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a b s t r a c t

The control of protein adsorption on microchannel surfaces is important for biosensors. In this study,
we demonstrated protein adsorption method that is controlled through temperature change, i.e., ther-
moresponsive protein adsorption, on polydimethylsiloxane (PDMS) microchannel surfaces using a
thermoresponsive polymer, poly(N-isopropylacrylamide) (PNIPAAm). To provide general protein adsorp-
tion control method, we adopted biotin–streptavidin chemistry and synthesized streptavidin covalently
modified with PNIPAAm (PNIPAAm–StAv). Modification of streptavidin, a hydrophilic protein, with PNI-
PAAm induced successful thermoresponsive adsorption on a PDMS microchannel surfaces: PNIPAAm–StAv
adsorbed at 37 ◦C and desorbed at 10 ◦C on the surfaces. We also demonstrated the thermoresponsive
adsorption of biotinylated immunoglobulin G (IgG-b) using PNIPAAm–StAv. Conjugation of IgG-b with
PNIPAAm–StAv induced successful thermoresponsive IgG-b adsorption on PDMS. Modification of PDMS
surfaces with PNIPAAm reduced physical adsorption of the partially hydrophobic IgG-b on the surface
and contributed to the high-contrast thermoresponsive adsorption of IgG-b: less than 1% of the IgG-b

adsorbed at 37 ◦C was detected after the PNIPAAm–PDMS surface was washed at 10 ◦C. The controllable
adsorption of this system is expected to be applied to the regeneration of biosensor chips and to on-chip
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protein manipulation.

. Introduction

The control of protein adsorption on microchannel surfaces is
mportant for improving sensitivity, accuracy, and reproducibil-
ty of biosensors and biochips (Kannan et al., 2006; Larson et
l., 2005; Lee et al., 2003; Shim et al., 2007). Microchannels on
hich antibodies are immobilized have been used for immunoas-

ays (Malmstadt et al., 2004), cell separation (Chang et al., 2005;
louffe et al., 2008) and cell analysis (Nagrath et al., 2007). For these
pplications, controlled and active protein adsorption, in which
he adsorbed proteins’ surface chemistry changes in response to
n-chip stimuli such as applied voltages, heat and light, provides
reater functionality of the devices (Huber et al., 2003): regenera-
ion of biosensors, on-chip protein manipulation and on-demand

anipulation of cells.

Poly(N-isopropylacrylamide) (PNIPAAm) is well-known ther-

oresponsive polymer and has been applied to the thermorespon-
ive physicochemical property change of proteins and surfaces.
NIPAAm change its structure in response to changing tempera-
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E-mail address: t.kanamori@aist.go.jp (T. Kanamori).

n
t
w
o
a
T
i
s

956-5663/$ – see front matter © 2008 Elsevier B.V. All rights reserved.
oi:10.1016/j.bios.2008.06.038
© 2008 Elsevier B.V. All rights reserved.

ures in aqueous solutions (Heskins and Guillet, 1968). Polymer
hains of PNIPAAm hydrate to form expanded structures in
ater at temperatures below the polymer’s lower critical solu-

ion temperature (LCST) of 32 ◦C. At temperatures above the
CST, the PNIPAAm chains are dehydrated, forming compact
tructures that can aggregate and precipitate from solution. Pro-
eins modified with PNIPAAm are also known to precipitate in
queous solution at temperatures above the LCST (Chen and
offman, 1990; Malmstadt et al., 2003; Takei et al., 1993b,
994). Additionally, the wettability of surfaces modified with
NIPAAm changes in response to temperature changes (Cheng
t al., 2005; Ebara et al., 2006; Yakushiji et al., 1998): the
urfaces become hydrophobic at the temperature above the
CST.

Streptavidin (StAv) is a 53-kDa tetrameric protein produced in
ature by the bacterium Streptomyces avidinii (Green, 1990). Each of
he four StAv monomers binds one molecule of the vitamin biotin
ith extraordinarily high affinity: the StAv–biotin interaction is
ne of the strongest noncovalent interactions in biochemistry, with
n association constant (Ka) of 1014 to 1015 M−1 (Green, 1990).
his strong interaction has been exploited as general method to
mmobilize functional molecules on biosensors: various biosen-
or component molecules and surfaces can be easily biotinylated,

