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O
ptical sensors basedon fluorescence
materials offer many advantages
over conventional electrochemical

approaches, including high sensitivity and
ease of detection with the naked eye.1�3 In
recent years, stimuli-responsive polymer-
based optical sensors have attracted great
attention due to their fast response time and
reversible changes in the conformations of
the polymers.4�7 Particularly, the polymer-
based optical sensors were mainly focused
on pH and a temperature sensing system
using polymeric micelles8�12 and nanopar-
ticle�polymer hybrids11,13�16 because the
pH and temperature are basic target param-
eters in a broad range of applications from
environmental to biomedical.17 However,
they often lack the ability to sense response
over a wide range of pH and temperature
responses. Also, they suffered from poor
dispersion stability in aqueousmedia, result-
ing from their hydrophobic property when
the polymers collapse during conforma-
tional changes.18

Graphene oxide (GO) has been identified
as a promising sensing platform for stimuli-
responsive polymer-based optical sensor
applications because of its excellent poten-
tial in the highly sensitive Förster resonance
energy transfer (FRET) acceptor, and, hence,
it provides a high signal-to-noise ratio.19�21

Also, GO has a high long-distance energy
transfer rate because its rate is inversely
proportional to the fourth power of the
distance, which is a much weaker depen-
dence on the distance than other FRET ac-
ceptors, including C60 and carbon nano-
tubes.19,22�25 In addition, the large surface
area of the GO provides excellent dispersion
behavior in water. The surface properties
and functionalities of GO can be tailored
easily by anchoring nanoparticles and poly-
mers via chemical and physical interactions,
such as electrostatic, cycloaddition, hydro-
phobic, and π�π stacking interactions.26�33

These superior properties of GO can be
combined to provide an ideal platform
for pH sensors with long-term stability.

* Address correspondence to
bumjoonkim@kaist.ac.kr.

Received for review December 30, 2013
and accepted February 18, 2014.

Published online
10.1021/nn406657b

ABSTRACT In this paper, we report the development of a

versatile platform for a highly efficient and stable graphene oxide

(GO)-based optical sensor that exhibits distinctive ratiometric color

responses. To demonstrate the applicability of the platform, we

fabricated a colorimetric, GO-based pH sensor that responds to a

wide range of pH changes. Our sensing system is based on responsive

polymer and quantum dot (QD) hybrids integrated on a single GO

sheet (MQD-GO), with the GO providing an excellent signal-to-noise

ratio and high dispersion stability in water. The photoluminescence emissions of the blue and orange color-emitting QDs (BQDs and OQDs) in MQD-GO can be

controlled independently by different pH-responsive linkers of poly(acrylic acid) (PAA) (pKa = 4.5) and poly(2-vinylpyridine) (P2VP) (pKa = 3.0) that can tune

the efficiencies of Förster resonance energy transfer from the BQDs to the GO and from the OQDs to the GO, respectively. As a result, the color of MQD-GO

changes from orange to near-white to blue over a wide range of pH values. The detailed mechanism of the pH-dependent response of the MQD-GO sensor was

elucidated by measurements of time-resolved fluorescence and dynamic light scattering. Furthermore, the MQD-GO sensor showed excellent reversibility and

high dispersion stability in pure water, indicating that our system is an ideal platform for biological and environmental applications. Our colorimetric GO-based

optical sensor can be expanded easily to various other multifunctional, GO-based sensors by using alternate stimuli-responsive polymers.
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However, most GO-based sensors that have been
developed to date respond to stimuli by exhibiting
single photoluminescence (PL) intensity-based switch-
ing behavior that requires a specific detector to
monitor the external changes effectively. Therefore,
colorimetric detection methods are required for ra-
pidly readable responses by using a simple detection
approach, such as color change in the visible regime
that can be detected by the naked eye.
A colorimetric sensor requires two or more fluores-

cent chromophores that emit different colors with
strong luminescence. Semiconducting quantum dots
(QDs) are promising candidates for the development
of colorimetric sensors due to their size-dependent PL
emissions, high quantum yield, and multiple emis-
sions with a single light source.34�38 In this regard, a
series of single PL intensity-based QD-anchored GO-
based optical sensors with sensing elements, such as
the molecular beacon, chitosan, and poly(aniline),
have been reported.39,40 However, examples of
GO-based colorimetric sensors are very limited.41,42

