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We report a self-referencing ratiometric nanothermometer based on short conjugated polyelectrolytes
(CPEs). The probe is prepared by complexing a phenylene-based polymer with polyvinylpyrrolidone
(PVP), an amphiphilic macromolecule that destabilizes CPE m— stacking. This makes it possible to shift
the equilibrium between the less emissive aggregated state of the CPE (520 nm) and its more emissive

single chains (450 nm) within a useful temperature range (15.0-70.0 °C). By testing different PVP
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Accepted 7th July 2016 molecular weights, we managed to tune the probe thermal sensitivity and response time. Given its
potential wide applications, the probe was tested under different pHs and using divalent and monovalent

DOI: 10.1039/c6ral4828) cations. We believe the reported nanothermometer will prove instrumental for ongoing efforts to
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Introduction

Ever since nanotechnological and nanomedical applications
rose to the forefront of scientific research, precise thermal
sensing at the nanoscale has posed a significant challenge in
which traditional contact-based thermometers have failed.'”
The ability to precisely measure temperature at the nanoscale
opens up great potential for controlling thermally activated
physical and chemical processes with unparalleled spatial and
temporal resolution.** For instance, light-induced heat that is
generated in metallic nanostructures is currently being used in
targeted cancer therapy and is representative of this pressing
need.”® Necrosis is induced in tumor cells at temperatures
around 42 °C, while abnormal and healthy cells alike suffer
irreversible damage at temperatures above 45 °C.* Given this
narrow thermal therapeutic window, there is an urgent demand
for accurate measurement, and consequently deliberate
control, of the heat generated in localized nanospatial dimen-
sions. Micro- and nanoporous thermoelectric devices are yet
another example where the ability to map thermal fluctuations
with high spatial resolution would have valuable repercussions
towards understanding the fundamental behavior of these
promising materials.****

Recent reports have enabled sub-micrometer thermometry
by employing various methods, such as scanning thermal
microscopy,™ reflectance thermometry,'* and scanning optical
thermometry.'>'® Ideal thermosensitive techniques should,
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accurately map and investigate heat production and dissipation at the nanoscale level.

however, be inexpensive, non-invasive, simple, and provide
a swift readout with minimal signal calibration over time.
Fluorescence-based thermometry offers the greatest advan-
tages, including large-scale imaging and contactless measure-
ment, which had made it possible, in recent years, to map
transparent substrates with an unprecedented spatial resolu-
tion of a few nanometers.”™ A wide range of luminescent
thermometers has been studied, based on a variety of fluores-
cent systems derived from organic dyes,”*?* quantum dots
(QDs),>** nucleic acid-based probes,*?¢ and fluorescent
proteins.*”*® These probes, for instance, allowed the mapping of
intracellular temperature.”**" In a recent example, Gota et al.
incorporated a water-sensitive dye in a thermoresponsive poly-
mer.*> As a result, temperature changes controlled the water
flux, and in turn this acted as a sensitive temperature trans-
ducer for localized heat mapping.

Fluorescent signal readout is, however, prone to many
external factors including, but not limited to, quenching, pho-
todegradation, and excitation source fluctuations. Ratiometric
measurements negate these effects thus improving the accuracy
of emission intensity-based thermometry.'®*"** Polymer dots in
conjunction with rhodamine B (RhB), for example, have been
developed into a ratiometric temperature probe.** The polymer
dot acts as an internal stable fluorescent reference, while RhB
acts as a temperature-sensitive probe. The reported polymer dot-
RhB system displayed a good temperature sensitivity of ~1% °C
and high brightness due to the light harvesting and amplified
energy transfer capabilities of polymer dots. However, ratio-
metric probes are often assembled from two different fluores-
cent molecules that photobleach at different rates and might be
quenched by different species, resulting in temperature readout
error. Thus, a single-component fluorescent ratiometric nano-
thermometer would provide a clear advantage.®

This journal is © The Royal Society of Chemistry 2016
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Fig. 1 Chemical structure of poly(phenylene ethynylene)carboxylate
with an average of 7 monomer repeating units (PPE-CO,-7) and the
amphiphilic polymer polyvinylpyrrolidone (PVP).

