
Chemical
Science

EDGE ARTICLE

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

4 
M

ar
ch

 2
02

0.
 D

ow
nl

oa
de

d 
on

 1
2/

6/
20

25
 6

:2
8:

14
 P

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.

View Article Online
View Journal  | View Issue
A multifunctiona
aState Key Laboratory for the Chemistry a

Resources, Guangxi Normal Universit

zhaoshulin001@163.com
bDepartment of Chemistry and Biochemistry

Jackson, MS 39217, USA. E-mail: yiming.liu

† Electronic supplementary informa
10.1039/d0sc00757a

‡ These authors contributed equally to th

Cite this: Chem. Sci., 2020, 11, 3636

All publication charges for this article
have been paid for by the Royal Society
of Chemistry

Received 10th February 2020
Accepted 13th March 2020

DOI: 10.1039/d0sc00757a

rsc.li/chemical-science

3636 | Chem. Sci., 2020, 11, 3636–36
l nanoprobe for targeting tumors
and mitochondria with singlet oxygen generation
and monitoring mitochondrion pH changes in
cancer cells by ratiometric fluorescence imaging†

Jingjin Zhao, ‡ab Mengbing Zou,‡a Mengjiao Huang,a Liangliang Zhang, a

Keqin Yang,a Shulin Zhao *a and Yi-Ming Liu *b

Mitochondria are the main sites of cell metabolism. Even minor pH changes may lead to mitochondrial

dysfunction and promote cell apoptosis. Mitochondrion-targeting photosensitizers can produce singlet

oxygen in the mitochondria. In tumor photodynamic therapy (PDT), tumor cells are killed through singlet

oxygen generation by photosensitizers, and optimally the process of cell apoptosis can be real-time

monitored by monitoring the changes of mitochondrial pH value. To this end, a multifunctional

nanoprobe that is not only able to produce singlet oxygen in mitochondria but also able to detect the

changes in mitochondrial pH value has been developed in this work. The probe is a single-excited dual-

emission biomass quantum dot (BQD-FA) prepared from Osmanthus leaves with folic acid (FA) and

polyoxyethylene diamine as modifiers. The BQD-FAs can target tumor cells and mitochondria, and

produce singlet oxygen in the mitochondria under near-infrared laser irradiation (lem ¼ 660 nm). On the

other hand, in the pH range of 3–8, the fluorescence intensity ratio of BQD-FAs at wavelengths 490 nm

and 650 nm showed a good linear relationship with the pH value of mitochondria. The ratiometric

fluorescence imaging of mitochondria using the prepared BQD-FAs showed that when the cells were

chemically stimulated with chlorphenizone, the mitochondrial pH dropped from 7.9 to 7.2 within 15 min.

Based on these characteristics, we envision that the prepared multifunctional nanoprobe will be of high

significance in the biomedical research of mitochondria and PDT of tumors.
Introduction

Mitochondria play prominent roles in many facets of cellular
function such as regulating the REDOX state of cells, producing
reactive oxygen species, generating energy through the respi-
ratory chain, initiating cell apoptosis, and other important
metabolic functions.1–3 However, these functions depend
greatly on the pH ofmitochondria. Small changesmay affect the
biochemical process of the cell, leading to mitochondrial
dysfunction.4,5 Accurate measurement of mitochondrial pH
provides an understanding of the core features of mitochon-
drial function under physiological and pathological condi-
tions.6 Therefore, it is of great signicance to develop accurate
and sensitive methods to measure mitochondrial pH value and
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to monitor the changes of mitochondrial pH in living cells for
the study of cell metabolism and the in-depth understanding of
physiological and pathological processes.7–12

Photodynamic therapy (PDT) is one of the important
emerging procedures to treat cancer.13 It involves three key
components: light, a photosensitizer and oxygen. Once the
photo-sensitizer is excited by photons of a specic wavelength,
the photosensitizer is transformed from its ground singlet state
into an electronically excited triplet state.14 The excited photo-
sensitizer molecules provide energy to the surrounding oxygen
molecules, resulting in the production of singlet oxygen.15,16

Singlet oxygen is an important free radical of reactive oxygen
species (ROS). The functional damage of mitochondria is
closely related to the content of ROS in mitochondria, and
excessive ROS will cause peroxide damage to mitochondria.17

