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ABSTRACT: This communication describes ultrabright
single-nanoparticle ratiometric temperature sensors based
on semiconducting polymer dots (Pdots). We attached the
temperature sensitive dye—Rhodamine B (RhB), whose
emission intensity decreases with increasing temperature—
within the matrix of Pdots. The as-prepared Pdot-RhB
nanoparticle showed excellent temperature sensitivity and
high brightness because it took advantage of the light
harvesting and amplified energy transfer capability of Pdots.
More importantly, the Pdot-RhB nanoparticle showed
ratiometric temperature sensing under a single wavelength
excitation and has a linear temperature sensing range that
matches well with the physiologically relevant temperatures.
We employed Pdot-RhB for measuring intracellular tem-
peratures in a live-cell imaging mode. The exceptional
brightness of Pdot-RhB allows this nanoscale temperature
sensor to be used also as a fluorescent probe for cellular
imaging.

Temperature is a fundamental physical parameter that affects
the behavior of chemical and biological systems. Accurate

temperature determination is important in cells because tem-
perature influences both equilibrium constants and biochemical
reaction kinetics that range from gene expression to energy
metabolism. In disease states such as cancer, malignant cells
within tissues can be at an elevated temperature compared to
healthy cells because of differences in cellular metabolism.1 Thus,
it is important to have techniques and devices that are capable of
accurately monitoring temperature within biological systems.

Unfortunately, traditional methods based on thermocouples,
albeit sensitive and accurate, cannot measure temperatures
remotely within small confined spaces or at many locations
simultaneously, for instance, within individual cells of a complex
cellular network. Because of these constraints, optical tempera-
ture measurements—such as those based on the use of rare-earth
doped materials,2�9 quantum dot clusters,10,11 organic dye
molecule,12 gold-CdTe nanoparticle,13 and NIPAM based
materials14,15—have recently attracted much attention. Optical
temperature determination has the advantages of being nonin-
vasive and inherently parallel, which makes the approach parti-
cularly suitable for microfluidic16,17 and biological imaging
experiments.18,19

Because of the complex cellular environment, optical tem-
perature sensors should possess several qualities for in vivo
measurements. First, the optical signal from the sensor must be
bright enough to overcome background signals and autofluores-
cence from cellular materials. Second, the optical temperature

sensor should be nontoxic to the cell, a feature that is particularly
important for long-term cellular studies. And third, given the
complex biochemical milieu in a physiological solution, the
optical readout from the temperature sensor ideally should be
ratiometric. Most current optical temperature sensing schemes,
including those based on molecules (e.g., temperature sensitive
fluorescent dyes12) and nanoparticles (e.g., quantum dots,10,11

and nanogels18), are nonratiometric and rely on measuring
changes in fluorescence signal at a single wavelength.

To address this need for accurate and robust optical tempera-
ture sensing, we describe a new approach to designing ultrabright
ratiometric temperature sensors based on semiconducting poly-
mer dots (Pdots).20�22 Pdots represent a new class of fluorescent
probes with dimensions that can be manipulated from a few
nanometers to tens of nanometers, with a fluorescence bright-
ness that can be orders of magnitude greater than that of organic
dyes and tens of times better than that of quantum dots.21,22

Bioconjugation and controlling the surface chemistry of Pdots
had been a challenge, but we recently developed a method for
conjugating a wide range of biomolecules to Pdots.21,22 In this
study, we attached the temperature sensitive dye—Rhodamine B
(RhB), whose emission intensity decreases with increasing
temperature—within the matrix of Pdots. The final Pdot-RhB
nanoparticle showed excellent temperature sensitivity and high
brightness because it took advantage of the light harvesting and
amplified energy transfer capability of Pdots. More importantly,
because we could choose semiconducting polymers for the Pdots
with emission features that were temperature insensitive, we
were able to design ratiometric temperature sensors with two
emission peaks under a single wavelength excitation.

Figure 1A and 1B schematically show our approach, in which
we first conjugated RhB to an amphiphilic, amino-terminated,
polystyrene polymer (PS-NH2) to form PS-RhB. We then used
a nanoscale precipitation technique that blended PS-RhB with
a semiconducting polymer (either poly[(9,9-dioctylfluorenyl-
2,7-diyl)-co-(1,4-benzo-{2,10,3}-thiadiazole)] (PFBT) or poly-
[{9,9-dioctyl-2,7-divinylene-fluorenylene}-alt-co-{2-methoxy-
5-(2-ethylhexyloxy)-1,4-phenylene}] (PFPV)) to form the
final Pdot-RhB nanoparticle.

