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1. INTRODUCTION

Polymer-based delivery systems, particularly with respect to
targeted biomedical applications, such as controllable drug
release, have attracted much attention in polymer chemistry,
pharmaceutics, and biomaterials science.1 As such, several
platforms have been exploited for these purposes, including
the fabrication of polymer�protein2 and polymer�drug con-
jugates,3 micelles,4 vesicles,5 and dendrimers.6 Although the
controlled release from three-dimensional (3D) particles remains
the predominant drug delivery method, interest has increased
in surface-based delivery systems for the controlled release of
therapeutic molecules.7

At present, there is an increasing research effort focused on
stimuli-responsive thin films and coatings that combine a wide
range of fundamental scientific and commercial objectives.8

These smart polymer films have been proposed for various
applications, including drug delivery systems,9 liquid crystal
command layers,10 antireflection coatings,11 switchable friction,12

and membrane permeation mechanisms.13 While techniques
such as spin-coating, self-assembled monolayers, and the Langmuir�
Blodgett method have been employed for the macromolecular
assembly of ultrathin films, other coating methods have gained

much popularity, most notably the layer-by-layer (LbL) and
polymer brush techniques. The LbL self-assembly of macromo-
lecules can be performed on a variety of substrate types and
shapes with precisely controlled nanometer dimensions.14 Using
LbL-assembled films, several groups have demonstrated success-
fully the delivery of highly charged biomacromolecules and the
uptake and release of small model drug compounds.15,16 Hydro-
lytically degradable LbL films have been demonstrated for
tunable drug release;17 drug-conjugated polyelectrolyte prodrugs
were added to the components of the films, and cell viability was
assayed.18 Recently, we and other groups have reported the
fabrication of LbL films of amphiphilic block copolymer micelles
where hydrophobic compounds could be loaded into the micelle
core.19 However, the LbL techniques are generally limited to the
use of charge-opposing polyelectrolytes, which are not generally
thought to be good candidates for lipophilic drug-loading. Thus,
development of thin film-based delivery systems for hydrophobic
compounds is of interest.

Received: May 3, 2011
Revised: August 17, 2011

ABSTRACT: We present a general approach for using surface-grafted
stimuli-responsive diblock copolymer brushes as stimuli-sensitive and
controllable release systems. Surface-initiated ATRP was used to grow
sequentially a first block serving as an inner reservoir for loading and a
second block that acts as a stimuli-responsive outer layer controlling the
closure or opening of the brush in water. We show that the release
kinetics of loaded model dyes (hydrophobic or hydrophilic) could be
controlled by the second block switchable between the collapsed and
extended brush chain states in response to temperature or pH change or
exposure to light. On the one hand, diblock copolymer brushes of polystyrene-b-poly(N-isopropylacrylamide) (PS-b-PNIPAM)
and poly(N,N0-dimethylacrylamide)-b-poly(N-isopropylacrylamide) (PDMA-b-PNIPAM) were synthesized to demonstrate the
thermosensitive release of dyes based on the LCST-determined solubility switching between swollen and collapsed PNIPAM
chains. On the other hand, a diblock copolymer brush of polystyrene-b-poly(4,5-dimethoxy-2-nitrobenzyl methacrylate) (PS-b-
PNBA) was designed to investigate the possibility of tuning the dye release kinetics with light. The photocontrol was achieved by
controlling the photocleavage degree of photolabile o-nitrobenzyl groups, which determines the number of hydrophilic methacrylic
acid (MA) groups in the outer layer. Moreover, complete photocleavage of o-nitrobenzyl groups converted the photosensitive PS-b-
PNBA brush into a pH-sensitive PS-b-PMA brush with which pH-dependent dye release was observed due to the water solubility
switching of PMA chains with protonated or ionized carboxylic acid groups. The interest, the versatility, and the generality of the
approach were demonstrated in this study with three different stimuli, namely, temperature, pH, and light.
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Surface-initiated polymer brushes may represent an alter-
native system that overcomes this limitation. An appealing
feature of polymer brushes is their high degree of synthetic
flexibility and mechanical and chemical robustness.20 For
the preparation of polymer brushes via the grafting from
technique, controlled radical polymerizations (CRP) have
offered many benefits, namely, control over the thickness of
the brush, uniformity of the brush surface, and the ability to
produce brushes with complex architectures bymaking use of the
large body of knowledge on polymer synthesis. These advantages
have made CRP the technique of choice in the preparation of
well-defined polymer brushes. Arguably, the most common
CRP technique currently used is atom transfer radical polymer-
ization (ATRP).21 Because of the development of surface-
initiated living polymerization methods, numerous reports have
appeared in recent years regarding the synthesis of stimuli-
responsive polymer brushes, which have potential applications
in a broad range of fields, including colloid stabilization, non-
biofouling surfaces, membranes, sensors for temperature, ions,
and pH.22