Our group has recently reported on the preparation of
a ratiometric nanothermometer by complexing a short conju-
gated polyelectrolyte, poly(phenylene ethynylene) (PPE-CO,-7)
(Fig. 1), with polyvinylpyrrolidone (PVP; MW = 55k),** an
amphiphilic macromolecule with great ability to complex with
a variety of chemicals including conjugated and aromatic
anionic molecules.’” The probe was shown to be highly sensi-
tive, reversible, and stable under photobleaching conditions. In
the presence of PVP, the PPE-CO,-7 aggregates are believed to be
destabilized, and small changes in the solution temperature
shifted the equilibrium between the two fluorescent species;
aggregated at 520 nm, and a brighter overlapping peak with the
emission of individual chains emitting at 450 nm.

In this study, we wanted to address some fundamental
questions pertaining to the previously reported probe which
could help in designing the second generation of CPE-based
nanothermometer; (i) does the probe sensitivity depend on
the PVP concentration and its molecular weight? (ii) What is the
exact mechanism behind the ratiometric response? (iii)
Knowing that water-soluble conjugated polyelectrolytes photo-
physical properties are highly dependent on their micro-envi-
ronment,**** will the probe operate under specific experimental
conditions/environment? As a result of addressing these ques-
tions, we further enhanced the sensitivity of the previously re-
ported system. We also gained a solid understanding of the
operational scheme of the reported nanothermometer by
acquiring fluorescent spectra and absorption measurements at
different temperatures with and without PVP.

Experimental section
Materials

Poly(phenylene ethynylene)carboxylate (PPE-CO,-7), with an
average of 7 monomer repeating units, was synthesized as
previously described and reported.**** Polyvinylpyrrolidone
(PVP) with different molecular weights (10k, 55k, and 360k) and
methyl viologen (MV**) were purchased from Sigma Aldrich.

Temperature sensing experiments

PPE-CO,-7 with a final concentration of 5 ug mL ™" prepared in
10 mM HEPES and 150 mM NacCl buffer solution (pH = 7.3) was

This journal is © The Royal Society of Chemistry 2016
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complexed with PVP (10Kk, 55k, or 360k) at a final concentration
of 2.5 mg mL™", unless otherwise stated. Steady-state fluores-
cence spectroscopy was carried out using a Thermo Fisher
Lumina spectrometer equipped with a temperature controller
unit (T3 Quantum Northwest). To maintain a homogeneous
temperature, the solution was continuously stirred at 400 rpm.
Fluorescent emission spectra were acquired upon excitation at
420 nm. Before each measurement, the solution was allowed to
stabilize for five minutes.

For practical purposes, the temperature sensitivities were
calculated by first integrating the fluorescence signal between
435 nm and the isoemission point, which is denoted as Igjye. A
second integration was calculated between the isoemission

Igjue

point and 650 nm (Igeq). The ratio (Q = ) of the integrated

Red
signal was then calculated and plotted against the change in
temperature. We did not report the population ratio of each
state as it requires computational processing that might not be
available in a standard optical setup where fluorescent signals
are often split using band/long-path filters. Given the lack of
a physical model that can fully describe the ratiometric signal
readout, the thermal response was fitted into a second order
polynomial function.

The relative sensitivity (S) was calculated using eqn (1) for the
fitted polynomial:*

99

S = %Txloo (1)

Results and discussion

In what follows, we will report on our efforts to understand the
operational scheme of the nanothermometer which could
provide specific guidelines to further develop conjugated
polyelectrolyte-based temperature probes.

Effect of PVP MW and concentration

Given the intimate interaction between the CPE and the
amphiphilic macromolecule, we searched for the PVP molec-
ular weight and concentration that would lead to the highest
temperature sensitivity. The optimized conditions must (i)
destabilize the PPE-CO,-7 aggregates at room temperature, and
(ii) exhibit the highest possible sensitivity as calculated by the
ratio of Igjue/Ired-

