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Developing a versatile probe for targeting the lysosomes of specific cancer cells and subsequently
detecting glutathione (GSH) levels is critical in disclosing the roles of GSH in the lysosomal oxidative stress
of cancer cells. Herein, we demonstrate an efficient strategy for the preparation of a dual-targeting (both
cancer cell- and lysosome-targeting) fluorescence nanoprobe (DTFN) that enables the imaging of GSH
in the lysosomes of specific cancer cells. The nanoprobe (DTFN) is obtained by combining folic acid
(FA)-modified photostable aggregation-induced emission dots with GSH-responsive manganese dioxide
(MnO,) nanosheets via electrostatic interactions. DTFN has outstanding characteristics of good water
dispersity, delightful photostability, shorter responsive time (~5 min) and wide pH-response range.
Intracellular experiments showed that the as-prepared DTFN could be preferentially internalized into a
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folate receptor (FR)-positive cancer cells via the FR-mediated endocytosis. Subsequently, with the aid of
the positively charged amino moiety of the nanoprobe, DTFN can selectively accumulate in lysosomes
DOI: 10.1039/d0ma00124d and successfully achieve the real-time imaging of the lysosomal GSH levels in FR-positive cancer cells.

This study highlights a strategy to design a versatile dual-targeting fluorescence probe for enhanced
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Introduction

Cancer, as a destructive and prevalent disease worldwide,
seriously affects human health and arouses widespread concern.
As important acidic digestive organelles of the endocytic and
autophagic pathways in cancer cells, lysosomes are a crucial
target of uncontrolled oxidative processes to free radical
damage."* For lysosomal oxidative stress, glutathione (GSH) as
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an effective cellular antioxidant plays important roles in the
homeostasis of oxidative stress state because it can effectively
eliminate reactive oxygen species.” Thus, there is an indigenous
incentive to design and prepare practical tools for efficiently
detecting lysosomal GSH levels within cancer cells to reveal the
roles of GSH in the lysosomal oxidative stress of cancer cells.

On account of numerous advantages including non-invasive,
simple preparation, high sensitivity, and high spatial resolution,
fluorescence probes coupled with fluorescence microscopy
imaging have become a powerful supporting tool for the detec-
tion of various analytes.> > So far, much effort has gone into the
development of unique GSH fluorescence probes.**>® However,
most of them were either cancer cells- or subcellular organelle-
specific targeting GSH fluorescence probes;**® however, single
targeting systems were still unable to achieve efficient GSH
detection. It is known that to realize the goal of efficiently
detecting GSH in lysosome of specific cancer cells, an ideal
GSH fluorescence probe should be constructed by combining
specific cancer cell- and lysosome-targeting functions together
with a GSH probe.

For the dual-targeting (both cancer cell- and lysosome-
targeting) GSH fluorescence probe system, the one key challenge
is to integrate the targeting ligand, fluorophore, GSH-responsive
group and other functional groups into one system. In general,
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because of the limited number of attachment sites, it is difficult
to incorporate effectively multiple functional groups in one
small organic molecule-based fluorophore. Alternatively, poly-
meric nanoparticles formed by amphiphilic diblock copolymers
are promising candidates for constructing a dual-targeting GSH
fluorescence probe due to the flexible structural design, suita-
ble water solubility, favorable biocompatibility and so on.**™*°
Up to now, several polymeric nanoparticle-based dual-targeting
nanoprobes have been developed for cancer imaging and
therapy.”’>* However, to the best of our knowledge, dual-
targeting fluorescence polymeric nanoprobes for efficiently
detecting lysosomal GSH within specific cancer cells have not
yet been reported.

Hence, a simple and versatile dual-targeting fluorescence
nanoprobe (DTFN) is developed for efficiently detecting lysosomal
GSH in specific cancer cells, as depicted in Scheme 1. As for this
system, the folic acid (FA)-modified photostable aggregation-
induced emission (AIE) dots were first synthesized via aco-
precipitation strategy.

As the nanocarrier, the amphiphilic block copolymers show
multiple purposes: (1) the incorporation of polyethylene glycol
chains could not only possess good water dispersibility and
excellent biocompatibility but also enhance the photostability
of AIE fluorogen for a long time; (2) the efficient introduction
of a cancer targeting unit (folic acid, FA) into nanoprobe to
enhance the effective uptake of the folate receptor (FR) over-
expressed cancer cells and efficiently reduce the nonspecific
uptake by normal cells;*”>*77 (3) the positively charged amino
moiety enables the nanoparticles enter into lysosomes.*>"®
Subsequently, GSH-responsive manganese dioxide (MnO,) nano-
sheets, which own the ability to quench the fluorescence of the
AIE fluorogen, are absorbed onto the surface of AIE dots based
on electrostatic interaction to obtain DTFN. Our results suggest
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Scheme 1 Schematic illustration of dual-targeting fluorescence nanoprobe
(DTFN) for efficiently detecting lysosomal GSH within cancer cells.
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that the dual-targeting strategy could allow DTFN to selectively
internalize into the lysosomes of FR-positive cancer cells and
successfully achieve efficient GSH detection.

