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ABSTRACT

The accurate and sensitive monitoring and imaging of mitochondrial pH in living cells play vital
roles in chemical biology and biomedicine. Herein, we design a novel ratiometric fluorescent
chemical probe for monitoring and imaging pH of mitochondria in living cells based on congo-red
(CR)-modified dual-emission semiconducting polymer dots (Pdots) via a competitive fluorescence
resonance energy transfer (FRET) mechanism. The Pdots are synthesized by triphenylphosphonium
(TPP)-modified polyoxyethylene nonylphenylether (CO-520), Poly(9,9-dioctylfluorenyl-2,7-diyl)
(PFO), poly(9,9-dioctylfluorene)-co-(4,7-di-2-thienyl-2,1,3-benzothiadiazole) (PF-DBTS5), and
poly(styrene-co-maleic anhydride) (PSMA) via nanoprecipitation method, and the prepared Pdots
are further chemically linked with pH-sensitive, non-fluorescent CR to obtain the
mitochondria-targeted pH fluorescent probes. This Pdots-based probe consists of two luminescent
components including PFO and PF-DBTS5 as fluorescence donors, a acid-base indicator CR as
energy acceptor, and TPP as mitochondria-targeting group. At different pH region, the FRET
efficiency between CR and PFO, or CR and PF-DBTS5 can be modulated. This probe exhibits good
biocompatibility, wide pH detection range from 2.57 to 8.96, good reversibility, high selectivity and
excellent photostability for pH monitoring. This probe allows for detecting and imaging of

mitochrondrial pH in the living cells with satisfactory results.
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INTRODUCTION

Mitochondria, a major subcellular organell with a cystic bilayer-membrane structure as the
metabolic powerhouse of the cell, plays pivotal roles in cellular metabolism functions and is
involved in different essential physiological processes such as cell energy production, apoptosis,
cell signaling, and calcium homeostasis.' The unique functions of mitochondria strongly depend on
the existed microenvironments of mitochondria, especially the mitochondrial pH (pHpi).>> The
mitochondrial pHp can directly effect a variety of biochemical processes and reflects the functional
viability of the organelle.z’3 The pHpit value has to be strictly controlled within a narrow range, and
variation of the normal pH,;; may lead to mitochondrial dysfunction and therefore results in many
diseases including neurodegenerative diseases, Reye's syndrome cancers, and cardiovascular
diseases.”® To elucidate the mitochondria-relevant biological events, it is therefore crucial to
develop accurate and sensitive methods for real-time monitoring pHpit dynamics in living cells in
chemical biology.

Comparing to other detection techniques such as electrochemical methods and functionalized
proteins,”® fluorescent chemical probes have been widely proven to be effective tools for sensing
and imaging biologically relevant species, including mitochondrial pH, in vitro and in vivo because
of their intrinsic superiorities including simple operation, high sensitivity and selectivity,
non-destructive detection, as well as in-situ imaging.g'15 Up to date, a variety of synthesized organic
molecules, nanoparticles, and fluorescent proteins have been reported for monitoring pHy; in living
cells.'®* However, in contrast to these single fluorescence-intensity-based fluorescent sensors,
ratiometric fluorescent probes have attracted increasing attentions for precise and quantitative

measurement of pH because they can more efficiently reduce the output signal fluctuations induced

ACS Paragon Plus Environment



©CoO~NOUTA,WNPE

Analytical Chemistry

by poor expression, cell movement, optical focusing, concentration and optical path length, and
environmental conditions through the ratiometric self-calibration of the dual-emission band.***’
Thus, it is still a great challenge and highly desirable to develop new fluorescent probes with high
brightness, favorable biocompatibility, significant colour change for pH monitoring and real-time
imaging in mitochondria of living cells.