To this end, we followed the change in fluorescent emission
of PPE-CO,-7 samples upon incremental addition of PVP of
different molecular weights (10k, 55k, or 360k) at both 20.0 °C
and 70.0 °C. The room temperature measurements will enable
us to assess the solvation state of PPE-CO,-7. The higher
temperature measurements will allow us to probe the nano-
thermometer sensitivity by assessing the capability of the
amphiphilic molecule to shift the fluorescence of the CPE
solution from the red to the blue region. These two conditions
would thus result in optimized ratiometric signal readout. For
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all the tested molecular weights, the addition of PVP, at 20.0 °C,
increased the maximum emission peak at 520 nm with
a gradual appearance of a shoulder at 485 nm (Fig. S1t). At
concentrations higher than 2 mg mL™" of PVP, the emission
from the destabilized species (485 nm) dominated the fluores-
cence spectra (Fig. 2A). When the PVP concentration exceeded
2.5 mg mL ™', an emission shoulder at 450 nm emerges. At 70.0
°C, the pristine PPE-CO,-7 aggregates are destabilized as is
evident by the maximum emission peak at 485 nm. With the
addition of PVP, the emission peak shifts to 450 nm and
increases with each addition of the amphiphilic polymer
(Fig. 2B). To evaluate the probe sensitivity, we plotted the inte-
grated ratio against the concentration of PVP. As seen in Fig. 2C,
the ratiometric signal increased until it reached a steady slow
signal change at PVP concentrations above 2 mg mL™ ", for all
tested molecular weights.

Lacking a clear saturation point, we combined observations
from the two experiments to determine the optimum PVP
concentration. At 2.5 mg mL~', the different PVP molecular
weights induced a high thermal sensitivity (Fig. 2C), efficient
destabilization of the PPE-CO,-7 aggregates (485 nm), and
limited disaggregation at 20.0 °C (i.e. 450 nm) (Fig. S17). At this
concentration, the amphiphilic polymer concentration is below
its hydrodynamic critical concentration, estimated to be 68.3,
15.7, and 3.1 mg mL ', for the 10k, 55k, and 360k PVP,

A T=20.0°C; PVP MW= 55K
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respectively, at which the polymer coils start to interpenetrate.*
Unless otherwise stated, the nanothermometer probe will
therefore be prepared by mixing, at a final concentration, 5 pg
mL~" PPE-CO,-7 with 2.5 mg mL™" PVP.

Fig. 2C also revealed a greater ratiometric signal with the
increase of PVP MWs. We will further elaborate on this obser-
vation in another section.

Fluorescence quenching

To further understand the interaction between the two macro-
molecules, a series of quenching experiments were conducted.
These assays present a simple way to unravel sub-populations of
fluorescent molecules.

Fig. 3A summarizes the quenching emission spectra of PPE-
CO,-7, in complexation with three different PVP molecular
weights, after each addition of methyl viologen (MV>*), recorded
at room temperature.

The three samples show a clear fluorescent quenching with
a more efficient intensity decrease at 520 nm than the 450 nm
peak. To better elucidate this observation, we plotted the
normalized intensity for the three emission intensity peaks:
aggregated polymer chains at 520 nm, destabilized at 485 nm,
and disaggregated at 450 nm. While the monomer ratio is
conserved between the three different solutions, the initial
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Fig.2 Fluorescent emission spectra of PPE-CO,-7 (5 ng mL™Y) upon adding incremental amounts of PVP (MW 55k) at (A) 20.0 °C and (B) 70.0 °C.
(C) The changes in the ratiometric response of PPE-CO,-7 when mixed with 10k (m), 55k (¢), and 360k (A) PVP molecular weights at 70.0 °C versus
the final concentration of PVP in mg mL~%. The lines connecting the experimental points are for visual aid. All experiments were done in 10 mM
HEPES and 150 mM NaCl at pH = 7.3. The emission spectra were recorded upon excitation at 420 nm.
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Fig. 3 (A) Fluorescence emission spectra acquired upon adding increasing quencher concentrations of MVZ*to 5 ug mL ™! of PPE-CO,-7 mixed
with 2.5 mg mL~? of either 10k, 55k, or 360k molecular weights of PVP. (B) The normalized intensities from (A), with the starting points at three
different wavelengths represented by (H), (®), and (A) on the y-axis, for the aggregated species at 520 nm, the destabilized at 485 nm, and the fully
dissolved individual polymer chains at 450 nm, respectively. All experiments were done in 150 mM NaCl and 10 mM HEPES buffer solutions at

pH =7.3.

contribution of dissolved CPEs (450 nm a) increases with
increasing PVP molecular weights; as such, the normalized
intensity increased from 0.62 to 0.78 to 0.84 (Fig. 3B). The
quenching experiment also revealed that higher PVP molecular
weights resulted in higher single chain emission. We believe
that, given the stiff and rigid nature of PPE-CO,-7, a larger PVP
molecular weight allows greater solvation capabilities. Indeed,
the calculated radius of gyration for the 10k, 55k, and 360k was
3.9, 11.2, and 35.8 nm, respectively.* The estimated end-to-end
distance of the stiff polymer is calculated to be equal to 12 nm,
which highlights the advantage a larger PVP molecular weight
provides.