http://www.sciencedirect.com/science/journal/09565663
http://www.elsevier.com/locate/bios
mailto:t.kanamori@aist.go.jp
dx.doi.org/10.1016/j.bios.2008.06.038
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The PDMS plate was immersed in a reaction mixture of NIPAAm
monomer (10 wt.%), sodium periodate (0.5 mM) and benzyl alco-
hol (0.5 wt.%) dissolved in water. The PDMS plate was immediately
exposed to UV light in the reaction mixture through a mask
ig. 1. Schematics of thermoresponsive protein adsorption on a modified PDMS su
b) Thermoresponsive adsorption of biotinylated FITC-IgG (FITC-IgG-b) conjugated

ermitting interaction between StAv and the newly added biotin
unctionalities. In the previous study, StAv modified with PNIPAAm
as also been reported to precipitate biotinylated biomolecules
Malmstadt et al., 2003).

Among the materials that can be used for biochips, poly-
imethylsiloxane (PDMS) is a flexible, durable, transparent and

nexpensive polymer. PDMS is one of the most-utilized mate-
ials for fabricating biochips, and microstructures can be easily
olded from photoresist templates by soft lithography (Duffy et

l., 1998; Sia and Whitesides, 2003; Xia and Whitesides, 1998).
owever, because of hydrophobicity and susceptibility to non-

pecific protein adsorption, the surface of PDMS often requires
urther modification for successful application of the material in
iosensors and biochips. In the previous study, PDMS modified
ith PNIPAAm has also been reported to capture nanoparticles

Ebara et al., 2006).
In this report, we present a protein adsorption method con-

rolled through temperature manipulation, i.e., thermoresponsive
rotein adsorption, by modifying both proteins and surfaces
ith a thermoresponsive polymer (Fig. 1). To provide a general
ethod applicable to various proteins, we synthesized StAv cova-

ently modified with PNIPAAm (PNIPAAm–StAv). We also prepared
NIPAAm-modified PDMS (PNIPAAm–PDMS) microchannels by
V-induced graft polymerization. We demonstrated the thermore-

ponsive adsorption both of PNIPAAm–StAv and of biotinylated
mmunoglobulin G (IgG) conjugated with PNIPAAm–StAv on the
NIPAAm–PDMS microchannel surfaces (Fig. 1a and b, respec-
ively). The effects of PNIPAAm polymer chains of PNIPAAm–StAv
nd of PNIPAAm–PDMS on the thermoresponsive protein adsorp-
ion were systematically examined by means of fluorescence

icroscopy for high-contrast thermoresponsive protein adsorp-
ion.

. Materials and methods

.1. Chemicals
N-Isopropylacrylamide (NIPAAm) was obtained from Tokyo
hemical Industry (Tokyo, Japan), purified by recrystallization
rom a mixed solution of toluene and hexane (4:1, v/v) and
ried under vacuum. N-Hydroxysuccinimide (NHS) and N,N′- F
(a) Thermoresponsive adsorption of PNIPAAm–StAv on a PNIPAAm–PDMS surface.
NIPAAm–StAv on a PNIPAAm–PDMS surface.

icyclohexylcarbodiimide (DCC) were purchased from Junsei
hemical (Tokyo, Japan). 2,2′-Azoisobutyronitrile (AIBN) was pur-
hased from Tokyo Chemical Industry. 3-Mercaptopropionic acid
MPA) was purchased from Dojindo (Kumamoto, Japan). StAv
as purchased from Wako Pure Chemical Industries (Osaka,

apan). Fluorescamine, benzophenone, sodium periodate, ben-
yl alcohol and fluorescein-isothiocyanate-labeled IgG (FITC-IgG)
rom human were all purchased from Sigma–Aldrich (St. Louis,

O, USA). FITC-labeled biotin (FITC–biotin) was obtained from
ierce (Rockford, IL, USA). Milli-Q water (Millipore, Billerica,
A, USA) was used for preparation of aqueous solutions. All

ther solvents were obtained from Wako and were used as
eceived.

.2. Surface modification of a PDMS plate and a PDMS
icrochannel with PNIPAAm by UV-induced graft polymerization

A flat PDMS plate for surface characterization was obtained
y curing a 10:1 (w/w) mixture of PDMS prepolymer and cur-
ng agent (Sylgard 184, Dow Corning, Midland, MI) at 120 ◦C
or 2 h. The plate was modified with PNIPAAm by UV-induced
raft polymerization as described previously (Hu et al., 2002,
004; Sugiura et al., 2008). Briefly, the flat PDMS plate was

mmersed for 1 min in acetone containing 10 wt.% benzophenone.
ig. 2. ATR-FTIR spectra of an unmodified PDMS and a PNIPAAm–PDMS surface.
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ligner (ES20AS, Nanometric Technology, Tokyo, Japan) for 5 min
nd washed with water to obtain the PNIPAAm-modified PDMS
PNIPAAm–PDMS).

