for the
formation and regulation of the macropore copolymer struc-
ture. The adjustment of the copolymer concentration can finely
control the thickness of the layer modified by macropore
copolymer.

3.3. Immobilization of protein on the PC surface modified
by macropore copolymer

Due to the porous structure of the MC-PC surface, the hydro-
philicity and hydrophobicity of the structure have an important
influence on the penetration efficiency of the aqueous protein
solution.” The water contact angle (CA) of the pristine PC
surface is 78°, and the CA value of the PC surface modified by
copolymer decreases (Fig. S8f). The concentration of the
copolymers is greater than 50 mg mL ™" in water (Table 1)
because it contains hydrophilic monomers DMAA and SSNa,
facilitating the immobilization of proteins on the copolymer-
modified PC surface.

Since the monomer AA contains carboxyl groups, the
PSMBDA-modified PC surface can immobilize the FITC-IgG
proteins very well after the carboxyl groups are activated by

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig.2 Fluorescence images (A) and intensity (D) of the immobilized FITC-1gG (1 mg mL™?) spots prepared by using different copolymers (25 mg
mL~Y) in PBS (10 mM). Fluorescence images (B) and intensity (E) of immobilized FITC-1gG (1 mg mL™?) spots prepared by using PSMBDAsg (25 mg
mL™Y) in different PBS concentrations, respectively. Fluorescence images (C) and intensity (F) of immobilized FITC-1gG (1 mg mL™) spots
prepared by using different PSMBDA3zp concentrations in PBS (10 mM), respectively.

EDC/NHS.* The immobilization amount on the surface signif-
icantly increases with the increase in the carboxyl group
content, and almost reaches the maximum when the AA content
reaches 30 mol% (Fig. 2A and D). Those should be attributed to
two changes during the increase of AA content, namely the
increase of the carboxyl group number and the porosity of the
macropore structure. Furthermore, at the 30 mol% of AA
content, in terms of the amount of the protein immobilized on
the surface, the amount on that with macropore structures
modified by PSMBDA;, is 12 times higher than that on the
surface without macropore structure modified with PSMDA.
The results suggest that both the number of carboxyl groups
and the macropore structure are crucial for the immobilization
of proteins.

The above results imply that the content of monomer AA
affects both the active linked sites and the porosity of macro-
pore structure, thus influencing the load of protein, simulta-
neously, the structure and thickness of the macropore-modified
layer can also been adjusted by changing the concentration of
PBS and copolymer, respectively. To clarify the relationship
between these structural adjustments and the sample loading,
under the condition of 1 mg mL™" of the FITC-IgG protein, it
was investigated whether the concentrations of PBS (from 0 to
50 mM) and the copolymer PSMBDA;, (from 5 to 50 mg mL ")
influenced the fluorescence intensity of the FITC-IgG-MC-PC. As
shown in Fig. 2B and E, when the medium dissolving the
copolymer was deionized water, where the concentration of PBS
is 0 mol L™, the fluorescence intensity of the spots was only 3.7
au in the absence of macropore structures (Fig. 1C). A pore

© 2023 The Author(s). Published by the Royal Society of Chemistry

structure was formed and the fluorescence intensity of the spots
reached a maximum at 10 mM of PBS. With the increase in the
PBS concentration, the fluorescence intensity of the spots
decreased instead, probably due to some cracks in the macro-
pore structures (Fig. 1E).

The fluorescence intensity increases with the copolymer
concentration and reaches a maximum at 40 mg mL " (Fig. 2C
and F). Those may be due to the increase of polymer concen-
tration resulting in the increased coverage and thickness of the
modified layer possessing macropore structures on the PC
surface. However, too high a polymer concentration will reduce
the porosity of the modified layer (Fig. S77). Similarly, the pore
size is too small, to facilitate the late cleaning of the proteins. In
conclusion, the concentration variation of PBS and copolymer
can regulate the hierarchy, coverage and thickness of the mac-
ropore structure, ultimately changing the surface area of the
macropore structure, thus affecting the immobilization amount
of the protein.

When PSMBDA;, was mixed within 10 mM PBS, macropore
structures were formed, and activated by EDC/NHS. FITC-IgG
protein in the range of concentration from 0.01 to 5 mg mL ™"
was spotted and immobilized on the modified PC surface. The
fluorescence intensity in the spotted area increased by 18 times
as the protein concentration increased from 0.01 to 5 mg mL ™~
(Fig. 3A and S91). When the concentration of FITC-IgG reach
2 mg mL™', the increase of fluorescence intensity is not
significant, and the loading capacity of the MC-PC surface is
near saturation. After blocking with BSA, the fluorescence
intensity of the spots decreases slightly, with the
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immobilization efficiency and density of protein being as high
as 83-92% and 1-59 pg cm 2, respectively (Fig. 3B and C). Those
indicate that the surface modified by macropore structure still
maintains a high immobilization efficiency at high protein
concentration (2 mg mL™"). According to the reported results,
the immobilization efficiency of the surface modified by poly-
mer brush is 63-88% at the protein concentration of 1-13 pg
mL ™' while that of the hydrogel-modified surface is 60% at
the protein concentration of about 1 mg mL™".*” The immobi-
lization efficiency of the aldehyde-derivatized agarose surface is
34-57% at protein concentrations from 50 to 360 pug mL %
Therefore, the immobilization amount on the MC-PC surface is
comparable to that on the hydrogel 3D surface, and the
immobilization efficiency can be improved due to its macropore
structure.