Upon addition of MV>*, the 450 nm peak becomes the
dominant peak at smaller quencher concentrations with the

This journal is © The Royal Society of Chemistry 2016

increase of PVP MW (13.0 x 107 °M, 8.53 x 107 °®M, and 4.86 x
10~°® M for the 10k, 55k, and 360k, respectively). Our quenching
experiments are therefore in agreement with the two-state
model where the 520 nm emission is more efficiently
quenched. In a study by Jiang et al., the MV>" quenching effi-
ciency was calculated for two solutions of PPE-CO,-185; one
aggregated in water, and another, well-dissolved chains in
ethanol.”® In water, the CPE emission (520 nm) was efficiently
quenched using a 1 uM quencher solution. In ethanol, when
PPE-CO,-185 is dissolved, 5 times more MV*" (5 uM) were
required to achieve the same quenching efficiency.

Overall, the quenching experiment reinforces the hypothesis
of the presence of the sub-excited state populations induced by
the interactions of PVP and PPE-CO,-7.

RSC Aadv., 2016, 6, 67002-67010 | 67005
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The ratiometric mechanism

The key advantage of the reported nanothermometer is in its
ratiometric thermoresponse. We know so far that higher PVP
MWs can accommodate more of the 450 nm emissive species,
which makes them less susceptible to quenching by MV>". So
does PVP fully disaggregate the PPE-CO, into single chains at
higher temperature? In ethanol, PPE-CO, polymers are well
dissolved into individual single chains with a maximum
absorbance at 390 nm and an emission intensity that peaks at
450 nm (Fig. 4A). In water, the phenylene-based conjugated
polyelectrolytes aggregate despite their water soluble side
chains. The aggregation is believed to be driven by their
hydrophobic backbone and is further stabilized by -7 stack-
ing.****% As such, in buffer (Fig. 4B), the PPE-CO, absorbance is
red-shifted to 420 nm. Upon excitation, the aggregated poly-
mers emit with a maximum emission at 520 nm. When the
temperature is increased to 70 °C, the polymer emission blue-
shifted to 485 nm. The absorbance and the excitation spectra,
however, remained unchanged. Phenylene-based conjugated
polyelectrolytes are rigid macromolecules.*® Despite this, the
barrier of rotation of adjacent phenyl rings is expected to be
low.* The dihedral angle between the benzene rings was found
to influence the gap between the HOMO-LUMO.** We therefore

View Article Online
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speculate that with increasing solution temperature, the
increase in torsional dynamic and out of plane twists is
a potential contributor to spectral shift.

PVP is an amphiphilic macromolecule that was previously
shown to destabilize conjugated polyelectrolytes hydrophobic
backbones.*® Specifically, when PPE-CO,-7 is mixed with PVP (in
this case, 360k) (Fig. 4C) a new emission peak is observed at
485 nm, but no changes were observed in the absorption or
excitation spectra. At higher temperatures, the maximum
emission shifts to 450 nm, which overlaps with that of the well-
dissolved single chains in ethanol. However, still no changes
were observed in the absorption and the excitation spectra.

Based on these spectroscopic experiments, we believe that in
the presence of PVP, as the temperature increases, PPE-CO,-7 in
its excited state is disaggregated into single chains that are
stabilized by the amphiphilic properties of PVP. As a result, the
emission spectrum overlaps with that of the individual polymer
chains. In the ground state, however, PPE-CO,-7 remains aggre-
gated even in the presence of PVP, irrespective of the temperature.