Herein, we developed a versatile platform for an
efficient GO-based optical sensor that exhibits dis-
tinctive ratiometric color responses. To demonstrate
the applicability of the platform, we fabricated a
colorimetric GO-based pH sensor that responds to a
wide range of pH changes. A key strategy for gen-
erating a colorimetric, wide pH range sensor is to use
two different blue- and orange-coloredQDs anchored
to a single GO sheet. The pH-dependent emissions of
the blue and orange QDs were controlled by using
linkers of two different pH-responsive polymers
that changed their conformation in response to a
different, but complementary, range of pH values.
In addition, our GO-based sensor exhibits excellent
dispersion stability in aqueous media and reversibil-
ity, all of which satisfy the critical requirements for a
pH sensor.

RESULTS AND DISCUSSION

Figure 1 shows our key strategy and the components
for producing a GO-based colorimetric pH sensor. Two
different pH-responsive polymers, namely, poly(acrylic
acid) (PAA) and poly(2-vinylpyridine) (P2VP), were cho-
sen as linkers between the GO and the QDs to generate
responses over a wide range of pH values. The PAA
chains were grafted onto the surface of the blue-
colored cadmium sulfide/zinc sulfide QDs (BQDs), and
the P2VP polymers were grafted onto the surface of
the orange-colored cadmium selenide/zinc sulfide QDs
(OQDs). The PAA-coated BQDs (PAA-BQDs) and P2VP-
coated OQDs (P2VP-OQDs) were integrated simulta-
neously on the surface of single GO sheet (mixed PAA-
BQD and P2VP-OQD anchored GO, MQD-GO) by π�π
stacking interactions between the pyrene functional
groups on the PAAand P2VP chains and the basal plane
of theGO surfaces. (Synthesis details areprovided in the
Methods section.) The PAA chains respond to changes
in their chain conformation in the pKa around pH 4.5
due to the ionization of the carboxylic acid groups.43

Conversely, the P2VP polymers exhibit coil�globule
transition at their pKa around pH 3.0 due to the
protonation of amine groups in acidic pH.14,44 There-
fore, the PL emissions of the BQDs and OQDs in MQD-
GO can be controlled independently by the conforma-
tional transitions of two different PAA and P2VP chains
at their corresponding pKa values since the FRET effi-
ciency is governed by the distance between the FRET
donor (QD) and acceptor (GO).14 It was observed that
the color of MQD-GO changes from orange to white to
blue as the pH of the solution increases from 1 to 7.
Scheme S1 (Supporting Information) presents a

synthesis procedure for pH-responsive P2VP (4) and
PAA (7) polymers, both of which have two functional
end groups of pyrene and thiol. First, the pyrene
was introduced at the end of the reversible addition�
fragmentation chain transfer (RAFT) agent (1) to

Figure 1. Structure of (a) P2VP-OQDand (b) PAA-BQD. (c) Schematic illustration of the conformation andbehavior ofMQD-GO
at a given pH value.
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produce a pyrene terminal group at the one end of the
P2VP and PAA chains because the pyrene-terminated
polymers can be anchored easily to the GO surface
by the strong interaction of π�π stacking.45�47 The
polymers were synthesized by RAFT polymerization to
precisely control their molecular weights (Mn) within
a narrow polydispersity index (PDI) number. The Mn of
the polymer is a critical parameter that can determine
the FRET efficiencies of the BQDs and OQDs to GO.33