In this article, we describe a general approach for developing
stimuli-responsive block copolymer (BCP) brushes that may
have interest for controlled delivery applications. As schematized
in Figure 1, surface-initiated ATRP can be used to graft a first
polymer to form an inner layer that acts primarily as a reservoir
for guest molecules; then, a second polymer, which is stimuli-
responsive, can be grown through chain extension to form the
outer layer. The idea is to use the switchable water solubility of
the outer layer to close or open the brushes (i.e., the outer chain is
collapsed or swelled) in response to a stimulus that may be either
a temperature change, a pH change, or exposure to light. Such
stimuli-induced switching can be used to control the release
kinetics of the entrapped guest molecules. For instance, if the top
layer is a polymer exhibiting a lower critical solution temperature
(LCST), it should swell at T < LCST, thus opening channels
within the brush as a result of the water solubility. This favors the
release. In contrast, the top layer should collapse at T > LCST,
contracting the polymer chains and thereby restraining the flow
of loaded molecules. The same rationale can be applied to design
BCP brushes of which the top layer has pH- and light-switchable
water solubility. In the present study, we have synthesized several
BCP brushes that are either thermo-, photo-, or pH-sensitive and
investigated the effect of their solubility change in response to
these stimuli on the release kinetics of entrapped model dye
molecules. The results show the potential for developing surface-
grafted BCP brushes as a platform for controlled delivery
applications.

2. EXPERIMENTAL SECTION

Details on the synthesis of BCP brushes using surface-initiated ATRP
as well as their characterizations are given in the Supporting Information.

3. RESULTS AND DISCUSSION

3.1. Synthesis and Characterization. The chemical struc-
tures of the stimuli-responsive diblock copolymer brushes
synthesized in this study are shown in Figure 2 together with
the model dyes utilized for the release test, which were nile red
(NR, hydrophobic) and 1,3,6,8-pyrenetetrasulfonic acid tetra-
sodium salt (PSA, hydrophilic). On the one hand, the BCP
brushes PS-b-PNIPAM and PDMA-b-PNIPAM were built from
polystyrene (PS) and poly(N-isopropylacrylamide) (PNIPAM),
and from poly(N,N-dimethylacrylamide) (PDMA) and PNIPAM,
respectively. They both have a thermosensitive top layer of
PNIPAM with a LCST at approximately 32 �C23 but differ in
the inner block, with PS favoring the solubilization of NR and
PDMA for the loading of PSA. On the other hand, the diblock
brush PS-b-PNBA has a photosensitive top layer of poly(o-
nitrobenzyl methacrylate) (PNBA) bearing photolabil o-nitro-
benzyl side groups. PNBA is hydrophobic, but upon exposure to
UV light, the cleavage of o-nitrobenzyl groups converts PNBA
into hydrophilic poly(methacrylic acid)24 (PMA), inducing,
thereby, the transition from the collapsed to swelled state of
the top layer. With this photochemical reaction, the photoin-
duced change is not reversible. Interestingly, the resulting PS-b-
PMA is pH-sensitive with which a reversible pH change across
the pKa of PMA (6�7)25 can trigger a reversible transition
between collapsed chains (with protonated acid groups, insolu-
ble in water) and swelled chains (with ionized acid groups,
soluble in water). Therefore, the synthesized BCP brushes
allowed us to investigate the effect of thermo-, photo-, and pH-
induced transitions of the brush on the release of NR or PSA.
Also schematically illustrated in Figure 2 is the setup used to
monitor the release kinetics of dye molecules entrapped in the
BCP brush. Basically, a quartz cell was closed with a dialysis cap
and filled with water with a total volume of ∼4 mL (the same
solution in the cuvette and the cap); the substrate (silicon wafer
or quartz plate) containing a BCP brush and loaded dye
molecules (see the Supporting Information for details on the
loading) was then immersed in the cap so that dye molecules
released from the brush could diffuse through the dialysis
membrane (cutoff MW 2000 Da) and be detected by measuring
the fluorescence intensity of dye molecules in the bulk solution.
The synthesis of our BCP brushes was carried out by using