The modified PC surface was a non-porous structure when
the medium for dissolving PSMBDA;, was deionized water,
resulting in the fluorescence intensity of the spot region being
only about 4 au (Fig. 3D and S97). The fluorescence intensity of
the surface modified with macropore structure is 51 times
higher than that of the surface modified without pore structure
at the FITC-IgG concentration of 2 mg mL™". The reported
results show that the protein loading capacity of nanotextured

6942 | RSC Adv, 2023, 13, 6936-6946

PMMA, PS/PSMA fibers or Ag@SiO,-PCL 3D surface is 5-51
times higher than that of 2D flat."**** Those may be attributed
to the large surface area to volume ratio of 3D surfaces.*

The coffee ring phenomenon is a problem in the field of
protein chips, resulting in a large number of protein molecules
aggregated in a small region, whose the active sites are insuf-
ficient to immobilize so many protein molecules, while other
regions have only a small number of immobilized protein
molecules (Fig. 4A and B). Therefore, the inhibition of the coffee
ring is beneficial to improve the uniformity of the protein
distribution in the spot region, which can greatly improve the
immobilization amount and immobilization efficiency of the
protein. There are many methods to inhibit the coffee ring,
including two commonly used methods, namely changing the
surface structure®>*® and adding inhibitors.>”*® The surface
modified by the macropore structure can also significantly
inhibit the formation of coffee rings (Fig. 4C and D). The
distribution of the fluorescence intensity is uniform at different
FITC-IgG concentrations, indicating that the macropore struc-
ture could inhibit the coffee-ring distribution of the spot solu-
tion. The macropore structure has high immobilization amount
and efficiency, inhibiting the coffee ring effect, and has poten-
tial applications in the field of microarray biosensing.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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3.4. Immunoassay of the protein-immobilized macropore
polymer structure

The macropore copolymer-based modification offers a simple
and efficient method to obtain uniform protein immobilization
spots, and provides a solid foundation for the preparation
protein chips with high sensitivity and reproducibility. The
immunoassay performance of the IgG-MC-PC was evaluated
using different concentrations (0.005-80 pg mL ') of the ana-
lyte Cy3-anti-IgG. The spots specifically bound to the analyte
(Cy3-anti-IgG) show a uniform red fluorescence, and the fluo-
rescence intensity gradually increases with the analyte concen-
tration (Fig. 5A and B). The protein chip had satisfactory
responses to the analyte in the concentration range of 0.005-50
ng mL~" because of the high loading capacity of the macropore
structure (Fig. 5B). The detection range of macropore structure
is wider than that of 2D surfaces,**® which is consistent with
the broader dynamic range of 3D surfaces.*>**

The fluorescence intensity increases linearly with the loga-
rithm of the Cy3-anti-IgG concentration in the range of 0.05-1
ug mL ™" and 5-50 pg mL . The linear response range of the 3D
surfaces constructed by hollow silica nanoparticles** and
nanobranched silica structure® is 1-100 ng mL ™" and 10 °to 1
ng mL~', respectively, which is characterized by a linear
response at low analyte concentration (Fig. 5B). Compared with
them, the macroporous modified 3D surface has a linear
response range when the analyte concentration is low or high.
The limit of detection (LOD) is determined by a signal-to-noise
(S/N) ratio equal to or greater than 3.%* Accordingly, the LOD of
the IgG-MC-PC surface is 5 ng mL~" (S/N = 3.1, Fig. 5C), which
is comparable to that of 3D surfaces modified by various
structures (1.0-27 ng mL~").}%4-% [n summary, the high density
and uniform distribution of protein immobilization on the MC-
PC surface not only expands the detection range of the analyte,
but also improves the repeatability of the protein chip.

4. Conclusion

A photocross-linked copolymer was synthesized and could
rapidly form a macropore structure on PC surface in the PBS
environment without the addition of porogen. The macropore
copolymer was immobilized on PC surface by UV irradiation to
form the MC-PC structure. Those macropore structures can be
finely tuned through multiple dimensions including monomer
structure, PBS and copolymer concentration. As a comparison,
the characteristics of traditional free radical polymerization and
high internal phase emulsion (HIPE) polymerization to form
macropore structures are that, monomer polymerization and
surface modification are carried out simultaneously and require
the participation of porogen. This novel one-step photo-
crosslinking, that separates the polymer preparation from the
formation of the porous polymer surface, contributes to the
regulation of polymer structure and function. In addition, the
process is simple and environmentally friendly, since the
macropore structure was formed in PBS without the addition of
porogen and immobilized by one-step UV illumination.
Furthermore, the MC-PC surface has high loading capacity (59
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pg cm %) and immobilization efficiency (92%) for protein
immobilization, and the effect of inhibiting the coffee ring for
protein immobilization. Immunoassay results show that the
IgG-MC-PC surface has high sensitivity (LOD value of 5 ng
mL ") and broader dynamic range (0.005-50 pg mL ) for bio-
detection of protein. The simplicity of the process, the high
loading capacity and immobilization efficiency of the macro-
pore structures provide a new way to prepare high-density 3D
protein biochips based on polymer substrates.
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