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ABSTRACT: Levels of lysosomal copper are tightly regulated
in the human body. However, few methods for monitoring
dynamic changes in copper pools are available, thus limiting
the ability to diagnostically assess the influence of copper
accumulation on health status. We herein report the
development of a dual target and location-activated rhod-
amine—spiropyran probe, termed Rhod-SP, activated by the
presence of lysosomal Cu®*. Rhod-SP contains a proton

pH 4.0~6.0

Cuz+

recognition unit of spiropyran, which provides molecular switching capability, and a latent rhodamine fluorophore for signal
transduction. Upon activation by lysosomal acidic pH, Rhod-SP binds with Cu®*" by spiropyran-based proton activation,
promoting, in turn, rhodamine ring opening, which shows a “switched on” fluorescence signal. However, to protect Rhod-SP
from degradation and interference by the physiological environment, it is engineered on mesoporous silica nanoparticles
(MSNs), and the surface of Rhod-SP@MSNSs is further anchored with S-cyclodextrin (8-CD) to enhance the solubility and
bioavailability of Rhod-SP@MSN-CD. Next, to enhance cell specificity, a guiding unit of ¢(RGDyK) peptide conjugated
adamantane (Ad-RGD) as prototypical system, is incorporated on the surface of Rhod-SP@MSN-CD to target integrin a,f; and
a,fs overexpressed on cancer cells. Fluorescence imaging showed that both Rhod-SP@MSN-CD and Rhod-SP@MSN-CD-RGD
were suitable for visualizing exogenous and endogenous Cu*" in lysosomes of living cells. This strategy addresses some common
challenges of chemical probes in biosensing, such as spatial resolution in cell imaging, the solubility and stability in biological
system, and the interference from intracellular species. The newly designed nanoprobe, which allows one to track, on a location-
specific basis, and visualize lysosomal Cu*", offers a potentially rich opportunity to examine copper physiology in both healthy

and diseased states.

C opper plays a crucial role in many cellular processes, and
its concentration at the cellular level is related to severe
physiological and pathological events.'™> Because of its
essential, yet toxic, nature, intracellular copper distribution is
strictly controlled by cells. It has been demonstrated that some
human copper transporters localize late in endosomes and
lysosomes to facilitate cellular copper uptake.*”® However,
excess copper excreted from cytoplasm can accumulate in
lysosomes, causing a highly toxic state and resulting in serious
infant liver damage, such as Wilson’s disease.”® On the other
hand, the loss of copper homeostasis can result in Alzheimer’s
disease and Menkes disease.”’® Therefore, it is desirable to
develop new molecular tools to monitor lysosomal copper
concentrations.

While numerous molecular tools for intracellular Cu** have
been developed and applied to intracellular imaging,''™"* of
which capability to selective track the metal in an organelle have
been rarely reported.'*™*® In the seminal work of Changetal, a
targetable fluorescent probe for imaging exchangeable
mitochondrial Cu* pools was recently proposed.’® The probe
was chemically designed by combining a Cu® responsive
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fluorescent platform with a mitochondrial-targeting triphenyl-
phosphonium moiety for localizing the probe to the
organelle.'”*® However, the imperfect targeting ability of
these guidance systems, along with the nonspecific distribution
of the analyte throughout the cell, resulted in considerable
background signal from cytosol and other organelles, making it
impossible to achieve high resolution at the suborganelle level.
In addition, the poor solubility of the probe molecules,
combined with the de%radation of the molecules by lysosomal
acid and hydrolase,*"** as well as interference from other
intracellular species, have remained challenging. Nonetheless,
we have been committed to solving these problems within the
context of our ongoing interest in developing highly sensitive
and selective spiropyran-based molecular probes.> > As a
consequence of our efforts, we proposed herein a new strategy
for real-time targeting and selective tracking of lysosomal Cu*"
ions. The new designed fluorescent spiropyran-based probe,
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termed Rhod-SP, which contains an proton recognition unit of
spiropyran and a latent Cu**-complexed rhodamine fluoro-
phore, allows tracking on a location-specific basis and
visualizing Iysosomal Cu*".