Semiconducting polymer dots (Pdots) derived from fluorescent conjugated polymer’**display
unqiue characteristics which are very favorable for fluorescence sensing and imaging, including

33-36

high single-particle brightness, excellent photostability and low cytotoxicity, and have been

exploited in sensing,’’** imaging®***" and photodynamic therapy.’'* However, modified Pdots

via tuning the surface chemistry as subcellular targeting probe for mitochondrial pH monitoring has
not been reported so far to the best our knowledge. In this work, we designed the first example of
pH-responsive and mitochondria-targeted functionalized Pdots for pH,;; monitoring and imaging in

living cells (Scheme 1).

)

,@+°¢+0H — 8 Gtotme’
CHis EDC/DMAP Ceths
€0-520 TPP-CO-520 —&

Cs"n aH17 n

PFO v PSMA

Low pH CR/TPP@Pdots High pH

Scheme 1. Schematic illustration of the designed mitochondria-targeted Pdots for ratiometric

detection of pHpj.
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As shown in Scheme 1, prior to preparing fluorescent Pdots, mitochondria-targeting group,
triphenylphosphonium (TPP) was linked to polyoxyethylene nonylphenylether (CO-520) to obtain
TTP-CO-520. And then, TTP-CO-520, Poly(9,9-dioctylfluorenyl-2,7-diyl) (PFO),
poly(9,9-dioctylfluorene)-co-(4,7-di-2-thienyl-2,1,3-benzothiadiazole) (PF-DBTS), and
poly(styrene-co-maleic anhydride) (PSMA) were used as raw materials to synthesize fluorescent
Pdots, COOH/TPP@Pdots with nanoprecipitation method. The obtained Pdots are enriched with
carboxy groups and mitochondria-targeting group. Thereafter, pH-sensitive and non-fluorescent
indicator, congo red (CR), was further chemically linked to the as-prepared COOH/TPP@Pdots
through typical carbodiimide (EDC)-coupling-chemistry to obtain mitochondria-targeted, pH
sensitive, ratiometric fluorescent probes, CR/TPP@Pdots. The CR/TPP@Pdots exhibited attractive
mitochondria-targeting ability, and high accurancy and sensitivity for monitoring pH, providing a

reliable approach for ratiometric sensing and real-time imaging of mitochondrial pH in living cells.

EXPERIMENTAL SECTION

Chemicals and Instrumentals. Poly(9,9-dioctylfluorenyl-2,7-diyl)-end-capped ~ with
dimethylphenyl (PFO; average MW, 89 000; polydispersity, 2.3) was procured from ADS Dyes,
Inc. (Quebec, Canada). Poly(9,9-dioctylfluorene)-co-(4,7-di-2-thienyl-2,1,3-benzothiadiazole)
(PF-DBTS5) is donated by Prof. Changfeng Wu from South University of Science And Technology
of China. (3-Carboxypropyl) triphenylphosphonium bromide (TPP-COOH), congo red (CR),
nigericin, and 4-dimethylaminopyridine (DMAP) were bought from Aladdin (Shanghai, China).
Poly(styrene-co-maleic anhydride) (PSMA), polyoxyethylene nonylphenylether (CO-520, average

MW 441), tetrahydrofuran (THF, anhydrous, >99.9%, inhibitor-free),
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2-(4-(2-hydroxyethyl)-1-piperazinyl) ethanesulfonic acid buffer (HEPES) and
1-ethyl-3-[3-dimethylaminopropyl] carbodiimide hydrochloride (EDC-HCIl) were all purchased
from Sigma-Aldrich. Dulbecco’s-modified Eagle’s medium (DMEM) was procured from Hyclone
(Logan, UT). All reagents and solvents were used as received from commercial suppliers without
further purification. Ultrapure water with a resistivity greater than 18.25 MQ cm was used
throughout this study.

