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A B S T R A C T

Golf ball-like polymer particles, characterized by their distinctive concave–convex surface morphology, have 
been used as catalyst supports and coating materials owing to their high specific surface area and shape-derived 
properties. However, site-selective surface functionalization and postsynthetic incorporation of additional 
functionalities have rarely been investigated. In this study, golf ball-like polymer particles bearing distinct 
functional groups on their convex and concave regions were fabricated via seeded dispersion polymerization in 
the presence of n-dodecane droplets. The resulting particles exhibited poly(ethylene glycol) groups on the convex 
regions, which suppressed nonspecific protein adsorption, while anionic carboxyl groups were localized on the 
concave regions, enabling electrostatic protein adsorption. Confocal laser scanning microscopy showed that 
fluorescence from FITC-conjugated proteins was selectively localized to the concave regions, confirming suc
cessful site-selective functionalization. Furthermore, metal–organic frameworks (MOFs) were synthesized on the 
concave surfaces via the carboxyl groups of the particles. These results demonstrate that golf ball-like polymer 
particles are promising candidates for highly sensitive and selective biosensing applications and serve as a 
versatile platform for constructing MOF–polymer hybrid materials, thereby considerably expanding the appli
cability of nonspherical polymer particles.

1. Introduction

In recent years, biosensing technologies have played a crucial role in 
diverse fields, including medical diagnostics, environmental moni
toring, and food safety management, thereby driving the demand for 
highly sensitive and selective detection methods [1–7]. Polymeric par
ticles have attracted considerable attention as promising materials for 
biosensing applications owing to their excellent chemical stability, ease 
of functionalization, and cost-effectiveness. Among the various factors 
influencing their performance, particle surface properties are known to 
strongly affect interactions with and adsorption of biomolecules [8–15]. 
Furthermore, optimization of surface morphology can facilitate the 
detection of fluorescence or other signal changes induced by target 
molecule adsorption, enabling highly sensitive sensing platforms [16].

In addition, metal–organic frameworks (MOFs) have been exten
sively investigated for a wide range of applications, including gas stor
age and separation, catalysis, and sensing [17–21]. In bio-related fields 
in particular, the intrinsic porosity of MOFs has been exploited for drug 

loading and controlled release [22,23]. However, in biological envi
ronments, nonspecific protein adsorption is known to degrade MOFs 
performance, prompting the development of effective strategies to 
suppress protein fouling on MOFs [24,25]. In this context, MOF–pol
ymer hybrid materials have attracted increasing attention as a promising 
approach to inhibit protein adsorption while preserving the advanta
geous properties of MOFs [26].

Polymeric particles produced via heterogeneous polymerization 
techniques, such as dispersion or emulsion polymerization, typically 
adopt spherical morphologies owing to the minimization of interfacial 
free energy between the particles and the surrounding solvent. There
fore, the fabrication of nonspherical polymeric microparticles often re
quires alternative strategies, including the exploitation of 
particle–particle interactions, template-assisted synthesis, or post- 
polymerization physical deformation [27–30]. Among these ap
proaches, seeded dispersion polymerization (SDP) in the presence of 
hydrocarbons has emerged as a particularly promising method because 
it enables the formation of nonspherical particles through in situ phase 
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separation during polymerization [31–39]. In particular, golf ball-like 
polymer particles with concave–convex surface morphologies have 
attracted considerable attention because of their unique surface struc
tures and potential applications in sensing and colloidal assembly 
[40–43,49,50].

In our previous work, polystyrene (PS) particles bearing sulfate 
groups were used as seeds for the SDP of n-butyl methacrylate (nBMA) in 
the presence of hydrocarbons, resulting in composite particles contain
ing multiple domains composed of poly(n-butyl methacrylate) (PnBMA) 
and hydrocarbons [44]. Subsequent extraction of the hydrocarbons 
yielded nonspherical PS particles featuring dimpled structures coated 
with PnBMA. These particles exhibited partial surface functionalization, 
retaining negative charges derived from sulfate groups on the convex 
regions; however, the integration of multiple functionalities into 
spatially distinct surface area and post-synthetic introduction of addi
tional functionalities remained unexplored.