To ensure that Rhod-SP can most accumulate in lysosomes
and efficiently track Cu®* without deleterious interference from
biological systems, we chose mesoporous silica nanoparticles
(MSNs) as the probe reservoir, a familiar nanocarrier, and
lysosomal marker.”*™*° The surface of Rhod-SP@MSNs was
then anchored with f-cyclodextrin (-CD) as a gatekeeper, to
eliminate interference from intracellular species, but allow Cu*
ions to enter the nanopores and react with Rhod-SP. To
enhance cell specificity, a ¢((RGDyK) peptide conjugated with
adamantane (Ad-RGD) was incorporated on the surface of
Rhod-SP@MSN-CD to target integrin @, f; and a f; overex-
pressed on cancer cells,”' resulting in Rhod-SP@MSN-CD-
RGD that targets lysosomal Cu** via the specific recognition of
integrin a,f; and a,fs overexpressed in cancer cells. On the
basis of these strategies, the ability to monitor the dynamics of
lysosomal copper at high spatial resolution offers a potentially
rich opportunity to examine copper physiology in both healthy
and diseased states.

B EXPERIMENTAL SECTION

Preparation of Rhod-SP-Based Nanoprobes. Synthesis
of Rhod-SP. The synthesis route of Rhod-SP is shown in
Scheme 1A (for details, see Supporting Information).
Compound 1 was obtained via the Duff reaction by using
anhydrous trifluoroacetic acid, and the reaction of Rhodamine
B with hydrazine hydrate afforded compound 2. Then,
compounds 1 and 2 were mixed at room temperature and
stirred for 12 h, giving compound 3. Finally, Rhod-SP was
obtained via Knoevenagel condensation reaction of compound
3 and 1,2,3,3-tetramethyl-3H-indolium in 75% yield.

Preparation of Rhod-SP@MSN-CD and Rhod-SP@MSN-
CD-RGD. MSN-NH, was prepared according to a protocol
given in the literature.>” Briefly, purified MSN-NH, (10 mg)
was added to an acetonitrile solution (5 mL) of Rhod-SP (20
mM). The solution mixture was stirred at room temperature for
24 h, to allow encapsulation of Rhod-SP by MSN-NH,. The
resulting particles were then separated by centrifugation and
dispersed in a mixture solution (dimethyl sulfoxide/water
(DMSO/H,0) = 1:1, v/v) with mono-6-deoxy-6-(p-tolylsul-
fonyl)-p-cyclodextrin (6-OTs--CD) (90 mg). The mixture was
allowed to react for 24 h at 45 °C under nitrogen atmosphere
to yield Rhod-SP@MSN-CD. The resulting material was
filtered and extensively washed with ultrapure water and
ethanol and dried under high vacuum at 60 °C. To modify the
RGD to Rhod-SP@MSN-CD, Rhod-SP@MSN-CD (1.0 mg)
and adamantine-functionalized RGD (0.2 mg) were added to
1.0 mL of ultrapure water. The mixture reacted for 0.5 h at
room temperature. After the reaction, Rhod-SP@MSN-CD-
RGD complexes were washed three times by centrifugation at
14 000 rpm with ultrapure water.

Spectrophotometric Measurements. Both fluorescence
and UV-vis absorption measurements of Rhod-SP@MSN-CD
were conducted in sodium acetate/acetic acid buffer solution.
For Cu** assay, 1.0 mL sodium acetate/acetic acid buffer (20
mM, pH 5.0) containing 1.0 #uM Rhod-SP or 50 yg/mL Rhod-
SP@MSN-CD was first introduced to a quartz cell. Following
the additions of different concentration of Cu®* solution, the
fluorescence intensities were recorded at excitation wavelength

Scheme 1. (A) Synthetic Route for Rhod-SP. (B) Proposed
Scheme of Fluorescence Response of Rhod-SP by Binding of
H' and Cu**
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of 550 nm with an emission wavelength range from 540 nm to
700 nm.

