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Abstract

This report describes a novel method for preparing a thermally responsive poly(N-isopropylacrylamide) (PNiPAM) monolayer on a gold

surface, and demonstrates the function of this monolayer in aqueous media. Thiol (–SH) terminated PNiPAM was synthesized by UV

polymerization followed by hydrolysis, and a monolayer of this polymer (2.84 ^ 0.2 nm) was prepared on a gold substrate by simply dipping

a precleaned gold plate into an aqueous solution of the PNiPAM. Cyclic voltametry and atomic force microscopy studies showed that the

gold surface was well covered by the PNiPAM chains, and X-ray photoelectron spectroscopic data showed that this monolayer was

chemisorbed on the gold surface. Studies of the water contact angle, protein interaction, and protein adsorption on the PNiPAM monolayer

demonstrated that this monolayer shows a temperature dependence of the interfacial properties in aqueous media.

q 2004 Elsevier Ltd. All rights reserved.
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1. Introduction

The fabrication of stimuli-sensitive surfaces (e.g. pH and

temperature) has attracted considerable attention. These

surfaces are typically prepared by grafting environmentally

sensitive macromolecules onto a substrate, where the type

of macromolecule and substrate are chosen depending on

the intended use of the surface. A typical macromolecule

used for this purpose is poly(N-isopropylacrylamide)

(PNiPAM), which is known to show a lower critical

solution temperature behavior at around 30 8C in aqueous

media [1]. The phase transition of PNiPAM is accompanied

not only by a rapid conformation change [2–6], but also by

a change in interfacial free energy [7–11]. With above

characteristics, this polymer has been used in drug delivery

systems [12,13], tissue engineering [14,15], and in many

other areas [16–22].

Numerous methods have been used to graft PNiPAM

chains onto substrates [7–9,11,14,18,20,22–24]. These

include chemical reaction between functionalized PNiPAM

and the substrate [7,22], and in situ polymerization of

PNiPAM onto the substrates [8,9,11,14,18,20,23,24]. One

system that has attracted particular attention is PNiPAM

monolayers on a gold surface. This system has proved

useful both in the study of the properties of PNiPAM using

advanced techniques such as surface plasmon resonance

(SPR) and quartz crystal analyzer (QCA), and in the

preparation of thermally responsive gold nanoparticles.

However, only a few studies are reported on this. Lopez et al.

[11,20] and Jones et al. [18] prepared PNiPAM monolayers

onto a self-assembled monolayer covered gold surface.

Recently Shan et al. [25] prepared PNiPAM protected gold

nanoparticles by various methods.

Here we report a novel method for preparing PNiPAM

monolayers on a gold surface. Since the newly synthesized

PNiPAM has a –SH group on the PNiPAM chain end, the

PNiPAM monolayer can be directly formed by simply

dipping the pre-cleaned gold substrate into an aqueous

solution of PNiPAM. Therefore, the preparation method is

less complex than previously reported methods. Here we

describe in detail the methods for synthesizing the –SH

terminated PNiPAM and for preparing PNiPAM mono-

layers on a gold surface. The surface of the resulting
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monolayer was characterized to elucidate whether the

PNiPAM chains well covered the gold surface. Finally, to

assess the function of the PNiPAM monolayer in aqueous

media, we measured the intermolecular forces between a

protein and the PNiPAM monolayer by using atomic force

microscopy (AFM), and conducted a protein adsorption

study by QCA.

2. Experimental section

2.1. Synthesis of –SH terminated PNiPAM

Scheme 1 shows the synthesis of –SH terminated

PNiPAM and the procedure for preparing the PNiPAM

monolayer on the gold surface. The synthesis of –SH

terminated PNiPAM was followed by the method of

synthesizing other –SH terminated acrylic polymers [26].

Isopropylxanthic disulfide (Aldrich Chemical) that had been

purified twice by recrystallization in acetone was used as the

initiator and the chain transfer agent in this synthesis.

N-isopropylacrylamide (Wako Pure Chemical Ltd., Japan)

was purified twice by recrystallization in n-hexane.

