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A polymeric fluorescent sensor PNME, consisting of A4 and
N-isopropylacrylamide (NIPAM) units, was synthesized.
PNME exhibited dual responses to pH and temperature, and
could be used as an intracellular pH sensor for lysosomes
imaging. Moreover, it also could sense different temperature
change in living cells at 25 and 37 °C, respectively.

The design and development of polymeric fluorescent sensors have
garnered a great deal of attention owing to the prompt detection
of analytes by fast fluorescence analysis.! Because polymeric
fluorescent chemosensors are superior to small molecular sensors
in terms of stability, easy handling, reuse, signal amplification and
so on,? they have been intensively used for the detection of
cations,® molecules,” pH> and temperature.®

Recently, some stimuli-responsive polymers and nanogels
have been reported, which have a wide range of applications in
optical imaging,” biological systems,® and analytes detection.
There are some dual or multiple stimuli responsive sensors for
the detection of oxygen and temperature,” oxygen and carbon
dioxide,'® oxygen and pH,'" pressure and temperature,'? oxygen,
temperature and pH,'® glucose and temperature,'* and pH and
temperature.'® However, most of them do not have applications
in biological systems, and there is no one dual sensor that can
sense intracellular pH and temperature simultaneously.

It is known that polyNIPAM dissolved in water shows a heat-
induced phase transition from coiled to globular state, with
hydration/dehydration of the polymer chain,'® which has a polar
character at low temperature (coiled state), but an increase in
temperature leads to the formation of a less polar domain inside
the polymer, associated with its aggregation (globular state).
Hence, polyNIPAM exhibits a reversible volume transition in
water at approximately 32 °C, defined as the lower critical solution
temperature (LCST). The phase transition of the polyNIPAM
polymer is reversible, regardless of a heating/cooling process.
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Scheme 1 Chemical structure of A4 and polymeric fluorescent sensor
PNME.

Herein, we combine a pH-responsive fluorescent dye with a
thermoresponsive polymer to synthesize a novel water soluble
polymeric fluorescent sensor PNME, which responds to both pH
and temperature. PNME (Scheme 1) consists of 2-(6-(4-(2-hydro-
xyethyl)piperazin-1-yl)-1,3-dioxo-1 H-benzo[de] isoquinolin-2(3H)-
ylethyl methacrylate (A4) and N-isopropylacrylamide (NIPAM)
units, which behave as the fluorescent signaling part and the
thermo-responsive part, respectively. PNME was synthesized by
an emulsion polymerization technique using a cross-linker N,N-
methylene-bis-acrylamide (MBAM) and an initiator ammonium
persulfate (APS) (Scheme S1, ESI¥).

A transmission electron microscopy (TEM) image indicated
that PNME is roughly spherical in shape (Fig. S1, ESIY), with
a diameter of ~50 nm (+ > 32 °C), which was further
confirmed by dynamic light scattering (DLS) measurements
(Fig. S2, ESIY). The ratio (x/y/z) of A4/ MBAM/NIPAM units
in PNME was determined by 'H-NMR (CDCl;, 25 °C)
analysis to be 0.7/18.0/81.3 (Fig. S9, ESIf).

Then, we studied the fluorescence response of PNME at
different pH values and temperatures. PNME exhibited a
sensitive fluorescence change towards pH between 4.0 and
10.0 at 25 °C (Fig. 1(a) and Fig. S4, ESIt). The fluorescence
intensity of PNME increased as the pH values decreased. In
the acidic pH range, especially pH lower than 4.0, the fluores-
cence intensity attained its maximum and kept unchanged. In
contrast, in the basic pH range up to 10.0, the fluorescence
intensity reached its minimum. And the pK, value of PNME
was 7.20. The enhancement of fluorescence intensity of PNME
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Fig. 1 Fluorescence responses of the polymeric fluorescent sensor PNME

(7 mg mL™Y) to (a) various pH values measured in water at 25 °C and

(b) different temperatures at pH 7.08. Excitation wavelength: 410 nm.

was ascribed to the protonation of the amino group in
piperazine under acidic conditions, which inhibited the
Photo-induced Electron Transfer (PET) process from the
amino group to the 1,8-naphthalimide fluorophore. Also, we
studied the pH dependence of fluorescence response of PNME
at different temperatures (Fig. S3, ESI¥). The fluorescence
intensity of PNME increased as the temperature increased.

As shown in Fig. S3(a) (ESIY), the fluorescence intensity of
PNME in the acidic pH range was stronger than that in the
basic pH range at 25 °C, and the fluorescence intensity at
525 nm enhanced by about 2-fold. Similar results were found
at 35 °C and 45 °C, but the fluorescence intensity enhanced by
about 5-fold (Fig. S3(b) and Fig. S3(c), ESI¥).