A PDMS microchannel was fabricated by attaching a PDMS
icrochannel plate made via soft lithography to a flat PDMS

late by means of O2 plasma bonding as described previously (Jo
t al., 2000; Xia and Whitesides, 1998). For characterization of
rotein adsorption in the microchannel, the PDMS microchannel
as modified with PNIPAAm by UV-induced graft polymeriza-

ion. The UV-induced graft polymerization was carried out by
eans of the same procedure described above for the flat PDMS

late except that instead of immersing the PDMS plates described
bove, the solutions were introduced into the microchannel with
yringe.

.3. Surface characterization of PNIPAAm–PDMS

Surface modification of the PDMS plates with PNIPAAm
as confirmed by attenuated total refection-Fourier-transform

nfrared (ATR-FTIR) spectroscopy using an FTIR spectrometer
FT/IR-680 Plus, JASCO, Tokyo, Japan) equipped with single reflec-
ion ATR accessories (MIRacle, PIKE Technologies, Madison, WI,
SA).

The hydrophilicity of the PDMS and PNIPAAm–PDMS surfaces
as evaluated by water-in-air static contact angle measurement
ith a contact angle meter (Drop Master 300, Kyowa Interface Sci-

nce, Niiza, Japan). The samples were immersed in water at either
5 or 43 ◦C for 10 min prior to contact angle measurement. A water
roplet was then placed on the surface with keeping temperature,
nd the water-in-air static contact angle was measured after 30 s.
he contact angle was measured five times for each sample. Three
ifferent samples were prepared and tested for each experimental
ondition.

.4. Modification of StAv with PNIPAAm

PNIPAAm terminated with a carboxyl group at one end
PNIPAAm-COOH) was prepared by chain-transfer polymerization
sing MPA as a chain-transfer reagent and AIBN as an initiator (Ding
t al., 1996; Takei et al., 1993a). Briefly, 17.1 g of NIPAAm monomer,
.08 g of MPA and 0.032 g of AIBN were dissolved in 76 mL of N,N-
imethylformamide (DMF). The solution was degassed by freezing
nd evacuating three times and then sealed. Polymerization was
hen carried out at 70 ◦C for 5 h, and the PNIPAAm-COOH product
as collected by precipitation in diethyl ether.

The molecular weight of PNIPAAm-COOH was determined by
el permeation chromatography (GPC Linear LF-804, Showa Denko,
okyo, Japan) in DMF containing 10 mM lithium bromide at 40 ◦C. A
oly(ethylene glycol) standard was used (Polymer Laboratories Cal-
bration Kit, GL Sciences, Tokyo, Japan; TSK Standard, Tosoh, Tokyo,
apan).

The terminal carboxyl group of PNIPAAm-COOH was activated
ith NHS using DCC as an activating reagent (Ding et al., 1996;

akei et al., 1993a). Briefly, 1.3 g (0.1 mmol) of PNIPAAm-COOH

l
w
l
r
A

ig. 3. CLSM images showing adsorption of PNIPAAm–StAv conjugated with FITC–biotin o
he CLSM images were obtained after washing with 0.5 mL PBS at 37 ◦C (a), after washing
ectronics 24 (2009) 1135–1140 1137

as dissolved in 13 mL of anhydrous methylene chloride and
ooled to 0 ◦C. NHS (0.2 mmol) and DCC (0.2 mmol) were added
nder stirring, and stirring was continued for 4 h after raising
he temperature to 20 ◦C. After reaction, the insoluble dicyclo-
exylurea byproduct was removed from the reaction mixture by
ltration, and the polymer was isolated by precipitation in diethyl
ther.

Activated PNIPAAm was reacted with StAv by the following pro-
edure. The activated PNIPAAm (30 mg, 2.4 mmol) was dissolved in
3 �L of DMF. StAv (8.6 mg, 0.16 mmol) was dissolved in 430 �L of
0 mM phosphate-buffered saline (PBS, pH 7.6) at 4 ◦C. The two
olutions were mixed and gently shaken at 4 ◦C overnight. The
NIPAAm–StAv conjugate was separated from unconjugated StAv
nd other water-soluble chemicals by thermally induced precipita-
ion at 37 ◦C for 30 min and recovered by centrifugation at 17,400 × g
t 37 ◦C for 10 min. The thermally induced precipitation process was
epeated three times to remove any unreacted StAv. The protein
ontent was determined by means of UV absorption measurement
t 280 nm (A280) with a spectrophotometer (ND-1000, NanoDrop
echnologies, Wilmington, DE, USA). The prepared PNIPAAm–StAv
as stored at 4 ◦C.