The synthesis of –SH terminated PNiPAM required two

steps. In the first step, the N-isopropylacrylamide monomer

was photopolymerized with isopropylxanthic disulfide. The

monomer (20 g) and the initiator (0.12 g) were dissolved in

tetrahydrofuran (20 g). The mixture was then degassed by

freezing and thawing techniques, and then sealed off under

vacuum. Then, the mixture was photopolymerized for 2 h

with continuous stirring by using an Arc Xe lamp (440 W),

and the resulting polymer was transferred into diethylether

for purification. The viscosity of the mixtures starts to

increase (visual inspection) when the reaction time reaches

60 min, but the mixture was further exposed to UV in order

to obtain the high amount of PNiPAM (yield ,90%). There

is a chance that the PNiPAM chain is chopped up by

overexposing it to UV, but the rather narrow molecular

weight distribution of this polymer in photoradical poly-

merization (PDI , 2.23, Table 1) indicates that the over-

exposure of the PNiPAM to UV does not damage seriously

the PNiPAM chain. This purification was repeated two more

times. The reaction product was further purified in water

using dialysis. The final polymer was characterized by gel

permeation chromatography (GPC), UV spectroscopy, and

Fourier-Transform Infrared (FT-IR) spectroscopy.

In the second step, the isopropylxanthic sulfide group on

the PNiPAM chain end was converted into the –SH group

[27]. Two grams of photopolymerized PNiPAM was

dissolved in 0.1 N KOH aqueous solution, and the resulting

mixture was stirred for 3 days at room temperature. Then,

the mixture was purified by dialysis, and finally the –SH

Scheme 1. Synthesis of the –SH functionalized PNiPAM and the preparation of PNiPAM monolayer on gold.
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terminated PNiPAM was obtained by freeze-drying. The

polymer product was characterized by GPC, UV spec-

troscopy, and FT-IR spectroscopy.

2.2. Preparation of the PNiPAM monolayer on gold

The PNiPAM monolayer on the gold surface was

prepared as follows. A H2 annealed gold (1000 Å) coated

silicon wafer was sonicated with piranha solution

(H2SO4/H2O2 ¼ 7:3 by weight, this solution should be

carefully handled) for 15 s and then washed with excess

distilled water. The cleaned gold surface was further

sonicated in ethanol for 1 h. A solution of PNiPAM in

distilled water was prepared such that the –SH concen-

tration was 0.1–0.2 mM. The clean gold surface was then

dipped into the PNiPAM solution for 3 days at room

temperature. After exhaustive washing with excess distilled

water for removing the physisorbed PNiPAM layer, the

PNiPAM monolayer was completely dried under vacuum.

2.3. Characterization of the PNiPAM monolayer

To check whether the PNiPAM chains covered the gold

surface, we first measured the thickness of the PNiPAM

monolayer by ellipsometry. In addition, cyclic voltametry

was used to further assess whether the PNiPAM monolayer

had achieved complete coverage. This method, which has

been used to investigate the coverage of organic layers on

metallic conducting surfaces [27], measures the current

across the monolayer as a function of applied voltage. In this

experiment, the PNiPAM monolayer was placed in an

aqueous solution containing 1 mM K4[Fe(CN)6] and 1 M

KCl, and the voltage (vs. a AgCl electrode)-current diagram

(cyclic voltamogram) was recorded for the oxidation of

Fe(CN)6
42 to Fe(CN)6

32. Pt was used as the counter

electrode. The surface coverage of the PNiPAM monolayer

was additionally assessed by comparing AFM (AutoProbeR

CR Research, Park Scientific Instrument) images of the bare

gold surface with those of the gold surface covered with the

PNiPAM monolayer.

X-ray photoelectron spectroscopy (XPS, VG Scientific,

take-off angle 158) was used to confirm the existence of the

PNiPAM chains on the gold substrate and to check whether

the PNiPAM chains were chemisorbed via Au–S bonds or

simply physisorbed on the gold surface. Further, the

equilibrium and dynamic contact angle of water on the

PNiPAM monolayer were measured both at room tempera-

ture and at 40 8C to investigate whether this monolayer

shows any temperature dependent change in the interfacial

property with water.