Therefore, we carefully chose and synthesized the
desired Mn values of PAA and P2VP. In this work, the
Mn and PDI of PAA were 10.4 kg/mol and 1.15, respec-
tively, while these values for the P2VPwere 14.4 kg/mol
and 1.27, respectively (Figure S1). Finally, the opposite
ends of the polymer chains were functionalized with
thiol groups by reaction with hexylamine for further
ligand exchange reaction with the QDs. On the other
hand, two types of different-coloredQDs (i.e., BQDsemit-
ting at 440 nm and OQDs emitting at 580 nm) were
synthesized by the one-step, chemical composition-
gradients method that uses oleic acid (OA) for stabili-
zation (Figure S2).48,49 Subsequently, the surfaces of
the OQDs and BQDs were modified with the thiol-
terminated P2VP (4) and PAA (7), respectively, via
ligand exchange. Thus, the as-synthesized OA-coated
QDswere dispersible only in organic solvents (Figure S2),
whereas PAA-BQDs and P2VP-OQDs were easily dis-
persible in aqueous solvents after ligand exchange
(Figure S3). The successful preparation of PAA-BQDs
was evidenced by their PL spectra, which showed
multiple emission peaks from pyrene end functional
groups of PAA chains at 417 and 470 nm and BQDs at

440 nm.50 In addition, P2VP-OQDs exhibited multiple
emission peaks at 417, 470, and 580 nm, with the
characteristic peak of the OQDs located at 580 nm.
Hence, the TEM and PL results indicated that the PAA
and P2VP chains were grafted successfully onto the
surfaces of the BQDs and OQDs, respectively.
GO was synthesized using the improved Hummers

method.51 Subsequently, the PAA-BQDs and P2VP-
OQDs were anchored onto the surface of the GO by
using π�π stacking. Figure S5 compares the attenu-
ated total reflectance Fourier transform infrared (ATR-
FTIR) spectrum of MQD-GO with those of GO, P2VP-
OQD, and PAA-BQD. The MQD-GO sample had intense
peaks around 2350 cm�1, indicating that PAA-BQD and
P2VP-OQD were anchored to the GO surface by the
π�π stacking reaction.52 This noncovalent immobiliza-
tion can be achieved at mild conditions without invol-
ving any high-temperature reactions, and there should
be no damage to the materials during the reaction.
Thus, our method using pyrene-functionalized RAFT
agents provides a simple, two-step reaction process
for developing polymer�GO hybrids, and this process
can be extended easily to other polymer-grafting
methods.53,54 The ratio of PAA-BQDs to P2VP-OQDs
inMQD-GO during the grafting reactionwas kept at 1:1
to obtain a balanced, near-white color. Single-type
QD-anchored GOs that contained either PAA-BQD or
P2VP-OQD (BQD-PAA-GO andOQD-P2VP-GO) alsowere
prepared for use as control samples. Any ungrafted QDs
were thoroughly removed via repeated centrifugation
at 13500 rpm and decantation. Figure 2a�c shows
the TEM images of BQD-PAA-GO, OQD-P2VP-GO, and

Figure 2. TEM and fluorescence microscopy images of (a,d) BQD-PAA-GO, (b,e) OQD-P2VP-GO, and (c,f) MQD-GO. The scale
bar is 50 nm for TEM and 25 μm for the fluorescencemicroscopy images. The fluorescencemicroscopy images were obtained
at pH 7 for (d) BQD-PAA-GO, (e) pH 1 for OQD-P2VP-GO, and (f) pH 4 for MQD-GO.
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MQD-GO, while Figure 2d�f presents their correspond-
ing fluorescence microscopy images measured at opti-
mizedpHconditions, that is, pH7 for BQD-PAA-GO, pH1
forOQD-P2VP-GQ, andpH4 forMQD-GO, for comparing
the colors they emitted. It was obvious from the
TEM analysis that, for all three samples, the QDs were
homogeneously and densely distributed over the
entire surface of the GO, including the edges and basal
planes without any aggregation. Interestingly, the dot-
patterned blue and orange luminescence in Figure 2d,e
originated from the BQD-PAA-GO and OQD-P2VP-GO,
indicating that pyrene-terminated PAA-BQDs and P2VP-
OQDs were anchored successfully onto the GO surface
with complete removal of ungrafted PAA-BQDs and
P2VP-OQDs. The fluorescence microscopy image of
MQD-GO in pH 4 buffer solution exhibited the mixed
colored dot patterns from the combined emissions of
BQDs and OQDs on a single GO sheet. Therefore, the
combined features from TEM, fluorescence micro-
scopy, and ATR-FTIR confirmed the successful prepara-
tion of the MQD-GO.
Figure 3a shows the PL spectra of MQD-GO in

