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Abstract

Stimulus-responsive macromolecules have attracted significant interest due to their potential applications in molecular motors, drug delivery,
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ensors, and actuation devices. Poly(N-isopropylacrylamide) (pNIPAAM) alone or as a copolymer is a stimulus-responsive polym
ndergoes an inverse phase transition triggered by changes in the solvent quality, such as temperature, ionic strength, pH, o
oncentration. Associated with this phase transition is a significant conformational change. We show that micro-cantilevers, de
ne side with a pNIPAAM brush or poly(N-isopropylacrylamide-co-N-vinylimidazole) (pNIPAAM-VI) (7:3) brush, can be used to det
nd transduce this phase transition behavior. Changes in the conformational state of the brush, induced by the phase transition o
smotic pressure, cause significant changes in the surface stress in the brush that leads to detectable changes in cantilever deflec

hat the use of pNIPAAM and its copolymers is exciting for cantilever actuation and sensing because commonly available micro-
antilever springs offer a simple and non-intrusive way to detect changes in solvent type, temperature, and pH, promising great p
ensing applications in micro-fluidic devices.
2005 Elsevier B.V. All rights reserved.
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. Introduction

In recent years, there has been a proliferation of micro-
antilever based sensors (biosensors[1–5], chemical sensors
6–15], and physico-chemical sensors[16–20]) because
f their simplicity and ability to function in small sample
olumes. In most cases, these cantilever sensors are coated
n one side with a sensing film or receptor molecules
here analyte binding causes a surface stress that leads to
easurable cantilever deflections (DC detection)[1,21].
inding events can also change cantilever mass which can
e detected as a change in cantilever resonant frequency
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(AC detection)[22]. While the use of the AC detectio
circumvents the problem of long-term thermal drift (inher
to DC detection), it requires the additional use of Q-con
instrumentation to increase the effective quality factor
the micro-cantilevers in liquids[22].

While many micro-cantilever sensors rely on thin fi
coatings with specific recognition properties or bind
capabilities, stimuli-responsive polymer (SRP) brushes
stimulus-responsive bio-molecular thin films have not b
used to date for micro-cantilever based sensing and
ation applications. However, SRP and stimulus-respon
thin bio-molecule films offer a means to amplify change
the solvent environment (such as changes in pH, temper
or ionic strength) by a change in their molecular con
mation[23]. Copolymerization offers a convenient route
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tailor the SRP response to specific environmental conditions.
Micro-cantilevers decorated with self-assembled monolay-
ers (SAMs)[14] and stimulus-responsive hydrogels[9,10]
have been previously used as sensitive pH sensors. However,
SAMs develop only minor surface stresses and hydrogel lay-
ers are orders of magnitude thicker than SRP brushes and
thus much slower in their conformational response.

In this article, we show that micro-cantilevers, decorated
with a SRP brush layer, can be used as sensitive pH sensors,
and as actuators, when cycling the solvent type. The use
of SRP-coated micro-cantilevers promises great potential
for sensing and actuation applications in micro-fluidic and
Bio-MEMS devices because of the unique way by which
SRP amplify changes in the solvent environment and the
availability of off-the-shelf micro-cantilevers.

2. Materials and methods

2.1. Materials

N-Isopropylacrylamide (NIPAAM, 97%) andN-vinyl-
imidazole (VI, 97%) monomers, copper(I) bromide (Cu(I)Br,
99.9%), copper(I) chloride (Cu(I)Cl, 99.9%), and methanol
(MeOH, 99.9%) were obtained from Sigma–Aldrich
(Milwaukee, WI). NIPAAM was purified by recrys-
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substrates and cantilevers were washed with copious amounts
of ethanol, sonicated in ethanol for 1 min (except for can-
tilevers), and then rinsed again in ethanol to remove the
excess thiols. Substrates and cantilevers were finally dried
in a stream of dry nitrogen and immediately transferred into
the polymerization solution.