.5. Characterization of PNIPAAm–StAv

To estimate the amount of the PNIPAAm present in the
NIPAAm–StAv, the polymer’s primary amine groups were detected
y a fluorometric assay as described previously (Stocks et al., 1986).
riefly, StAv and PNIPAAm–StAv were dissolved in 0.1 M sodium
hosphate buffer (pH 8.0). Fluorescamine (3.8 mg) was dissolved

n 10 mL of DMF. The two solutions were mixed and reacted at 4 ◦C
or 10 min. The fluorescence of the mixed solution was measured
n a fluorescence spectrometer (FP-750, JASCO) with an excitation
avelength of 388 nm and an emission wavelength of 485 nm. The

xcess fluorescamine in the mixed solution is rapidly destroyed by
ydrolysis and does not contribute to the measured signal, whereas
he fluorescence of the fluorescamine-conjugated polymer is sta-
le for several hours (Oreilly and Lanza, 1995). The total titratable
mine content in PNIPAAm–StAv was obtained from a calibra-
ion curve derived from the measured fluorescence intensity using
ative StAv at various concentrations.

The extent of temperature-change-induced precipitation (ther-
oprecipitation) for PNIPAAm–StAv, as well as its number of biotin

inding sites was estimated with FITC–biotin. PNIPAAm–StAv
14 �M) was incubated with FITC–biotin at a 1:4 molar ratio in
50 �L of PBS at 4 ◦C for 2 h. The reaction mixture was incubated
t 37 ◦C for 10 min and centrifuged at 17,400 × g at 37 ◦C for 30 min.
he pellets were redissolved in PBS to achieve a total volume equal
o the initial sample volume (250 �L). The amount of FITC–biotin in
he supernatant left from centrifugation and in the redissolved pel-

et solution was estimated from fluorescence intensity measured

ith an excitation wavelength of 495 nm and an emission wave-
ength of 520 nm. The amount of StAv in the supernatant and in the
edissolved pellet solution was estimated from measurements of
280.

n a PNIPAAm–PDMS microchannel surface after washing at different temperatures.
with another 1 mL PBS at 37 ◦C (b), and after washing with 1 mL PBS at 10 ◦C (c).
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Fig. 4. Relative fluorescence intensity obtained from CLSM images for the adsorp-
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.6. Thermoresponsive adsorption of PNIPAAm–StAv on
NIPAAm–PDMS

To demonstrate the thermoresponsive adsorption of
NIPAAm–StAv on PNIPAAm–PDMS, the adsorption of the mod-
fied protein on the modified surface was evaluated in terms of
ITC–biotin conjugation and examined with a confocal laser scan-
ing microscopy (CLSM; Fluoview FV300, Olympus). The amount
f the adsorbed PNIPAAm–StAv conjugated with FITC–biotin was
stimated as the fluorescence intensity calculated from images
btained above and below the LCST. The temperature of the
icrochannel was controlled by a water-circulation chamber

n the CLSM. PNIPAAm–StAv (0.72 �M) was incubated with
ITC–biotin at a 1:1 molar ratio in PBS at 4 ◦C for 1 h. The reaction
ixture was introduced into the PNIPAAm–PDMS microchannel

nd incubated at 37 ◦C for 15 min. After washing the microchannel
ith 0.5 mL of preincubated PBS at 37 ◦C, a fluorescence image was

btained with the CLSM (excitation 488 nm; emission 518 nm).
fter 5 min of incubation, the microchannel was washed with
mL of PBS at 37 ◦C, and a fluorescence image was obtained. The
icrochannel was then cooled to 10 ◦C, and after 5 min of incuba-

ion at this temperature the microchannel was washed with 1 mL
f PBS at 10 ◦C, and a fluorescence image was obtained. The fluo-
escence intensity in the determined analysis area was calculated
y means of WinRoof image analysis software (Mitani Corporation,
ukui, Japan). For comparison, the same experiment was carried
ut with unmodified StAv as a substitute for PNIPAAm–StAv and
ith unmodified PDMS as a substitute for PNIPAAm–PDMS.