To measure leakage of Rhod-SP from MSNs, Rhod-SP@
MSN and Rhod-SP@MSN-CD were suspended in 300 uL of
buffer solution, respectively, sealed in a homemade dialysis tube
with a molecular weight cutoff of 8000—14 000 Da, and then
immersed in 1.7 mL of buffer solution containing 10.0 yuM Cu**
at 37 °C. The system was moderately shaken. The fluorescence
intensity of dialysis fluid was measured at certain time points
with an excitation wavelength of 550 nm.

Cell Imaging. HeLa cells were incubated with 50 pg/mL
Rhod-SP@MSN-CD for 3.0 h in the culture medium, followed
by supplementation with S0 M CuCl, for 12.0 h. Cells were
also treated with EDTA before and after incubation with Rhod-
SP@MSN-CD for 2.0 h, respectively. In addition, after cells
were supplemented with CuCl, and incubated with Rhod-SP@
MSN-CD, 1,8-bis(dimethylamino)naphthalene (DMAN), a
common proton sponge, was further incubated with cells for
2.0 h to promote lysosomal damage. Cells were washed three
times with PBS and then analyzed by confocal fluorescence
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microscopy. To monitor exogenous Cu*" in cells, the cells were
pretreated with different concentrations of CuCl, solution for
12.0 h and then incubated with 50 pg/mL Rhod-SP@MSN-CD
for 3.0 h.

To characterize Rhod-SP@MSN-CD for labeling lysosomes,
a lysosome tracker, LysoTracker Green, was used as the
standard lysosome marker. HeLa cells were incubated with 50
pug/mL Rhod-SP@MSN-CD in culture medium for 3.0 h. To
stain lysosomes, the cells were incubated with the indicated
concentrations of LysoTracker Green 1.0 yM for 30 min before
imaging. (Rhod-SP@MSN-CD channel: A, = 559 nm, 4, =
570—600 nm bandpass. LysoTracker Green channel: 4., = 488
nm, A, = 505—530 nm bandpass. Yellow: co-localization of red
and green fluorescence).

Transmission Electron Microscopy Analysis. HeLa cells
were treated with Rhod-SP@MSN-CD in media for 3.0 h at 37
°C. After washing with PBS, the cells were detached and
centrifuged. The cell pellets were fixed with 2.5% glutaralde-
hyde in 0.1 M phosphate buffer for 2.5 h, dehydrated using an
ascending alcohol series (20%, 40%, 60%, 80%, and 100%
twice) for 20 min for each change, and then embedded in
Araldite resin at 65 °C overnight. A 70 nm section was placed
on a TEM grid and stained with saturated uranyl acetate and
0.2% Reynolds lead citrate before TEM imaging. Images were
collected using a JEOL 1200 EXII scanning and transmission
electron microscope (Japan Electron Optics Laboratory,
Peabody, MA).

The Binding Specificity of Rhod-SP@MSN-CD-RGD.
The binding specificity of Rhod-SP@MSN-CD-RGD to HeLa
cells was performed using confocal laser scanning microscopy.
MCE-7 cells were used as a negative control. HeLa cells and
MCE-7 cells were seeded in cell culture dishes at a density of 4
X 10* cells/dish in RPMI 1640 medium with 15% fetal calf
serum and allowed to grow for 2 days. The HeLa and MCEF-7
cells were respectively incubated with Rhod-SP@MSN-CD-
RGD (50 pug/mL) in culture medium with different incubation
times.

