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Abstract A polymer, poly(2-(2-methoxyethoxy)ethyl meth-
acrylate) (PMDM), was accumulated on a silica microparticle
by surface-initiated atom transfer radical polymerization
(ATRP). The hydrodynamic diameter of the polymer-grafted
silica particle (PMDM-SiP) dispersed in water was observed
to decrease above 24 °C, which could be ascribed to a coil-
globule transition of PMDM chains. This is in accordance
with the increase in turbidity of an aqueous solution of free
PMDM, which was produced parallel in liquid phase at the
ATRP, above 23 °C. The lower critical solution temperature
(LCST), defined as the temperature at which the absorbance
reached the optical density of 0.30, was 27.6 °C for free
PMDM. An introduction of zwitterionic vinyl monomer,
carboxymethylbetaine (CMB), into both a polymer brush
and a free polymer (P(MDM-r-CMB)) raised the LCST. In
addition, the hydrodynamic diameter (Dh) of the polymer-
modified particles was not affected by the presence of NaBr
nor lysozyme at 15 °C, whereas it was largely affected at
35 °C due to the decrease in hydrophilicity of the polymer
graft chain above the LCST. In contrast, bovine serum albu-
min did not affect the Dh value of the polymer-modified
particles both below and above the LCST. The usefulness of
the PMDM brush having CMB as a comonomer in the bio-
medical field was suggested.

Keywords ATRP .Microparticle . Polymer brush . Protein
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Introduction

Modification of solid surface with a functional soft moiety
drastically enlarges usefulness of the materials. The surface
modification with synthetic polymer chains is categorized into
two classes. The first one is a “polymer layer,” that is, a
polymer chain fixed to the solid substrate at multiple points.
In the procedures to construct the polymer layer, both covalent
binding and chemical and physical adsorption of polymer
chains are included [1–4].

The other class of surface modification with polymer
chains is a “polymer brush” in which one end of the polymer
chain is chemically or physically fixed to the solid substrate.
For constructing polymer brushes, the surface-initiated poly-
merization (“grafting-from”method) [5–7] and the grafting of
preformed polymers on the surface of solid materials via
covalent bond or physical adsorption (“grafting-to” method)
have been examined [8–13].

Meanwhile, a suppression of nonspecific binding of bio-
molecules to solid materials is very important for biomedical
applications of the materials. For example, polymer brushes
composed of a zwitterionic monomer residue such as 2-
methacryloyloxyethyl phosphorylchol ine (MPC,
pho sphobe t a i n e ) , 3 - s u l f o -N ,N - d ime t hy l -N - ( 2 -
methacryloyloxyethyl)propanaminium inner salt (SPB,
sulfopropylbetaine), and 1-carboxy-N,N-dimethyl-N-(2-
methacryloyloxyethyl)methanaminium inner salt (CMB,
carboxymethylbetaine) (PMPC, PSPB, and PCMB, respec-
tively) on a gold surface and a glass substrate are highly
resistant against nonspecific protein adsorption and cell
adhesion [8, 14, 15].
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Silica nano- and microparticles have been focused as a
potential carrier in the field of medical imaging system, drug
delivery, and targeting systems. Especially, fluorescent-
encapsulated and metal-encapsulated (such as Gd and Au)
silica particles for the CT and MR imaging have been reported
previously [16–18]. Generally, the interaction of biomolecules
with the surface of silica particles used in the medical field
must be suppressed or regulated, and the introduction of addi-
tional function such as thermal and pH responsiveness to the
surface of silica particles would lead to further application.

In this report, a temperature-responsive polymer brush-
modified silica particle has been prepared by the surface-
initiated atom transfer radical polymerization (SI-ATRP).
2-(2-Methoxyethoxy)ethyl methacrylate (MDM) has been cho-
sen as a basic monomer for temperature-responsive polymers
[19–22] because of easiness to pursue ATRP. For the ATRP of
MDM, it is not necessary to use high-cost multi-dentate ligands
such as N,N,N′,N″,N″-pentamethyldiethylenetriamine
(PMDETA) and tris[2-(dimethylamino)ethyl]amine
(Me6TREN). These ligands have often been used for the prep-
aration of poly-N-isopropylacrylamide (PNIPAm), one of the
most well-known temperature-responsive polymers, using
ATRP [23–25]. Furthermore, a zwitterionic monomer,
carboxymethylbetaine (CMB), has been introduced as a como-
nomer in the temperature-responsive polymer brush to modu-
late its responsiveness.

