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Dual end-functionalized telechelic poly(N-

isopropylacrylamide) (PNIPAM) was synthesized using
reversible addition-fragmentation chain-transfer (RAFT)
polymerization. One end was coupled to a fluorescent dye and
the other end was covalently coupled to CdSe/ZnS quantum
dots (QDs) through carbodiimide chemistry. The hybrid
nanoparticle shows ratiometric changes in fluorescence
emission upon temperature cycling between 25°C and 45°C.

Inorganic nanomaterials have been used to create stimuli
responsive organic-inorganic sensors and probes for biological,
environmental and safety applications." A number of sensors based
on gold nanoparticles’, silver nanoparticles®, carbon nanotubes* and
quantum dots® (QDs) have shown sensitivity to pH®, temperature®,
ions® 2* 36 or other molecules’ *. Among nanomaterials, QDs are
an attractive choice due to their unique electrochemical and
photophysical properties'® such as tunable and intense absorption
spectra, narrow-symmetric emission with high quantum yield, size-
tunable, large “effective” Stokes shifts, high photostability and easy
surface functionalization,'®’

Sensors based on fluorescence resonance energy transfer (FRET)
mechanism utilizing QDs as donors afford several inherent
photophysical advantages. When compared to organic dyes, the
advantages include the ability to optimize the spectral overlap by
tuning the QD size, attaching multiple acceptors onto the QD surface
and reducing the direct excitation of the acceptor.® Dual-emitting
QDs FRET sensors show enhanced detectivity and sensitivity.” The
combination of QDs and polymers has been used to prepare hybrid
materials responsive to temperature or pH.”> ' Although dual-
emitting QDs/polymer hybrid sensors have been reported, surface
initiated polymerization is afflicted with poor molecular mass
control and QDs designed as acceptors limit their application.™
Here, a new method is proposed to prepare a QDs/polymer-based
FRET sensor that precisely controls the molecular mass of the
polymer and use QDs as the donor. PNIPAM with its lower critical
solution temperature (LCST) of ~32 °C is probably the most-studied
temperature responsive polymer,'® and thus it is used in this work as
a model polymer to prepare a temperature responsive sensor.
Scheme 1 shows the structure and temperature response mechanism
of the sensor. PNIPAM was synthesized by RAFT mediated
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Scheme 1. Schematic of the FRET QDs/PNIPAM temperature
Sensor.

polymerization with precisely controlled molecular mass and dual-
end functionality.'" One end is a reactive group that is able to form a
covalent bond to the QDs surface, while the other end is
functionalized with a dye (Texas Red, TR). The molecular mass of
PNIPAM was carefully selected for optimal dimensional spacing
between the donor and acceptor to yield efficient FRET from QDs to
the dye. When the temperature is lower than LCST, the polymer is
hydrophilic and the chains are in a relatively extended conformation.
When the conjugate is above the LCST, the polymer becomes
hydrophobic and the chains collapse, resulting in a closer distance
between QDs and dye. Since FRET efficiency is closely related to
the distance between donor and acceptor,'? changes in the QD and
dye emission bands will be observed as a result of temperature
change. Thus, a temperature response of the nanohybrid can be
achieved by the ratio of the two emission bands.

Scheme 2 shows the synthesis route for the dual-end
functionalized PNIPAM. The polymer was synthesized by RAFT
polymerization in dioxane using 2-((tert-
butoxycarbonyl)amino)ethyl 2-(((dodecylthio)carbonothioyl)thio)-2-
methylpropanoate as the chain transfer agent. As a living
polymerization technique, RAFT polymerization can be used to
prepare polymers with controlled molecular mass by carefully
choosing the ratio between the monomer, initiator and chain transfer
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agent. Post-polymerization the two ends of polymer chain can be
modified with different functional groups.
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Scheme 2. Synthesis of dual end-functionalized PNIPAM via RAFT
using a Boc-protected amine chain transfer agent.

Fig. 1 TEM images of (a) TOPO/HDA coated QDs, (b) DHLA
coated QDs, and (c) QDs-PNIPAM-TR. The scale bar is 25 nm.

A modified RAFT agent bearing a Boc protected amine group was
used to synthesize PNIPAM (1) which was subsequently deprotected
with HCl/dioxane to yield polymer (2). Aminolysis of
trithiocarbonate with n-octylamine generated free thiol groups on the
other end of the polymer (3). Texas Red (TR) was attached to the
polymer chain via thio-ene reaction between the thiol group and
Texas Red C, maleimide to obtain dual-end functionalized PNIPAM
(4). The successful synthesis of 4 was confirmed by UV-visible
spectroscopy and mass spectroscopy (Fig. S6, Fig. S7, ESI).
Detailed synthesis and characterization are listed in the supporting
information.