2.4. Temperature-dependent interaction force between

protein and PNiPAM monolayer and protein adsorption

studies

To testify the function of the PNiPAM monolayer, we

investigated the temperature dependent intermolecular force

between the protein (bovine serum albumin, BSA) and the

PNiPAM monolayer by AFM. BSA (Aldrich Chemical,

molecular weight 67,000) was immobilized on the AFM tip,

and the force–distance curve between the BSA-immobi-

lized tip and the PNiPAM monolayer was measured while

approaching and retracting the PNiPAM monolayer. The

immobilization of proteins on the AFM tip was as follows.

Firstly, the tip (Si3N4, spring constant of 0.05 N/m, radius

,307–50 nm) was exposed by oxygen plasma for 1 min to

introduce the OH group on the AFM tip, and this was

immediately transferred to the 10 mM g-aminopropyl-

triethoxysilane toluene solution for 2 h at room temperature

under the flow of Ar. Then the amine-terminated AFM tip

was reacted with 10% v/v glutaldehyde solution for 30 min

at room temperature. Bovine Serum Albumin (BSA, Aldrich

Chemical, molecular weight 67,000) was solubilized

(1 mg/ml) in 10 mM phosphate buffer solution (pH 7.4),

and the glutaldehyde treated tip was dipped into the BSA

solution for 40 min. After washing with phosphate buffer

solution, the tip was stored in phosphate buffer solution at

room temperature so that the BSA would maintain its

natural conformation. We checked the existences of the

BSA molecules on the AFM tip by a matrix-assisted laser

desorption/ionization time of flight mass spectrometry

(MALDI-TOF) analysis (data not shown).

In the force–distance curve (f–d curve) measurement

between the PNiPAM monolayer and the BSA immobilized

tip, 1 s was required to obtain the f–d curve during

approaching and the retracting of the PNiPAM surface

from the BSA immobilized tip. We applied the set force

1 nN and all the experiments were conducted in 10 mM

phosphate buffer solution (pH 7.4). The adhesion force was

measured at 25–34 8C in a custom-built temperature

controlled liquid cell. For the reliability of our data, we

used three different PNiPAM monolayer surfaces and the

BSA immobilized tips.

We also used QCA (QCA917, SEIKO EG & G, Japan) to

observe the temperature dependent protein adsorption

behavior on the PNiPAM monolayer. The principle of

Table 1

Number average molecular weight of functionalized PNiPAM chain

Methods GPCa End group analysisb

Before

hydrolysis

After

hydrolysis

Mn (one end)c Mn (two end)c

Mn PDI Mn PDI

20,900 2.23 19,900 2.19 14,100 ^ 240 28,300 ^ 480

a In THF at 40 8C.
b By UV spectroscopy.
c Mn was calculated using UV spectroscopy by determining the

concentration of the SC(yS)O moiety of the isopropylxanthic-terminated

PNiPAM in ethanol on the assumption that the PNiPAM chain is terminated

with an isopropylxanthic sufide group on either one end or both ends. For

further details, please see the text.
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QCA is well described elsewhere [28]. A gold-coated

(300 nm) AT-cut quartz electrode was cleaned and coated

with a PNiPAM monolayer following the procedure

described above for the treatment of the gold surface. The

monolayer-covered electrode was equipped with a QCA

holder, and the holder was dipped into 25 ml of phosphate

buffer solution (pH 7.4, 10 mM). The holder was left in

the phosphate buffer for at least 24 h in order to ensure that

the resonant frequency was fully stabilized to within ^3 Hz

(we define this frequency as f0). When the analyzer was

equilibrated, 1 ml of BSA solution (5 mg/ml) was injected

into the container equipped with the QCA holder. From this

time, the BSA adsorption behavior was observed by in situ

monitoring of the frequency of the electrode ( f ). Subtracting

f0 from f ; we obtain the frequency change ðDF ¼ f 2 f0Þ

with time of the PNiPAM monolayer electrode. The BSA

adsorption behavior was examined at 22 and 37 8C (i.e.

below and above the phase transition temperature of

PNiPAM, respectively). The temperature was controlled

within ^0.1 8C using a circulation jacket. The frequency

change was monitored every 1 s for 4 h.