Experimental

Materials

MDM (Scheme 1a) from Tokyo Chemical Industry, Tokyo,
Japan, was purified from hexane-0.1 M NaOH aqueous solu-
tion. CMB monohydrate (commercial name, GLBT;

Scheme 1b)was kindly donated fromOsakaOrganic Chemical
Industry, Osaka, Japan [26, 27]. 2,2′-Azobisisobutyronitrile
(AIBN) fromWako Pure Chemicals, Osaka, was recrystallized
in methanol. Bovine serum albumin (BSA) and lysozyme from
egg white (EWL) were obtained from Sigma. Silica micropar-
ticle (Seahoster KE-P30; diameter, 270–350 nm) was kindly
donated from Nihon Shokubai, Co., Osaka, Japan. 3-(2-Bro-
mo-2-isobutyryloxy)propyltriethoxysilane (BPE; Scheme 1c)
was synthesized from propen-1-ol by a two-step reaction, as
described elsewhere [28]. Silicon wafers [N(100), having
0.001–0.003Ω cm resistivity and 0.525±0.025 mm thickness]
from Furuya Metal Co., Ltd. (Tokyo, Japan) were cut into the
most suitable size (20×10 mm2). Other reagents used were
commercially available. All aqueous solutions were prepared
with ultrapure water (18 MΩ cm, Millipore System).

Preparation of initiator-coated silica microparticles via silane
coupling

At first, silica microparticles (SiP, 400 mg), which had been
washed and ultrafiltrated (Millipore; membrane JG, pore size,
0.20 μm) several times with ethanol (EtOH), were dispersed
in EtOH (30 mL) in a reaction vial. BPE (423.5 mg), 20 %
aqueous ammonia solution (4.6 mL), and EtOH (15 mL) were
added to the vial and the reaction solution was slowly stirred at
room temperature (Scheme 2) [29]. After 18 h, the dispersion
of microparticle was washed with EtOH several times using
an ultrafiltration apparatus. The initiator-coated microparticle
(SiP-BPE) was dispersed in EtOH and stored in a sample vial
filled with Ar.

Accumulation of PMDM brush on silica microparticles

Poly(2-(2-methoxyethoxy)ethyl methacrylate) (PMDM) brush
was introduced to the surface of the silica microparticle: The
SiP-BPE (400 mg/32.6 mL EtOH) was incubated with MDM
(7.4 mL, 40 mmol), EBiB (14.7 μL, 0.10 mmol), Cu(I)Br
(29 mg, 0.20 mmol), and 2,2′-bipyridine (63.3 mg, 0.40 mmol)
([MDM]:[EBiB]:[CuBr]:[bipyridine]=400:1:2:4) at 25 °C for
48 h in Ar (Scheme 2). The SiP-PMDM was separated from a
homopolymer of MDM (Et-PMDM), which had been parallel
produced in liquid phase, by ultrafiltration in EtOH. Et-PMDM
in liquid phase was recovered, and after evaporation, dissolved
in EtOH again and passed through a silica gel column to remove
Cu salts. The Et-PMDM was purified by dialysis (Spectra/Por,
Spectrum Laboratories; MWCO, 1000) in MeOH and con-
densed by evaporation. After dissolution in water and lyophili-
zation, the Et-PMDM was characterized by GPC (column,
Shodex OHpak SB-803HQ; Showa Denko, Tokyo, Japan; mo-
bile phase, 0.1 M NaBr aqueous solution, chloroform, or
methanol/ethanol (50:50) mixture; standard, pullulan (Showa
Denko), PMMA (Showa Denko), or PEG (Sigma-Aldrich)).
The similar procedures were adopted for preparation of the
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copolymer-modified SiPs (Scheme 3). In addition, the polymer
brushes (PMDM and copolymers, P(MDM-r-CMB)s) were
prepared on the surface of a silicon wafer in the same way as
that on the glass surfaces too.

Surface density of the polymer brush on the glass substrate

The surface density (in chains/nm2) of the polymer brushes on
a silicon wafer was determined by both the thickness of the
brush determined by ellipsometry (M-2000U, J. A. Woollam
Co., Inc., USA) and the molecular weight of the polymers
produced simultaneously in liquid phase during surface
grafting. The Mn values of the graft and free polymers pro-
duced in the same batch were previously found to be nearly
the same in both ATRP [30] and RAFT polymerization [31].

Measurements of hydrodynamic diameter and ζ potential
of microparticles

Hydrodynamic diameter (Dh) and ζ potential of various
silica microparticles were determined by a ζ potential

and particle size analyzer (ELSZ-2, Otsuka Electronics,
Hirakata, Japan; laser, He–Ne, 632.8 nm). Dynamic light
scattering (DLS) measurements were carried out in water
unless mentioned. At the measurements of ζ potential,
microparticles were dispersed in a 10-mM NaCl aqueous
solution.