The fluorescence and UV-vis absorption spectrum was recorded on a LS-55 spectrophotometer

(PerkinElmer, USA) and a Lambda-35 UV-Vis spectrophotometer (PerkinElmer, USA),
respectively. Luminescence lifetime and quantum yield measurements were carried out on a FLS
920 spectrofluorometer (Edinburgh Instruments, UK). A ZS90 Zetasizer Nano instrument (Malvern,
UK) was used to measure the hydrodynamic size and zeta potential. The morphology of Pdots was
characterized with a HT-7700 transmission electron microscope (Hitachi, Japan) operating at an
accelerating voltage of 100 kV. The images of Raw 264.7 cells were captured using a confocal laser
scanning microscope (Leica, SP8, Germany).
Preparation of TTP-CO-520 and COOH/TPP@Pdots. The TPP-CO-520 was synthesised by
DMAP-catalyzed reaction according to previously reported literature with modified procedures.™
Typically, CO-520 (10 mg), TPP-COOH (16 mg), EDC-HCI (5 mg) and DMAP (1 mg) were
co-dissolved in a 20 mL glass vial with 10 mL of anhydrous DMF. After magnetically stirring for
24 h, the TPP-modified CO-520, TPP-CO-520 was obtained. The polymer TPP-CO-520A with a
concentration of 1 mg mL™" was stored at 4 °C for further use.

The COOH/TPP@Pdots was further synthesized with slightly modified procedures reported

previously. 4754 The polymers PFO, PF-DBTS5 and PSMA were dissolved in anhydrous THF to
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obtain 1.0 mg mL™ stock solutions under vigorous sonication, respectively. A 3 mL homogeneous

THF solution containing PFO (42 pg mL™), PF-DBT5 (8 pg mL™), PSMA (16 pg mL™) and

©CoO~NOUTA,WNPE

TPP-CO-520 (4 pg mL™) was quickly injected into 10 mL ultrapure water and sonicated for 5 min,
11 and then THF was removed by reduced pressure distillation to get colloidal solution of Pdots. After
14 that, the as-prepared colloidal solution was filtered through a 0.22 pm membrane filter to remove
16 any formed aggregates and then concentrated with a centrifugal filtration (Amicon Ultra-4; MWCO:
19 100 kDa) to obtain 50 pg mL™" Pdots solution. The prepared Pdots solution was stored at 4°C for
21 further functionalization.

24 Preparation of CR/TPP@Pdots. The CR/TPP@Pdots were obtained by EDC-mediated coupling
26 of COOH/TPP@Pdots with CR according to previously reported literature.” Typically, 100 pL of 5%
29 PEG (w/v) and 100 pL of HEPES (1.0 M) were added into 5 mL COOH/TPP@Pdots solution (50
31 ng mL™") and mixed well on a vortex. Then, 150 puL of CR (10 mg mL"") was added into the above
34 mixture to ensure that only an amino group of CR was involved into the reaction. Thereafter, 100
uL of freshly prepared EDC solution (10 mg mL™') was added and the final mixture was
39 magnetically stirred for 4 h at room temperature. After the mixture was followed by blocking with
41 100 uL of 10% BSA at 37 °C for 20 min, the CR/TPP@Pdots was obtained via centrifugation with
44 five times and stored at 4°C for further use.

46 Procedures for pH Detection. An equivalent amount of 10 pL of CR/TPP@Pdots (50 pg mL™)
49 solution was put into a series of 0.6 mL colorimetric tubes and diluted to 200 pL using HEPES
buffers (20 mM) with various pH values, respectively. After incubated for 10 min at 37 °C, the