B RESULTS AND DISCUSSION

To reliably acquire signals activated by Cu®" under acidic
lysosomal environment (pH = 4.0—6.0), a rhodamine-—
piropyran fluorescent probe, termed Rhod-SP, that recognizes
the presence of lysosomal Cu** and then binds with it through
spiropyran-based proton activation was designed and synthe-
sized (see Scheme 1A, as well as Figures S1—S4 in the
Supporting Information). Rhod-SP possessed a spiropyran
recognition unit, which is a well-known metastable system
susceptible to the activation of UV light or protonation,>>**
and a latent fluorescent signal transduction unit of rhodamine.
Rhod-SP can be activated by acidic pH to release the ligating
phenolic group required for binding Cu®* via collaborative
coordination with C=0 and C=N that promotes rhodamine
ring-opening and shows a “switched on” fluorescence signal
(see Scheme 1B). However, the fluorescent signal was silent
when Rhod-SP was allowed into an alkaline environment. Next,
to confer the probe with the ability to accumulate in lysosomes
and, at the same time, bypass interference and degradation, we
used mesoporous silica nanoparticles (MSNs) as a protective
nanocoating, entrapping the probe in MSN channels. Mean-
while, MSNs were conjugated with f-cyclodextrin (5-CD) as a
gatekeeper,35’36 to eliminate interference from intracellular
species, but allow Cu®* ions to enter the nanopores and react
with Rhod-SP. By their nanosize, MSNs are expected to

internalize into cells by endocytosis and mainly accumulate in
lysosomes.***** Finally, to enhance cell specificity, f-CD was
modified with a targeting vector peptide cyclo(Arg-Gly-Asp-
Phe—Lys(mpa)f’1 conjugated with adamantane (denoted as Ad-
RGD) on f-CD via host—guest interactions of f-CD and Ad
(see Scheme 2A). This Ad-RGD, when incorporated as a

Scheme 2. (A) Synthetic Route of Rhod-SP@MSN-CD-
RGD. (B) Schematic Ilustration of the Nanoprobe Rhod-
SP@MSN-CD-RGD for Cu** Imaging in Lysosomes
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component with Rhod-SP@MSN-CD, exhibited specific cell
binding to a,f; and a,f; integrin receptors overexpressed on
the membrane of most cancer cells, thereby improving
internalization efficiency of the nanoprobe through receptor-
mediated endocytosis (Scheme 2B). The newly designed
nanoprobe not only makes full use of the acidic pH
environment to activate the probe, but also inhibits the
macromolecules of proteins and enzymes from diffusing into
the nanopores to degrade the chemical probe, which allows one
to track in a location-specific manner and visualize lysosomal
Cu’* with high spatial resolution.

Figure S5 and Figure 1A show the absorption and
fluorescence spectra of Rhod-SP. At pH 8.0, Rhod-SP exhibited
no absorption in the visible region and was essentially
nonfluorescent, because of the dual closure of rhodamine and
spiropyran moieties. Upon the addition of Cu®", no significant
change in absorption or fluorescence was noted, indicating that
the spirolactam moiety of Rhod-SP remained intact. In an
acidic medium (pH 5.0), however, the absorption spectra of
Rhod-SP showed a significant band at 400—460 nm, which
could be ascribed to the protonated merocyanine form of
spiropyran, but, still, no characteristic absorption of the
rhodamine moiety was observed. However, upon the addition
of Cu*, an absorption at 550 nm emerged concomitant with a
fluorescent emission at $90 nm, indicating Cu**-induced
thodamine ring-opening via metal-mediated coordination
reaction in an acidic medium.*” The inset of Figure 1A, and
Figure S6 in the Supporting Information, further confirmed the
pH dependence of Rhod-SP for Cu®* sensing. Furthermore, an
increase of fluorescence with increasing Cu®* concentration was
observed over the pH range of 4.0—6.0, which corresponds to
the acidic pH microenvironment in lysosomes.**
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Figure 1. (A) Fluorescence emission spectra (4., = S50 nm) of Rhod-
SP under different conditions: (a), 1.0 uM Rhod-SP in 50% buffer—
CH,CN (v/v) solution (pH 7.0); (b) the solution described for that in
panel a, + 10.0 uM Cu?*; (c) 1.0 uM Rhod-SP in 50% buffer-CH,;CN
(v/v) solution (pH 5.0); and (d) the soluton described for panel ¢ +
10.0 uM Cu*". Inset shows the effect of pH on the fluorescence
emission of Rhod-SP in the absence (@) and presence (A) of 10.0
uM Cu*. (B) Real-time fluorescence records (A./A., = 550 nm/590
nm) of Rhod-SP upon addition of Cu** in 50% buffer—CH,CN
solution (pH 7.0), following several repeated concentration step
changes between 200 yM HCI solution and then 200 yM NaOH
solution.