Determination of LCST

An aqueous solution of PMDM or P(MDM-r-CMB) (1 mg/
mL) in a glass cell (light path 10 mm) with a PMMA cap
was set in an observation chamber of a spectrophotometer
(Lambda 19 UV/VIS/NIR Spectrometer, PerkinElmer). The
turbidity (actually decadic absorbance) at 350 nm was
followed at various temperatures (heating and cooling
rates, 1 °C/3 min except the temperature range 5 °C above
the lower critical solution temperature (LCST) (2 °C/
3 min)). The temperature at which the absorbance of the
polymer solution reached the optical density of 0.30 (trans-
mittance 50 %) during the heating process was defined as
LCST.
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Results and discussion

Preparation of free polymers by ATRP

At the surface-initiated atom transfer radical polymerization
(SI-ATRP) in the presence of a free ATRP initiator (EBiB in
this work), the polymerization in the solution phase occurred
parallel. It was previously indicated that the polymers obtain-
ed in the solution phase had similar Mn and Mw/Mn values to
those parallel constructed at the solid surface [30]. The GPC
data indicated that the polymers obtained in this work had a
satisfactorily narrow distribution of molecular weight
(Table 1).

Temperature responsiveness of free polymers

Temperature responsiveness of free homopolymer (PMDM)
and copolymers (P(MDM-r-CMB)s) were examined at
350 nm (Fig. 1, Table 1). The figure and table showed that
all the polymers indicated a distinct coil-globule transition,
and the LCST value was raised with an increase in the content
of CMB. Such a temperature responsiveness was ascribed to
the dehydration of the 2-(2-methoxyethoxy)ethyl side group
of the polymer with the increase in temperature, which dras-
tically decreases the hydrophilicity of polymer chains and
results in the coil-globule transition [20].

By the incorporation of a hydrophilic comonomer, dehydra-
tion of the side chain in PMDM would be hindered to some
extent, resulting in the rise in LCST. It was previously observed
that the incorporation of ω-methoxy(oligoethyleneoxy)ethyl
methacrylate as a comonomer raised the LCST of PMDM
[19]. We also reported that the LCST of poly(N-
isopropylacrylamide) (PNIPAm) was raised by the incorpora-
tion of a hydrophilic comonomer such as acrylamide [31].

These results are in accordance with the present results. Fur-
thermore, pH dependence of the LCST for polyallylamine
grafted with NIPAm chains was clearly observed [32]. These
results indicated the possibility to modulate the LCST of poly-
mer materials by various factors.

There was no significant hysteresis of PMDM and
P(MDM-r-CMB) in the absorbance vs. temperature profiles
in water. When the solvent was changed from water to
phosphate-buffered saline (PBS), the LCST decreased due to
the decrease in activity of water which dissolved the polymer,
and furthermore, the hysteresis appeared (Fig. 2). However,
the tendency in the copolymer system was opposite to the
ordinary hysteresis where the profile of decrease in absor-
bance shifted to the lower-temperature region, which is prob-
ably due to the entangled structure of the polymer chains
within the globules, resulting in retardation of the re-
dissolution of globules during the cooling process. In contrast,
Fig. 2 shows that the decrease in absorbance in the cooling
process in PBS occurred at a higher temperature than the
increase in the heating process. Such an opposite tendency
might be attributed to the perturbation of entanglement and
aggregation by the polar CMB residues in the polymer.

Construction of a polymer brush onto a silica microparticle

We introduced ATRP initiator, BPE, on the surface of a silica
microparticle, and subsequently, the ATRP was pursued from
the initiating site on the surface of the particle. The hydrody-
namic diameter (Dh) of the silica particle was observed to
increase at each modification step (Fig. 3, Table 2) (i.e., (i)
introduction of ATRP initiator and (ii) grafting of PMDM
brush or P(MDM-r-CMB) brush), which indicated that chem-
ical modification of the particle surface was successfully
pursued.