surface-initiated ATRP, which is a method used to graft BCP
brushes with controlled architecture and defined surface
morphology.26,27 First, 3-aminopropyl triethoxy silane (APTES)
was immobilized onto a cleaned silicon wafer or quartz surface by
a self-assembled process; it was then reacted with 2-bromo-2-
methylpropionyl bromide to yield a Br-functionalized initiator
surface. For the brushes of PS-b-PNIPAM and PDMA-b-PNI-
PAM, PS was grafted to the initiator-functionalized surfaces via
ATRP using a styrene/toluene solution (3:1, v:v) at 130 �C for
3 h, producing tethered PS chains in the form of ∼70 nm thick
brushes. For the PDMA brush, it was obtained by ATRP of DMA
in water at 80 �C for 8 h, generating∼40 nm thick layers on the
substrate. NIPAM was finally polymerized on the PS- or PDMA-
modified substrates to yield ∼187 and 167 nm thick PS-b-
PNIPAM and PDMA-b-PNIPAM brushes, respectively. For

Figure 1. Schematic illustration of surface-grafted diblock copolymer
brushes of which the top layer can exhibit switching between collapsed
and extended chains in response to temperature change, pH change, or
exposure to light.
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photosensitive PS-b-PNBA brushes on silicate substrates, the
synthesis was accomplished by a sequential process involving
ATRP of styrene as previously described, followed by polymer-
ization of 4,5-dimethoxy-2-nitrobenzyl methacrylate (NBA) in
dry dimethyl sulfoxide (DMSO) at 90 �C for 24 h.
All BCP brushes were characterized by X-ray photoelectron

spectroscopy (XPS), atomic force microscopy (AFM), and water
contact angle measurements. The results indicate successful
grafting of the BCP brushes in all cases (see the Supporting
Information). For instance, the advancing contact angle in-
creased from 81 ( 2� for the initiator surface to 91 ( 4� after
growth of the hydrophobic PS brush, but it dropped to 17 ( 3�
when the hydrophilic PNIPAM brush was grafted. In the case of
PDMA-b-PNIPAM on a silicon wafer, this angle was 30 ( 1�
with PDMA and changed to 21 ( 2� after the growth of the
PNIPAMblock on top. The XPS analysis confirmed the presence
of bromine (Br 3d) on the surface with an immobilized ATRP
initiator. After the grafting of the polymers, the appearance of the
C1s binding energy at∼228 eV in the XPS high-resolution scan
confirmed that polymer brushes were immobilized on the silicon

wafers. The sampling depth of the XPS experiments was about
5�10 nm, depending on the core level binding energy and
takeoff angle. The polymer brushes were also examined by AFM
(1 μm � 1 μm) in tapping mode. Examination of the brush
surface morphologies revealed the formation of a compact layer,
with a growing granular structure that indicated film thickening.
The root-mean-square (rms) surface roughness of the PS
homopolymer brush was ∼2 nm with a thickness of ∼70 nm,
whereas a larger roughness and thickness of ∼3.5 and 185 nm,
respectively, were estimated for the PS-b-PNIPAM brush. The
rms surface roughness of the PDMA homopolymer and PDMA-
b-PNIPAM block copolymer brushes was ∼0.7 and ∼2.7 nm,
respectively. Average PDMA and PDMA-b-PNIPAM brush
thicknesses were estimated to be 40 and 127 nm, respectively.
Additionally, the average thickness of PS-b-PNBA was ∼93 nm,
with an rms roughness of ∼2.8 nm.
3.2. Thermosensitive BCP Brush and Dye Release. A PS-b-

PNIPAM brush with a hydrophobic inner layer was used for the
loading and release experiment of NR, while PDMA-b-PNIPAM
with a hydrophilic inner layer was used for the experiment with