Additionally, site-selective functionalization of polymeric materials 
has attracted considerable attention because spatially controlled surface 
chemistry enables selective immobilization of biomolecules and local
ized sensing functions. Shin et al. demonstrated pore-selective immo
bilization of functional polymers and enzymes in porous polymer films 
prepared by breath figure methods, where functional groups were 
selectively introduced into pore interiors to create microreactor-like 
environments for biosensing applications [45]. However, despite these 
advances in two-dimensional porous films, site-selective functionaliza
tion of nonspherical polymer particles possessing three-dimensional 
concave–convex surface structures remained unexplored.

In this study, we fabricated golf ball-like polymer microparticles with 
site-specific functionalization on both concave and convex regions. 
Specifically, seed particles bearing hydrophilic poly(ethylene glycol) 
(PEG) groups and the carboxyl-functional initiator 4,4′-azobis(4-cya
novaleric acid) (V-501) were used in SDP in the presence of n-dodecane. 
This strategy enabled the formation of particles featuring PEG groups on 
the convex regions and carboxyl groups on the concave regions. As a 
result, nonspecific protein adsorption was effectively suppressed on the 
convex regions, while proteins were preferentially adsorbed onto the 
concave regions. Furthermore, we demonstrate that the carboxyl groups 
localized in the concave regions act as anchoring sites for the selective 
formation of MOFs in the concavities.

2. Experimental section

2.1. Materials

Styrene was purchased from Nacalai Tesque, Inc. (Kyoto, Japan) and 
purified using an alumina column to remove inhibitor residues. tert- 
Butyl methacrylate (tBMA) was obtained from Tokyo Chemical Industry 
Co. (Tokyo, Japan) and purified using an alumina column. The initiator 
2,2′-azobis(isobutyronitrile) (AIBN; FUJIFILM Wako Pure Chemical Co., 
Osaka, Japan) was purified by recrystallization from methanol. Poly 
(ethylene glycol) methacrylate (PEGMA: Mn = 360) and fluorescein 
isothiocyanate–conjugated avidin from egg white (avidin–FITC) were 
purchased from Sigma-Aldrich Japan (Tokyo, Japan) and used as 
received. Poly(vinylpyrrolidone) (PVP, K-30: Mw = 4.0 × 104), sodium 
chloride (NaCl), and zinc nitrate hexahydrate (Zn(NO3)2⋅6H2O) were 
obtained from Nacalai Tesque, Inc. (Kyoto, Japan) and used without 
further purification. Furthermore, V-501, sodium dihydrogen phos
phate, and disodium hydrogen phosphate were purchased from FUJI
FILM Wako Pure Chemical Co. (Osaka, Japan) and used as received. 
Methanol, ethanol, n-dodecane, and 2-methylimidazole (2-MIM) were 
obtained from Tokyo Chemical Industry Co. (Tokyo, Japan) and used 
without further purification. Ruthenium tetraoxide (RuO4) was pur
chased from Filgen, Inc. (Aichi, Japan) and used as received. Deionized 
water was purified using an ElixUV system (Merck Millipore, Tokyo, 
Japan) to a resistivity greater than 5 MΩ⋅cm.

2.2. Preparation of the poly(vinylpyrrolidone)-stabilized polystyrene 
(PSPVP) particles by dispersion polymerization

Styrene (200 g), PVP (K-30, 30 g), and AIBN (2 g) were dissolved in 
ethanol (600 g) and transferred to a separate flask (2000 mL). The 
mixture was stirred at 120 rpm in a water bath at 60 ◦C for 24 h under an 
N2 atmosphere. The resulting PVP-stabilized PS particles (PSPVP) were 
collected and washed with methanol by centrifugation at 3000 ×g for 5 
min.

2.3. Preparation of the PSPVP/P(S-co-PEGMA) particles by seeded- 
dispersion polymerization

Styrene (1.0 g), PEGMA (1.0 g), and AIBN (0.040 g) were dissolved in 
a mixture of methanol (16.0 g) and water (4.0 g). The resulting solution 
was transferred to a glass tube, into which PSPVP seed particles (2.0 g) 
were dispersed. The glass tube was then sealed under an N2 atmosphere 
and horizontally shaken in a water bath at 60 ◦C for 24 h at 70 cycles 
min− 1 with a stroke length of 3 cm. After polymerization, the resulting 
PS core–shell particles bearing PEG-derived hydrophilic groups (PSPVP/ 
poly(styrene-co-PEGMA) (P(S-co-PEGMA))) were collected and washed 
with methanol by centrifugation at 2040 rpm (500 ×g) for 5 min.