54 fluorescence measurements were performed with 380 nm light excitation, respectively.
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Cell Culture and Imaging. RAW 264.7 murine macrophages were cultured in Dulbecco’s
modified Eagle’s medium (DMEM) containing 10% FBS (WelGene), penicillin (100 units mL™),
and streptomycin (100 pg mL™") at 37 °C in a humidified atmosphere containing 5% CO,. For the
subcellular location of probes, RAW 264.7 cells were incubated with CR/TPP@Pdots (2.5 pg mL™)
at 37 °C for 1 h, and then Mito-Tracker green (0.5 pM) was added into the culture medium for 10
min. The cells were washed three times with PBS before viewing. For fluorescence imaging of
pHmit in living cells, the cells were plated in a 24-well glass bottom plate at a seeding density of
50,000 cells per well and incubated at 37 °C, and then washed with PBS to remove non-adherent
cells. Prior to fluorescent staining, the adherent macrophages were starved in serum-free DMEM for
2 h. After serum starvation, the RAW 264.7 cells were incubated with CR/TPP@Pdots (2.5 pg
mL™) for 1 h, followed by a standard washing program to remove the extracellular probes. Prior to
image, the cells were further incubated with DMEM containing high-K* and 10 mM nigericin at
various pH values for 15 min.

MTT Assay. The cytotoxicity of probe was tested with RAW 264.7 cells by MTT assay. Typically,
the cells with a density of 10" cell/well were incubated for 24 h in a 96-well microtiter plate. After
the cells were incubated with 100 pL culture medium containing different concentrations of
CR/TPP@Pdots for 48 h, MTT (50 uL, 1 mg mL™") was added to the well and incubated at 37 °C
for 4 h, and then 100 pL of dimethyl sulphoxide was added to each well. After vibrating for 15 min,

the well was measured to obtain the relative cell viability (%) by (Atest/Acontrol) X 100% at 490 nm.

RESULTS AND DISCUSSION

Design and Characterization of CR/TPP@Pdots. In order to design dual-emission ratiometric
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fluorescent Pdots, we choose polymers PFO and PF-DBTS5 as the luminescent components to
prepare dual-emission semiconducting polymer nanoparticles due to the large wavelength
difference between their emission spectra (Figure 1A, curve c, d) and almost total absorption
spectra overlapping (Figure 1A, curve a, b), which provides a precondition to prepare
single-excitation, dual-emission ratiometric probes. In addition, as shown in Figure 1A, little
spectral overlap between the emission spectrum of PFO (curve c¢) and the absorption spectrum of
PF-DBTS (curve b) is observed, suggesting that the intermolecular energy transfer within single
Pdot can happen and therefore endow Pdots with dual-emission characteristics using excitation
wavelength of 380 nm. To achieve mitochondria-targeted purpose, the mitochondria-targeting
groups, TPP molecules were anchored on polymer CO-520 to obtain amphiphilic polymer
TPP-CO-520. Based on the above considerations, polymers TPP-CO-520 and PSMA were further
blended with semiconducting polymers PFO and PF-DBTS5 to get COOH/TPP@Pdots. To evaluate
the compact structure of the obtained COOH/TPP@Pdots, a leaching test was performed by
comparing the absorption spectra of COOH/TPP@Pdots with the absorption spectra of the
centrifugal filtrate COOH/TPP@Pdots solution after ultrafiltration. The centrifugal filtration of
COOH/TPP@Pdots was obtained by centrifuging at 3500 rpm for 5 min through a centrifugal
filtration device (Amicon Ultra-4 Centrifugal Filter with a molecular weight cutoff of 100 000).
Figure S1 (Supporting Information) shows the absorption spectra of COOH/TPP@Pdots and
corresponding filtrate obtained by ultrafiltration, respectively. As shown in Figure S1, the
absorption spectra of centrifugal filtration of COOH/TPP@Pdots displays almost a straight line and
no obvious absorption peaks are observed, suggesting that the leaching of polymers embedded in