Table 1 Characteristics of various polymers prepared

Polymer Mn (×10
4) Mw/Mn Number of monomer residues included Composition (MDM:CMB)a LCST (°C)b

In water In PBSc

PMDM 5.59e 1.22e MDM, 69.1f – 27.6 25.9
1.30f 1.39f

Copolymer 1 (95:5)d 0.83e 1.41e MDM, 65.1; CMB, 4.2g 94:6 35.3 32.0
1.34g 1.04g

Copolymer 2 (90:10)d 1.66e 1.51e MDM, 157.7; CMB, 13.7g 92:8 49.0 44.0
3.26g 1.02g

a By 1H NMR
bThe temperature at which the turbidity reached the optical density of 0.30 (transmittance 50 %)
c pH 7.4
d Feeding ratio of MDM and CMB
eBy GPC, standards, pullulan; mobile phase, 0.1 M NaBr aqueous solution (25 °C)
f By GPC, standards, PMMA; mobile phase, CH3Cl (25 °C)
g By GPC, standards, PEG; mobile phase, MeOH:EtOH mixture (50:50) (25 °C)
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Polymer brushes were also constructed on silicon wa-
fers by the same procedures as those for the modification
of glass substrates, and the thicknesses of various poly-
mer brushes determined by ellipsometry were 6.8, 3.2,
and 3.8 nm for PMDM, copolymer 1, and copolymer 2,
respectively.

The data by DLS (hydrodynamic diameter of the polymer-
modified silica microparticles) and ellipsometry (thickness of
polymer brushes on the silicon wafer) were contradictory with
each other, even by taking account of the extension of hydrat-
ed polymer brush in the aqueous media in comparison with
the shrunken brush in dry state. This is probably due to the
slight aggregation of silica particles during SI-ATRP, though
the polydispersity indices for the diameter of particles were
satisfactorily small even after the ATRP.

Using Eq. (1), the surface density of the polymer brush on
the silicon wafer was also determined.

σ ¼ ρdNA � 10−21=M n ð1Þ

where σ is the graft density (chains/nm2), ρ is density of the
polymer (g/cm3), NA is the Avogadro number, d is the thick-
ness of the polymer brush (nm), and Mn is the number-
averaged molar mass of bulk polymer [30, 33]. The ρ value
for polymethylmethacrylate (PMMA, 1.318 g/cm3) [34] was
used for calculation of the surface density of PMDM and
copolymers. Mn of the polymer brush was assumed to be
equal to that of the polymer produced in liquid phase at the
same time [30]. The surface densities of the brushes were
0.104, 0.162, and 0.082 chains/nm2 for SiP-PMDM, SiP-
copolymer 1, and SiP-copolymer 2, respectively.

The ζ potential also changed upon modification with a
polymer (Table 2), which suggests the presence of polymer
brush on the surface of the particle. Previously, it was reported
that the ζ potentials for glass plates modified with a brush of
po ly (me thac ry l i c ac id ) (Po lyMA) and tha t o f
p o l y [ 2 - ( d im e t h y l am i n o ) e t h y l m e t h a c r y l a t e ]
(PolyDMAEMA) prepared by the reversible addition-
fragmentation chain transfer (RAFT) method were −30.2

Fig. 2 Temperature dependence
of absorbance of various polymer
solutions. (●, ○) PMDM, (▲, Δ)
copolymer 1 (CMB 6 mol%), and
(■, □) copolymer 2 (CMB
8 mol%). Solvent: PBS. Filled
symbols: heating; open symbols:
cooling

Fig. 1 Temperature dependence
of absorbance of various polymer
solutions. (●, ○) PMDM, (▲, Δ)
copolymer 1 (CMB 6 mol%), and
(■, □) copolymer 2 (CMB
8 mol%). Solvent: water. Filled
symbols: heating; open symbols:
cooling
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and +35.3 mV, respectively, and that with a Poly(MA-r-
DMAEMA) brush (feeding ratio, MA:DMAEMA=1:1) was
−6.8 mV [35]. Furthermore, the ζ potential of PolyCMB brush
prepared by the ATRP method on a glass substrate was
−4.9 mV [35]. The ζ potential of the bare silica particle (SiP)
was largely negative (−31.3 mV, Table 2), which would affect
the ζ potential of polymer-grafted SiP. Actually, the ζ potential
of silica particle modified with zwitterionic PCMB brush was
reported to be −18.4 mV [29]. Electrophoretic properties of a
soft particle having a rigid core were theoretically analyzed in
detail [36]. The present results could be interpreted as a core-
shell model having a negatively charged rigid core and a
nonionic soft shell. Therefore, the surface of both the polymer
brush (PMDM) and the copolymer brush (P(MDM-r-CMB))
on the SiP might not be strongly charged at 25 °C [37].

Temperature responsiveness of surface-confined PMDM
brush

The PMDM chain introduced on the surface of SiP indicated
temperature responsiveness in a similar manner to the water-

soluble polymers. Figure 4 indicates the hydrodynamic diam-
eter (Dh) of bare SiP, SiP-PMDM, and SiP-P(MDM-r-CMB)
at various temperatures. The polymer-modified SiPs indicated
temperature-responsive changes in Dh values, whereas the
bare SiP notably did not.