2.4. Preparation of golf ball-like PSPVP/P(S-co-PEGMA)/PtBMA 
particles by seeded dispersion polymerization

A typical SDP procedure was performed as follows. tBMA (0.15 g) 
and V-501 (1.5 mg) were dissolved in a mixture of methanol (4.0 g) and 
water (1.0 g) and transferred to a glass tube. The PSPVP/P(S-co-PEGMA) 
seed particles (0.25 g) and n-dodecane (0.25 g) were then dispersed in 
the solution. The glass tube was sealed under an N2 atmosphere and 
horizontally shaken in a water bath at 60 ◦C for 24 h at 70 cycles min− 1 

with a stroke length of 3 cm. After polymerization, the resulting golf 
ball-like PSPVP/P(S-co-PEGMA)/poly(tBMA) (PtBMA) particles were 
washed with methanol by centrifugation at 2040 rpm (500 ×g) for 5 min 
to remove n-dodecane. The dispersion medium was subsequently 
exchanged to water by centrifugation at 6450 rpm (5000 ×g) for 5 min.

To control the morphology of the particle surface, we varied the 
polymerization temperature and the amount of the second monomer, 
respectively. The polymerization temperature was varied between 40 ◦C 
and 70 ◦C. The seed particles/tBMA ratios were varied between 1/0.6 
and 1/0.2 (w/w).

2.5. Adsorption of avidin-FITC onto PSPVP, PSPVP/P(S-co-PEGMA), or 
PSPVP/P(S-co-PEGMA)/PtBMA particles

The prepared particles were measured so that their total surface area 
reached 5.2 × 1013 nm2 and were then vacuum-dried [46]. Subse
quently, the particles were dispersed in 90 μL of 10 mM phosphate- 
buffered saline (PBS; 140 mM NaCl, pH 7). To this suspension, 10 μL 
of an avidin–FITC solution (0.6 nmol mL− 1 in PBS) was added, and the 
mixture was incubated in the dark for 24 h. Finally, the samples were 
analyzed by confocal laser scanning microscopy (CLSM; STELLARIS 8, 
Leica, Germany).

2.6. Synthesis of metal-organic frameworks on PSPVP/P(S-co-PEGMA)/ 
PtBMA particles

2-MIM (16.6 mg) was dissolved in a mixture of methanol (800 μL) 
and water (100 μL) and transferred to a 1.5 mL microtube. The PSPVP/P 
(S-co-PEGMA)/PtBMA particles (1.0 mg) were dispersed in this solution. 
Thereafter, Zn(NO3)2⋅6H2O (1.5 mg) was dissolved in methanol (100 μL) 
and added dropwise to the dispersion for 1 min while stirring, and the 
mixture was gently stirred at 25 ◦C for 1 min. After completion of the 
reaction, the resulting MOFs@PSPVP/P(S-co-PEGMA)/PtBMA particles 
were collected and washed with methanol by filtration.
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2.7. Characterization

The obtained particles were analyzed using a scanning electron mi
croscope (SEM; JSM-IT700HR, JEOL, Tokyo, Japan) operated at an 
accelerating voltage of 5 kV and further characterized by an SEM in
strument equipped with energy-dispersive X-ray spectroscopy (EDS; 
JEOL EX-74212U4L2Q). The number-average diameter (Dn) and coef
ficient of variation (CV) were determined by analyzing more than 200 
particles using image analysis software (ImageJ 1.54 g; Wayne Rasband 
and contributors, National Institutes of Health, USA). To investigate the 
components of the PSPVP/P(S-co-PEGMA)/PtBMA particles, thermogra
vimetric analysis (TGA) was conducted using a TGA instrument (TG/ 
DTA 7200, Hitachi High-Tech, Tokyo, Japan). Dried samples were 
heated up to 600 ◦C under nitrogen atmospheres at a heating rate of 
10 ◦C min− 1. To investigate the internal morphology of the PSPVP/P(S- 
co-PEGMA)/PtBMA particles and MOFs@PSPVP/P(S-co-PEGMA)/PtBMA 
particles, ultrathin sections (approximately 100 nm thick) were pre
pared from dried particles embedded in an epoxy resin using an ultra
microtome (Leica EM UC6 equipped with EM FC7, Tokyo, Japan). In 
addition, the PSPVP/P(S-co-PEGMA)/PtBMA particles were stained with 
RuO4 vapor at room temperature for 30 min in the presence of RuO4 
crystals and then kept overnight at room temperature. The resulting 
ultrathin cross sections were subsequently observed by transmission 