the composite Pdots is negligible due to the hydrophobic characteristics of the conjugated polymers
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and covalent conjugation of TPP-CO-520. The COOH/TPP@Pdots were further covalently linked
with pH-sensitive indicator, CR to obtain the final functionalized Pdots, CR/TPP@Pdots to realize
pH sensor. As expected, the as-prepared fluorescent COOH/TPP@Pdots show two emission bands
when excited with 380 nm, locating at the shorter wavelengths region originated from PFO
emission at 442 and 468 nm (blue region), and the longer wavelength originated from PF-DBTS5
emission at 616 nm (red region) (Figure 1B). The absorption cross section of the single particle is
estimated to be ca. 5.73 x 10" ¢cm? and the fluorescence quantum efficiency is estimated to be
0.487. The mitochondria-targeting groups, TPP molecules on the surface of Pdots can be confirmed
by NMR, SEM-EDS analysis, and UV absorption spectrum. As shown in Figure 1C, the
COOH/TPP@Pdots exhibit characteristic proton NMR signal of TPP at 7.748 ppm, which is close
to the reported value.”® In addition, EDS elemental analysis clearly shows that the TPP molecules
were loaded on the Pdots surface (Figure S2, supporting information). From the UV—vis spectra
shown in Figure 1D, TPP-CO-520(curve b) and COOH/TPP@Pdots (curve c) display a
characteristic absorption band of TPP (curve a) appeared at 267 nm. The average number of TPP
molecules anchored on Pdots was calculated to be ca. 325 per Pdots. These results indicate the TPP

was successfully modified on the probe surface.

10
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Figure 1. (A) Absorption (a, b) of PFO and PF-DBTS5 in THF solution and emission spectra (c, d)
of PFO and PF-DBTS5 Pdots in aqueous solution. (B) Absorption (a) and emission (b) spectra of
and

COOH/TPP@Pdots. (C) Proton NMR spectra of TPP-CO-520, COOH/TPP@Pdots

COOH@Pdots. (D) UV-visible absorption spectra of TPP (a), TPP-CO-520 (b),

COOH/TPP@Pdots (c), and COOH@Pdots (d).

In order to further verify the formation of the target functional Pdots, transmission electron
micrographs (TEM), dynamic light scattering (DLS) and agarose gel were employed to investigate
the fabrication process of CR/TPP@Pdots. As shown in Figure 2, the TEM images show that both
COOH/TPP@Pdots (Figure 2A) and CR/TPP@Pdots (Figure 2B) exhibit highly spherical
monodisperse with dimensions of approximately 21 nm and 26 nm, respectively. This result is
accordance with the results of DLS measurements (Figure S3), indicating the successful synthesis
of CR/TPP@Pdots. Figure 2C display the agarose gel electrophoresis lanes of different
COOH/TPP@Pdots or mixtures. As shown in this figure, COOH/TPP@Pdots and the mixtures
including COOH/TPP@Pdots and EDC, and COOH/TPP@Pdots and CR have the same positions
on the gel. However, when mixing COOH/TPP@Pdots, CR and EDC, in which CR can link with

11
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COOH/TPP@Pdots via EDC reaction, the lane shows lower migration rate, indicating the CR

molecules are anchored on Pdots surface.

A B

Figure 2. TEM images of COOH/TPP@Pdots (A) and CR/TPP@Pdots (B), and Agarose gel

electrophoresis assays of different COOH/TPP@Pdots composites (C).

Ratiometric pH Sensing Mechanism of CR/TPP@Pdots. As we know, congo red, the sodium salt
of benzidinediazo-bis-1-naphthylamine-4-sulfonic acid, is a non-fluorescent acid-base indicator
with a pKa value of 5.5,”” and its chemical structural changes are closely associated with the pH of
solution due to the protonation/deprotonation processes.”® Fluorescence spectra were firstly
performed to investigate the fluorescent properties of CR/TPP@Pdots in HEPES buffer solution
with different pH values. As shown in Figure 3A, when the pH values change from 8.96 to 2.57, no
obvious changes in the intensities of blue emission region originated from PFO component in Pdots,
while dramatical changes in the intensities of red emission band originated from PF-DBTS5
component in Pdots were observed when excited with 380 nm. This suggests that a ratiometric
sensor of can be constructed using the blue fluorescence in blue region as reference signal while the
red fluorescence as report signal. These experimental results can be explained by the efficiency of
intermolecular fluorescence resonance energy transfer within particles as follows. As shown in