2.2.3. NIPAAM and NIPAAM-VI polymerization
Scheme 1outlines the synthetic pathway for the prepara-

tion of polymer brushes on gold surfaces by surface-initiated
atom transfer radical polymerization (ATRP)[25]. In this
process, gold substrates and AFM cantilevers decorated
with SAMs of thiol initiator (1) were immersed in the
polymerization solution for a specified time period under
a nitrogen atmosphere. Prior to use, all solutions and flasks
were thoroughly flushed with nitrogen to purge oxygen. The
polymerization solution was prepared by adding a solution

Scheme 1. (a) Surface-initiated polymerization of NIPAAM on gold-coated
substrates, yielding pNIPAAM homopolymer brushes. (b) Surface-initiated
polymerization of NIPAAM and VI (7:3 mol ratios) on gold-coated sub-
strates, yielding pNIPAAM-VI copolymer brushes.
allization from toluene–hexane before use. Milli-QTM

Millipore, Billerica, MA) water (18 M�/cm) and methano
ere used as polymerization solvents.N,N,N′,N′′,N′′-
entamethyldiethylenetriamine (PMDETA) was used

eceived from Acros Organics (Hampton, NH).

.2. Methods

.2.1. Preparation of substrates
We used commercially available “V”-shaped Si3N4

icro-cantilevers (196�m long and 600 nm thick), go
oated on their backside to facilitate thiol initiator imm
ilization. To evaluate polymer brush thickness, flat g
ubstrates (average grain diameter∼ 30 nm) were prepare
y thermal evaporation under a vacuum of 4× 10−7 Torr. For

his purpose, an adhesion layer of chromium (50Å) followed
y a layer of gold (500̊A) was evaporated onto silicon wafe
efore deposition, silicon wafers and AFM cantilevers w
leaned in a mixture of H2O2:H2SO4, 1:3 (v/v) at 80◦C
“piranha solution”) for 10 min and washed thoroughly w
illi-Q grade water. (Caution: Piranha solution reacts vi

ently with organic matter!)

.2.2. Initiator monolayers
The thiol initiator (1), �-mercaptoundecyl bromoisob

yrate (BrC(CH3)2COO(CH2)11SH), was synthesized
eported[24]. A self-assembled monolayer (SAM) of t
hiol initiator (1) was obtained by immersing clean, go
oated Si substrates and AFM cantilevers in a 1 mM etha
olution of the thiol initiator for 1 day. After incubation, t
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of NIPAAM monomer to an organometallic catalyst. The
organometallic catalyst was formed in a nitrogen atmosphere
by adding Cu(I)Br (3.7 mg, 0.026 mmol) or Cu(I)Cl (2.6 mg,
0.026 mmol) and PMDETA (27�l, 0.129 mmol) in a 1:5
molar ratio to 1.5 ml of MeOH as solvent. The mixture
was then sonicated for 1–2 min to facilitate the formation
of the catalyst-complex solution. For the preparation of the
poly(N-isopropylacrylamide) (pNIPAAM) homopolymer
brush, 12.5 g (110 mmol) NIPAAM monomer, dissolved in
57 ml water (18 wt%), were filtered into the catalyst-complex
solution through a 0.45�m Millipore MillexTM filter and
the polymerization solution was then transferred into flasks
containing the initiator-decorated sample substrates. For
the preparation of the poly(N-isopropylacrylamide-co-N-
vinylimidazole) (PNIPAAM-VI) copolymer brush, 9.25 g
(82 mmol) NIPAAM monomer dissolved in 57 ml water,
were filtered into the catalyst-complex solution, and the
polymerization solution was then transferred into flasks
containing the sample substrates (Scheme 1b). Next, 3.25 g
(35 mmol) VI monomer was injected into the polymer-
ization solution. We used a PMDETA to CuBr or CuCl
molar ratio of 5:1 to suppress competitive coordination
of pNIPAAM and pNIPAAM-VI to copper as others
reported [26]. When a stronger binding ligand, such as
tris[2-(dimethylamino)ethyl]amine (Me6TREN), is used,
the ligand displacement and the formation of vinylimidazole
c ced.
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2.2.5. Cantilever deflection measurements
For convenience, we performed deflection measurements

in the fluid cell of an atomic force microscope (MultiMode,
Nanoscope III Controller, Veeco). The force constant of each
cantilever was determined individually before an experiment
from the power spectral density of the thermal noise fluctua-
tions [28]. Measured spring constant values varied between
60 pN/nm and 78 pN/nm.