Probing the temperature sensitivity with different PVP MWs

Having gained a fundamental understanding of the interactions
of the two polymers, we focused on tuning the temperature
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Fig. 4 Emission, absorption and excitation spectra for PPE-CO,-7 in ethanol, buffer, and in the presence of PVP at 20.0 °C and 70.0 °C.
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sensitivity of PPE-CO,-7 by complexing it with different PVP
molecular weights. Since higher PVP MWs showed a higher
solubilization/stabilization of the conjugated polyelectrolyte
chains, we expected to observe an increase in the probe
sensitivity.

The macromolecule complex exhibited a good thermal
response between 10.0 °C and 90.0 °C (Fig. S47); however, we
limited our studies to temperatures between 15.0 °C and 70.0
°C. This range covers most processes that take place in water,
while avoiding potential errors introduced by water
condensation/evaporation over time. Consequently, the nano-
thermometer solution was subjected to temperature increases
in 5.0 °C increments, and the emission intensity was recorded
at each interval. With increasing temperature, the double peaks
observed at 520 nm and 485 nm decreased concomitant with
the increase in the fluorescent intensity at 450 nm (Fig. S57).
The ratiometric values were then calculated and plotted as
a function of temperature (Fig. 5A). All three nanothermometers
exhibited an outstanding thermal response over the tested
range with a calculated relative thermal sensitivity at 35.0 °C of
1.8% for PPE-CO,-7/PVP 10K, 2.4% for PPE-CO,-7/PVP 55k, and
2.7% for PPE-CO,-7/PVP 360k (Fig. 5B). In agreement with the
previous results, the highest sensitivity was observed with the
largest PVP molecular weight. When the probe sensitivity is
compared to previously reported ratiometric fluorescent probes,
the reported sensitivity is substantially greater.>"***

We should note that the probe sensitivity changes slightly
between different synthesized batches. This is might be due to
the polymer size distribution.*® In addition, the thermal sensi-
tivity response was observed to diminish with the PPE-CO,
solution age, probably due to time-induced precipitation/
aggregations. As such, for the reported sensitivities herein,
and for comparison purposes, all the experiments were per-
formed, within a few weeks, using PPE-CO,-7 synthesized from
the same batch.

Tuning the time response

Probes with fast response times are critical for resolving rapid
thermal fluctuations at the nano level. In order to determine the

= PPE-CO,-7 + PVP MW = 10K
* PPE-CO,-7 + PVP MW = 55K
3.0+ + PPE-CO,-7 + PVP MW = 360K

o=

T T T
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Temperature (~C)
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nanothermometer response time, the emission intensities of
PPE-CO,-7 in complexation with the three different PVP
molecular weights were recorded by stepping up the tempera-
ture from 20.0 °C to 55.0 °C (Fig. 6). To be able to monitor the
temperature change inside the solution, we measured the
solution temperature using an external K-type thermocouple
(chromel/alumel). The temperature and emission reading was
recorded every 10 seconds and plotted versus time. For the three
tested samples, 360k, 55k, and 10k, the emission intensity
started to increase after 20, 30, and 40 seconds, respectively. We
believe the delay in response time is mostly due to the differ-
ence in thermal diffusivity between the different PVP
samples.**** The change, however, in the rate of the fluorescent
signal was similar to that of the temperature as measured by the
thermocouple. For instance, the slope of the initial normalized
fluorescent signal of PPE-CO,-7/PVP 360k was calculated to be
equal to 0.0048 while that of the temperature was 0.0053

(Fig. S67).

Varying buffer conditions

While the previous experiments were done in a buffer solution
that mimics physiological pH and ionic strength (10 mM HEPES
and 150 mM NaCl, pH = 7.3), we realize that the probe may be
used under more complex matrices. As stated earlier, CPE
photophysics is highly dependent on their micro-environ-
ment.****** PPE-CO,, specifically, was shown to be quenched
with different efficiencies, under different pHs and by using
different electrolytes.*® We therefore compared the performance
of the probe at high and low pH values and when prepared in
a divalent cation solution (Ca>"). For this set of experiments, we
complexed PPE-CO,-7 with 2.5 mg mL ~' PVP (360k) which
showed the highest thermal sensitivity. Fig. 7 compares the
relative sensitivity of the probe at different pHs. It shows
a diminished performance at pH = 5.0 (1.7%), but comparable
sensitivity at pH = 11.0 (2.6%) to the one reported earlier at pH
= 7.3. At low pH, the carboxylic acid side chains are protonated,
and the CPE aggregates are further stabilized due to (i) the
stability introduced by the hydrogen bonding and (ii) the
diminishing effect of the side group electrostatic repulsion. We