Figure 3B, with the pH values changing from base region to acid region, the absorption peak
12
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location of CR displays red-shift accompanying with gradually decreasing absorbance, which will
affect the extent of spectra overlap between the donor and the acceptor and therefore influence the
efficiency of the FRET process. Figure 3C displays the spectra overlap between absorption spectra
of CR and fluorescence spectra of Pdots at pH 8.96 and 2.57, respectively. As depicted in Figure 3C,
with the decreasing pH value decreasing from 8.96 to 2.57, the spectral overlap between the
emission of PFO of Pdots and the absorption of CR was gradually decreased, while the spectral
overlap between the emission of PF-DBTS5 of Pdots and the absorption of CR exhibited an obvious
enhancement. In order to compare the FRET efficiency of PF-DBTS5 and CR at different pH, the
FRET efficiencies at two typical pH values were calculated. At pH 8.96 (basic region), the FRET
efficiency was calculated to be 5.2%, which is much lower than the value of 73.4% at pH
2.57(acidic region). This result is good agreement with the situation of spectral overlay at the two
pH values. To further confirm the FRET mechanism between the luminescent components of Pdots
and CR, time-resolved fluorescence measurements were performed by collecting the emission
intensities at 616 nm. As shown in Figure 3D, the fluorescence lifetime is estimated to be 3.40 ns
for CR/TPP@Pdots and 4.67 ns for COOH/TPP@Pdots, respectively. This suggests that CR can
interact with the excitation state of COOH/TPP@Pdots, supporting the presence of FRET from
Pdots to CR, which is consistent with the predictions of the energy transfer model demonstrated

above.

13
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Figure 3. Fluorescence emission spectra of CR/TPP@Pdots (2.5 pg mL™) at pH 8.96 (a), 6.01 (b)
and 2.57 (c) with an excitation of 380 nm. (B) UV—Vis absorption spectra of CR at pH 8.96 (a),
6.77 (b), 5.75 (c), 4.03 (d) and 2.57 (e). (C) The spectra overlap between emission spectra of Pdots
(a) and absorption spectra of CR with pH 8.96 (b) or and 2.57 (¢). (D) Time-resolved fluorescence

spectra of COOH/TPP@Pdots (black dot line) and CR/TPP@Pdots (red dot line).

Ratiometric Fluorescence Detection of pH in Buffer Solution. The feasibility of the designed
fluorescent ratiometric probe for pH detection was examined in HEPES buffer solution with various
pH values. As shown in Figure 4A, upon increasing pH value from 2.57 to 8.96, the intensities of
red emission band of CR/TPP@Pdots at 616 nm was significantly increased, while those of blue
emission bands at both 442 and 468 nm are nearly silent. In the meantime, a noticeable color
changing from blue to magenta with the changing of pH value was observed under UV lamp,
indicating the pH can also be identified by the naked eyes (inset in Figure 4A). The relative

fluorescence intensity ratios (/16/1442) showed a good linear proportion to the pH values in the range

14
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from 2.57 to 8.96 with a correlation coefficient of 0.9978 (Figure 4B). Figure 4C shows the
reversibility of CR/TPP@Pdots for cyclic detection of pH at 2.5 and 9.0, the CR/TPP@Pdots shows
excellent reversibility between pH 2.5 and pH 9.0, which is attributed to the inherent characteristic

°73% and excellent stability of the fluorescent probe.