To reduce thermal drift effects, we equilibrated the AFM
thermally for a few hours before taking measurements. For
deflection measurements, we placed a micro-cantilever in
approximately 100�l of the fluid of choice contained in a
sealed fluid cell, and positioned the cantilever tip at least
100�m above the surface to avoid tip–surface interactions.
Cantilever deflection was measured by monitoring the posi-
tion of the laser beam reflected from the free end of the can-
tilever onto a photosensitive detector. Readings were taken
approximately every 45 s until the deflection of the cantilever
reached an equilibrium state. Cantilever deflection voltage
was converted to true deflection values by multiplying with
the photodetector sensitivity (about 90 nm/V).

We performed deflection measurements with bare, gold-
coated silicon nitride cantilevers and cantilevers decorated
with stimulus-responsive polymer brushes in water, in a
water–methanol mixture (50/50, v/v). In solvent cycling, we
repeated experiments for at least two solvent exchange cycles.
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oordinated copper complexes are significantly redu
he molar ratio of NIPAAM to Cu(I) was fixed at 4300:1
volume ratio of MeOH to water of 1:38 for all polymeriz

ions. The flasks were sealed with rubber septa and ke
oom temperature under nitrogen. To obtain different b
hicknesses, polymerization times were varied betw
0 min and 30 min for the pNIPAAM homopolymer brush
nd fixed at 15 min for the pNIPAAM-VI copolymer brush
fter the desired reaction time, substrates were removed

he polymerization solution and exhaustively rinsed w
illi-Q TM, and subsequently dried in a stream of nitrog

n ATRP, a highly reactive and, in our case, surface-tethe
rganic radical is generated along with a stable Cu(II) spe

hat can be regarded as a persistent metalloradical, wh
ot able to initiate radical polymerization in the polymeriz
olution[23,25]. This means that polymerization is stric
onfined to the surface-grafted, growing polymer chains

.2.4. Brush thickness determination
To measure brush thickness, samples were care

cored with a razor blade tip thus removing only the b
nd Au/Cr layer. Several control experiments on bare, c
ilica wafers and on gold-coated silica wafers showed th
as not possible to scratch the pure silica substrate by g
cratching while the Au/Cr layer was easily scratched to
are silica surface. We determined the polymer brush h

rom cross-sectional analysis of AFM height images ta
t the boundary between the scratched and non-scra
egions, subtracting the average height of the Au/Cr la
easured before polymerization[27].
o study the effect of polymer brush thickness on cantil
eflection, we prepared cantilevers with three distinctly

erent polymer brush thicknesses. Brush thickness was
ed by changing the polymerization reaction time (10 m
0 min, and 30 min).

The pH sensitive cantilevers were decorated wit
H sensitive copolymer brush (70 mol% NIPAAM/30 mo
inylimidazole) and deflections were measured over a
ent pH range (pH 3–8). The solvent pH was adjuste
dding 0.1 M HCl and 0.1 M NaOH solutions to MQ-gra
ater. All deflection measurements were conducted at

emperature (23± 1◦C).

.2.6. Modeling of surface stress
Cantilever bending is the direct result of the differe

n interfacial surface stress acting on the two opposite f
f an elastic micro-cantilever[29,30]. Assuming a no-sli
oundary condition at the substrate–film interface, and
tress relaxation due to substrate deformation is neglig
he differential stress (�σ) can be written (Eq.(1)):

σ = Est
3
s

6tf (ts + tf )L
�d, (1)

here�d is the measured deflection,tf the polymer brus
hickness,Es the Young’s modulus of the cantilever,ts the
antilever thickness, andL is the cantilever length (Table 1;
ig. 4). Eq. (1) reduces to the well-known Stoney form
hen the substrate thickness is much larger than the

hickness.
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Table 1
Brush thickness, cantilever deflection, and surface stress for three polymer brushes grown on different micro-cantilevers