However, about 90% of ROS are produced in mitochondria,
which are the main regulators of apoptosis.18 On the other side,
production of excess ROS leads to mitochondrial autophagy and
apoptosis which can further induce mitochondrial acidica-
tion.19 Therefore, disruption ROS levels in mitochondria can
lead to functional damage and induce apoptosis, which is one
of the major mechanisms of cancer treatment.20
This journal is © The Royal Society of Chemistry 2020

http://crossmark.crossref.org/dialog/?doi=10.1039/d0sc00757a&domain=pdf&date_stamp=2020-04-04
http://orcid.org/0000-0003-1194-7665
http://orcid.org/0000-0003-1108-8258
http://orcid.org/0000-0002-2560-042X
http://orcid.org/0000-0002-7760-9565
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d0sc00757a
https://pubs.rsc.org/en/journals/journal/SC
https://pubs.rsc.org/en/journals/journal/SC?issueid=SC011014


Scheme 1 Schematic illustrating the preparation and application of
BQD-FAs.
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Mitochondrion-targeting photosensitizers can more effectively
disrupt mitochondrial ROS levels and promote apoptosis.16,21,22

In addition, we have found that during apoptosis in cancer cells,
the pH value of the cells decreases by one pH unit.23 Therefore,
it can be speculated that by tracking changes in mitochondrial
pH value during photodynamic therapy, the degree of cell
apoptosis during this process can be understood.

Ratiometric uorescence imaging analysis can eliminate the
analysis error caused by the non-uniform distribution of the
probe, matrix background, photobleaching, excitation light
stability uctuation, and other factors, and can greatly improve
the measurement accuracy.13,24–26

Carbon quantum dots (CQDs) are newly developed uores-
cent nanomaterials. They have been widely studied due to their
excellent photostability, good biocompatibility, high chemical
stability and easy functionalization.27–30 In particular, more and
more interest is aroused in biomedical elds such as biosen-
sors,31,32 bioimaging33–35 and gene transmission.36 CQDs
prepared from natural biomass, known as biomass quantum
dots (BQDs), have attracted much attention because of their
environmental friendliness, low cost and potential for large-
scale preparation.37–40 More importantly, since the raw mate-
rials of BQDs come from biomass, BQDs are particularly suit-
able for biological applications due to their low cytotoxicity and
good biocompatibility.

Herein, to disrupt effectively mitochondrial ROS levels and
promote apoptosis during PDT, and accurately track the
changes in mitochondrial pH value during PDT, a multifunc-
tional nanoprobe that not only can produce singlet oxygen in
mitochondria, but also can detect the mitochondrial pH value
by ratiometric uorescence imaging is reported. The nanoprobe
is single-excited dual-emission BQDs prepared from Osmanthus
leaves with folic acid (FA) and polyoxyethylene diamine (NH2-
PEG-NH2) as modiers by a special method (BQD-FAs). The
BQD-FAs have both tumor and mitochondrial targeting capa-
bilities, and are able to generate large amounts of singlet oxygen
under near-infrared light. As yet, graphene quantum dots have
been used as photosensitizers to produce singlet oxygen.41

Several organic dyes have also been used as ratiometric uo-
rescent probes to determine mitochondrial pH values.7,11,12

However, dual-targeting nanoprobes with the above two func-
tions have not been reported. Therefore, the proposed nanop-
robe can be used, respectively, as a mitochondrion-targeting
photosensitizer for PDT of tumors22 and as a mitochondrion-
targeting ratiometric uorescence nanoprobe for monitoring
mitochondrion pH changes in cancer cells.