of fast protonation/deprotonation process of CR
Furthermore, the photostability of the CR/TPP@Pdots at different pH values were investigated.
Figure 4D demonstrates the individual time-dependent absolute fluorescence intensity of blue (a, c,
e) and red (b, d, f) emission of CR/TPP@Pdots in different pH under the irradiation of a 365 nm
UV lamp. We can see from this figure that both the individual fluorescence intensity and the ratio
(inset of Figure 4D) of CR/TPP@Pdots in different pH buffers did not show significant changes
with a duration of 130 min, indicating that CR/TPP@Pdots exhibited excellent photostability. This

result was in substantial agreement with the reports in the previous literature. *'** In all, the

prepared CR/TPP@Pdots exhibit good stability and can be used for long-term monitoring of pH.
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Figure 4. (A) Fluorescence emission spectra of CR/TPP@Pdots with an excitation of 380 nm in
15
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20.0 mM HEPES buffer solution at pH 2.57 (a), 3.04 (b), 3.48 (c), 4.03 (d), 5.05 (e), 6.01 (f), 6.77
(g), 7.83 (h), 8.48 (i) and 8.96 (j). The inset photos are the corresponding colors under a 365 nm UV
lamp. (B) Plot of the relative fluorescence intensity ratios (/516/1442) in response to pH values. (C)
The intensity ratios (/s16/1442) of CR/TPP@Pdots upon repeatedly switching pH from 2.5 to 9.0. (D)
The time-dependent absolute FL intensity of blue (a, ¢, ¢) and red (b, d, f) emission of
CR/TPP@Pdots with a 365 nm UV lamp in 20.0 mM HEPES buffer solution at pH 8.5, 6.0 and 3.0.
The inset photo represents the corresponding time-dependent intensity ratios (/g16/laq2) of
CR/TPP@Pdots with a 365 nm UV lamp at pH = 8.5 (a), 6.0 (b), and 3.0(c). The concentration of

CR/TPP@Pdots for all experiments is 2.5 pg mL™.

In order to investigate the anti-interfering ability of CR/TPP@Pdots for pH sensing, the
variations in fluorescence intensity ratios (/g16/l442) in the presence of potential interfering
substances including ions, amino acids and bioactive small molecules were examined under the
same conditions. As depicted in Figure S4, comparing with the blank /s;6//44; ratio in the absence of
interfering substances, no detectable variations in the /Ig1¢//44> ratios were observed when adding
different interfering species such as 100 uM of K", Na’, Fe2+, Caz+, Zn2+, Cu2+, Mg2+, Hg2+, Cd2+,
Ni**, Co*’, and 5 uM of L-arginine (Arg), glutamic acid (Glu), L-cysteine (Cys), glutathione
(GSH), serine (Ser), methionine (Met), valine (Val), L-tyrosine (Tyr), phenylalanine (Phe), glucose
and dopamine (DA). The anti-interfering experiment reveals that CR/TPP@Pdots display the
capacity for pH determination with high selectivity and can be used to monitor the pH in complex
biological samples including living cells. In addition, the effects of ionic strength on the pH sensing
of CR/TPP@Pdots also were investigated by adding different concentrations of NaCl to the buffer.

As shown in Figure S5, the relative fluorescence intensity ratios of the present pH sensor has no
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obvious change with the increasing in ionic strength, revealing the effect of ionic strength is
negligible.

Cytotoxicity Measurements. To evaluate the biocompatibility and feasibility of bio-applications of
CR/TPP@Pdots, an MTT assay was performed. As shown in Figure S6, the cell viability of Raw
264.7 cells was above 68.7% when the concentration of CR/TPP@Pdots was as high as up to 16 pg
mL™, which is comparable with those reported previously.””*® This indicates that the present
CR/TPP@Pdots exhibit low cytotoxicity and good biocompatibility in living systems.
Mitochondria Targeting of CR/TPP@Pdots. We first checked the mitochondrial targeting
performance of the CR/TPP@Pdots nanoprobes using confocal laser scanning microscopic image.
The co-localization test was carried out by co-incubating the Raw 264.7 cells with CR/TPP@Pdots
and a commercially available mitochondria tracker (Mitotracker green). As seen in Figure 5, a
bright fluorescence of CR/TPP@Pdots (red channel, Figure 5B) was observed, which is
well-overlapped with that of Mitotracker green (green channel, Figure 5A) with a Pearson’s
coefficient of 0.896, suggesting that the present CR/TPP@Pdots have the mitochondria-positioning
capability.