Label Polymerization
time (min)

Polymer brush thickness (nm) Cantilever deflection (nm) Surface stress (N/m)

Water Water–MeOH Water Water–MeOH Water Water–MeOH

Brush 1 10 81 35 190.4 107.6 52.2 6.4
Brush 2 20 354 154 293.7 215.9 18.6 32.1
Brush 3 30 508 221 416.5 288.8 18.4 33.9

Thickness values were determined from cross-sectional analysis of AFM height images[23,27]. Surface stress values were calculated assuming a Young’s
modulus of the cantilevers of 180 GPa[41], and taking cantilever length and thickness (provided by the manufacturer) of 196�m and 600 nm, respectively.

3. Results and discussion

3.1. Mechanics of micro-cantilever bending

3.1.1. Effect of thermal drift
An AFM cantilever is typically constructed from an unbal-

anced laminate of a thick layer of silicon nitride and a gold
thin film. Thermal stresses, caused by the mismatch between
the coefficients of thermal expansion, cause the cantilever
to bend in much the same fashion as a bimetallic strip in
a thermostat[18]. In the AFM, localized heating from the
laser raises the temperature of the cantilever locally and
causes thermally induced drift effects. However, a steady-
state deflection is reached after a while (order of minutes)
and the thermally induced deflection of the cantilever sta-
bilizes (Fig. 1). Cantilever vibrations, caused by Brown-
ian motion, also occur but are much smaller in amplitude
and can be neglected in these experiments[31]. To decon-
volute thermally induced deflections from those induced
by changes in polymer brush conformation we performed
experiments on bare cantilevers (control) under the same
solution conditions. Since we used bare cantilevers from
the same batch of levers as those for the brush experi-
ments, we assumed that the cantilevers behave mechanically
the same. We found that the thermally induced cantilever
deflection corresponds to a local temperature increase of
a t
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b
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with previous reports[1,9,10,18]. Importantly, the thermally
induced deflections on bare cantilevers were significantly
smaller than those induced by changes in the polymer brush
conformation.

3.1.2. Conformation of pNIPAAM and pNIPAAM-VI
brushes

pNIPAAM is a stimulus-responsive polymer and adopts
an extended conformation when it is in water (good solvent)
at a temperature below the lower critical solution tempera-
ture (LCST∼ 32◦C), and adopts a hydrophobically collapsed
conformational state above the LCST[32]. For experimental
convenience, we opted to perform our experiments isother-
mally; instead of using an increase in temperature as a driving
force for brush collapse, we induced the phase transition
isothermally by changing the solvent quality by addition of
MeOH. After exposure to a water–MeOH mixture (1:1, v/v)
(poor solvent), pNIPAAM adopts a collapsed conformation
due to the reduction in its LCST to below 0◦C as a result
of the co-non-solvency effect[33,34]. Previous experiments
showed that the use of 50% (v/v) water–methanol mixtures is
sufficient to induce a complete phase transition in pNIPAAM
[23,33]. Although the transition temperature for pNIPAAM in
solution is around 32◦C, we found that for end-grafted pNI-
PAAM chains the conformational transition is gradual and
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ig. 1. Deflection of a micro-cantilever decorated with a pNIPAAM poly
rush plotted as a function of time and solvent conditions.Inset: Schematic
f the conformational change in the brush and associated cantilever b
esponse.
tarts at about 26C (measured by quartz crystal microb
nce (QCM-D, Q-Sense)).