To demonstrate the thermoresponsive adsorption of biotiny-
ated biomolecules on PNIPAAm–StAv, IgG was used as a model
rotein. FITC-IgG was labeled with biotin by means of Biotin
abeling Kit-NH2 (Dojindo) with a protocol outlined in the
anufacturer’s product information. The biotinylated FITC-IgG

FITC-IgG-b) was recovered with PBS, and the amount of the IgG
resent in the solution was estimated by fluorescence intensity
easurements with an excitation wavelength of 495 nm and an

mission wavelength of 520 nm. FITC-IgG-b (33 �M) was incubated
ith PNIPAAm–StAv (130 �M) at a 1:4 molar ratio in 220 �L of PBS

t 4 ◦C overnight. Thermoprecipitation was carried out by means of
he procedure described above for purification of PNIPAAm–StAv,
nd the precipitate was redissolved in PBS for use in further exper-
ments. The amount of FITC-IgG-b in the redissolved pellet solution
as estimated by measurement of fluorescence intensity. The solu-

ion was diluted to a concentration of 0.75 �M FITC-IgG-b and was
ntroduced into the PNIPAAm–PDMS microchannel. The thermore-
ponsive adsorption of FITC-IgG-b conjugated with PNIPAAm–StAv
n PNIPAAm–PDMS was investigated with the CLSM by means of
he procedure used for evaluating PNIPAAm–StAv conjugated with
ITC–biotin. For comparison, the same experiment was carried out
ith FITC-IgG-b as a substitute for FITC-IgG-b conjugated with

NIPAAm–StAv and with PDMS as a substitute for PNIPAAm–PDMS.

. Results and discussion

.1. Characterization of the PNIPAAm–PDMS surface

Surface modification of the flat PDMS plate with PNIPAAm was
xamined by means of ATR-FTIR spectra and contact angle mea-
urements. In the ATR-FTIR spectra of the PNIPAAm–PDMS (Fig. 2),

eaks characteristic of PNIPAAm were observed at 1647 cm−1

amide I, labeled in Fig. 2) and 1551 cm−1 (amide II). The water
ontact angle on the PNIPAAm–PDMS (average ± standard devia-
ion) was 99.9 ± 7.8◦ at 43 ◦C and 69.7 ± 5.9◦ at 25 ◦C. In contrast, the
ater contact angle on the untreated PDMS surface was 113.2 ± 1.2◦

u
fi
o
w
t

ion of PNIPAAm–StAv or StAv conjugated with FITC–biotin on PNIPAAm–PDMS and
DMS microchannel surfaces after washing at different temperatures. Arrows point-
ng to the x-axis indicate undetectable adsorption. Error bars indicate the standard
eviation of three replicate experiments.

t 43 ◦C and 114.5 ± 1.1◦ at 25 ◦C. These results suggest that the
DMS surface was successfully modified with PNIPAAm by UV-
nduced graft polymerization.

.2. Characterization of PNIPAAm–StAv

The number-averaged molecular weight of the synthesized
NIPAAm-COOH was determined to be 12,600 by GPC. PNIPAAm-
OOH was activated by NHS with DCC and reacted with StAv. After
ecovery by thermoprecipitation, the yield of PNIPAAm–StAv was
0.5%. The number of reactive primary amine groups in the recov-
red PNIPAAm–StAv as determined by fluorescamine assay was
nly 46% of that in native StAv. Although we cannot determine how
any of the 36 amine groups on each StAv molecule were reactive,

he fluorescamine assay results indicate that more than half of the
eactive primary amine groups were modified with PNIPAAm. The
umber of biotin binding sites in PNIPAAm–StAv was determined
y thermoprecipitation of PNIPAAm–StAv reacted with FITC–biotin
t a 1:4 molar ratio. The results showed that 77% of PNIPAAm–StAv
nd 19% of FITC–biotin in the initial reaction mixture precipitated
t 37 ◦C, indicating that each PNIPAAm–StAv molecule contained
n average of one biotin-binding site. These results suggest that
tAv was successfully modified with PNIPAAm with keeping the
iotin-binding site active.

.3. Thermoresponsive adsorption of PNIPAAm–StAv on the
NIPAAm–PDMS microchannel surface

The adsorption of PNIPAAm–StAv conjugated with FITC–biotin
n the PNIPAAm–PDMS microchannel surface was investigated
ith the CLSM, as shown in the CLSM images in Fig. 3.