Results and discussion
Preparation and characterization of BQD-FAs

The preparation route and application of BQD-FAs are shown in
Scheme 1. In order to obtain BQDs that can produce singlet
oxygen, we rst extracted chlorophyll from Osmanthus leaves
using ethanol/acetone (1 + 1), and then the added chlorophyll
extract and NH2-PEG-NH2 to oleic acid to obtain BQDs by
a solvent thermal method. Because the prepared BQDs’ surface
is rich in nitrogen functional groups, it is positively
This journal is © The Royal Society of Chemistry 2020
charged.33,42,43 As mitochondria have strong negative membrane
potentials, the BQDs tend to accumulate in mitochondria.44 The
BQD-FAs were obtained by modifying BQDs with FA. Since the
BQD-FA surface is rich in FA, they can bind specically to FA
receptors on the cancer cell surface.45 On the other hand, since
the BQD-FA surface is rich in chlorophyll, amine groups and FA,
it can produce cytotoxic singlet oxygen under near-infrared light
irradiation,46 and have the ability to target mitochondria and
tumors. A transmission electron microscope (TEM) was used to
characterize the morphology, internal crystal structure and
particle size of BQD-FAs. The results are shown in Fig. S1†. It
can be seen from the gure that the nanoparticles have a good
dispersion, with the particle size distribution ranging from
1.0 nm to 3.5 nm, and the average particle size is about 2 nm.
The illustration in Fig. S1a† is a high-resolution transmission
electron microscopy (HRTEM) of BQD-FAs, in which the lattice
fringes of BQD-FAs can be clearly seen. Analysis of TEM data
shows that the crystal plane spacing is 0.33 nm, which is similar
to the crystal plane spacing of graphene (0.336–0.34), indicating
that the graphitic carbon domain is present in the prepared
BQDs.47

Fig. S2† is the X-ray diffraction (XRD) diagram of BQD-FAs,
and it can be seen that there is an obvious wide diffraction
peak at the position of 2q ¼ 25.3, and the crystal surface of the
amorphous carbon structure corresponding to this peak is 002,
which is consistent with result of TEM. The diffraction peak of
the BQD-FAs is similar to that of graphene, which further
indicates that the BQD-FAs have a graphene-like skeleton. The
element composition and surface bonding of BQDs were
studied by X-ray photoelectron spectroscopy (XPS), and the
results are shown in Fig. S3†. As can be seen, the BQDs are
mainly composed of C, N and O, accounting for 69.15%, 2.28%
and 28.55% respectively. Fig. S3a† is an overall distribution
diagram of element analysis, and as can be seen, a strong O1s
characteristic peak appears at the position of 532.7 eV, a sub-
strong C1s characteristic peak appears at the position of
285.1 eV, and a weak N1s characteristic peak appears at the
position of 399.1 eV. The high resolution XPS diagram of C1s
Chem. Sci., 2020, 11, 3636–3643 | 3637
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Fig. 1 (a) UV-visible absorption spectrum of BQDs as well as fluo-
rescence emission spectrum of BQDs at an excitation wavelength of
405 nm; (b) fluorescence emission spectra of BQDs at an excitation
wavelength of 514 nm; (c) fluorescence emission spectra of BQD-FAs
in solutions of different pH values (lex¼ 405 nm); (d) linear relationship
between the ratio (F490/F650) of two emission peak fluorescence
intensities and solution pH.
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(Fig. S3b†) shows that the main bonding of C is C]C/C]N (sp2

284.38 eV), C–N (sp3, 284.98 eV), C–O (sp3, 286.23 eV), and C]O
(sp2, 287.73 eV). Fig. S3c† is a high-resolution XPS diagram of
N1s, and as can be seen, the bonding of Nmainly consists of two
components, namely pyrimidine N (399.38 eV) and pyrrole N
(399.83 eV). Fig S3d† is a high-resolution XPS diagram of O1s,
showing that the main bonding of O is O]C (531.13 eV), O–N
(532.33 eV) and O–C (533.03 eV). The above analysis fully proves
that the surface of the BQD-FAs is rich in hydrophilic groups.48

In order to enable BQDs’ effective targeting of cancer cells,
we modied them with FA, and characterized the groups on
the surface of functional BQDs (i.e. BQD-FAs) by Fourier
Transform Infrared Spectroscopy (FTIR). The spectrum is
shown in Fig. S4†. As can be seen, the peaks of BQDs at 3430,
2974, 1701, 1055 cm�1 are respectively O–H/N–H, C–H, C]O
and C–O–C vibration absorption peaks. The peak at 1638 cm�1

is generated by the stretching vibrations of the C]C and C]N
bonds of polycyclic aromatic hydrocarbons. By comparing the
infrared spectra of BQDs and FA with the infrared spectra of
BQD-FAs, it was noted that the characteristic peaks of BQDs at
2913 and 3435 cm�1 shied, respectively, to 2906 and
3414 cm�1, and the strength of the peaks increased, indicating
that the chemical environment of the surface groups on BQDs
was changed. In addition, the stretching vibration peak
attributed to the surface of BQDs –NH+]C at 1248 and
884 cm�1 did not appear in the infrared spectra of FA, indi-
cating that the surface of BQD-FAs has the groups that were on
the surface of BQDs. In the infrared spectrum of FA, a char-
acteristic peak that is not found in BQDs appears at
1701 cm�1, which is also found in the spectrum of BQD-FAs,
indicating that the surface of BQD-FAs also has the groups
that were in FA. The above analysis further proves that BQDs
and BQD-FAs are rich in hydrophilic groups such as –COOH
and –NH2/–OH, which makes the BQDs and BQD-FAs have
good water solubility and provides a possibility for their bio-
logical application.
The optical properties of BQD-FAs