3. Results and discussion

3.1. Characterization of the –SH terminated PNiPAM

Table 1 lists the number average molecular weight ðMnÞ

and the polydispersity index (PDI) of the PNiPAM chain

before and after hydrolysis, as determined by GPC. As can

been seen in Scheme 1, it is expected that the introduction of

SH group occurs by formation of ion pair between

potassium ion and sulfide anion, which is the result of the

cleavage of the S–C bond in the PNiPAM end. This ion pair

was converted into the SH group by the hydrolysis. It is

shown that Mn and the PDI do not change significantly after

hydrolysis. We also determined Mn based on the UV

spectrum of the isopropylxanthic terminated PNiPAM as

follows. Since the p–pp transition of SC(yS)O absorbs in

the UV region at about 279.4–279.2 nm (Fig. 1(a)), we

measured the UV spectrum at various concentrations of

isopropylxanthic sulfide and thereby generated the relation-

ship between concentration of this species and UV

absorbance in the target region. Then, we measured the

absorbance of the isopropylxanthic sulfide terminated

PNiPAM solution in the same region, and converted this

absorbance to the concentration of this group. Since we

knew the concentration of PNiPAM in the solution, we

could determine the Mn of the isopropylxanthic terminated

PNiPAM based on the assumption that the PNiPAM chains

have either one or two such end groups. It should be noted

that the linear relationship holds only when the UV

absorbance is less than 1. Therefore, the concentration of

both isopropylxanthic sulfide and the isopropylxanthic

sulfide terminated PNiPAM should be prepared such that

the measured absorbance is less than 1.

As can be seen in Scheme 1, isopropylxanthic disulfide is

used as both an initiator and a chain transfer agent in this

synthesis. As a result, the PNiPAM chains can have either

one or two isopropylxanthic sulfide groups. For this reason,

it is necessary to estimate how many thiol groups are

attached on the PNiPAM chain. It should be noted that Mn

determined by UV spectroscopy is not the same with that

determined by GPC because Mn by GPC is affected by the

elution solvent and the polymer standards used for

calibration curve preparation in GPC analysis. Therefore,

it is thought that the amount of end functional groups on the

synthesized polymers should be estimated by comparing

UV spectroscopy with NMR data. Unfortunately, we could

not determine Mn by 1H NMR because the proton peak in

the PNiPAM chain was detected very broadly in the range of

1.1–2.3 ppm and we failed to discriminate the proton both

in the isopropylxanthic sulfide and in the thiol groups.

Therefore, we cannot exactly tell how many thiol groups are

attached on the PNiPAM chain end. Alternatively, we tried

to roughly estimate the number of thiol groups per PNiPAM

chain by comparing Mn by UV with that by GPC within the

Fig. 1. (a) UV and (b) IR spectra before and after hydrolysis of the

isopropylxanthic sulfide terminated PNiPAM. The concentration (Fig. 1(a))

is the polymer concentration in ethanol.
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limitation stated above. The result shows that the PNiPAM

chain has an average of 1.48 SC(yS)O groups per PNiPAM

chain; that is, half of the PNiPAM molecules have one

functional group, and the other half have two functional

groups on both PNiPAM ends. Therefore, the chain

conformation of the PNiPAM on the gold surface is

expected to be the mixture of brush and bridge structures,

as shown in Scheme 1.