electron microscopy (TEM; JEOL JEM-1230, Tokyo, Japan) instrument 
operated at an accelerating voltage of 100 kV. To further investigate the 
internal morphology of the PSPVP/P(S-co-PEGMA)/PtBMA particles, 
cross-section samples were prepared by a cross-section polisher (CP; IB- 
19530CP, JEOL, Tokyo, Japan) and observed by SEM. To characterize 
the chemical properties of the PSPVP/P(S-co-PEGMA)/PtBMA particles, 
an Fourier transform infrared spectrometer (FT-IR; FT/IR-6000, JASCO, 
Tokyo, Japan) measurement was performed. To investigate the forma
tion of MOF crystals on the golf ball-like particles, small-angle incidence 
X-ray diffraction (XRD) measurements were performed with a SmartLab 
(Rigaku Co.) at 30 mA and 40 kV. The scanning speed was 2 s/step for 
out of plane., step size was 0.1◦ and the scanning range of 2θ was from 3◦

to 80◦. The footprint of the X-ray beam was set at 15 mm × 15 mm. The 
CuKα X-ray beam (λ = 1.5418 Å) was irradiated with the incient angle of 
0.06◦.

3. Results and discussion

The preparation of golf ball-like polymer microparticles with site- 
specific functionalization on both concave and convex regions was 
carried out as shown in Scheme 1. Micron-sized, monodisperse PS par
ticles bearing PEG-functionalized surfaces were prepared via SDP. 
Initially, spherical PSPVP particles were synthesized by dispersion 

Scheme 1. Preparation of golf ball-like polymer microparticles with site-specific functionalization on both concave and convex regions via SDP.

Fig. 1. SEM images of PSPVP particles prepared by dispersion polymerization (a) and PSPVP/P(S-co-PEGMA) particles prepared by SDP (b).
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polymerization of styrene using PVP as a dispersion stabilizer (Fig. 1a). 
Subsequently, styrene and PEGMA were subjected to SDP using the 
PSPVP particles as seeds, yielding PS particles with PEG-modified sur
faces that suppressed protein adsorption (PSPVP/P(S-co-PEGMA), 
Fig. 1b). Additionally, the resulting particles exhibited excellent 
colloidal stability from room temperature up to 60 ◦C despite the 
absence of an added dispersion stabilizer. This stability is attributed to 
the PEGMA component, which likely acted as an effective steric stabi
lizer. Both PSPVP and PSPVP/P(S-co-PEGMA) particles were spherical and 
highly monodisperse, with Dn and CV of 2.34 μm and 1.9%, respectively, 
for PSPVP, and 2.44 μm and 1.2%, respectively, for PSPVP/P(S-co- 
PEGMA). The observed increase in particle size while maintaining 
monodispersity confirms the successful execution of the SDP process.

To prepare the golf ball-like particles, SDP of tBMA was performed in 
a methanol/water medium (80/20, w/w) in the presence of n-dodecane 
droplets using PSPVP/P(S-co-PEGMA) particles as seeds. After polymer
ization, the particles were washed with methanol to remove n-dodecane 
because methanol is a poor solvent for both PtBMA and PS. Fig. 2a shows 
an SEM image of the resulting PSPVP/P(S-co-PEGMA)/PtBMA particles, 
clearly demonstrating the formation of golf ball-like morphologies. In 