Figure 5 indicates the reproducibility of Dh values during
the heating-cooling processes. Repeated changes in tempera-
ture between 15 and 35 °C (SiP-PMDM) and between 20 and
40 °C (SiP-P(MDM-r-CMB)) induced the reproducible
changes in theDh value of the polymer-modified SiPs, where-
as the Dh for the bare SiP notably did not change (data not
shown).

Effect of additives on the colloid stability of microparticles

Furthermore, the Dh value was affected by the dispersing
media (Fig. 6). As for SiP, theDh value was increased by the
addition of NaBr, NaBr + BSA, lysozyme, and NaBr +
lysozyme at 15 and 35 °C. BSA alone did not affect the
dispersion at both temperatures. As for PMDM-SiP, the Dh

value was not affected at 15 °C by the additives examined
in this work. At 35 °C, however, NaBr, NaBr + BSA,
lysozyme, and NaBr + lysozyme increased the Dh value,
whereas BSA alone did not. Therefore, the aggregation of
PMDM-SiP in the presence of NaBr + BSAwas mostly due
to NaBr and not to BSA.

Lysozyme was extremely adsorptive to the SiP with
and without graft chains. This is mostly due to the
electrostatic attraction between positively charged lyso-
zyme (pI 10.5) [38] and deprotonated silanol groups on
the surface of SiP, which might diminish the electrostat-
ic repulsion between both negatively charged SiPs and
SiP-PMDMs.

The similar tendency was observed for SiP-P(MDM-r-
CMB). As indicated in Fig. 4c, the P(MDM-r-CMB) graft chain

Fig. 3 Results of dynamic light
scattering measurements of silica
particles. Solid line: SiP, dotted
line: SiP-BPE, broken line: SiP-
PMDM, dashed line: SiP-
copolymer 1 (feeding ratio,
MDM:CMB=95:5), and two-dot
chain line: SiP-copolymer 2
(feeding ratio, MDM:CMB=
90:10). In water at 25 °C

Table 2 Results of DLS and ζ potential measurements of various silica
particles

Particle Diameter (nm)a PDIb ζ potential (mV)c

SiP 329±16 0.027 −31.3±0.2
SiP-BPE 338±38 0.046 –

SiP-PMDM 429±58 0.059 −14.4±0.3
SiP-copolymer 1 (95:5)d 511±40 0.011 −10.5±0.3
SiP-copolymer 2 (90:10)d 457±35 0.096 −6.4±0.2

a In water at 25 °C
b Polydispersity index
c In a 10-mM NaCl aqueous solution at 25 °C
d Feeding ratio of MDM and CMB
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on the SiP particle began to shrink around 35 °C and reached an
equilibrated state around 40 °C. Figure 6b indicates that the
surface of copolymer-modified SiP below LCST was anti-bio-
fouling, whereas it turned to be adsorptive above LCST in a
similar manner to the homopolymer (PMDM)-modified SiP.
This is because the hydrophilic CMB residues in the shrunken
copolymer brush (above the LCST) might be overwhelmed by
the excess amount of dehydrated (apolar) MDM residues.

Recently, a zwitterionic monomer (SPB) was introduced
into PNIPAm, and rheological interpretation of the specific
ion effect on the LCST was pursued [39]. Thermoresponsive
glycopolymers, which were prepared by combining RAFT
polymerization, thiol-ene reaction, and subsequent immobili-
zation onto solid supports, indicated thermoresponsive inter-
action with the lectin RCA120 [40]. Further development of
stimuli-responsive polymer materials having additional

Fig. 5 Hydrodynamic diameter
of the SiP-PMDM (●) and SiP-
copolymer 1 (feeding ratio,
MDM:CMB=95:5) (■) in water
at the heating-cooling cycles
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Fig. 4 Temperature dependences
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and (○) cooling
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functions ascribable to incorporated comonomers will be
highly promising.

Conclusion

The PolyMDM brush could be easily constructed on a silica
microparticle by the SI-ATRP. The introduced PMDM brush
was hydrophilic and resistant against the nonspecific adsorp-
tion of proteins (BSA and lysozyme) on the surface below the
LCST of the PMDM, but induced self-aggregation in the
presence of salt and proteins above the LCST. Moreover,
introduction of zwitterionic CMB residues to the brush as a
comonomer raised the LCST, while the shrunken copolymer
brush above the LCST provided a nonpolar surface in a
similar way to the homopolymer (PMDM) brush, which
may be appropriate for diverse biomedical applications.
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