NIPAAm–StAv conjugated with FITC–biotin was adsorbed on the
NIPAAm–PDMS surface at temperatures above the LCST (37 ◦C,
ig. 3a and b) and desorbed at temperatures below the LCST (10 ◦C,
ig. 3c). Above the LCST, hydrophobic interaction between dehy-
rated polymer chains of PNIPAAm–StAv and polymer chains on
NIPAAm–PDMS induced adsorption on the PNIPAAm–PDMS sur-
ace. Below the LCST, PNIPAAm chains both on StAv and on PDMS
ere hydrated, and the adsorbed PNIPAAm–StAv consequently des-

rbed from the microchannel surface.
To investigate the role of PNIPAAm chains on StAv molecule and

hat on PDMS surface, adsorption behavior was examined using

nmodified StAv as a substitute for PNIPAAm–StAv and unmodi-
ed PDMS as a substitute for PNIPAAm–PDMS (Fig. 4). The amount
f StAv conjugated with FITC–biotin adsorbed on the PDMS surface
ith the CLSM. PNIPAAm modification of StAv induced the adsorp-

ion of StAv on both the PNIPAAm–PDMS and unmodified PDMS
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Fig. 5. Relative fluorescence intensity obtained from CLSM images for the adsorp-
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ion of FITC-IgG-b conjugated with PNIPAAm–StAv or unmodified FITC-IgG-b on
NIPAAm–PDMS and PDMS microchannel surfaces after washing at different tem-
eratures. Arrows pointing to the x-axis indicate undetectable adsorption. Error bars

ndicate the standard deviation of three replicate experiments.

icrochannel surfaces at 37 ◦C. The adsorbed PNIPAAm–StAv was
learly desorbed at 10 ◦C from the both surfaces. In contrast, PNI-
AAm modification of PDMS had little effect on the adsorption of
NIPAAm–StAv and StAv. The results indicate that the PNIPAAm
odification of hydrophilic StAv plays an important role in the ther-
oresponsive adsorption. When both the protein and the surface
ere hydrophobic (as in the cases of PNIPAAm–StAv on PDMS at

7 ◦C and PNIPAAm–StAv on PNIPAAm–PDMS at 37 ◦C), the protein
as adsorbed on the surfaces by hydrophobic interaction. When

t least one of the components was hydrophilic (i.e., unmodified,
s in the cases of StAv on PDMS/PNIPAAm–PDMS at 37/10 ◦C and
NIPAAm–StAv on PDMS/PNIPAAm–PDMS at 10 ◦C), there was little
ydrophobic interaction between the proteins and surfaces, and the
rotein was not adsorbed on the surface. Therefore, the modifica-
ion of the hydrophobic PDMS surface with PNIPAAm did not appear
o substantially contribute to the adsorption of the hydrophilic pro-
ein, StAv.

.4. Thermoresponsive adsorption of FITC-IgG-b conjugated with
NIPAAm–StAv on the PNIPAAm–PDMS microchannel surface

We used IgG as a model protein to demonstrate the thermore-
ponsive adsorption of biotinylated biomolecules on microchannel
urfaces. FITC-IgG-b conjugated with PNIPAAm–StAv was purified
y thermoprecipitation and introduced into the PNIPAAm–PDMS
icrochannel, and the amount of adsorbed FITC-IgG-b was esti-
ated from the resulting CLSM images. To investigate the role of

NIPAAm–StAv and of PNIPAAm on PDMS in the thermoresponsive
dsorption of IgG, adsorption behavior was examined with FITC-
gG-b as a substitute for FITC-IgG-b conjugated with PNIPAAm–StAv
nd with PDMS as a substitute for PNIPAAm–PDMS (Fig. 5).
hen conjugated with PNIPAAm–StAv, FITC-IgG-b exhibited ther-
oresponsive adsorption on the PDMS and PNIPAAm–PDMS
icrochannel surfaces at 37 ◦C. This adsorption was induced

y the hydrophobic interaction between the polymer chains on
NIPAAm–StAv and the hydrophobic surfaces (polymer chains
n PNIPAAm–PDMS or PDMS itself). The PNIPAAm chains were
ydrated at 10 ◦C, causing the adsorbed proteins to desorb from
he microchannel surfaces. In the case of FITC-IgG-b adsorption on
he bare PDMS surface, the fluorescence intensity was more than
ne order of magnitude higher than that under the other experi-

ental conditions because hydrophobic interaction between the Fc

roup of IgG and the PDMS surface induced a high amount of phys-
cal adsorption. The physical adsorption of FITC-IgG-b on the PDMS
urface was drastically reduced upon modification of the PDMS
urface with PNIPAAm. This adsorption was most likely reduced

H

H

J

ectronics 24 (2009) 1135–1140 1139

ecause of steric hindrance induced by the PNIPAAm chains and
ecause of the weaker hydrophobicity of PNIPAAm–PDMS relative
o that of unmodified PDMS. This phenomenon also probably has
ontributed to the high-contrast thermoresponsive desorption of
ITC-IgG-b conjugated with PNIPAAm–StAv: less than 1% of the
dsorbed IgG-b was detected after the PNIPAAm–PDMS surface was
ashed at 10 ◦C.