Next, the binding mode between Rhod-SP and Cu** was
verified by "H NMR analysis (see Figure S7 in the Supporting
Information). The peaks at § 12.60 and 9.18 ppm for the two
protons (OH, N=CH) disappeared after the addition of Cu**,
implicating that nitrogen and oxygen take part in Cu** binding.
In addition, other peaks for the active protons broadened by
the increase of proton exchange, and both the peaks shifted
upfield because of the electron-deshielding effect of Cu** on
them. From the ESI-MS spectrum (Figure S8 in the Supporting
Information), a new m/z peak was found to be 863.82 in its
ESI-MS upon addition of Cu*", which was assigned to [Rhod-
SP + Cu®*]". The (A — A,)/A, value displayed a maximum at a
molar fraction of ~0.508 by Job’s method in Figure S9 in the
Supporting Information, indicating a 1:1 stoichiometry of Cu*"
to Rhod-SP in the complex, where A, and A represent the
absorbance at 550 nm of Rhod-SP without or with Cu*,
respectively.

As shown in Figure 1B, further investigation revealed rapid
and complete reversibility of the response of Rhod-SP to Cu**
with pH changes. A slight increase in fluorescence intensity at
590 nm could be observed upon the addition of Cu*" in neutral
solution, but a strong fluorescence was realized at acidic pH.
Importantly, fluorescence could be “switched off” at alkaline
pH, indicating that Rhod-SP could be exploited for the real-
time monitoring of Cu*" in a complex intracellular environ-
ment. Collectively, these in vitro results demonstrated that the
Rhod-SP fluorescence signal could reversibly become quenched
in cytoplasm, but, conversely, it would be illuminated in acidic
subcellular organelles, such as endosome or lysosome.

Selectivity is another important parameter by which to assess
the performance of a fluorescent probe in a complex cell
environment. At pH 5.0 (see Figure S10 in the Supporting
Information), the fluorescence intensity of Rhod-SP displayed
negligible variation in the presence of K, Na*, Mg**, Ca*,
Zn**, Fe**, Fe*', Hg*', Cr’*, Cd*!, Pb*', and CI~, SO, as well
as aspartic acid (Asp), glutamic acid (Glu), ATP, glucose, and
f-glucosidase (-GCD). However, the strong fluorescence
caused by Cu®" weakened rapidly upon addition of biological
thiols, such as cysteine (Cys), glutathione (GSH), bovine
serum albumin (BSA), and Caspase-1 (see Figure S11 in the

Supporting Information), primarily because of the strong
binding between the sulthydryl function and Cu’*. These
results suggested that free Rhod-SP for Cu®" detection would
be severely thwarted by interference from complex biological
systems.

Based on the above results, it can be inferred that Rhod-SP
would be a good lysosome-activatable Cu** probe. However, to
protect Rhod-SP from degradation and interference by the
physiological environment, we engineered Rhod-SP on
mesoporous silica nanoparticles (MSNs) as a protective
nanocoat entrapping Rhod-SP molecules in MSNs channels
(Rhod-SP@MSN). The surface of MSNs was then function-
alized with a f-cyclodextrin (-CD) as a gatekeeper to cap the
pores and enhance the dispersibility and inertness of MSNs in
aqueous media (see Scheme 2A). MSN-NH, was prepared
according to protocols described in the literature.** Trans-
mission electron microscopy (TEM) and powder X-ray
diffraction (PXRD) confirmed the well-ordered structures
with typical MCM-41 hexagonal arrangements, having an
approximate diameter of 80 nm (Figure 2). Using a diffusion
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Figure 2. (A) TEM images and (B) small-angle powder XRD patterns
of MSN-NH,, MSN-CD, and Rhod-SP@MSN-CD. (C) The
cumulative release profiles of Rhod-SP from Rhod-SP@MSN and
Rhod-SP@MSN-CD in buffer solution (20 mM, pH 5.0) containing
10.0 uM Cu*" at 37 °C.