aqueous media at different pH conditions; these
spectra were obtained after irradiating the solution
at 365 nm. The concentration of MQD-GO was main-
tained at 1.0mgmL�1 to avoid any PL quenching of the
QDs by other GO sheets in the solution. The PL spectra
of MQD-GO exhibited two emission peaks, one at
440 nm from BQD and the other one at 580 nm from
OQD. The pyrene emissions at 410 and 470 nm com-
pletely disappeared because the photo-excited elec-
trons in the pyrene were transferred effectively to the

empty electronic states of the adjacent GO. This feature
provides additional evidence of the successful anchor-
ing of the pyrene-terminated P2VP-OQDs and PAA-
BQDs to the GO.55,56 The PL intensity of MQD-GO at
440 nm increased gradually as the pH value of the
solution increased from pH 4 to 7, and the PL peak at
440 nm reached saturation above pH 7. In contrast, the
PL intensity ofMQD-GO at 580 nmgradually decreased
as the pH value of the solution increased from 1 to 5.
At pH 5, the peak at 580 nm reached saturation.
The MQD-GO solution exhibited no change in color
below pH 1 or above pH 7. To quantitatively determine
whether the pH-dependent change in the emission
spectra could be used for accurate pH sensing, the
PL intensity ratio at the different emission levels of
580 and 440 nm (I580nm/I440nm) was compared and
plotted as a function of pH in Figure 3b. Interestingly,
the plot of pH versus I580nm/I440nm became almost
linear in the pH range of 2�5, indicating that the
response was ratiometric in this range. This behavior
of the PL spectra can be highlighted in the color
changes of the MQD-GO solution as the pH values
changed, as shown in Figure 3c. At the low pH value
of 1, the color of the solution was dominated by the
orange emission at 580 nm. In contrast, the color of
the MQD-GO solution at pH 7 was blue because of the
dominant emission at 440 nm. The balanced emissions
from both the QDs at pH 4 are responsible for a near-
white color solution. These results can be explained
well by the pH-dependent conformation changes of
PAA and P2VP polymers that determine the distance
between the QDs and the GO surface. Because the

Figure 3. (a) PL spectra ofMQD-GO as a function of pH value under irradiation at 365 nm; (b) PL intensity changes (I580/I440) as
a function of pH; (c) photographic images of MQD-GO in buffer solutions with the indicated pH values under irradiation at
365 nm.
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FRET efficiency is inversely proportional to the fourth
power of the FRET donor-to-acceptor separation
distance when GO acts as a FRET acceptor,19,22 the
separation distance between the QDs and the GO is
a key parameter in controlling the pH-dependent PL
spectra and the color of MQD-GO in solution. Because
the pKa value of P2VP is around 3, the P2VP chainswere
protonated and swollen by water below pH 3. When
the pKa value of PAA was around 4.5, the PAA chains
became ionized and soluble in water above pH 4.5.
Therefore, when the pH is greater than 4.5, the PAA
chain has an extended conformation so that the BQDs
and GO are farther apart, whereas most of the orange
emission of the OQDs becomes quenched by the GO
due to the collapsed conformation of the P2VP chains.
In contrast, when the pH is below 3, the PAA chains still
remain in the collapsed conformation, whereas P2VP
has an extended conformation, so the OQDs are posi-
tioned far enough from the GO to suppress the FRET
from the OQDs and induce a strong orange emission.
Finally, when the pH was less than the pKa of PAA but
greater than the pKa of P2VP, both PAA and P2VP
chains collapsed to intermediate conformations, thus
affording the balanced colors combined from the
emissions of both the BQDs and OQDs.
The effect of the sizes of the PAA-BQD and P2VP-