The thermoresponsive physical property change of PNIPAAm is
ot induced by the chemical reaction but by the physical phase
ransition at the mild temperature condition around 37 ◦C. There-
ore, the thermoresponsive physical property change is reversible
henomenon. The repeated thermoresponsive physical property
hanges were also reported on the thermoresponsive precipita-
ion of PNIPAAm-modified proteins (Ding et al., 1996; Takei et al.,
993b) and on the thermoresponsive surface wettability change of
NIPAAm-modified surfaces (Liang et al., 1998, 2000). The tech-
ology presented in this study is based on the thermoresponsive
roperty change of PNIPAAm–StAv and PNIPAAm–PDMS surface.
herefore, it is reasonable to consider that the PNIPAAm–PDMS
urface is capable of repeated adsorption of PNIPAAm–StAv.

The technology presented in this study enabled high-contrast
hermoresponsive protein adsorption on PDMS surfaces by using
NIPAAm–StAv. This system can be used for the adsorption
f various biotinylated biomolecules through biotin–streptavidin
hemistry. The high-contrast, controlled adsorption and desorp-
ion in the present technology can be applied to the regeneration
f biosensor chips and to on-chip protein manipulation, including
reconcentration and separation of soluble proteins.

. Conclusions

The thermoresponsive adsorption of PNIPAAm–StAv on a
NIPAAm–PDMS microchannel surface was demonstrated. The
hermoresponsive adsorption of biotinylated IgG conjugated with
NIPAAm–StAv was also demonstrated. PNIPAAm modification of
tAv induced adsorption on the PDMS and PNIPAAm–PDMS sur-
aces by hydrophobic interaction. PNIPAAm modification of PDMS
as revealed to be effective for reducing the extent of physical

dsorption of IgG on PDMS surfaces. We also induced high-contrast
hermoresponsive adsorption of FITC-IgG-b by modifying both
tAv and PDMS with PNIPAAm. This controlled thermoresponsive
rotein adsorption will be useful for the development of future
iosensors and microfluidic devices.

cknowledgment

Portions of this work were conducted in the AIST Nano-
rocessing Facility.

eferences

hang, W.C., Lee, L.P., Liepmann, D., 2005. Lab. Chip 5 (1), 64–73.
hen, J.P., Hoffman, A.S., 1990. Biomaterials 11 (9), 631–634.
heng, X.H., Canavan, H.E., Stein, M.J., Hull, J.R., Kweskin, S.J., Wagner, M.S., Somorjai,

G.A., Castner, D.G., Ratner, B.D., 2005. Langmuir 21 (17), 7833–7841.
ing, Z.L., Chen, G.H., Hoffman, A.S., 1996. Bioconjug. Chem. 7 (1), 121–125.
uffy, D.C., McDonald, J.C., Schueller, O.J.A., Whitesides, G.M., 1998. Anal. Chem. 70

(23), 4974–4984.
bara, M., Hoffman, J.M., Hoffman, A.S., Stayton, P.S., 2006. Lab. Chip 6, 843–848.
reen, N.M., 1990. Methods Enzymol. 184, 51–67.
eskins, M., Guillet, J.E., 1968. J. Macromol. Sci., Chem. A2, 1441.
u, S.W., Ren, X.Q., Bachman, M., Sims, C.E., Li, G.P., Allbritton, N., 2002. Anal. Chem.

74 (16), 4117–4123.

u, S.W., Ren, X.Q., Bachman, M., Sims, C.E., Li, G.P., Allbritton, N.L., 2004. Anal. Chem.

76 (7), 1865–1870.
uber, D.L., Manginell, R.P., Samara, M.A., Kim, B.I., Bunker, B.C., 2003. Science 301

(5631), 352–354.
o, B.H., Van Lerberghe, L.M., Motsegood, K.M., Beebe, D.J., 2000. J. Microelectromech.

Syst. 9 (1), 76–81.