To ensure efficient energy transfer, RhB should be in close
proximity with the semiconducting polymer. Initially, we simply
tried to dope free RhB into Pdots because we thought RhB was
sufficiently hydrophobic to be entrapped within the hydrophobic
Pdot matrix. Contrary to our expectation, we found RhB did not
partition well into the Pdot matrix. Our strategy of blending PS-
RhB with the semiconducting polymer of the Pdots during the
nanoscale precipitation procedure overcame this issue.
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The sizes of Pdot-RhB can be tuned. The PFPV-RhB dots we
made averaged 22 nm in hydrodynamic diameter (Figure 1C)
while the PFBT-RhB dots were around 160 nm in hydrodynamic
diameter (Figure 1D). By varying the nanoscale precipitation
conditions, the molecular weight or type of semiconducting
polymer, or the amount of PS-RhB blended into the Pdots, we
could vary their size over a wide range. We tested blending
different amounts of PS-RhB with PFBT or PFPV and found 10
wt % worked best in terms of colloidal stability and the final
temperature sensitivity and brightness of the nanoparticles.

Our approach relied on efficient fluorescence resonance energy
transfer (FRET) from Pdot to RhB. For this to occur, the
emission of donor had to overlap well with the absorption of
acceptor. Although we explored the performance of several
semiconducting polymers, we found PFPV and PFBT offered
the best result: they were very bright. The quantum yield of
PFBT-RhB was measured to be 0.3 which is equal to bare PFBT
Pdot.21,22 For PFPV-RhB, the quantum yield is 0.1 which is
about 2 times higher than that for bare PFPV Pdot. The FRET
efficiency between PFBT/PFPV-RhB is up to 60%, and they had a
linear response over the physiologically relevant temperature
range and suitable spectral features for use as a ratiometric
temperature sensor.

Both PFPV and PFBT had a peak emission around 540 nm,
which overlapped well with the absorption peak of RhB. The
close proximity of RhB to the semiconducting polymer when
embedded within the Pdot matrix also facilitated energy transfer.
Most importantly, both PFPV and PFBT were efficiently excited
at 450 nm, a wavelength region where RhB was poorly excited.
Furthermore, the emissions from Pdot and RhB could be
spectrally separated, and because Pdot emission was temperature
insensitive while RhB emission was highly temperature depen-
dent, we used Pdot emission as an internal reference to construct
a ratiometric temperature sensor.

Figure 2A shows the absorption (dashed) and emission (solid)
spectra of PFBT (black) and PFBT-RhB (red) Pdots at room
temperature. Compared to pure PFBT Pdots, the absorption
spectrum of PFBT-RhB had an additional small absorption peak
at 555 nm that was accompanied by a small,∼ 10-nm red shift of
the main PFBT absorption peak. The small absorption peak that
appeared at 555 nm was from RhB. PFBT-RhB Pdots exhibited
two emission peaks—a “hump” at around 540 nm and a stronger
emission peak at 573 nm. The latter peak corresponded to the
emission of RhB, derived from the excellent energy transfer from
PFBT to RhB when excited at 450 nm; the small hump around
540 nm was the residual fluorescence from PFBT.

Figure 2B shows the absorption and emission spectra of PFPV
and PFPV-RhB Pdots at room temperature. The PFPV and
PFPV-RhB Pdots showed similar behavior as the PFBT and
PFBT-RhB Pdots. The emission spectrum of PFPV-RhB was
slightly different than that of PFBT-RhB, with a “hump” at

Figure 1. (A) Conjugation of RhB isothiocyanante (RhB-NCS) to an
amphiphilic amino-terminated polystyrene polymer (PS-NH2) to form
PS-RhB. (B) Formation of temperature sensitive Pdot-RhB (PFBT-RhB
or PFPV-RhB) by blending PS-RhB with a semiconducting polymer
(either PFBT or PFPV) during nanoprecipitation. Arrows in the particle
represent energy transfer from the semiconducting polymer to RhB. (C)
Transmission electron microscopy (TEM) image and dynamic light
scattering (DLS) measurement (histogram) of the size of PFPV-RhB.
(D) TEM and DLSmeasurement (histogram) of the size of PFBT-RhB.