To investigate the feasibility of using BQD-FAs as a ratiometric
uorescence nanoprobe for pH measurement, the UV-vis
absorption spectra and uorescence spectra of BQDs were
investigated, and the results are shown in Fig. 1a. It can be seen
from the UV-vis spectra that there is signicant absorption at
279 nm, which is attributed to the p–p* electron transition of
the C]C double bond. There is also a weak absorption peak at
415 nm, which is the n/p* electron transition from the C]N
double bond. When excited with a wavelength of 405 nm (the
maximum excitation wavelength), the BQDs presented two
emission peaks, located at 490 nm and 650 nm, respectively.
When excited with a wavelength of 514 nm, the emission peak
at 490 nm is red-shied to 575 nm, and its emission intensity is
almost reduced by 94%, while the emission peak at 650 nm is
almost unchanged, and its uorescence emission intensity is
only slightly reduced (Fig. 1b). These results indicate that the
emission peak located at 490 nm is excitation-dependent, and is
the emission peak of the carbon nanodots (C-dots),49 whereas
3638 | Chem. Sci., 2020, 11, 3636–3643
the emission peak at 650 nm is not excitation-dependent and is
the emission peak of chlorophyll on the surface of the BQDs.46

In order to further verify the modication of BQDs’ surface
by FA, the UV-visible absorption spectra of BQDs, FA and BQD-
FAs were investigated, and the results are shown in Fig. S5†. It
can be seen from their absorption spectra that in the absorption
spectra of BQD-FAs, the absorption of BQDs at 415 nm is
weakened, while the absorption at 279 nm is greatly enhanced,
and this enhanced absorption comes from FA. These results
indicate that FA has been successfully immobilized on the
surface of BQDs.
The response of BQD-FAs to pH

The response of BQD-FAs to pH change was investigated, and
the results are shown in Fig. 1c. With excitation at 405 nm, the
uorescence emission spectrum of BQD-FA solution showed
two emission peaks. As the pH value of the solution increased
from 2 to 9, the maximum emission wavelength of the rst
emission peak shied from 471 nm to 498 nm, and the uo-
rescence intensity increased by about 55%. The intensity and
position of the second emission peak at 650 nm remained
almost constant as pH changed. However, as the pH value of the
solution increased from 3 to 8, the ratio (F490/F650) of the two
emission peaks gradually increased from 1.75 to 3.89, and
presented a good linear relationship with the pH value of the
solution (Fig. 1d). The linear regression equation was F490/F650
¼ 0.43029pH � 0.54343 (R2 ¼ 0.9908). These results indicate
that BQD-FAs can be used as a ratiometric uorescent nanop-
robe for detection of pH changes in solutions.

In addition, the reversibility of BQD-FAs as a pH nanoprobe
was investigated. As shown in Fig. S6†, when the pH value of the
solution was adjusted from 3 to 8, the ratio (F490/F650) of two
emission peak uorescence intensities of the BQD-FA solution
This journal is © The Royal Society of Chemistry 2020
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Fig. 2 (a) The specificity of BQD-FAs in pH response in the presence
of different substances: (1) blank, (2) K+, (3) Na+, (4) Zn2+, (5) Mg2+, (6)
Ca2+, (7) Cu2+, (8) Fe2+, (9) Fe3+, (10) BSA, (11) GSH (2–11: 10 mM), (12)
Cys (1 mM), (13) H2O2, (14) ClO