1 Bioel

K

L

L

L

L

M
M

N

O

P
S

S
S

S

T

T

140 S. Sugiura et al. / Biosensors and

annan, B., Castelino, K., Chen, F.F., Majumdar, A., 2006. Biosens. Bioelectron. 21 (10),
1960–1967.

arson, B.J., Helgren, J.M., Manolache, S.O., Lau, A.Y., Lagally, M.G., Denes, F.S., 2005.
Biosens. Bioelectron. 21 (5), 796–801.

ee, C.-S., Lee, S.-H., Park, S.-S., Kim, Y.-K., Kim, B.-G., 2003. Biosens. Bioelectron. 18
(4), 437–444.

iang, L., Feng, X.D., Liu, J., Rieke, P.C., Fryxell, G.E., 1998. Macromolecules 31 (22),
7845–7850.

iang, L., Rieke, P.C., Liu, J., Fryxell, G.E., Young, J.S., Engelhard, M.H., Alford, K.L., 2000.
Langmuir 16 (21), 8016–8023.

almstadt, N., Hoffman, A.S., Stayton, P.S., 2004. Lab. Chip 4 (4), 412–415.

almstadt, N., Hyre, D.E., Ding, Z.L., Hoffman, A.S., Stayton, P.S., 2003. Bioconjug.

Chem. 14 (3), 575–580.
agrath, S., Sequist, L.V., Maheswaran, S., Bell, D.W., Irimia, D., Ulkus, L., Smith, M.R.,

Kwak, E.L., Digumarthy, S., Muzikansky, A., Ryan, P., Balis, U.J., Tompkins, R.G.,
Haber, D.A., Toner, M., 2007. Nature 450 (7173), 1235–1239.

reilly, E., Lanza, J., 1995. Ecology 76 (8), 2656–2660.

T

X
Y

ectronics 24 (2009) 1135–1140

louffe, B.D., Radisic, M., Murthy, S.K., 2008. Lab. Chip 8 (3), 462–472.
him, H.-W., Lee, J.-H., Hwang, T.-S., Rhee, Y.W., Bae, Y.M., Choi, J.S., Han, J., Lee, C.-S.,

2007. Biosens. Bioelectron. 22 (12), 3188–3195.
ia, S.K., Whitesides, G.M., 2003. Electrophoresis 24 (21), 3563–3576.
tocks, S.J., Jones, A.J.M., Ramey, C.W., Brooks, D.E., 1986. Anal. Biochem. 154 (1),

232–234.
ugiura, S., Edahiro, J., Sumaru, K., Kanamori, T., 2008. Colloids Surf. B 63,

301–305.
akei, Y.G., Aoki, T., Sanui, K., Ogata, N., Okano, T., Sakurai, Y., 1993a. Bioconjug. Chem.

4 (1), 42–46.
akei, Y.G., Aoki, T., Sanui, K., Ogata, N., Okano, T., Sakurai, Y., 1993b. Bioconjug. Chem.
4 (5), 341–346.
akei, Y.G., Matsukata, M., Aoki, T., Sanui, K., Ogata, N., Kikuchi, A., Sakurai, Y., Okano,

T., 1994. Bioconjug. Chem. 5 (6), 577–582.
ia, Y.N., Whitesides, G.M., 1998. Angew. Chem. 37 (5), 551–575.
akushiji, T., Sakai, K., Kikuchi, A., Aoyagi, T., Sakurai, Y., Okano, T., 1998. Langmuir

14 (16), 4657–4662.


	Thermoresponsive protein adsorption of poly(N-isopropylacrylamide)-modified streptavidin on polydimethylsiloxane microchannel surfaces
	Introduction
	Materials and methods
	Chemicals
	Surface modification of a PDMS plate and a PDMS microchannel with PNIPAAm by UV-induced graft polymerization
	Surface characterization of PNIPAAm-PDMS
	Modification of StAv with PNIPAAm
	Characterization of PNIPAAm-StAv
	Thermoresponsive adsorption of PNIPAAm-StAv on PNIPAAm-PDMS

	Results and discussion
	Characterization of the PNIPAAm-PDMS surface
	Characterization of PNIPAAm-StAv
	Thermoresponsive adsorption of PNIPAAm-StAv on the PNIPAAm-PDMS microchannel surface
	Thermoresponsive adsorption of FITC-IgG-b conjugated with PNIPAAm-StAv on the PNIPAAm-PDMS microchannel surface

	Conclusions
	Acknowledgment
	References