Figure 2. (a) Chemical structures of the diblock copolymer brushes investigated and the fluorescence dyes used in this study. (b) Schematic illustration
of the setup used to monitor the dye release from diblock copolymer brushes.
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PTS (Figure 2). In a typical dye-loading experiment, the polymer
brush was immersed in a dye solution (0.5 mg mL�1, THF with
NR and water with PTS) at room temperature (below the LCST
of the top PNIPAM layer), where the BCP brush was in the
soluble, swelling state. After the impregnation of dye molecules
reached a steady state (equilibrium), the film was taken out of the
dye solution and dipped in water at 40 �C (above the LCST) to
allow the top PNIPAM layer to collapse and thus entrap the dye.
This was followd by rinsing the film with 40 �Cwater three times
to remove dye molecules remaining on the film surface. After-
ward, using the setup described in Figure 2b, the substrate con-
taining the dye-loaded BCP brush could be placed in a dialysis
cap integrated with a quartz cuvette filled with ∼4 mL of water
thermostated at a given temperature by a temperature-controlled
sample holder, and the release of dye molecules diffusing across
the membrane was monitored by recording the change in the
fluorescence emission intensity of the dye. All measurements
were repeated at least four times, and the reported data are
the average values with error bars indicating the standard
deviation.
Figure 3 shows the results obtained with an NR-loaded PS-b-

PNIPAM brush, plotting the fluorescence intensity normalized
with the highest value versus time. First, we investigated the
release kinetics at two temperatures, 20 and 40 �C, which are
below and above the LCST of PNIPAM, respectively (Figure 3a).
Although the overall diffusion rate of NR was very slow due to its
hydrophobic nature, the thermosensitive solubility of the PNI-
PAM top layer clearly made a difference. The maximum achiev-
able release of NR, based on the relative intensity, is significantly
lower at 40 �C than that at 20 �C, and the release speed appears
much faster at 20 �C than at 40 �C. The two curves could be well
fitted with a simple exponential according to I = Imax(1� expt/τ),
where I is the fluorescence intensity, Imax the maximum value,
and τ the characteristic time at which the release reaches 63% of
the maximum value. Fitting the data yielded Imax = 0.99 and
τ= 51min for 20 �Cand Imax = 0.77 and τ= 85min for 40 �C. This
difference in the release kinetics should originate from the
thermoresponsive behavior of the PNIPAM top layer. At
40 �C, PNIPAM chains are in a collapsed state, which makes
the molecular permeability of the brush low and slows the
diffusion of NR molecules across the brush. By contrast, at
20 �C, PNIPAM chains are soluble, which opens the top layer
of the brush and favors the release of NR. The water solubility
switch of the PNIPAM brush was confirmed by the water contact

angle measurements (Supporting Information) conducted at 20
and 40 �C. We note that the difference in the achievable release
of NR cannot be caused by a temperature effect because the
saturation solubility of NR in water should increase with in-
creasing temperature. Thermo-responsive phase transitions of
PS-b-PNIPAM and PDMA-b-PNIAM grafted surfaces were
confirmed by contact angle measurements taken by switching
the temperature between 20 and 40 �C (Supporting Information).
The advancing contact angle of 17 ( 3� was obtained at 20 �C
(T < LCST). In contrast, a contact angle of 62( 2� was obtained
after increasing the solution temperature to 40 �C (T > LCST).
As expected, even in the closed state (at T > LCST)

schematized in Figure 1, the outer layer of PNIPAM could not
act as an impermeable cap preventing the release of dye
molecules. PNIPAM chains in the collapsed state should still
be hydrated to some extent and allow dye molecules to diffuse
out of the brushes. With the used experimental setup (Figure2),
the measured fluorescence intensity is determined by the con-
centration of the dye molecules solubilized in water outside the
dialysis cap holding the substrate with grafted BCP brushes.
Since NR is a hydrophobic dye, the flattened (maximum)
intensity at a given temperature (Figure 3a) should be deter-
mined by its saturation concentration in equilibrium with dye
molecules preferentially solubilized by the hydrophobic region of
the BCP brush. At 40 �C (T > LCST), PNIPAM chains are more
dehydrated, and the whole BCP brush is more hydrophobic than
at 20 �C (T < LCST); consequently, more NR molecules should
be partitioned in the PS-b-PNIPAM brush, resulting in less dye
molecules released into the water at equilibrium. Therefore, as
seen from the data fitting in Figure 3, collapsed PNIPAM chains
on top not only have the effect of slowing down the release rate of
NR, which is noticeable from the longer characteristic release
time, but also have the effect of reducing the amount of dye
molecules released into water at equilibrium, which is revealed by
the lower flattened fluorescence intensity at 40 �C. The used
experimental setup also accounts for the apparent release profile.
When the substrate containing the BCP brush is immersed in
water, dye molecules start to diffuse out of the brush; as its
concentration in water is getting close to saturation, the diffusion
slows down before flattening at equilibrium. The release profile
is similar to that of the release of hydrophobic dyes loaded in
BCP micelles in an LbL multilayer film immersed in aqueous
solution.19c