�, and (15) NO2
� (13–15: 100 mM); (b)

the fluorescence intensity and F490/F650 value (curve 2) of the BQD-
FAs solution at the wavelengths of 490 nm (curve 1) and 650 nm (curve
3) under laser irradiation with 405 nm wavelength for different times.
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increased to the maximum value, and when the pH value was
adjusted again to 3, the F490/F650 went back to the minimum
value. Aer ve such pH change cycles, the F490/F650 values
showed the same cycling results. This indicates that BQD-FAs as
a probe for pH measurement have good reversibility. In addi-
tion, when the BQD-FA probe was dissolved in PBS buffer
solution with different pH values (3–8), the solution colour
changed gradually from pale yellow to brown as the pH value
increased. Under laser irradiation (excitation wavelength of 405
nm), the colour of BQD-FA solution gradually changed from
light pink to dark green with the increase of pH value of the
solution from 3 to 8 (Fig. S7†). This phenomenon was consistent
with the result that the uorescence intensity of the emission
peak of the solution at 490 nm increased gradually with the
increase of pH value.

The specicity and stability of BQD-FAs for detection of pH by
ratiometric uorescence

To examine the specicity of BQD-FAs in pH response in the
presence of different substances including metal ions, ClO�,
NO2

�, bovine serum albumin (BSA), H2O2, glutathione (GSH)
and amino acids, the various substances were prepared,
respectively, in PBS buffer solution (pH ¼ 7.4) containing BQD-
FAs, the uorescence intensity of the solutions at the wave-
lengths of 490 nm and 650 nm was then measured at an exci-
tation wavelength of 405 nm, and the uorescence intensity
ratio at the two wavelengths was calculated, and the results are
shown in Fig. 2a. As can be seen from the gure the change of
the uorescence intensity ratio (F490/F650) of the BQD-FA solu-
tion is less than �5% in the presence of experimental ions and
biomolecules, and is almost negligible indicating the good
specicity of BQD-FAs in pH response. On the other hand, the
BQD-FA solution was kept for one month at a temperature of
4 �C, and its chemical properties and uorescence intensity did
not change signicantly. Under laser irradiation at 405 nm
wavelength, the uorescence intensity of the BQD-FA solution at
the wavelengths of 490 nm and 650 nm did not change signif-
icantly within 10min of irradiation. Aer irradiation for 10min,
the uorescence intensities at the wavelengths of 490 nm and
650 nm were both slightly reduced, but the uorescence
intensity ratio (F490/F650) at the two wavelengths remained
basically unchanged (Fig. 2b), indicating that the BQD-FA
solution showed good visible light stability.

The production of singlet oxygen by BQD-FAs

Using 1,3-diphenyl isobenzofuran (DPBF) as the detecting
reagent, we examined the ability of singlet oxygen production by
BQD-FAs under near-infrared light illumination by UV-vis
spectrophotometry. A solution of BQD-FAs and DPBF was illu-
minated with a 650 nm, 50 mW laser, and then the UV-visible
absorption spectrum of the solution was measured every
0.5 min. The results are shown in Fig. 3. As can be seen from the
gure, the absorption intensity of DPBF at 420 nm gradually
decreased with the extension of irradiation time. When the
illumination time was 6.5 min, the absorption intensity of DPBF
dropped to the lowest, and didn't change any more. However,
This journal is © The Royal Society of Chemistry 2020
the absorption intensity of the mixture of BQD-FAs and DPBF in
the dark treatment did not decrease at 420 nm, and the
absorption intensity remained unchanged at 6.5 min. These
results indicate that BQD-FAs can generate singlet oxygen under
near-infrared irradiation and can be used as a novel photo-
sensitizer in photodynamic therapy of tumors.

The tumor cell targeting of the BQD-FA probe

T24 cells and 7702 cells were incubated with BQD-FA solution
for 12 h, respectively. Then, the tumor targeting ability of the
BQD-FA probe was investigated by laser confocal imaging. The
results shown in Fig. 4 indicate that with excitation by a 405 nm
laser, the BQD-FAs in T24 cells (cancer cells) showed green and
red uorescence at 480–500 nm and 640–660 nm channels,
respectively, while the BQD-FAs in 7702 cells (normal cells) did
not show uorescence, which indicates that BQD-FAs can enter
the cancer cells, while they can't enter the normal cells, and they
have good tumor targeting ability.

Mitochondrial localization study of BQD-FAs in cancer cells

T24 cells were incubated with BQD-FA solution for 12 h, and
incubated further with Mito-Tracker Rhodamine 123 for
Chem. Sci., 2020, 11, 3636–3643 | 3639
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Fig. 3 (a) UV-visible absorption spectrum of mixed solution of BQD-
FAs and DPBF for different irradiation times; (b) the change in the
absorbance curve of the mixed solution of BQD-FAs and DPBF with or
without laser irradiation at 420 nm with time extension.