OQD particles on changes in the pH value was mea-
sured bydynamic light scattering (DLS) to elucidate the
effect of the conformational changes of PAA and P2VP
on the pH response of the MQD-GOs (Figure S6).
Although DLS measures the hydrodynamic sizes of
the particles that can be overestimated due to the
swelling of the polymer chains by the solvent, compar-
ing the measured particle sizes to changes in the
pH should provide useful information on the pH-
dependent conformations of the PAA and P2VP
spacers and, thus, the pH-dependent PL spectra of
the MQD-GO.57,58 The hydrodynamic size of the PAA-
BQD decreased from approximately 70 to 30 nm when
pH changed from 7 to 4, and saturation occurred at
pH 4. Conversely, the hydrodynamic size of P2VP-OQD
was unchanged above pH 4, but it increased dramati-
cally from 45 to 85 nm as pHwas decreased from 4 to 1.
The pH values for the size transition of PAA-BQD and
P2VP-OQD clearly can explain the transitions in the PL
intensities of BQD-PAA-GO, OQD-P2VP-GO (Figure S7),
and MQD-GO (Figure 3). For example, as the pH
decreases from 4 to 1, the P2VP chains were swelled
by water, increasing the size of the P2VP-OQDs and
the distance between the donor and the acceptor.
The corresponding decrease in the FRET efficiency
results in an increase in the PL intensity of OQDs in
the MQD-GO. Conversely, the P2VP polymers were
fully deprotonated above pH 4, and the corresponding
particle size was unchanged.
A deeper insight into the change in PL and color

spectra of MQD-GO can be obtained by quantitative

comparison of the average fluorescence lifetime (τave)
of the BQDs and OQDs in MQD-GO solution under
different pH conditions. The fluorescent decay of
the BQDs and OQDs of MQD-GO was investigated
by time-resolved fluorescence (TRF) measurements
with filtering at 440 nm for BQDs and at 580 nm for
OQD under irradiation at 370 nm. FRET occurs when
energy is transferred nonradiatively from the donor
to the acceptor, and the efficiency of this transfer
can be monitored by the change in the τave value of
the fluorophores.59,60 For example, when the distance
between the QDs and GO becomes shorter by the
conformational changes of the polymer, the average
lifetime of FRET will decrease.21 The TRF curves of
MQD-GO were also pH-sensitive, exhibiting multi-
exponential decay due to the dynamic quenching be-
tween the QDs and GO.21,61 The best fits for both series
of TRF curves at 440 and 580 nmwere obtained using a
double-exponential decaymodel (Figure 4a,b), and the
results are summarized in Table S1. At pH 1, the OQDs
in the MQD-GO samples had a τave value of 11.59 ns,
with two decay components of 0.30 ns (22.06%) and
14.79 ns (77.94%). At the greater pH value of 4, the
OQDs' decay process wasmuch faster, with a τave value
of 5.33 ns, with decay components of 0.22 ns (61.25%)
and 13.42 ns (38.75%). The shorter lifetime of the OQDs
in the MQD-GO was attributed to an increase in the
nonradiative decay rate caused by energy transfer
from the OQD to the GO. Interestingly, at the inter-
mediate pH regimes, the τave values of the OQDs had a
decreasing trend, that is, 11.31 ns (pH 2), 7.60 ns (pH 3),
and 5.33 ns (pH 4). Finally, the τave values of OQDswere
saturated above pH 5. Therefore, the trend in the τave
value of the OQDs in the MQD-GO sample coincides
excellently with those in the conformational changes
of the P2VP spacer and in their PL spectra. A similar TRF
trend was obtained for the BQDs in the MQD-GO
sample in terms of the pKa value of the PAA spacer.
The τave of the BQDs was 7.53 ns, with two decay
components of 0.26 ns (79.30%) and 35.37 ns (20.70%)
at pH 7. With the decrease in pH values, the τave of
the BQDs decreased remarkably and was saturated at
3.50 ns, with 0.15 ns (91.05%) and 31.98 ns (8.95%) at
pH 4. Figure 4c presents the plots of the τave changes
versus pH values for two different BQDs and OQDs
of the MQD-GOs. The TRF results indicated that the
drastic change in the chain conformations of P2VP and
PAA spacers occurred around their pKa values. This
feature generated pH-dependent changes in the FRET
efficiencies from the QDs to the GO and the PL spectra
and PL decay of MQD-GOs over a wide range of pH
values.
The key requirements for practical application of