addition, PSPVP/P(S-co-PEGMA)/PtBMA particles were also spherical 
and monodisperse, with Dn and CV of 2.75 μm and 3.6%, respectively. To 
further examine the internal structure, ultrathin cross sections of the 
particles were prepared using a microtome, stained with RuO4, and 
observed by TEM (Fig. 2b), where the PS phase was selectively stained 
and appeared as dark regions, while the PtBMA phase was observed as 
bright regions. The concave surfaces of the particles were covered with 
the PtBMA phase, which appeared as bright regions in the images, 
whereas the PS phase covered the convex surfaces. Moreover, to char
acterize the chemical properties, FT-IR measurement of the particles was 
performed (Fig. S1). The FT-IR spectra showed characteristic absorption 
bands attributed to ester groups derived from PtBMA and P(S-co- 
PEGMA) and aromatic groups derived from PS, supporting the successful 
formation of the composite polymer particles. In addition, to investigate 
the components of the golf ball-like particles, TGA was conducted 
(Fig. S2). TGA profile supported the presence of PS and PEG in the 
particles. This morphology can be rationalized by a precipitation- and 
domain-formation process during SDP. As the polymerization pro
gressed, the second polymer, PtBMA, became insoluble under the reac
tion conditions and precipitated onto the PSPVP/P(S-co-PEGMA) seed 

Fig. 2. SEM image of PSPVP/P(S-co-PEGMA)/PtBMA golf ball-like particles after n-dodecane extraction with methanol (a) and TEM image of an ultrathin cross- 
section of a golf ball-like particle after RuO4 staining (b).

Fig. 3. CLSM images of PSPVP particles (a, a'), PSPVP/P(S-co-PEGMA) particles (b, b'), and PSPVP/P(S-co-PEGMA)/PtBMA particles (c, c') coincubated with avi
din–FITC for 24 h at 25 ◦C. The samples were excited at 488 nm.
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particles, forming PtBMA-rich domains on the seed surface. Importantly, 
because the hydrocarbon exhibited a higher affinity for the second 
polymer than for the seed polymer, it was preferentially absorbed into 
the PtBMA-rich domains. Therefore, once PtBMA domains with a high 
affinity for n-dodecane formed, n-dodecane migrated from the sur
rounding medium into these PtBMA-rich regions. This selective uptake 
of n-dodecane caused swelling of the PtBMA domains, resulting in the 
formation of PtBMA/n-dodecane composite domains. When the viscosity 
of the seed particles was sufficiently high, coalescence of these domains 
was strongly suppressed, preserving their discrete distribution on the 
surface of the composite particles. Finally, after completion of the 
polymerization, removal of the hydrocarbon (n-dodecane) produced 
concave structures corresponding to the former domain regions on the 
particle surface, in which the second polymer (PtBMA) remained34–38.

To confirm that the ability to suppress nonspecific protein adsorption 
was present only on the convex regions of the particles, an avidin–FITC 
solution in PBS (pH 7) was added to dispersions of the seed particles 
(PSPVP and PSPVP/P(S-co-PEGMA)) and the golf ball-like particles 
(PSPVP/P(S-co-PEGMA)/PtBMA) in PBS (pH 7), and the samples were 
observed by CLSM. Because the isoelectric point of avidin is approxi
mately pH 10, avidin is expected to be positively charged under these 
conditions and therefore to interact strongly with negatively charged 
carboxyl groups via electrostatic interactions. In addition, avidin is also 
considered to adsorb onto PtBMA in the concave regions via hydro
phobic interactions. Fig. 3 shows CLSM images of the seed particles and 
the golf ball-like particles before and after exposure to avidin–FITC, and, 
as shown in Figs. 3a–3a', clear adsorption of avidin was observed for 
particles whose surfaces were composed of PVP and PS. In contrast, 
PSPVP/P(S-co-PEGMA) particles exhibited no detectable avidin adsorp
tion, as shown in Figs. 3b–3b'. For the PSPVP/P(S-co-PEGMA)/PtBMA 
particles, avidin-derived fluorescence appeared as discrete, patchy 
spots, and comparison of the corresponding bright-field and 

fluorescence images revealed that the fluorescence was localized only in 
the concave regions (Figs. 3c–3c'). These observations clearly demon
strate that the suppression of nonspecific protein adsorption is confined 
to the convex regions of the particles. These results suggest that both 
electrostatic and hydrophobic interactions contribute to protein 
adsorption in the concave regions.