Experimental section
Materials and apparatus

All the solvents and chemical materials mentioned in this
study were purchased and used directly. 1,4-Phenylenebis((4-
(diphenylamino)phen-yl)methanone) (p-DTPACO) and the PEO
macro-RAFT agent (PEO;,3-TTC) were prepared via a procedure
reported in our previous study.*>”® MnO, nanosheets were
synthesized according to the reported methods.®°

Results and discussion

Scheme 1 illustrated the design strategy of DTFN for the
efficient lysosomal GSH detection within specific cancer cells.
First, the amphiphilic block copolymer PEO,;-b-P(AEFA,-co-
AEMH,-c0-St,5) containing both folic acid (FA) and amino group
was synthesized through the reversible addition fragmentation
chain transfer (RAFT) polymerization and the further chemical
graft reactions (Scheme S1, ESIT). The related intermediates were
confirmed via "H NMR, GPC, and absorption spectra (Fig. S1-S4
and Table S1, ESIt).

Subsequently, the FA-modified AIE dots with positive charge
(+11.2 mV) were synthesized using PEO,;3-b-P(AEFA,-co-AEMHg-co-
St,5) and p-DTPACO via a co-precipitation strategy.*>” The data
based on the transmission electron microscopy (TEM) and dynamic
light scattering (DLS) showed that the morphology of FA-modified
AIE dots was spherical and the average size was about 40 nm
(Fig. S5A and S6, ESIt). Finally, the as-prepared MnO, nanosheets
with negative charge were loaded on the surface of the positively
charged FA-modified AIE dots via electrostatic interaction to obtain
DTEN (Fig. S7, ESIT).*° The TEM data also confirmed the successful
synthesis of DTFN (Fig. S5B, ESIt). For the FA-modified AIE dots and
DTEN, the obvious band at 1630 cm ™" of the amine group (-NH,)
can be seen in Fig. S8 (ESIT), indicating that they contained the
positively charged amino moiety (-NH,). In addition, compared
with the FA-modified AIE dots, the band (Mn-O) at 610 em ™" of
DTFN obviously varied (Fig. S8, ESIT). The above results clearly
demonstrated that the MnO, nanosheets were loaded on the surface
of the FA-modified AIE dots to obtain DTFN.

Interestingly, the fluorescence emission of the FA-modified
AIE dots overlapped with the absorbance spectra of the MnO,
nanosheets (Fig. S9, ESIt), leading to the occurrence of the
fluorescence resonance energy transfer (FRET) effect from AIE
dots to the MnO, nanosheets.’>®" Thus, an obvious quenched
fluorescence can be visualized upon the addition of MnO,
nanosheets to the solution of FA-modified AIE dots. In addition,
a maximum fluorescence quenching degree of FA-modified AIE
dots up to 78% can be observed upon the addition of 300 g mL "
MnO, nanosheets (Fig. S10, ESIt).

First, the fluorescence titration of DTFN to GSH was performed
in a PBS buffered solution (pH 7.4). The nanoprobe DTFN itself

This journal is © The Royal Society of Chemistry 2020
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Fig. 1 (A) Fluorescence titration spectra of DTFN (0.3 mg mL™?) upon the
addition of GSH (0-600 uM). (B) The linear relationship between the
fluorescence intensity (/sp3) and GSH (0-500 pM). (C) Fluorescence
intensity ratio (F/Fp) of DTFN upon exposure to various potential inter-
ferences, (a) blank (b) Na* (2 mM), (c) K* (2 mM), (d) Co®* (2 mM), (e) Ca®*
(2 mM), (f) Mg?* (2 mM), (g) Ni®* (2 mM), (h) Cu®* (2 mM), (i) Fe** (2 mM),
(j) Ser (2 mM), (k) Asn (2 mM), () Thr (2 mM), (m) GIn (2 mM), (n) Gly (2 mM),
(0) Ala (2 mM), (p) Arg (2 mM), () His (2 mM), (r) Met (2 mM), (s) BSA
(1 mg mL™Y), (t) glucose (2 mM), (u) GSH (200 pM), (v) GSH (400 pM),
(w) GSH (600 uM). (D) Time-dependent fluorescent intensity ratio (F/F) of
DTFN in the absence of GSH (black) and in the presence of GSH (600 pM)
(red). Note: Fp and F are the fluorescence intensity of DTFN without and
with addition of GSH, respectively.