Figure 3. (a) Changes in normalized fluorescence emission intensity of Nile Red (λex = 640 nm) over time showing the dye release kinetics from the PS-
b-PNIPAM brush at two different temperatures. (b) Dye release profile recorded by switching the solution temperature between 20 and 40 �C.
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Although the release of NR from the PS-b-PNIPAM brush
cannot be stopped at T > LCST (40 �C), the significantly slowed
kinetics and the reduced amount of released NRmolecules make
it possible to thermally switch the release of the dye by cycling the
solution temperature below and above the LCST of PNIPAM.
This control is demonstrated by the result presented in Figure 3b.
In this experiment, the NR-loaded PS-b-PNIPAM brush was first
immersed in water at 20 �C; the swollen top PNIPAM layer
allowed the release of NR to proceed in a favorable condition, as
is visible from the fast increase in the fluorescence intensity. After
40 min of dye release, the solution was quickly heated to 40 �C
(i.e., within 1min), and the release becamemuch slower due to the
closure of the PNIPAM layer. When the solution was cooled to
20 �C again, the faster release kinetics was recovered, and when
heated to 40 �C for a second time, the release appeared to be
slowed down again. Finally, when the solution was set at 20 �C,
the maximum release, corresponding to the saturation concen-
tration of NR in water, was achieved. Further switching of the
solution temperature resulted in little change in the amount of
released dye molecules. This ability to turn on and subsequently
turn off (actually slow down) the dye release by switching the
solution temperature makes these model systems highly
attractive.
Next, we investigated the thermoresponsive release of the

hydrophilic dye PTS from the PDMA-b-PNIPAM brush by
carrying out the same experiments as described above. The
results are shown in Figure 4. Basically, the same observations
and analyses can be made as mentioned above, confirming our
interpretation. A notable difference is that the hydrophilic nature
of PTS makes its release into water much faster than that of NR.
At both 20 and 40 �C, the release of PTS essentially reaches the
maximum value within 30 min, but the soluble PNIPAM top
layer at 20 �C still leads to a more effective and faster release of
the dye than the collapsed PNIPAM at 40 �C (Figure 4a). Fitting
the two curves with an exponential curve yielded Imax = 0.99 and
τ = 6.11 min for 20 �C and Imax = 0.77 and τ = 8.3 min for 40 �C.
Although not as effectively as for NR-loaded PS-b-PNIPAM, the
difference in the kinetics for the two temperatures could be used
to thermally switch the rate of dye release through the PDMA-b-
PNIPAM brush through the closure and opening of PNIPAM
chains, as demonstrated by the repeatable effect upon cycling of
the solution temperature between 20 and 40 �C (Figure 4b).
The above results demonstrate that using appropriate engi-

neering of the surface-grafted diblock copolymer brush, both
hydrophobic and hydrophilic dyes can be entrapped by the

brush, and their release into water can be thermosensitive or
thermally controlled to some extent through the thermal phase
transition of the BCP brush. The LCST of the PNIPAM top layer
leads to faster release at lower temperatures (below LCST) and
slower release at higher temperatures (above LCST). If the top
layer block is a polymer having an upper critical solution
temperature (UCST), the opposite trend should be expected.
Therefore, in principle, through thermally induced closure and
opening of the brush top layer, temperature change can be
utilized as a trigger to repeatedly stop or start the release of
loaded compounds on demand. However, the results in Figures 3
and 4 also point out that even with the top layer of the BCP brush
in the collapsed state (T > LCST or T < UCST), it would be
challenging to completely prevent the release of the dye. These
brushes may be interesting for applications where a control of the
release rate is mostly desired.
3.3. Photosensitive BCP Brush and Dye Release. As men-