To further investigate the effect of polymerization temperature on 
particle morphology, cross-sectional observations were performed for 
particles prepared at different temperatures using CP. From Fig. 4, no 
concave regions were observed for the particles prepared at 40 ◦C, 
whereas small and shallow concave regions were observed at 50 ◦C. 
Increasing the polymerization temperature to 55 and 60 ◦C resulted in 
the formation of larger and deeper concave regions. At 70 ◦C, the 
concave regions became wider, although their depth did not signifi
cantly increase. These results indicate that a higher polymerization 
temperature led to the formation of concavities with a larger aperture 
due to the coalescence of the domains that formed on the seed particles. 
This morphological change was likely due to the lower viscosity of the 
seed particles at higher temperatures, which promotes the submersion of 
the PtBMA domains into the seeds. In addition, the absence of concave 
structures at 40 ◦C was likely due to insufficient polymerization activity 
of V-501 at this temperature, resulting in insufficient formation of the 
second polymer phase. Furthermore, decreasing the amount of the sec
ond monomer (tBMA) resulted in smoother particle surfaces with 
smaller concave structures, suggesting that monomer concentration also 
influences the morphology of the obtained particles (Fig. S3). These 
results are consistent with our previous report39.

Subsequently, to further exploit the functionalized concave regions, 
we attempted to grow MOFs on the carboxyl-functionalized concaves of 
the golf ball-like particles. The MOFs were synthesized using Zn2+ as the 
metal source and 2-MIM as the organic ligand because MOFs derived 
from Zn2+ and 2-MIM have previously been reported to form on 

Fig. 4. SEM images of surfaces (a-e) and cross sections (a’-e’) of the PSPVP/P(S-co-PEGMA)/PtBMA particles after extracting n-dodecane from the composite particles 
prepared by tBMA SDP in the presence of n-dodecane droplets at various temperatures.

Fig. 5. SEM image of the MOFs@PSPVP/P(S-co-PEGMA)/PtBMA particle (a) and EDS elemental maps of Zn (b) and N (c) for the corresponding particle.
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carboxyl-functionalized surfaces [47]. Fig. 5 shows SEM images and the 
corresponding EDS elemental maps of the resulting MOFs@PSPVP/P(S- 
co-PEGMA)/PtBMA particles. Compared with the particles prior to 
MOFs synthesis, the concave regions were filled with newly formed 
material, and protrusion-like structures were clearly observed. EDS 
mapping revealed pronounced localization of Zn and N in these pro
trusions, indicating that they originated from the formation of MOFs 
composed of Zn2+ and 2-MIM. In addition, ultrathin cross sections of the 
particles after MOFs growth were prepared using a microtome and 
examined by TEM (Fig. S4), which revealed dark, electron-dense fea
tures surrounding the PtBMA phase in the concave regions. Although a 
small amount of MOF formation was also observed on the convex sur
faces, MOF growth preferentially proceeded in the concave regions 
under the present reaction conditions. In addition, when the reaction 
time was prolonged, MOF formation gradually proceeded over the entire 
particle surface (Fig. S5). Furthermore, XRD measurements were per
formed to confirm the formation of MOF crystals on the golf ball-like 
particles (Fig. 6). The diffraction peaks assignable to ZIF-8 were 
clearly observed for the MOFs and the MOF–golf ball-like particle 
composites [48]. These results support the successful formation of ZIF-8 
on the particle surfaces. These observations and measurements confirm 
that MOF formation occurred selectively at the carboxyl-group-bearing 
concaves of the particles.

4. Conclusions

We successfully fabricated golf ball-like polymer particles bearing 
distinct functionalities on both convex and concave regions by subject
ing tBMA to SDP in the presence of n-dodecane droplets. The resulting 
particles exhibited suppression of nonspecific protein adsorption on the 
convex regions, while anionic functional groups and hydrophobic 
polymer localized on the concave regions enabled selective biomole
cular adsorption. Moreover, the morphology of the golf ball-like poly
mer particles could be tuned by varying the reaction temperature and 
the amount of second monomer during polymerization. We further 
demonstrated selective growth of MOFs in the concave regions, high
lighting the utility of these particles as polymer-MOF hybrid platforms. 
Although the present system predominantly yielded golf ball-like 
morphology because of the highly hydrophilic nature of the PEG- 
bearing seed particles, the results demonstrated the possibility of 
introducing multiple functionalities into nonspherical polymer particles. 
These findings provide a useful strategy for site-selective functionali
zation of nonspherical polymer particles and expand their potential 

applications in biosensing and biointerface materials.
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