displayed a weak fluorescence owing to the occurrence of the
FRET effect from AIE dots to MnO, nanosheets. However, the
MnO, nanosheets reduced to Mn?" with the addition of GSH,
and thus inhibit the FRET process, resulting in the recovery of
green fluorescence (Fig. 1A). In addition, a class linear relation-
ship (R* = 0.9855) can be observed by plotting Is,; and GSH
concentration (0-500 puM) (Fig. 1B) and detection limit (LOD)
was achieved down to 1.03 pM (S/N = 3) (Fig. S11, ESI}).
Moreover, the photos of DTFN towards different GSH concen-
trations were observed using visible light and UV light radia-
tion. As depicted in Fig. S12 (ESIT), with the increase in the GSH
concentration (0-600 puM), the fluorescence of DTFN revealed
an obvious increase, accompanying with the obvious color
change of DTFN from yellow to colorless.

Subsequently, the selectivity of DTFN for GSH over various
other analytes was carried out. As depicted in Fig. 1C, no
significant change in the emission ratio (F/F,) can be visualized
when DTFN was treated with other analytes including ions
(Na*, K¥, Co*", Ca**, Mg>", Ni**, Cu**, and Fe®*), amino acids
(Ser, Asn, Thr, Gln, Gly, Ala, Arg, His, and Met), BSA and
glucose. However, GSH can trigger a large enhancement in
the emission ratio (F/F,). Notably, various literatures indicated
that the content of GSH in cancer cells was about 1000-fold
more than that of cysteine (Cys) or homocysteine (Hcy).®*** In
view of these reports, a contrast experiment on the fluorescence
intensity ratio (F/F,) was conducted between GSH, Cys and Hcy.
As exhibited in Fig. S13 (ESI{), both Cys and Hcy revealed tiny
effects on the detection of GSH even their concentration
(60 pM) was as high as one tenth relative to GSH (600 pM).

This journal is © The Royal Society of Chemistry 2020
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These results demonstrated the good selectivity of DTFN towards
GSH against other various analytes. In addition, the response
time of DTFN towards GSH was less than 5 min, which is
benefitial for the imaging of endogenous GSH in live cells.

Next, the pH-dependent fluorescent intensity (I5,3) of DTFN
with and without GSH was also explored (Fig. S14, ESIt).
Without GSH, a relatively weakened fluorescence intensity
(Is23) can be observed at the pH range from 4.0 to 9.0. However,
a significant fluorescence enhancement of DTFN with GSH was
observed in a wide pH range from 4.0 to 9.0, indicating
that DTFN was an excellent tool for sensing GSH in the physio-
logical environment. The photostability of DTFN without and
with GSH was also conducted under the irradiation of UV light
(365 nm, 2.8 mW cm >, Fig. $15, ESIt). The results revealed
that the emission intensity (I5,3) of DTFN with GSH revealed
only a slight change (<5%) upon UV irradiation for 90 min,
indicating that DTFN had excellent photostability. In addition,
to investigate the practicability of DTFN, the adscititious GSH
contents in the blood serum sample were detected by the DTFN
probe. As exhibited in Table S2 (ESIt), the alter RSD was less
than 0.55%, and the recoveries revealed a change in the range
from 90% to 103%. The result illustrated that DTFN can serve
as an excellent fluorescent nanoprobe for GSH detection in
blood serum.

Based on the above admirable features of DTFN to detect GSH,
the ability of DTFN to image endogenous GSH in the lysosomes of
FR-positive cancer cells was further evaluated. Before imaging,
standard MTT assays were utilized to appraise the cytotoxicity of
DTFN, as presented in Fig. S16 (ESIt). The results indicated that
DTFN had low cytotoxicity towards HeLa cells.

First, to confirm the cellular targeting ability of DTFN,
FA-positive HeLa cells and FA-negative A549 cells were selected
and co-cultured with DTFN, respectively. As can be seen from
Fig. 2, the HeLa cells displayed stronger green fluorescence than
A549 cells, demonstrating that DTFN had excellent targeting
ability for FR-positive cells. It has been reported that the specific
uptake of FA-modified nanoparticles by HeLa cells was
proceeded via a FA-receptor-mediated endocytic process.*”>>>’

To further confirm this cellular uptake mechanism, the HeLa
cells were incubated with DTFN in FA-containing and FA-free
culture medium, respectively (Fig. S17, ESIT). When the HeLa
cells were treated with DTFN in the FA-free culture medium, a
bright green fluorescence was seen, whereas the HeLa cells
treated with DTFN in the FA-containing culture medium
depicted a weak green fluorescence. The results confirmed the
important role of FA in guiding DTFN to FR-positive cells.