optical sensors include good stability and reversibility.
However, most polymer-based pH sensors in previous
reports are not suitable for use in biological and
environmentally friendly applications because of their
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poor dispersion stability in water. When polymers
are in the collapsed conformation in response to pH
change, the hydrophobic nature of the polymer chains
typically causes poor dispersion of the sensors in
aqueous media. Therefore, previous sensors either
had to operate in a solvent system that consisted of
water mixed with some organic solvents or required
the introduction of water-soluble derivatives, such as
poly(ethylene glycol), in order to improve their solubi-
lity in water.14,18 In contrast, our MQD-GO can fully
exploit the advantage of the water-soluble GO

platform without any other external agents, and it
exhibits high dispersion stability in water and high
reversibility. Figure 5 shows the continuous cycles of
the MQD-GO in aqueous media with varying pH values
to ensure the reversibility of the sensor. The MQD-GO
was first dispersed in pH 7 buffer solution, and the blue
color appeared. Subsequently, the resulting blue solu-
tion was collected by centrifugation and dispersed
in a pH 4 buffer solution. This generated an immediate
color change of the MQD-GO solution to a near-
white color. When the MQD-GO was recycled by

Figure 4. Time-resolved fluorescence (TRF) spectra of MQD-GO at various pH values: TRF was measured for the MQD-GO at
the given pH with filtering (a) 440 nm for BQDs and (b) 580 nm for OQDs under irradiation at 370 nm. The fitting curve was
obtained using a double-exponential decay model. (c) Plot of τave values of BQDs and OQDs vs pH variation.

Figure 5. (a) Schematic illustration. (b) Reversibility test of MQD-GO for several cycles: MQD-GO in aqueous media at a given
pH was collected by centrifugation at 13 500 rpm for 5 min and subsequently dispersed in aqueous media with different pH
value. The photographic images of the MQD-GO solution were obtained at 365 nm irradiation using a UV lamp.
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centrifugation and subsequently dispersed in pH 1
buffer solution, the color of the MQD-GO changed to
orange. This procedure can be repeated many times,
demonstrating the excellent reversibility of the MQD-
GO sensor.

CONCLUSIONS

We developed a versatile platform for a highly
stable, colorimetric, wide-range pH sensor. This pH
sensor consists of responsive polymer and QD hybrids
integrated onto the surface of GO. The distances

between the two color-emitting QDs and the GO were
controlled independently via two linkers of pH-respon-
sive PAA and P2VP, resulting in colorimetric responses
over a wide range of pH values. In addition, our pH
sensor exhibited excellent reversibility in aqueous
media, which benefitted from the use of GO platform.
Our novel platform can be applied to various sensor
systems with alternate stimuli, such as temperature,
light, ions, and redox reactions, thus allowing promis-
ing opportunities for use in environmental and biolo-
gical applications.

METHODS
Synthesis of Pyrene-Functionalized RAFT Chain Transfer Agent (2). The

trithiocarbonate RAFT chain transfer agent (1) was synthesized
according to methods provided in the literature.14,62�64

The pyrene-functionalized RAFT agent was synthesized via a
N,N0-dicyclohexylcarbodiimide (DCC) coupling reaction. Briefly,
16.7 mmol of trithiocarbonate RAFT agent (1), 33.4 mmol of
1-pyrenemethanol, and 8.4 mmol of 4-dimethylaminopyridine
(DMAP) were mixed in 200 mL of dichloromethane (DCM).
After 15 min, 16.7 mmol of DCC in 20 mL of DCM was added
to the mixture, and the color of the solution changed from
red to dark yellow. After 36 h, the mixture was filtered, and the
solvent was evaporated. The crude products were purified
through column chromatography (hexane/toluene). Finally, a
dark yellow powder was obtained. 1H NMR (CDCl3, 500 MHz): δ
8.0�8.32 (m, 9H), 5.89 (s, 2H), 4.86 (q, J = 7.4 Hz, 1H), 3.22 (t, J =
7.4 Hz, 2H), 1.59 (d, J = 7.3 Hz, 3H), 1.52�1.59 (m, 2H), 1.27�1.35
(m, 2H), 0.89 (t, J = 7.4 Hz, 3H).