Fig. 1(a) shows the UV spectra of the photopolymerized

PNiPAM before and after hydrolysis in a 0.1 N KOH

aqueous solution. Niwa et al. reported in Ref. [27] that the

maximum absorbance of the p–pp transition of SC(yS)O is

at 282 nm. In our experiments, the maximum for this group

was observed at 284.6 nm for isopropylxanthic disulfide and

at 279.4–279.2 nm for isopropylxanthic sulfide terminated

PNiPAM in ethanol. The maximum for this group was

observed at 281 nm in water. This peak was not detected

after the PNiPAM had been hydrolyzed in 0.1 N KOH

solution. FT-IR spectra of the same systems (Fig. 1(b)) show

peaks at 1043 and 1092 cm21 before hydrolysis of PNiPAM

but not after hydrolysis. By comparison with reference data

[29], these peaks are attributed to the asymmetric stretch of

the aliphatic ether (C–O–C) linkage in the isopropylxanthic

sulfide group. Although the –SH group cannot be directly

detected using UV and FT-IR spectroscopy, we infer from

Fig. 1 that the isoprolylxanthic sulfide group on the

PNiPAM end is completely converted to the thiol group.

3.2. Surface analysis of the PNiPAM monolayer on a gold

substrate

The thickness of the PNiPAM monolayer was deter-

mined by ellipsometry to be 2.84 ^ 0.2 nm. This value is

about 0.4 of the diameter of the PNiPAM chain (6.7 nm; this

value was obtained assuming that the characteristic ratio of

PNiPAM is similar to those of acrylic polymers, i.e. 8) [30].

This indicates that a pancake-type monolayer is formed on

the gold surface. Since the PNiPAM chains have either one

or two –SH groups, it is expected that the PNiPAM chains

are spread on the gold surface more than the case when these

have only one –SH group (Scheme 1).

Although the thickness of the PNiPAM monolayer is

very small, the PNiPAM chains well cover the gold surface.

Fig. 2 shows typical cyclic voltammograms for the clean

gold substrate and for the PNiPAM monolayer on the gold

substrate. In these voltammograms, an increase in electric

current indicates increased oxidation of the electroactive

species (K4[Fe(CN)6]) on the surface, and a shift of the

curve to higher voltage indicates that a higher voltage is

required to oxidize the electroactive species. Thus, greater

coverage of the gold surface with organic material is

expected to manifest as a lower current and a shifting of the

curve to higher voltage. The voltammogram for the clean

gold surface (Fig. 2) shows a large oxidation reaction, and is

similar to that reported by Niwa et al. [27]. In contrast, the

CV curves for the PNiPAM–S–Au showed no oxidation

reaction takes place at this surface, which indicates that

contact of Fe(CN)6
42 with the surface of the electrode was

very restricted. For comparison, we also measured the CV

voltammogram for a gold surface that had been dipped into

an aqueous solution of unfunctionalized (without SH group)

PNiPAM for 3 days. The unfunctionalized PNiPAM was

synthesized by free radical polymerization using 2,20-

azobisisobutyronitrile as an initiator, and GPC results

showed that Mn of this polymer was ,16,000 with PDI of

3.1. As can be seen in Fig. 2, the CV voltammogram for this

surface indicates that oxidation does take place on this

surface to a considerable extent. Based on these findings, we

conclude that the unfunctionalized PNiPAM incompletely

covers the gold surface, whereas the –SH terminated

PNiPAM chains well cover the gold surface via Au-sulfide

bond.

The surface coverage of the PNiPAM chains on the gold

surface was additionally assessed by comparing AFM

images of the PNiPAM covered gold surface (Fig. 3(b))

with those of the bare gold substrate (Fig. 3(a)). As can be

seen in Fig. 3, the needle-like structure of the bare gold

surface (rms roughness 2.95 nm) is smoothed out by the

coverage of the PNiPAM chains (rms roughness 1.18 nm),

consistent with the gold surface being well covered with

PNiPAM chains.

To determine whether the PNiPAM layer is physically or

chemically adsorbed onto the gold surface, we analyzed the

PNiPAM monolayer using XPS. As can be seen in Fig. 4(a),

the half-width in the C1s peak for the PNiPAM monolayer

on the gold surface is broader than that for the clean gold

surface; this is due to the C–N peak at 286.2 eV, [20,24].

The presence of the CyO peak at 287.8 eV provides clear

evidence of the presence of PNiPAM on the gold surface.

We also conducted the deconvolution of the C1s for the

PNiPAM monolayer covered gold surface (inset in Fig.