Similarly, a pNIPAAM-VI brush changes its conformati
pon changing the pH of the solvent. The brush expands
ecreasing solvent pH as a result of the conversion of ne

midazolyl groups into the protonated form[35,36]. Brush
onformation now depends on the balance between res
lastic forces in the polymer brush and repulsive electros

orces (ionic osmotic pressure). As the concentratio
rotons increases when the solution pH decreases fr

o ∼4.5, imidazolyl groups become increasingly proton
hich results in an increasing osmotic pressure. To com
ate for this pressure increase, the polymer brush exp
swells) until the restoring elastic forces compensate
welling pressure; a swelling maximum is reached at a
H 4.5[36]. As the solvent pH decreases further, an exce

ons in the brush screens charged groups[37–39]and cause
gradual collapse of the brush. Since the thiol initiator1)

onnected to the gold surface contains an ester linkage,
onditions may promote hydrolysis of this linkage and
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Fig. 2. Steady-state micro-cantilever deflection plotted as a function of sol-
vent quality and polymer brush height (brushes 1–3,Table 1). Steady-state
deflection values for two solvent exchange cycles (water and water/MeOH
(1:1, v/v)) are shown.

about pH levels below 3, the brush is likely cleaved from the
surface[40].

3.1.3. The effect of changes in solvent type and polymer
conformation

Fig. 2shows cantilever bending at steady state as a func-
tion of brush height and repeated exposure to poor and good
solvents. Cantilever bending is significantly larger in water at
room temperature (good solvent) than in water–MeOH (1:1,
v/v) (poor solvent), and the bending response is larger when
the polymer brush height is larger (Table 1). Fig. 2also shows
that changes in cantilever bending upon cycling the solvent
conditions are largely reversible. Repeated experiments
with different cantilevers showed that the magnitudes of
cantilever deflection at steady state (including the thermally
induced deflection) upon solvent cycling are reproducible
(Fig. 2).

The dramatic change in brush conformation, induced
by a change of solvent type, or temperature is evident
from a significant change in cantilever deflection (Table 1).
The micro-cantilever bending depends directly on the
surface stress created in the polymer layer decorating its
surface. The surface stress largely depends on osmotic
pressure, and polymer conformation, both of which can be
conveniently manipulated by changes in solvent conditions.
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Fig. 3. Steady-state micro-cantilever deflection plotted as a function of rela-
tive brush height in good (water) and poor solvent (water/MeOH). The brush
height reference state was taken as the average height of pNIPAAM brush
3 (Table 1) in water and water–MeOH.�d is the difference between the
measured deflection of the polymer-coated cantilevers (after subtraction of
deflection of bare cantilever) in good and poor solvents.

on brush height in good and poor solvent. The relative
cantilever deflection (�d in Fig. 3), i.e., the total difference
between the measured deflection on the polymer-coated
cantilevers between good and poor solvents is approximately
independent of brush height. This is a surprising result
that suggests that already thin SRP brushes are sufficient
to elicit a significant sensing and actuation response
(Fig. 3).

3.1.4. The effect of changes in pH
The bending response of cantilevers decorated with

pNIPAAM-VI brushes to changes in pH was more pro-
nounced than that for pNIPAAM homopolymer brushes as
a function of solvent type. Deflection values measured at pH
values 8, 7, and 6 were almost identical, as expected, because
the ionization state of the vinylimidazole groups (pKa∼ 6.0)
remains largely unchanged (Fig. 4a). When we decreased the
pH values further from 6 to 3, we first observed a signifi-
cant increase in cantilever deflection, reaching a peak value
at about pH 4, followed by a decrease.

The increase in cantilever deflection reflects a significant
reduction in surface stress which reaches a plateau above pH
6.0 (Fig. 4b). The apparent decrease in surface stress with
decreasing pH and increasing cantilever deflection can be
explained by the significant concomitant increase in brush
height (brush height appears quadratically in the denominator
o m 4
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i s by
C eav-
a cur
u sing
[

he change in the integral stress that causes the obs
icro-cantilever bending can be evaluated using Eq.(1). The

alues were found to range between 6.4 N/m and 52.2
or the pNIPAAM brush decorated micro-cantilev
Table 1).