B 8.2 » PPE-CO2-7 + PVP MW = 10K

PPE-CO2 -7 + PVP MW = 55K
*  PPE-CO2-7 + PVP MW = 360K
284

204

o /-\

T T T
10 20 30 40 50, 60 70
Temperature (~C)

Fig. 5 (A) Ratiometric thermal response of PPE-CO,-7 (5 ng mL™%) complexed with different PVP molecular weights (10k (m), 55k (@), and 360k
(A)), prepared at a final concentration of 2.5 mg mL™%, upon changing the temperature with 5.0 °C increments from 15.0 °C to 70.0 °C. The error
bars represent the standard deviation of three independent measurements. The lines connecting the experimental points are for visual aid. (B)
Relative thermal sensitivity (S) calculated from fitting (A) into a second order polynomial function versus temperature.
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Fig. 6 Time response of 5 pg mL™! PPE-CO,-7 complexed with
2.5 mg mL~t of 10k, 55k, and 360k PVP respectively upon changing the
temperature from 20.0 °C to 55.0 °C. The dotted line is the solution
temperature as recorded by the external thermocouple. The lines
connecting the experimental points are for visual aid.

therefore believe that the disaggregation efficiency of the PPE-
CO,-7 is inhibited under these conditions.

Calcium has been previously shown to quench the fluores-
cence of conjugated polyelectrolytes in general and specifically
PPE-CO, polymers.*® In our case, the fluorescence emission was
also quenched when compared to a probe prepared in Na®. It is
believed that Ca®" is able to effectively cross-link the anionic
chains by complexing with the carboxyl-side chains.***® When
the probe solution was subjected to an increase in temperature,
the fluorescence intensity initially increased, followed by a blue
shift and the appearance of the destabilized state (Fig. 8). No
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Fig.7 Relative thermal sensitivity for PPE-CO,-7 in complexation with
PVP 360k in a HEPES buffer solution at pH = 5.0 and 11.0.

—_— 4 L 15
5 1.0x10* 7 o 20
8 —A—25
3.8.0x103— —v—30
2 ——35
c 3 —<4—40
9 6.0x10" 7 —» 45
= —e—50
& 4.0x10°- —*— 55
g —e—60
7] 3 —o—65
o

=

i 0.0

T » T ¥ T ¥ T ¥ T
450 500 550 600 650
Wavelength (nm)

Fig. 8 Thermal response of PPE-CO,-7 in complexation with PVP
360k prepared in 10 mM HEPES and 30 mM CaCl, and pH = 7.3.

clear isoemission point was observed, not only with 360k but
also with the other two tested molecular weights as well

(Fig. S87).
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This could potentially be a limitation in uncontrolled envi-
ronments such as in in vivo studies, where Ca®>' and other
divalent atoms are abundantly present. In addition, low pH
values and other small molecules might interfere with the PPE-
CO, aggregation/disaggregation.

Conclusion

CPEs have been extensively used to probe the activity of enzyme
and detect different bacterial strains and specific DNA
sequences.””*® To the best of our knowledge, however, CPEs
have never been fully exploited as an active temperature probe.
We believe these materials, given their versatility and their
photophysical tunability, could have a significant impact on the
ongoing effort to develop nanothermometers for biological and
materials science applications. In this work, we show that the
intricate conjugated polyelectrolyte photophysics could be
tailored to produce a tunable temperature probe with excellent
thermal sensitivity between 15.0 °C and 70.0 °C. We showed
that PVP plays a critical role by first destabilizing the CPE -7
stacking and subsequently disaggregating the polymer chain in
its excited state at higher temperatures. This system displays, to
the best of our knowledge, one of the highest sensitivities of
a fluorescent single-component, ratiometric nanothermometer
and a good time response. The probe, however, showed limited
thermal response at low pH and in the presence of a divalent
cation. The prepared probe could therefore be used in
controlled environments to map, for instance, the temperature
in thermally active nanomaterials.
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