4(a)). The ratio of C – H and C – C/C – N/CyO is

Fig. 2. Cyclic voltammograms for the cleaned gold surface and the

PNiPAM monolayer on the gold surface.
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69.3:13.8:16.9, and this result agrees with the theoretical

value of 66.7:16.7:16.7 and with other reference [24].

In addition to the C1s spectra, the peaks at Au 4f7/2

(84.0 eV) and Au 4f5/2 (87.6 eV) observed for the bare gold

surface (Fig. 4(b)) are split into two peaks for the case of

PNiPAM–S–Au (84.0 and 84.5 eV for Au 4f7/2 and 87.6

and 88.1 eV for Au 4f5/2, respectively), indicating that the

PNiPAM chains are chemisorbed on the gold surface via

Au–S bonds [31].

Measurements of the water contact angles on the

PNiPAM monolayer (Table 2) provided additional evidence

that the gold surface is well covered with PNiPAM chains.

The water contact angle on the PNiPAM surface was found

to be 62.28 ^ 2.08 at room temperature, which is very

different from the value of 928 ^ 1.68 observed for the bare

gold surface. Comparison of the water contact angle on the

PNiPAM surface at room temperature with that at 40 8C

(Table 2) revealed a temperature dependence in the

properties of the interface between the PNiPAM monolayer

and water. Although the receding water contact angle

changes little, both the equilibrium and the advancing water

contact angles vary considerably on going from room

temperature to 40 8C. This is in agreement with a previous

report on the contact angle of the PNiPAM brush onto the

self-assembled monolayer-covered gold surface [11]. How-

ever, different results have been reported for the temperature

dependence of the dynamic water contact angles. Liang et al.

[9] and Ista et al. [20] found that the advancing contact angle

changed from ,508 to 70–808 on going through the phase

transition. In contrast, Schmitt et al. [10] and Kidoaki et al.

Fig. 3. AFM images (upper) and the roughness profiles (lower) for (a) the bare gold and (b) the PNiPAM monolayer on the gold surface.

Table 2

Water contact angle on the PNiPAM monolayer

Gold (equilibrium) PNiPAM monolayer on gold

Room temperature 40 8C

Equilibrium Advancing Receding Equilibrium Advancing Receding

928 ^ 1.68 62.2 ^ 2.0 65.7 ^ 4.3 30.5 ^ 1.6 72 ^ 1.4 79.9 ^ 0.8 32.9 ^ 2.8
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[23] reported that the advancing angle was unaffected by the

phase transition, whereas the receding angle changed from

188 to 308. To date, no clear explanation has been given for

these apparent discrepancies.

3.3. Temperature dependence of the intermolecular force

between BSA and the PNiPAM monolayer

To determine whether the PNiPAM monolayer responds

to temperature changes in the aqueous system, we used

AFM to probe the intermolecular force between BSA and

the PNiPAM monolayer in a phosphate buffer solution (pH

7.4) at temperatures in the range 25–34 8C. Fig. 5(a) shows

the force–distance curves between the BSA-immobilized

tip and the PNiPAM monolayer recorded at 25–34 8C. In

this figure, the ‘zero’ distance is defined as the point at

which there is no absolute measure of force for the distance

between tip and surface. This does not mean the point that

the surface and the tip start to contact. At 25 8C, which is the

below the phase transition temperature of PNiPAM in water,

there is no attractive force between the BSA-immobilized

tip and the PNiPAM monolayer. However, as the tempera-

ture goes up an attractive force between the BSA

immobilized tip and the PNiPAM surface starts to appear,

and its magnitude increases as the temperature increases.

Comparison of the adhesion force (maximum adhesion

force during retraction of the PNiPAM monolayer) for

temperatures in the range 25–34 8C (Fig. 5(b)) showed a

change at around 29 8C (this was taken as an inflection point

of guide line).