Mitotracker green CR/TPP@Pdots

Merged Bright
17
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Figure 5. Confocal laser scanning microscopic images for Raw 264.7 cells incubated with DMEM
(pH=7.4) containing Mito-Tracker green (0.5 pM) and CR/TPP@Pdots (2.5 ug mL'l). (A) Green
fluorescence of Mito-Tracker green using excitation wavelengths of 490 nm. (B) Red fluorescence
of CR/TPP@Pdots using excitation wavelengths of 380 nm. (C) Merge image of (A) and (B). (D)
Bright field images. Imaging windows of green channel and red channel with 510-570 nm and 590—

640 nm. Scale bar represents 25 pm.

pH 4.0 pH 5.5 pH 7.0 pH 8.5

" ....
) ....
o ....

Bright
field

Figure 6. Confocal microscopy images of Raw 264.7 cells were incubated CR/TPP@Pdots (2.5 pg
mL™) at pH 4.0, 5.5, 7.0 and 8.5. The images of blue channel and red channel with the emission

windows of 420—470 nm and 590—640 nm; Scale bar represents 25 pum.
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Fluorescence Imaging of pHp; in Living Cells. To investigate the potential of the
CR/TPP@Pdots to monitor pH in mitochondria, CR/TPP@Pdots were incubated with Raw 264.7
cells for 1 h, and the cells were then washed with pH 7.0 phosphate buffer. Thereafter, the cells
were incubated in new cell culture medium containing high-K" and 10 mM nigericin at various pH.
Nigericin, a polycyclic ether carboxylic acid compound, can readjust a rapid equilibration of the
intracellular and extracellular pH as H'/K" ionophore.®"** After incubating at 37 °C for 15 min, the
cells were investigated by the confocal microscopy images. As depicted in Figure 6, the
fluorescence intensities of red channel were notably enhanced with the increasing of pH from 4.0 to
8.5, while no obvious changing in fluorescence intensities were observed in the blue channel. And
also, obvious color changing from blue to pink in merged channel was observed. These
observations are in good agreement with spectral results in buffer solution described in above text,
indicating that CR/TPP@Pdots nanoprobes could be activated by pH in the living cells. In order to
quantitative detection of pH in living cells, the fluorescence intensity ratios, Ired/Ibe, Of
CR/TPP@Pdots were calculated by pixel-by-pixel calculation of images recorded in the red and
blue channels of the Raw 264.7 cells imaging. As shown in Figure S7, the fluorescence intensity
ratios showed a characteristic pH-dependent signal with a good linear relationship (R* =0.986) in
the pH ranging from 4.0 to 8.5, indicating that CR/TPP@Pdots show the ability of to detect
exogenous pH in living cells. The bright field imaging reflects the state of cells survival, and further
confirms that the prepared CR/TPP@Pdots display good biocompatibility. Taking the linear detect
pH range into account, the CR/TPP@Pdots have excellent performance for pHy,i: detection not only

in normal mitochondria, but also in damaged mitochondria or in pathogenic state of living cells.

CONCLUSIONS

In summary, we have provided the first example of pH-responsive and mitochondria-targeted

functionalized Pdots for pH monitoring and imaging in the living cells. The CR/TPP@Pdots with
19
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dual-emission exhibit fast response, wide pH detect range, good reversibility, high selectivity and
excellent photostability as ratiometric fluorescent probes. These distinguished properties of
CR/TPP@Pdots make them suitable for monitoring and imaging the pH in living systems. The
nanoprobes have been successfully employed to detect and image pHp,; with dual-channel in the
Raw 264.7 cells, and showed a good linear relationship between the fluorescence intensity ratios
and pH values. We believe that rational design and functionalization of Pdots will offer an excellent

strategy and platform for the detection of a wide range of various analysts in living systems.
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