It has been well-documented that nanoprobes often accu-
mulated in lysosomes via the interplay of size and surface
charge: (1) nanostructure could be taken up by cells by the
energy-dependent endocytosis pathway whose destination is
lysosomes;®>®® (2) the positively charged amino moiety enables
the nanoparticles to enter into lysosomes.*>**%7%% To inspect
the subcellular targeting ability of DTFN, HeLa cells pre-treated
with DTFN were co-incubated with Lyso-Tracker Red and Mito-
Tracker Red, respectively. As displayed in Fig. 3, the green
fluorescence of DTFN merged well with the red fluorescence

Mater. Adv., 2020, 1,1739-1744 | 1741
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B .
Fig. 2 Confocal fluorescence microscopy images of HelLa (A and B) and
A549 cells (C and D) treated with DTFN (0.12 mg mL™%). Scale bar: 40 um.

Nanoprobe Lyso-Tracker Overlap

Nanoprobe Mito-Tracker Overlap

Fig. 3 Confocal fluorescence images of DTFN-loaded Hela cells incu-
bated with either Lyso-Tracker Red or Mito-Tracker Red. (A) and (F): green
channel for DTFN (lex = 488 nm, Jem = 500-530 nm). (B) and (G): red
channel for Lyso-Tracker Red and Mito-Tracker. Red (lex = 543 nM, dem =
560-610 nm). (C) Merged image of (A) and (B). (D) Intensity profile of
regions of interest (ROI) across Hela cells as indicated by the yellow arrow
in (C). (E) Correlation plot of Lyso-Tracker Red and DTFN intensities.
(H) Merged image of (F) and (G). () Intensity profile of the regions of
interest (ROI) across Hela cells, as indicated by the yellow arrow in (H).
(J) Correlation plot of Mito-Tracker Red and DTFN intensities. Scale bar:
20 pm.

of Lyso-Tracker Red (Pearson’s correlation coefficient: 0.89).
In contrast, the poor colocalization with Mito-Tracker Red
(Pearson’s correlation coefficient: 0.32) was observed. The above
results (High Pearson’s correlation coefficient) clearly demon-
strated that DTFN can specially accumulate in the lysosomes via
the interplay of surface charge and size.

Next, we sought to evaluate the feasibility of DTFN for real-
time monitoring endogenous GSH in the lysosomes of HeLa
cells (Fig. 4). An obvious green fluorescence enhancement can
be visualized with increasing incubation time (Fig. 4B-E),
suggesting that the high capacity of DTFN for imaging endo-
genous GSH in real time. To confirm the specificity of DTFN for
intracellular GSH, the HeLa cells were pretreated with the
effective GSH inhibitor (N-ethylmaleimide, NEM) and then
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Fig. 4 (I) Confocal images of Hela cells stained with the nanoprobe
(DTFN, 0.12 mg mL™Y) for O (A), 30 (B), 60 (C), 120 (D), 180 min (E).
(F) Confocal images of NEM-pretreated Hela cells stained with the
nanoprobe (DTFN) for 180 min. (ll) Quantification of relative fluorescence
intensity using Image J software. Values are the mean + SD (n = 5). Scale
bar: 20 um.

incubated with DTFN (Fig. 4F). The green fluorescence of cells
was remarkably suppressed, confirming that the green fluores-
cence enhancement of HeLa cells was indeed induced by the
endogenous GSH. Apparently, the above results verified that
DTFN can be served as an excellent tool to selectively monitor
endogenous GSH in the lysosomes of HeLa cells.

Conclusions

In summary, a novel dual-targeting fluorescence nanoprobe
(DTFN) was rationally synthesized, and we have demonstrated
its excellent capability for efficiently detecting endogenous GSH
in the lysosomes of FR-positive HeLa cells. This nanoprobe
displayed several advantages over some of the previously
reported GSH probes (Table S3, ESIt): (1) the utilization of
photostable AIE fluorogen can effectively avoid the aggregation-
caused quenching (ACQ) phenomenon of traditional organic
small molecule-based GSH probes; (2) the introduction of PEG
chains could greatly enhance the water dispersibility and
biocompatibility of nanoprobes, while most of the traditional
organic small molecule-based GSH probes are usually carried
out in organic-aqueous media; (3) by virtue of the dual-targeting
strategy, the nanoprobe (DTFN) can successfully achieve the
efficient GSH detection in the lysosome of cancer cells. To
the best of our knowledge, this is the first study to detect
intracellular GSH through a dual-targeting nanoprobe. This
methodology provided a new route to the rational design of
novel dual-targeting nanoprobes for efficient biomarkers detec-
tion in the subcellular organelle of cancer cells.

This journal is © The Royal Society of Chemistry 2020
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