We compared the transition temperature of the PNiPAM

monolayer from the AFM measurement (29 8C) with the

transition temperature of PNiPAM in aqueous solution. The

same SH-terminated PNiPAM as the PNiPAM used in

Fig. 4. XPS analysis of the bare gold surface and the PNiPAM monolayer

on the gold surface. (a) C1s, (b) Au 4f. Inset in Fig. 4(a) shows the

deconvolution of C1s for the PNiPAM monolayer on gold surface: 1, C1s

for C–C and C–H; 2, for C–N; 3, for CyO. The spectra were calibrated

with respect to the C–H peak at 285.0 eV.

Fig. 5. (a) Force–distance curve for the BSA immobilized tip and the

PNiPAM monolayer in the range 25–32 8C. (b) Temperature dependent

maximum adhesion force between the BSA immobilized tip and the

PNiPAM monolayer. The maximum adhesion force was obtained during

retraction of the PNiPAM monolayer. All experiments were conducted in

10 mM phosphate buffer solution (pH 7.4).
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monolayer preparation was dissolved in distilled water and

phosphate buffer (10 mM, pH 7.4) (3 wt%), respectively,

and we carried out differential scanning calorimetry

experiment (scanning rate of 3 8C/min) with these solutions.

The transition peaks show 33.6 8C in distilled water and

32.9 8C in phosphate buffer, and these temperatures are

higher than the transition temperature from AFM studies.

The reason is not clear why the measured transition

temperature is different between the grafted PNiPAM and

the PNiPAM aqueous solution, but it is thought that the

grafted PNiPAM chain molecules interact or behave

differently from the PNiPAM chains in solution when they

undergo transition temperatures.

The present observation of a change in the intermolecular

forces between the BSA immobilized tip and the PNiPAM

monolayer on passing through the phase transition tem-

perature of PNiPAM is very similar to the behavior

observed in our previous experiments on PNiPAM brushes

(Mn ,3100, 4.4 nm in air) in an aqueous environment [32].

And we showed that the temperature dependent intermole-

cular force change results from the change in the interfacial

properties of the PNiPAM grafted surface by showing that

there is no temperature dependent change in the f–d curve

between the BSA immobilized tip and CH3 terminated and

COOH terminated self-assembled monolayers (HS(CH2)11-

CH3 and HS(CH2)11COOH) on gold surfaces. Kidoaki et al.

[23] also measured the f–d curve for the interaction

between an albumin-immobilized tip and the PNiPAM

grafted surface. In contrast with our results, they showed

that there is no adhesion force between the albumin tip and

the PNiPAM surface for two temperatures, 25 and 40 8C.

This result is different from our present study. They argued

that the absence of adhesion at 25 and 40 8C is because of

the hydrophilic nature of the albumin molecule. However,

about half of the amino acids in the BSA molecule contain

non-polar residues [33], and it is known that albumin

molecules are the main carriers of fatty acids in the human

body and have hydrophobic pockets within their structure

[33,34]. The reason why our present data is different from

theirs is not clear at this state, but it is thought that the

different experimental condition (i.e. applied loading force

to the tip and the frequency for the approach-retraction cycle

(1 Hz in our experiment)) and the different tip immobiliz-

ation procedure would result in the different results.

However, from the result of most protein adsorption and

cell adhesion studies [13,14,20–22], a certain magnitude of

the adhesion force is expected above transition

temperatures.

It has been suggested that the fully hydrated PNiPAM

chains have abundant bound water molecules below the

phase transition temperature of PNiPAM [35,36], and the

PNiPAM chains themselves are very flexible [2–4]. When

the protein molecules approach these fully hydrated

PNiPAM chains, it is expected that, as is the case for

poly(ethylene oxide) in water [37,38], the bound waters

prevent intimate molecular contact between the two

surfaces, and steric repulsion of the flexible PNiPAM

results in an intermolecular force of nearly zero. Above the

phase transition temperature, less water molecules are

bound to the PNiPAM chains and these chains take on a

rather hydrophobic globular structure [2–4,35]. When

protein molecules approach the PNiPAM surface, loosely

bound water on the PNiPAM chain allows the some contacts

between the PNiPAM chain and protein molecules, and a

rather fixed globular PNiPAM does not show the steric

repulsion against approaching protein molecules. Therefore,

attraction force between BSA and the PNiPAM chain is

expected above the phase transition temperature.