Fig. 4 The tumor targeting ability of the BQD-FA probe. Laser
confocal imaging of T24 cells (cancer cells) and 7702 cells (normal
cells) after incubation with BQD-FA solution for 12 h.

Fig. 5 Mitochondrial localization images of BQD-FAs in cancer cells.
(a) Mito-Tracker image; (b) BQD-FA image; (c) merge.

Fig. 6 The viability of T24 and 7702 cells incubated with BQD-FAs at
different concentrations after being exposed to laser (660 nm, 50mW)
irradiation for 6 min.
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30 min. Then, the mitochondrial targeting ability of BQD-
FAs was investigated by confocal imaging. The results
shown in Fig. 5 indicate that with excitation by a 514 nm
laser, the Mito-Tracker Rhodamine 123 in mitochondria
3640 | Chem. Sci., 2020, 11, 3636–3643
showed green uorescence, while the BQD-FAs in mito-
chondria showed red uorescence, and the co-localization
coefficient of the co-localization region in the superposi-
tion gure was 0.94, which indicates that BQD-FAs can enter
mitochondria and they have good mitochondrial targeting
ability.
Targeted photodynamic therapy of cancer cells

In order to further study BQD-FAs’ cancer cell targeting property
and validation of the generation of singlet oxygen, an experi-
ment using laser (660 nm, 50 mW) illumination for 6 min of
cancer cells (T24 cells) and normal cells (7702 cells) incubated
with BQD-FAs, respectively, was carried out, and then the MTT
method was used to investigate their targeted photodynamic
therapy effect. The results are shown in Fig. 6. As can be seen
from the gure, without BQD-FAs, the survival rate of both types
of cells did not change signicantly aer 6 min of laser irradi-
ation, indicating that the cell damage caused by laser irradia-
tion was negligible. Aer laser irradiation, the survival rate of
7702 cells incubated with BQD-FAs did not change signicantly,
while the survival rate of T24 cells decreased gradually with the
increase of BQD-FA concentration for the same irradiation
duration. When the concentration of BQD-FAs was 9 mg mL�1,
the survival rate of T24 cells decreased to 48.5%. When the
concentration of BQD-FAs was 13 mg mL�1, the survival rate of
T24 cells decreased to about 19.5%, while the survival rate of
This journal is © The Royal Society of Chemistry 2020
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Fig. 8 (a) Confocal microscopy images of T24 cells incubated with
BQD-FAs at pH 3.0, 4.0, 5.0, 6.0, 6.5, 7.0, 7.5 and 8.0. The images of the
blue channel and red channel were from the emission windows of
480–500 nm and 640–660 nm. (b) The fluorescence intensity of the
480–500 nm channel and the 640–660 nm channel at different pH
values. (c) The working curve for measurement of mitochondrion pH
in cancer cells.
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7702 cells was still close to 90%. These results indicate that
BQD-FAs have good targeting and photodynamic effects on
cancer cells.

An annexin V-FITC/PI apoptosis detection kit was used to
detect early apoptosis of the cells, and ow cytometry was used
to analyze the photodynamic treatment effects of BQD-FAs on
cancer cells (T24 cells) and normal cells (7702 cells). The
results are shown in Fig. 7. By comparing the laser irradiation
groups of 7702 and T24 cells with the control group without
laser irradiation, it was noted that the apoptosis rate of both
groups was about 10%, suggesting that laser irradiation had
little effect on apoptosis. Aer the cells were incubated with
BQD-FAs (9 mg mL�1), the apoptosis rate of T24 cells in the
light irradiation group was 41.8%, while the apoptosis rate of
T24 cells in the non-irradiation group was only 11.4%. In
addition, the early apoptosis rate of T24 cells in the light
exposure group was 19.19%, signicantly higher than the early
apoptosis rate of T24 cells in the non-exposure group (3.34%).
These results indicate that laser irradiation induced BQD-FAs
in mitochondria to produce singlet oxygen, which promoted
cancer cell apoptosis. Compared with the T24 cells whose
apoptosis rate was 41.8%, the apoptosis rate of 7702 cells
incubated with BQD-FAs was only 11.56%. These ndings
suggest that BQD-FAs may be used for targeted treatment of
cancer cells.
Ratiometric uorescence imaging of mitochondrion pH