Synthesis of Pyrene-Functionalized P2VP (4) and PAA (7). For P2VP
polymer (3), the 2-vinylpyridine monomer, pyrene-functiona-
lized RAFT agent (2), and azobisisobutyronitrile (AIBN) were
added into a glass ampule, and subsequently, the mixture was
degassed and heated to 70 �C for 12 h. Then, the synthesized
P2VP (3) was precipitated by hexane. The PAA was synthesized
from poly(tert-butyl acrylate) (PtBA). For PtBA polymer (5), tert-
butyl acrylate monomer, pyrene-functionalized RAFT agent (2),
and AIBN were added into a glass ampule, and the mixture was
degassed andheated to 70 �C for 2 h. The productwas dissolved
in THF and precipitated in water. The end groups of P2VP (3)
and PtBA (5) were converted to thiol groups by reaction with
hexylamine for further ligand exchange reaction with the QDs.
The tert-butyl ester groups on PtBA (6) were hydrolyzed by
using excess trifluoroacetic acid (TFA), and then the hydrolyzed
PAA (7) was precipitated using DCM.

Synthesis of PAA-BQD and P2VP-OQD. OA-coated BQDs andOQDs
were synthesized via the previously reported, one-pot, compo-
sition chemical gradients method.48,49 The surfaces of the
BQDs and OQDs, which were coated with the OA ligands, were
substituted by thiol-terminated PAA and P2VP chains in THF
and precipitated with hexane, respectively. Finally, those QDs
were redispersed in methanol and washed by membrane filtra-
tion (Millipore Amicon Ultra) to remove ungrafted polymers.

Preparation of MQD-GO. GO was prepared using the improved
Hummers method.51 To prepare MQD-GO, 10 mg of GO, 50 mg
of PAA-BQD, and 50 mg of P2VP-OQD in dimethylformamide
(DMF) were placed in a flask. A flow of argon was bubbled
through the solution for 1 h before the reaction, and themixture
was stirred at room temperature for 2 days. Then, the mixture
was purified by repeated centrifugation and decantation in
DMF at 13 500 rpm for 5min to remove ungrafted PAA-BQD and
P2VP-OQD.

Characterization of MQD-GO. The structural analysis of the ma-
terials used in this study was performed by 1H nuclear magnetic
resonance (NMR, Bruker AMX 500) and size exclusion chroma-
tography (SEC, Waters 1515) equipped with a differential
refractometer (Waters 2414) with THF as the eluent at a flow

rate of 1 mL/min; the column was calibrated using polystyrene
(PS) standards. ATR-FTIR spectra were taken using a Bruker
ALPHA. TEM (JEOL-2000FX) was used to observe the surfaces
and the internal structures of the MQD-GO. Fluorescence
images were obtained by a fluorescence optical microscope
(Nikon Eclipse Ti-U) using a single UV source. PL spectra and
fluorescence lifetimes were obtained from a Horiba Jobin Yvon
NanoLog spectrophotometer. The excitation wavelength was
set at 365 nm, and a 10 mm quartz cuvette was used for
the PL spectra. Fluorescence lifetimes were measured using a
NanoLED laser light source at 370 nm for the excitation, and the
emissions were collected at 440 and 580 nm. The data were
fitted by a double-exponential decay model. The samples for
the PL measurements were prepared by dissolving MQD-GO in
a buffer solution at very low concentrations (1.0 mg/mL). The
hydrodynamic sizes of the PAA-BQD and P2VP-OQD at given pH
valueswere determined viaDLSmeasurements using aMalvern
Zetasizer Nano ZS. The optical properties were measured using
a Shimadzu UV spectrophotometer (UV-1800).
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