3.4. Temperature dependence of the adsorption of BSA onto

the PNiPAM monolayer

We used QCA to determine the extent of protein

adsorption on the PNiPAM monolayer (Fig. 6) below

(22 8C) and above the phase transition temperature (37 8C).

At 22 8C, DFð¼ f 2 f0Þ changes to 210 ^ 1.7 Hz 4 h after

injecting the BSA solution. In contrast, the value of DF at

37 8C after 4 h is 254.5 ^ 6.4 Hz, which is 5 times the

value at 22 8C. Taking into consideration of previous reports

that the amount of BSA adsorbed changes little over the

temperature range used in the present work (22–37 8C) on

the substrates with no temperature dependence [39], the

difference in frequency change between 22 and 37 8C can be

attributed to the change in the properties of the interface

between the PNiPAM monolayer and the aqueous phase.

The present QCA results agree well with those of other

studies into protein adsorption on PNiPAM particles [21,22,

40].

As can be seen in Figs. 5 and 6, the force–distance curve

obtained using AFM and the protein adsorption data

obtained by QCA show the same general trend and indicate

that the properties of the PNiPAM monlayer are temperature

dependent in the aqueous system. However, one noticeable

Fig. 6. BSA adsorption behavior on the PNiPAM monolayer at 22 and

37 8C. Experiment was conducted in 10 mM phosphate buffer solution (pH

7.4).
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feature of Figs. 5 and 6 is the observation that a small

amount of BSA is adsorbed on the PNiPAM monolayer at

22 8C (Fig. 6), despite AFM data indicating that the

intermolecular force between the BSA-immobilized tip

and the PNiPAM monolayer is nearly zero at 25 8C (Fig. 5).

This can be qualitatively accounted for the effect of the short

contact time (,1 s) between the protein and the PNiPAM

chain used to measure the intermolecular force in the AFM

experiments. In contrast to this brief contact, when the

protein molecules are added to the aqueous phase in the

QCA experiment they reside at the PNiPAM surfaces for

much longer times. Hence, we speculate that the protein

molecules, the waters bound to the PNiPAM chains, and the

PNiPAM chains themselves might have sufficient time to

change their structures so as to minimize the interfacial free

energy at the PNiPAM/BSA interface. This conjectured

behavior is similar to the common phenomenon whereby

proteins and macromolecules undergo structural changes

after adsorption onto a substrate to states that are more

energetically favorable in the interfacial environment [41].

Therefore, the different results between the adsorption data

obtained by QCA and AFM can be attributed to the different

timescales of molecular contact between BSA and the

PNiPAM chains in the two experiments.

AFM data alone shown in Fig. 5 are not sufficiently

accurate to shed light on the adhesion mechanism between

the protein and the PNiPAM chains. More quantitative

adsorption data as well as a more systematic analysis of this

system will be required to elucidate this adhesion

mechanism.

4. Summary and conclusion

We have synthesized a –SH terminated PNiPAM that

responds to temperature changes in aqueous media, and

prepared a thermally responsive monolayer (2.84 ^ 0.2 nm)

of this polymer on a gold surface. Surface analysis

confirmed that the substrate was well covered with PNiPAM

chains via Au–S bonds. Measurements of the water contact

angle on the PNiPAM monolayer showed that the

equilibrium and advancing contact angles at room tempera-

ture differ from those at 40 8C. An AFM study using a

protein-immobilized tip showed that the intermolecular

force between the PNiPAM monolayer and BSA is

temperature dependent. Examination by QCA of the

adsorption of BSA on the PNiPAM monolayer showed

that the protein adsorption behavior varied with tempera-

ture. A discrepancy observed between the AFM and QCA

results below the phase transition temperature was

accounted for in terms of the different timescales of

molecular contact between BSA and the PNiPAM mono-

layer in the two experiments. This finding suggests that

AFM and QCA give different information on the adhesion

between the protein and the PNiPAM chains.
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