The fluorescence response of PNME to the temperature was
firstly observed by heating its aqueous solution at pH 7.08. As
shown in Fig. 1(b), the fluorescence intensity of PNME kept
stable below the lower critical solution temperature (i.e., t <
32 °C), and the fluorescence quantum yield (@) was 0.018 (in
water). While the fluorescence intensity enhanced sharply
when the temperature of the PNME solution was above
32 °C, and the ®f was 0.031 (in water). This was ascribed to
the heat-induced phase transition of the polymer’s structural
change from coiled to globular state, associated with
the polarity change of the environment around PNME'®!”
(Fig. S8, ESIf). As shown in Fig. S8 (ESIY), the fluorescence
intensity of A4 increased when the environment’s polarity
decreased. We also investigated the temperature dependence
of fluorescence response of PNME at different pH values
(Fig. S5, ESI¥). It was interesting that a distinguishable fluores-
cence change of PNME can be observed in the temperature
window from 32.5 to 34 °C (Fig. 1(b), and Fig. S6, ESIf). This
result also suggested the higher sensitivity of PNME to sense
temperature changes from 32.5 to 34 °C. The fluorescence
enhancement/quenching of PNME occurs reversibly. Fig. 2(a)
shows the fluorescence intensity change of PNME, where the pH
is changed repeatedly between 2.55 and 10.70. The result showed
that the fluorescence intensity is reversibly changeable at least
10 times. Similarly, when the temperature is changed repeatedly
between 28 and 40 °C, the fluorescence intensity of PNME
showed the identical reversible change with varying temperature,
as shown in Fig. 2(b). These results indicated that PNME showed
a smart structural change in response to the pH and temperature
variation, accordingly with a reversible fluorescence response.

Finally, we investigated the fluorescence response of PNME to
intracellular pH and temperature in the HeLa cells. Generally,
cells uptake small particles (<200 nm) such as mesoporous silica
nanoparticles (MSNs), polymers and quantum dots through
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Fig. 2 Change in the fluorescence intensity of the polymeric fluorescent
sensor PNME (1 mg mL™") dissolved in water: (a) pH was changed
repeatedly between 2.55 and 10.70, (b) temperature was changed repeatedly
between 28 and 40 °C.

the endocytosis pathway.'® Lysosomes are single membrane-
bound, small and spherical organelles (in the range of 0.1-1.2 um
in diameter) in the mammalian cells, and they play a principal role
in the endocytosis pathway.'” PNME with a diameter of ~ 50 nm
may be endocytosed and is a suitable lysosome-specific probe.
Furthermore, the pH in lysosomes (4.5-5.0) is lower than in
cytoplasm (~7.4). And the pK, value of PNME was 7.20, with
the strong fluorescence at pH < 5.0. These results suggested that
PNME was likely to accumulate in the acidic lysosomes and
expected to be an intracellular sensor for lysosome imaging.
Therefore, we studied the subcellular localization of PNME
in HeLa cells (Fig. 3). The commercially available lysosome-
specific staining probe LysoTracker Red from Molecular
Probe was used to co-stain the cells and their colocalizations
were conducted. After incubating the cells with PNME at
37 °C for 30 minutes, a bright green fluorescence was observed
in the HeLa cells under confocal fluorescence microscopy
(Fig. 3(a)). The strong green fluorescence of PNME can be
ascribed to the protonation of the amino group in piperazine
in the acidic environment of lysosome, and the green fluores-
cence was relieved. These results were identical with in vitro
results (Fig. 1(a)). Then we further studied the subcellular
distribution of PNME by co-staining cells with a lysosome-specific
probe LysoTracker Red. The HeLa cells were first incubated
with 5 uM PNME at 37 °C for 30 minutes, and then incubated
with 100 nM LysoTracker Red at 37 °C for another
30 minutes. As shown in Fig. 3(b), the strong red fluorescence
was also visible. These red signals can be attributed to the
lysosomal localization of LysoTracker Red. The merged image
of green fluorescence of PNME and lysosome stained with

Fig. 3 Confocal fluorescence images of a polymeric fluorescent
sensor PNME in HeLa cells (a) co-stained with LysoTracker Red
(b). (c) is the overlap of (a) and (b), (d) is the bright field image. The
bar represents 10 pm.
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Fig. 4 Confocal fluorescence images of a polymeric fluorescent
sensor PNME at different temperatures in the HeLa cells: (a) 25 °C
and (b) 37 °C, respectively. The bar represents 10 pm.

LysoTracker Red showed convincing yellow fluorescence
(Fig. 3(c)), which implied the colocalization of PNME in
lysosome. Meanwhile, the lysosome localization of PNME
demonstrated that PNME was taken up in lysosomes through
the endocytosis pathway and then accumulated in acidic
lysosomes (Fig. 3(c)). All these results indicated that PNME
could be used as an intracellular pH sensor for lysosome
imaging in living cells.

The intracellular temperature sensing of PNME was also
conducted in the HeLa cells through confocal fluorescence
microscopy (Fig. 4). As shown in Fig. 4(a), the cells incubated
with PNME at 25 °C displayed weak green fluorescence, while
the cells incubated with PNME at 37 °C exhibited brighter
green fluorescence, as shown in Fig. 4(b), which was also in
good agreement with in vitro results (Fig. 1(b)). The
result demonstrated that PNME could sense the intracellular
temperature change in living cells.

In summary, we have synthesized a novel water-soluble
polymeric fluorescent sensor PNME which responds to both
pH and temperature in neutral aqueous solution. PNME
exhibited a sensitive fluorescence change towards pH between
4.0 and 10.0 at 25 °C, and showed strong fluorescence at pH <
5.0. Meanwhile, the fluorescence intensity of PNME increased
as the temperature increased, and PNME could be used as a
thermometer to detect the temperature range from 32 to 40 °C
in aqueous solution. The subcellular localization of PNME
demonstrated that PNME with a diameter of ~50 nm could
be endocytosed by cells and accumulated in lysosomes, and
could be used as an intracellular pH sensor for lysosomes
imaging in living cells. Moreover, it also could sense different
temperature change in living cells at 25 and 37 °C, respectively.
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