protocol, Rhod-SP molecules were entrapped in MSN-NH,. -
CD was installed on the Rhod-SP-loaded MSN surface via the
amidation reaction between MSN-NH, and mono(6-(p-
toluenesulfonyl) )permethylated S-cyclodextrin (f-CD) (de-
noted as Rhod-SP@MSN-CD). The loading efficiency of
Rhod-SP in MSN-CD was estimated to be ~12 wt %. The
treatment processes of the MSNs were characterized using
TEM, PXRD, the zeta potential, and nitrogen adsorption—
desorption isotherms. From Figure 2A, the average diameter of
MSN-CD and Rhod-SP@MSN-CD showed no significant
differences from that of MSN-NH,. However, while an obvious
border was observed around the treated MSN-CD, XRD
patterns showed that the low-angle reflections indexed as (110)
and (200) disappeared after loading with Rhod-SP, because of
an effect from the filled pores (Figure 2B). In addition, nitrogen
adsorption—desorption isotherms showed the typical Type IV
curves with a surface area of 693 m*> ¢! and an average pore
size of 2.8 nm of MSN-NH,, but the surface area and pore size
decreased with increasing surface density and infilling (Figure
S12 in the Supporting Information). The zeta potential values
of MSN-NH,, MSN-CD, and Rhod-SP@MSN-CD were +37.5,
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+14.2, and +27.8 mV, respectively (see Figure S13 in the
Supporting Information). Furthermore, Fourier transform
infrared (FTIR) spectroscopy (see Figure S14 in the
Supporting Information) and *C CP-MAS solid-state NMR
spectroscopy provided solid evidence for the successful
functionalization of MSNs with -CD rings (Figure S1S in
the Supporting Information). Therefore, Rhod-SP molecules
were effectively entrapped in MSNs without being released for
more than 48 h (Figure 2C). Nonetheless, Cu** could freely
diffuse into the inner mesopores through the cavities of the -
CD rings to react with Rhod-SP (see Figure S16 in the
Supporting Information). Figure S17 in the Supporting
Information shows that the uniformly distributed MSN-CD
exhibited an improved long-term stability in cell culture
medium, which was mainly attributed to the enhanced water-
solubility after conjugating with $-CD. It was worth noting that
the wavelength of maximum emission showed a slight blue shift
from 590 nm to 575 nm, but no observable change in
absorption spectra upon loading Rhod-SP into the hydrophobic
inner mesopores (see Figure S18 in the Supporting
Information).

Figure 3A shows fluorescence spectra changes of Rhod-SP@
MSN-CD in response to different concentrations of Cu**. The
addition of increasing concentrations of Cu®* to the aqueous
solution of Rhod-SP@MSN-CD at pH 5.0 elicited a dramatic
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Figure 3. (A) Fluorescence emission spectra of Rhod-SP@MSN-CD
(Aex = 550 nm) in the presence of different concentrations of Cu** in
buffer solution (20 mM, pH 5.0). The arrows indicate the change in
signal observed as the Cu®* concentration increases (0.05, 0.1, 0.2, 0.4,
0.6, 0.8, 1.0, 1.5, 2.0, 2.5, 3.0, 3.5, 4.0, 5.0, 6.0, 8.0, and 10.0 uM).
Dotted line represents the fluorescence spectrum of buffer solution.
(B) S/B of Rhod-SP@MSN-CD, as a function of Cu** concentration.
(C) S/B of Rhod-SP (1.0 uM, red bars) and Rhod-SP@MSN-CD (50
ug/mlL, blue bars) to Cu** (50.0 uM) in buffer solution, in 50% FBS,
and in the presence of possible competitors (K*, Mg®*, Zn>*, Ca**/
50.0 uM, CI7, SO,>7/100.0 uM, Asp, Glu, ATP, Cys, GSH, glucose/
5.0 mM, BSA/0.1 mg/mL, and f-glucosidase (-GCD), Caspase-1/
SU, and a mixture containing all of the tested substances) in buffer
solution.