tioned above, the BCP brush design for stimuli-sensitive release
is general since the solubility switch of the top brush layer can
also be triggered by other signals such as exposure to light and pH
change. To investigate the possible photocontrollable release
from the BCP brush, we synthesized surface-grafted PS-b-PNBA
(Figure 1). The photoinduced removal of o-nitrobenzyl has been
used in various polymer systems such as LbL films28 and BCP
micelles,29 to switch the hydrophilic�hydrophobic balance and
obtain photocontrolled release. With the PS-b-PNBA brush in
water, as the photocleavage proceeds converting hydrophobic
o-nitrobenzyl methacrylate to hydrophilic methacrylic acid (MA),
the PNBA top layer should gradually increase its polarity before
becoming hydrophilic PMA upon complete photocleavage. This
photoinduced polarity (and solubility) change of the top brush
layer should impact the release kinetics of loaded NR.
First, we carried out experiments to confirm the effective

removal of o-nitrobenzyl groups from the PS-b-PNBA brush
immersed in water under UV irradiation. The photocleavage by
irradiation at 360 nm (10mW/cm2) was monitored by observing
the changes in the absorption of the chromophore. Figure 5a
shows the UV�vis spectra of the PS-b-PNBA brush on a quartz
slide as a function of UV irradiation time. The absorbance at
360 nm, corresponding to the 4,5-dimethoxy-2-nitrobenzyl
group, decreased over irradiation time and almost disappeared
after 30 min, indicating the complete photochemical reaction.
After UV irradiation, the brush was washed with water and used
for contact angle analyses. The inset of Figure 5a shows that the
water contact angles decreased from 90 ( 4� before UV

Figure 4. (a) Changes in normalized fluorescence emission intensity of PTS (λex = 380 nm) over time showing the dye release kinetics from the PDMA-
b-PNIPAM brush at two different temperatures. (b) Dye release profile recorded by switching the solution temperature between 20 and 40 �C.
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irradiation to 27( 2� after 30 min UV exposure, confirming the
photoinduced cleavage of the o-nitrobenzyl groups and the
resulting hydrophobic�hydrophilic switching of the brush top
layer. From the absorption spectra, the photocleavage degree can
be calculated from 1 � At / A0, where A0 and At are the initial
absorbance and the absorbance after irradiation time t at 360 nm,
respectively. The plot of photocleavage degree as a function of
irradiation time is shown in Figure 5b. The complete photo-
cleavage on the PNBA brush was also confirmed by XPS analyses
as shown in Figure 5c. The C1s signal of the PNBA brush consists
of an aromatic carbon peak at the binding energy of 283.5 eV,
which disappeared after UV irradiation. The photoelectron peak
of the N1s for the�NO2 group at 405 eV was also observed only
on the PNBA surface before UV irradiation; while the peak at

532.7 eV for O1s shifted to lower binding energy after UV
irradiation due to the cleavage of the o-nitobenzyl group to form
the corresponding acrylic acid. The AFM height images in
Figure 5d show changes in the surface morphology before and
after UV irradiation; the brush surface appears to be smoother
after the photocleavage of o-nitrobenzyl groups.
As shown in Figure 5, the photocleavage degree based on the

decrease of the absorption of o-nitrobenzyl at 360 nm could be
precisely controlled by the UV irradiation time. We thus in-
vestigated the effect of increasing the photocleavage degree of the
top PNBA brush on the release kinetics of NR. The results are
shown in Figure 6a. We emphasize that each curve was obtained
with a separate sample of the PS-b-PNBA brush and was exposed
to UV light to obtain a given photocleavage degree, and all release

Figure 5. (a) UV�vis spectra of the PS-b-PNBA brush on quartz under different times of UV irradiation (360 nm, 10 mW/cm2) with the inset showing
the change in the water contact angle after complete photocleavage of o-nitrobenzyl; (b) photocleavage degree vs UV irradiation time; (c) high-
resolution C1s, N1s, and O1s XPS spectra of the PS-b-PNBA brush before (black curve) and after (red curve) UV irradiation; and (d) AFM height
images of the PS-b-PNBA brush before and after UV irradiation. The height profiles correspond to the white lines on the corresponding image.
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measurements were performed under the same conditions (at
room temperature). The results show that as the photocleavage
degree increases, which increases the amount of hydrophilic
methacrylic acid groups in the top brush layer, the amount of NR
released into water increases constantly. Being increasingly
hydrophilic for the top brush layer means more and more water
molecules absorbed or surrounding the brush, which makes the
diffusion of hydrophobic NR out of the brush easier. Under-
standably, the largest difference is between the initial PS-b-PNBA
brush without photocleavage and the brush subjected to com-
plete photoreaction, i.e., the PS-b-PMA brush. For instance, after
100min, the amount of NR released from the latter is double that
released from the former. Fitting these two curves yielded a
characteristic release time τ=90min for PS-b-PMAand τ=115min
for PS-b-PNBA. These results demonstrate that the photoin-
duced switching from the hydrophobic PNBA top brush to the
hydrophilic PMA results in amore important and faster release of
NR from the BCP brush. A feature of interest of the BCP brush
capable of photosensitive release is that the precisely controllable
photocleavage degree provides a convenient means to tune the
release kinetics.
The phototunable release kinetics based on controlling the