As cantilever bending at steady state arises from
smotic pressure in the brush[41] and is related to tw

actors, (1) polymer conformation and (2) polymer br
eight (molecular weight) one can establish a de
riterion for cantilever based sensors that employ
o sense changes in the solvent conditions.Fig. 3 shows
hat cantilever deflection depends approximately line
f Eq.(1). Brush height measurements in the pH range fro
o 7 (Fig. 4c) show that cantilever deflection is associated
rush swelling. Our findings here agree well with swel
xperiments on nanogels of pNIPAAM-VI performed o
he same range of pH values[35,36]. The observed reductio
n the steady-state cantilever deflection when changin
olvent pH from 4 to 3 likely results from two factors; scre
ng of positive charges on protonated imidazole group
l− ions from added hydrochloric acid and ester-bond cl
ge of initiator (1). A compressive stress is expected to oc
pon increasing the pH, since the polymer brush is collap

14].
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Fig. 4. (a) Steady-state micro-cantilever deflection plotted as a function of
solvent pH for the pNIPAAM-VI brush (7:3) decorated cantilevers (15 min
polymerization time) and a bare control cantilever. (b) Corresponding steady-
state surface stress, calculated using Eq.(1), plotted as a function of solvent
pH. (c) Brush thickness plotted as a function of solvent pH for pNIPAAM-VI
brush (7:3) at 15 min polymerization time.

Changes in cantilever bending as a function of pH,
measured for two separate cantilevers decorated with
pNIPAAM-VI polymer brushes, were reproducible (error
bars in Fig. 4a) and over the pH range from 4 to 6 the
cantilever bending response is approximately linear with
a slope of −121 nm/pH unit (R2 = 0.99). As nanometer
deflections of micro-cantilever are easily measurable with
laser deflection sensors, the bending response of polymer
brush decorated micro-cantilevers provides a sensitive
means to measure pH in small liquid volumes and confined
spaces.

Surface stress values measured for micro-cantilevers
decorated with pH sensitive polymer brushes ranged between
25.2 N/m and 77.9 N/m and are significantly larger than those
reported for thin, thiolated films on gold surfaces (0.1–1 N/m)
[1] or mercaptohexadecanoic acid (MHA) self-assembled
monolayer (0.032 N/m)[14]. This suggests that a SRP brush
provides large actuation potential and can act as a transducer
with significant potential for stimulus “amplification”.

4. Conclusions

We showed that stimulus-responsive polymer brush-
coated micro-cantilevers can be used to sense and transduce
changes in solvent conditions. The change in micro-
cantilever bending results from changes in the interfacial
surface stress acting at the two opposite faces of the micro-
cantilever. With respect to cantilevers decorated with a
pNIPAAM brush alone, deflections were greater for brushes
in a good solvent (swollen state) than for brushes in a poor
solvent (collapsed state). We found that the deflection was a
function of both the brush height and its conformational state.
Although the cantilever deflections were largely reversible,
there were slight variations in the amount of the deflection
from one cycle to the next. We showed that the cantilever
bending response increases with increasing brush height,
but the relative change in cantilever deflection, when cycled
between good and poor solvent, remains independent of brush
height. This suggests that already thin polymer brush layers
are sufficient to elicit the full sensing potential of a cantilever.

Similarly, cantilevers decorated with a pNIPAAM-VI
copolymer brush were sensitive to changes in solvent pH.
We found that the cantilevers deflect linearly with a sensitiv-
ity of ∼−121 nm/pH unit over the range from pH 4 to 6. A
similar methodology can be applied to develop temperature
sensors, and by use of additional appropriate co-monomers
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The conformational switch from the open coil to the gl
le state in SRP can also be induced by bio-molecular bin
vents[42], where the induced conformational change in
olymer backbone serves to amplify the binding event
re currently exploring this conformational amplification

he stimulus as a sensitive signature to detect receptor–l
inding.

The cantilever deflection detection scheme presented
s slow and depends sensitively on the temperature o
nvironment. Alternatively, changes in solvent quality co
e detected by monitoring changes in the cantilever res

requency (AC detection). AC detection schemes are fas
re fraught with significant sensitivity loss due to visc
amping when detection occurs in a liquid environment
-factor). The response time and sensitivity of these se
ould be greatly improved by AC deflection detection w
mplified quality factor[22].

In summary, the use of SRP brush-coated mi
antilevers promises great potential for sensing and actu
pplications in micro-fluidic and Bio-MEMS devices beca
f the unique conformational response by which SRP bru
an amplify changes in the solvent environment.
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