The intrinsic ability of BQD-FAs to target mitochondria was
investigated in live T24 cells in the pH range of 3.0–8.0. T24 cells
were incubated with BQD-FAs for 12 h, the incubation medium
was discarded, and then further incubated with high K+

concentration buffer solution with different pH values and 10
mM Nigerian bacterin for 30 min.4 Then, the uorescence of
cells in the green channel (480–500 nm) and the red channel
(640–660 nm) was collected using laser scanning confocal
microscopy with a 405 nm laser as the excitation source, and the
results are shown in Fig. 8. As can be seen from the gure, the
uorescence intensity of the green channel gradually increases
with the pH value increasing from 3 to 8, while the uorescence
intensity of the red channel is almost unchanged (Fig. 8a). The
uorescence intensities of the two channels at different pH
Fig. 7 Flow cytometric analysis of T24 and 7702 cells incubated with
BQD-FAs with or without laser irradiation.

This journal is © The Royal Society of Chemistry 2020
values were collected (Fig. 8b), and the uorescence intensity
ratio (F480–500/F640–660) and the pH value of the buffer solution
for cell incubation were used to plot the working curve, which
was used for the detection of mitochondrial pH in the cells
(Fig. 8c). The linear regression equation of the working curve
obtained by linear regression processing of relevant data is
F480–500/F640–660 ¼ 0.59157pH � 0.54887, and the regression
coefficient is R2 ¼ 0.9902.
Monitoring minor changes of mitochondrion pH in cancer
cells

Chlorphenizone (CCCP) can penetrate the inner membrane of
mitochondria and destroy the proton gradient in mitochondria,
thereby changing the pH value of mitochondria.50 In order to
investigate the ability of BQD-FAs for monitoring minor
changes of mitochondrion pH in cancer cells, aer T24 cells
were incubated with BQD-FAs for 12 h, incubation was
continued for 15 min with CCCP solution, and then the uo-
rescence of cells in the green channel (480–500 nm) and the red
channel (640–660 nm) was collected using laser scanning
confocal microscopy with a 405 nm laser as the excitation light
source, and the results are shown in Fig. 9a. As can be seen from
the gure, the uorescence intensity of the green channel
decreased aer CCCP stimulation, while that of the red channel
remained almost unchanged. The uorescence intensity of the
two channels before and aer CCCP treatment was collected,
and the F480–500/F640–660 values were calculated (Fig. 9b). Then,
the regression equation of the working curve was used to
calculate the pH value of T24 cell mitochondria. The result
Chem. Sci., 2020, 11, 3636–3643 | 3641
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Fig. 9 (a) Ratiometric fluorescence images of T24 cells loaded with
BQD-FAs with or without CCCP stimulation. (b) The fluorescence
intensity of T24 cells loaded with BQD-FAs at the 480–500 nm
channel and 640–660 nm channel with or without CCCP stimulation
as well as the fluorescence intensity ratio (F480–500/F640–660).
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indicates that before CCCP treatment, the pH value of T24 cell
mitochondria was 7.9. Aer CCCP treatment, the pH value of
the T24 cell mitochondria was reduced to 7.2. The results are
consistent with those reported in the literature,11 which
suggests that BQD-FAs could be used as a ratiometric uores-
cent nanoprobe to monitor minor changes of mitochondrion
pH in cancer cells.
Conclusions

In summary, we have prepared for the rst time single-excited
dual-emission BQDs from Osmanthus leaves. Aer BQDs were
modied with FA, the resultant BQD-FAs were evaluated as
a nanoprobe targeting tumors and mitochondria for moni-
toring mitochondrion pH changes in cancer cells by ratiometric
uorescence imaging. Very interestingly, the proposed nanop-
robe was also found to generate a large amount of singlet
oxygen under near-infrared light irradiation. Therefore, the
proposed nanoprobe is expected to be useful as a mitochon-
drion-targeting photosensitizer in PDT of tumors. Combining
the capability of singlet oxygen generation within mitochondria
for killing cancer cells with the capability of mitochondrial pH
measurement for monitoring the process of cell apoptosis, the
proposed nanoprobe (i.e. BQD-FAs) may have good potential in
targeted PDT of tumors.
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