photocleavage degree of the top PNBA brush offers the possi-
bility to design complex photocontrollable release profiles. We
demonstrated this with the experiment described in Figure 6b. In
this case, the NR-loaded PS-b-PNBA brush grafted on a quartz
slide was immersed in water at room temperature using the setup
in Figure 2b; the release of NR was monitored by the measured
fluorescence intensity. After a selected duration (35 min), UV
irradiation was applied directly on the BCP brush from the top of
the dialysis cap (using a fiber optic light guide) for the time
required to obtain 25% photocleavage (∼2 min), and immedi-
ately after turning off the UV irradiation, the fluorescence
emission measurement continued. It can be seen that the partial
photocleavage increased the amount of released NR quickly
before the release rate was stabilized over time. When UV
irradiation was applied again to increase the photocleavage
degree to 50%, the amount of released dye molecules jumped
again. A similar effect was observed when the photocleavage
degree was further increased to 75 and 100%; that is, every
irradiation (short time) triggered an increased amount of dye
released into water as a result of the light-controllable hydro-
philicity of the top brush layer. This stepped profile of the dye

release progress is a demonstration of the temporal control by
using light as a trigger for BCP brushes. It is easy to conceive that
with such a photosensitive BCP brush grafted on a large
substrate, a laser light can also offer the appealing spatial control
of the release by activating the photoreaction in selected areas.
In the present study, the photocleavage of o-nitrobenzyl of the

PS-b-PNBA brush is not a reversible photochemical reaction.
Obviously, it cannot be used to achieve the reversible closure and
opening of the top brush layer by light as depicted in Figure 1.
Such a reversible photocontrol in principle is achievable by using
a reversible photoreaction that switches the top layer between the
hydrophobic and hydrophilic states. The reversible spiropyran-
merocyanine can possibly be explored for this purpose. However,
as demonstrated above, the irreversible photocleavage reaction
offers the unique possibility to control the hydrophilicity of the
top brush layer and thus to precisely tune the release kinetics. In
designing the photosensitive PS-b-PNBA brush, we also had in
mind that complete removal of the photolabile groups resulted in
the pH-sensitive PS-b-PMA brush with which another trigger,
pH change, could be investigated.
3.4. PH-Sensitive BCP Brush and Dye Release. Finally, pH-

responsive dye release was studied using the PS-b-PMA brush
resulting from the complete removal of o-nitrobenzyl groups
from the PS-b-PNBA brush. The pH-induced switch of the top
PMA layer between the collapsed and swollen states was first
confirmed by the surface wettability measurements of the PS-b-
PMA brush subjected to different pH values in aqueous solution
(using HCl and NaOH to adjust the pH value). As shown in
Figure 7a, upon pH increase, the water contact angle indicates a
transition from hydrophobic PMA with protonated carboxylic
acid groups to hydrophilic PMA with ionized acid groups around
pH 5, which is consistent with the range of reported values of pKa

(6.2�7 in polymer brushes).25 In view of these results, we carried
out the fluorescence measurements to monitor the release
kinetics of NR from the silicon-grafted PS-b-PMA brush im-
mersed in aqueous solutions having pH values between 2 and 7, a
range in which the brush exhibited good stability. The experi-
ment at each pH was performed using a separate sample.
Figure 7b shows two examples of the data obtained at pH 7
and pH 3. Again, the swollen top brush layer at pH 7 allowed
more NR molecules to be released into the solution with a faster
rate than the collapsed layer at pH 3. In this case, the data could
not be well fitted with a simple exponential. Nevertheless, fitting