Figure 2. Absorption (dashed) and emission (solid) spectra for (A)
PFBT and PFBT-RhB Pdots and (B) PFPV and PFPV-RhB Pdots. The
arrow shows absorption peak of RhB in the Pdots. Fluorescence spectra
of (C) PFBT-RhB and (D) PFPV-RhB at different temperatures. The
ratio of the 573-nm over the 510-nm peaks as a function of temperature
were plotted for (E) PFBT-RhB and (F) PFPV-RhB; the insets plot the
normalized intensities of the 573-nm peak versus temperature, showing
the linear decrease in fluorescence intensity as a function of temperature.
The error bars in (E) and (F) represent standard deviation of three
independent measurements. To obtain the emission spectra, 450-nm
light was used to excite all Pdots.
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510 nm and two closely spaced emission peaks at 540 and
573 nm. As with the PFBT-RhB Pdots, we observed excellent
energy transfer from PFPV to RhB.

We next investigated the temperature sensitivity of PFPV-RhB
and PFBT-RhB Pdots. Figure 2C and 2D show the fluorescence
spectra of the Pdot-RhB nanoparticles as a function of tempera-
ture when excited at 450 nm. The right dashed arrow (red) shows
the emission peak of RhB at 573 nm, which was temperature
dependent, while the left dashed arrow (black) points to the
temperature-insensitive emission at 510 nm from the semicon-
ducting polymer.

To quantitatively determine whether the temperature-depen-
dent changes in the emission spectra could be used for accurate
temperature sensing, we plotted the change in the normalized
fluorescence intensity of the 573-nm peak and the ratio of the 573-
nm to 510-nm peak as a function of temperature (Figure 2E and
2F). For PFBT-RhB,we found 10�70 �Cwas the range overwhich
fluorescence intensity changed linearly with temperature (R2 =
0.999). For PFPV-RhB, the linear range was 10�60 �C (R2 =
0.998). Both temperature-sensitive Pdots showed a fluorescence-
intensity change of∼1% per �C. Figure 2E and 2F plot the ratio of
I573nm/I510nm, from which we obtained a linear fit with an R2 of
0.999 for PFBT-RhB and an R2 of 0.996 for PFPV-RhB. It should
be noted that the ratiometric sensing range (10�70 �C) of Pdot-
RhB is much wider than those of NIPAM-based material.14,15

Next, we applied Pdot-RhB for measuring intracellular tem-
peratures in a live-cell imaging mode. Here, we introduced
PFBT-RhB (1 nM in cell-culture media) into live HeLa cells
via endocytosis without any additional reagents. After cellular
uptake, we washed the cells with PBS buffer to remove free Pdots
in solution and on the cell surface. The temperature of the cell
solution was controlled using a heating stage on the microscope.
Independently, the temperature of the cell solution was deter-
mined with a thermocouple probe immersed in the solution.

Figure 3 shows the confocal fluorescence images of HeLa cells
after the endocytosis of PFBT-RhB at 13.5 �C (A�B) and
36.5 �C (D�E). The green channels (panel A and D) were
obtained by integrating the spectral region from 507 to 518 nm,

and the red channels (panels B and E) were acquired by
integrating the fluorescence signals from 571 to 582 nm. Their
bright field images are shown in panels C and F, respectively. The
intensity of the red channel in panel B (13.5 �C) is higher than
that in panel E (36.5 �C) as expected. Figure S1 plots the
fluorescence intensity as a function of channel wavelength of
the cell pointed to with an arrow in panels C and F at 13.5 and
36.5 �C.

Because the green and red channels collected fluorescence
intensity over a range of 11 nm, we integrated the fluorescence
spectrum shown in Figure 2C into 11 nm bins, from which we
plotted a new calibration plot (Figure S2) that we used to obtain
the cell temperatures reported by the PFBT-RhB Pdots.

The average cell temperature reported by PFBT-RhB was
13.2( 0.9 �C (40 cells) for the 13.5 �C cell solution (measured
with the thermocouple) and 35.7 ( 1.8 �C (40 cells) for the
36.5 �C cell solution. The temperatures reported by PFBT-RhB
and the thermocouple are in good agreement, especially given
the thermocouple has an error of at least (0.5 �C.

In conclusion, we believe Pdot-RhB is an excellent nanosensor
for local temperature. It offers the high brightness of Pdots; is
inherently robust because it is a ratiometric sensor; and has a
linear temperature sensing range that matches well with the
physiologically relevant temperatures. The exceptional bright-
ness of a Pdot-RhB allows this nanoscale temperature sensor to
be used also as a fluorescent probe for cellular imaging. Together
with our recent advances at controlling specific cellular targeting
of Pdots21,22 and the fact that the size of Pdots can be tuned (e.g.,
∼20 and 160 nm as reported here), we believe Pdot-RhB will
become a useful tool for highly parallelized and spatiotemporally
resolved temperature measurements in cells and tissues.
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