QDs used in this study are core-shell CdSe/ZnS QDs and are
synthesized using reported synthesis routes based on growth and
annealing of organometallic compounds at high temperature."* QDs
with tunable size and absorption/photoluminescence spectra can be
synthesized by using different experimental conditions. Ligand
exchange with dihydrolipoic acid (DHLA) rendered the QDs water
soluble via carboxylic functional groups. The QDs-PNIPAM-TR
hybrid was prepared by covalently tethering PNIPAM-TR to the
QDs surface through carbodiimide mediated amide coupling.

Fig. 1 shows TEM images of as synthesized organic coated QDs,
DHLA coated water soluble QDs and QDs-PNIPAM-TR
nanohybrid. Fig. 1a and 1b indicate that the QDs have narrow size
distribution and are dispersed well both before and after ligand
exchange. The size of TOPO/HDA  (trioctylphosphine
oxide/hexadecylaimne) covered core-shell QDs was determined to
be 3.4£0.3 nm from TEM images. DHLA coated QDs have an
average diameter of 3.5+0.4 nm. After the polymer was
functionalized onto QDs surface, the hybrid can be dispersed well in
aqueous solution without aggregate formation (Fig. 1c). The size of
the hybrid increased to 4.2+0.5 nm due to the polymer coating on
QDs surface.

FRET efficiency is dictated by the overlap between donor
emission and acceptor absorption spectra,' thus the size of QDs
were carefully tuned such that the donor emission overlaps with the
absorption band of TR. The distance between donor unit and
acceptor unit also influence the FRET process.
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Fig. 2 (a) Normalized absorption and photoluminescence spectra of
QDs and Texas Red. (b) Overlap function: J(4) = PLp_copr-(4) X
).4 X €4 (A)

The normalized absorption and photoluminescence spectra are
shown in Fig. 2a. Fig. 2b shows the overlap function J(4) between
QDs and TR. It is used to calculate the Forster distance (R,) with the
following equation:'> '*
1/6
1)

where lc,z, = 2/3 for randomly oriented dipoles, Qp is the quantum
yield of QDs, N4 is Avogadro’s number, npis refractive index of
medium. / is overlap integral, defined as I = fom PLp_corr(A) X

9000(In10)k2Q)
=\ Ny1287m5n}

A* x €,(A)dA, where PLp_.opr is a function of normalized donor
emission spectrum, €4 is extinction coefficient of acceptor. The
FRET distance (Ry) of QDs and TR was calculated to be 40A. To
have efficient FRET, the distance between donor and acceptor
should be close to the 40A Forster distance. In this study, the
molecular mass of PNIPAM was controlled by RAFT
polymerization to be 5 kD. The end to end distance of the polymer
chain is calculated to be 20A, making the center to center distance
between QDs donor and TR acceptor to be 37.5A (see ESI for
detailed calculation). This distance ensures an effective FRET to
occur between QDs and TR.
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Fig. 3 Absorbance (a) and photoluminescence (b) spectra of
QDs, PNIPAM-TR and QDs-PNIPAM-TR nanohybrid.

Fig. 3a shows the absorption spectra of QDs, PNIPAM-TR and
QDs-PNIPAM-TR, while Fig. 3b shows their photoluminescence
spectra. Excitation wavelength was chosen to be 400 nm for all the
photoluminescence tests. The absorption spectrum of QDs-
PNIPAM-TR hybrid is a superposition of that of QDs and PNIPAM-
TR, which indicates the TR functionalized PNIPAM has been
successfully introduced onto the QDs surface through amide
covalent bond formation. The emission peak of QDs with a A, at
564 nm overlaps with the absorption spectrum of TR. The overlap
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Fig. 4 (a) Photoluminescence spectra of QDs-PNIPAM-TR
hybrid solution tested at 25 °C and 45 °C. (b) Reversible
Photoluminescence intensity change (1564/1614) as a function
of temperature shows a highly reproducible and stable
response.

ensures FRET will happen between the QDs and TR where the QDs
are a donor and TR is an acceptor. Fig. 3b shows that the emission
intensity of TR from PNIPAM-TR is relatively low when excited at
400 nm, where TR has very limited absorption (Fig. 2a). For the
hybrid material, the spectrum shows two strong emission bands; the
peak at 564 nm is from QDs, while the one at 614 nm is assigned to
TR. The intensity of QDs emission peak decreases, while at the same
time the intensity of TR emission increases dramatically. Since the
concentrations of TR in PNIPAM-TR and QDs-PNIPAM-TR are the
same (Fig. 3a, same absorbance at 614 nm for PNIPAM-TR and
QDs-PNIPAM-TR), the increase of TR emission peak intensity is a
result of FRET between QDs and TR. These results show that the
QD-PNIPAM-TR hybrid has been successfully prepared and FRET
process occurs between QDs and TR due to careful selection of QDs,
dye material, and PNIPAM polymer with precisely controlled
molecular mass.