Figure 6. (a) Changes in normalized fluorescence emission intensity of Nile Red (λex = 640 nm) over time showing the dye release kinetics from the PS-
b-PNBA brush subjected to different photocleavage degrees of o-nitrobenzyl groups. (b) Dye release profile recorded upon stepwise increase of the
photocleavage degree.
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was performed to have a qualitative magnitude for comparison
and the results were Imax = 0.98 and τ = 18 min for pH 7 and
Imax = 0.81 and τ = 54min for pH 3. In Figure 7c, data obtained at
all investigated pH values are summarized by plotting the
maximum achievable amount of dye release Imax as a function
of pH (data obtained after about 1 h dye release). The curve
appears to be inversely correlated to the plot of water contact
angle vs pH (Figure 7a), suggesting that the release of NR is
mainly determined by the hydrophilicity of the top brush layer
of PMA.
The above results clearly demonstrate that the release of

hydrophobic dyes like NR from the PS-b-PMA brush is
sensitive to the pH of the releasing solution. The amount
of released NR increased with increasing pH. Therefore, the
pH effect on a carboxylic acid polymer brush provides the
controlled release of loaded guest molecules because the
degree of dissociation of acid groups varies reversibly with
the pH change of the medium. In an acidic medium (pH 3),
the carboxylic acid groups are fully protonated, whereas
the degree of dissociation becomes higher with increasing
the pH. Finally, we note that since the pH-induced swelling
and collapse of PMA is reversible, the pH change could
be used to reduce the swelling of a polymer brush, thereby
enhancing the flexibility in tuning the dye release.
A couple of final thoughts are worth being mentioned. First, at

this point, we do not have direct evidence that the BCP brushes
formed a layered structure as depicted in Figure 1. However, in all
cases, without ruling out the possibility of chain mixing, the
clearly observed stimuli-responsiveness implies the segregation
of the two blocks and that it was mainly the second block
constituting the BCP brush surface, while the first block, which
is nonstimuli-responsive, formed the inner region. Second,
although the present study shows that it is possible to use a
stimuli-responsive block to mediate the release of loaded dyes,
the extent of the control is limited. The reason is that even in the
dehydrated (hydrophobic) state, the top layer still allows release
to occur. In future studies, it would be of interest to develop top
layers that exhibit a large difference in permeability between the
extended and collapsed states in response to stimuli. Other
molecular variables, such as the relative lengths of the two blocks,
which should determine the thicknesses of the inner and outer
layers, could also affect the performance of controlled release
using BCP brushes.

4. CONCLUSIONS

We presented a general design of diblock copolymer brushes
that can be used as stimuli-sensitive release systems. Being
grafted from the surface of a substrate, while the first block
(inner layer) can either be hydrophobic or hydrophilic, the water
solubility of the second block (outer layer) can be switched, or
changed, in response to a temperature or pH change, or to
exposure to UV light. The release kinetics of encapsulated dyes is
controlled by the solubility of the outer layer between collapsed
and extended states. To investigate this approach, we synthesized
diblock copolymer brushes of PS-b-PNIPAM, PDMA-b-PNI-
PAM, and PS-b-PNBA using sequential ATRP with a bromoi-
sobutyrate initiator self-assembled monolayer. These BCP
brushes were characterized by XPS, water contact angle, and
AFM. The PS-b-PNIPAM and PDMA-b-PNIPAM brush assem-
blies exhibited reversible swelling transitions and were capable of
controlling the release rate of an incorporated hydrophobic or
hydrophilic dye in response to temperature variations due to the
LCST of the outer PNIPAM layer. In the case of PS-b-PNBA,
selective cleavage of o-nitrobenzyl in the brush could be manipu-
lated by UV light irradiation, and by converting the hydrophobic
o-nitrobenzyl methacrylate into hydrophilic methacrylic acid
(MA), the diblock brush exhibited photoregulated hydrophobic
dye release from the surface. Moreover, after full photocleavage,
the resultant PS-b-PMA diblock brush became pH-sensitive.
Control of the dye released from the brush by pH changes was
demonstrated by defining the swelling and collapse transitions of
the outer PMA block. These newly developed thermo-, light-,
and pH-activated diblock copolymer brushes could be of interest
for applications where a stimuli-sensitive release of guest mol-
ecules from the substrate surface is required.
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