To test temperature response, the emission spectra of the
hybrid material at 25 °C and 45 °C were recorded using an
excitation wavelength of 400 nm. Since the LCST of PNIPAM
is around 32 °C, 45 °C was chosen to investigate the hybrid’s
temperature response above LCST. Fig. 4a shows
Photoluminescence (PL) spectra of the hybrid solution at 25 °C
and 45 °C. When the temperature is raised from 25°C to 45 °C,
the emission from QDs at 564 nm decreases, while the emission
for TR also decrease. When temperature is higher than LCST,
PNIPAM chains become hydrophobic and collapse, resulting in
a smaller distance between QDs and TR. According to the
FRET theory, a smaller distance between donor and acceptor
units will induce a higher FRET efficiency. For the QDs-
PNIPAM-TR nanohybrid material, when temperature is above
LCST, the shorter distance between QDs and TR will result in
higher FRET efficiency, and hence the PL intensity of TR
should increase. However, this was not observed for the
nanohybrid prepared here. The PL intensity of TR for a mixture
of QDs and PNIPAM-TR shows limited change upon
temperature increase from 25 °C to 45 °C (Fig. S8).

The reason for decreased PL of TR in the nanohybrid has to
be related to quenching effect of PNIPAM on QDs emission,
which has been observed in other studies.'™ ' Nonetheless, the
ratio of QDs and TR peak intensity (1564/1614) was used to
monitor the temperature response of this hybrid. Fig. 4b shows
how the ratio changes while temperature cycles between 25 °C
to 45 °C. The results indicate a nearly reversible change of peak
intensity ratios even after 5 cycles of temperature change. Thus
QDs-PNIPAM-TR hybrid responds to change in temperature
and might be used as a temperature sensor.

To Dbetter understand the nanohybrid material upon
temperature changes, dynamic light scattering (DLS) was used
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to determine the hydrodynamic diameters (D). Fig. 5 shows
size distribution histograms of DHLA coated QDs and QDs-
PNIPAM-TR nanohybrid (measured at 25 °C and 45 °C). The
DLS results showed that D, of DHLA coated QDs was 7.3+1.9
nm and D, of QDs-PNIPAM-TR under 25 °C was 17.1£5.1 nm.
After decoration with the polymer, the hydrodynamic diameter
of the nanohybrid increased compared to that of QDs alone.
The size was consistent with TEM results. The size of
nanohybrid determined by DLS are somewhat larger than that
measured by TEM, which is because nanohybrid in aqueous
solution are hydrated and polymer chains are extended when
temperature is below LCST. When temperature was increased
to 45 °C, which was above LCST, D, of QDs-PNIPAM-TR
nanohybrid increased to 247109 nm, indicating the formation
of aggregates. The aggregates can serve as scattering center,
which could cause the PL intensity decrease of QDs inside the
hybrid and this explains the quenching effect of PNIPAM on
QDs emission. The aggregation also affects the distance
between the QDs and dye, and hence the FRET between them.
Although the effect of aggregates on PL was complicated,
temperature sensing was still achieved by comparing the two
PL peak intensities and a nearly reversible change was
observed.

—— DHLA coated QDs
—— QDs-PNIPAM-TR 25°C
—— QDs-PNIPAM-TR 45°C
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Fig. 5 Size distribution histogram of DHLA coated QDs and
QDs-PNIPAM-TR (at 25 °C and 45 °C) measured by DLS.
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In summary, a new strategy is demonstrated to prepare
sensors based on QD nanoparticles-decorated with stimuli-
responsive polymers. Using RAFT polymerization, dual-end
functionalized polymers were synthesized with precisely
controlled molecular mass and conjugated to a fluorescent dye
as the reporter and to QD nanoparticles as FRET donors. The
current methodology is versatile and can be extended to other
stimuli responsive polymers to tune both the temperature range
and potentially the external stimulus for other QD based
Sensors.
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