enhancement of the emission intensity that covered 0 to 10.0
M Cu*, and a signal-to-background ratio (S/B) of 16.8 was
achieved in the presence of 5.0 uM Cu’* (see Figure 3B); here,
S/B is defined as

F - F
S/B — buffer

E) - F buffer

where F is the fluorescence intensity at 575 nm of Rhod-SP@
MSN-CD with Cu?*, F, the fluorescence intensity at 575 nm of
Rhod-SP@MSN-CD without Cu?*, and Fyg,, the fluorescence
intensity at 575 nm of Rhod-SP@MSN-CD with a buffer.
There was good linearity between S/B and the concentrations
of Cu® in the range of 0.1—4.0 uM. The detection limit based
on 30/slope was estimated to be 1.26 nM, which exhibited
higher sensitivity toward Cu®* than that of free Rhod-SP (62.5
nM), as shown in Figure 3B (representative fluorescence
spectra are shown in Figure S19 in the Supporting
Information). This was most likely because the good
hydrophobic environment offered by the nanopores could
strengthen the interaction between Rhod-SP molecules and
Cu". Moreover, because of the protective effect of MSNs
capped with #-CD, Rhod-SP@MSN-CD exhibited high stability
and excellent anti-interference ability in complex biological
samples (see Figure 3C, as well as Figure S20 in the Supporting
Information).

Following characterization of the spectroscopic properties of
Rhod-SP@MSN-CD, we sought to apply Rhod-SP@MSN-CD
to image fluctuations in exchangeable copper pools in living
cells. The cytotoxicity of both Rhod-SP and Rhod-SP@MSN-
CD on living cells was first evaluated by employing standard
cell viability protocols (MTT assay) (see Figure S21 in the
Supporting Information). After culturing HeLa cells with Rhod-
SP and Rhod-SP@MSN-CD for 24 h, their cellular viability was
over 95%, and no significant difference in morphology was
observed, even when the concentration was increased up to
10.0 uM Rhod-SP or 100 pg/mL Rhod-SP@MSN-CD. Next,
Rhod-SP@MSN-CD was used for confocal imaging experi-
ments to further verify its ability to detect intracellular
exchangeable copper using HeLa cells as a model cell line. As
shown in Figure 4, and in Figure S22 in the Supporting
Information, HeLa cells showed no detectable fluorescence
signals without the addition of CuCl, (Figure 4a), but strong
fluorescence could be visualized when they were pretreated
with exogenous CuCl, (Figure 4b). Moreover, we observed a
tendency toward increased fluorescence with increasing
concentrations of CuCl, (see Figure S23 in the Supporting
Information). However, when CuCl,-supplemented cells
(Figure 4b) were further treated with the reducing reagent
ascorbate to globally deplete intracellular Cu®' stores, the
fluorescence completely disappeared, essentially because
ascorbate is known to change the redox equilibrium to promote
the reduction of Cu®* to Cu’ (Figure 4c).*® We further
investigated fluorescence change caused by endogeneous Cu*"
by treating HeLa cells with pyrrolidine dithiocarbamate
(PDTC), the precursor for promoting oxidation of glutathione
to increase the intracellular level of Cu®* ions.** Compared with
the results shown in Figure 44, it can be seen in Figure 4d that a
weak fluorescence signal is emitted from PDTC-treated cells.
These results can be interpreted to mean that changes in both
exogenous and endogeneous Cu’* can be monitored by Rhod-
SP@MSN-CD. Since Rhod-SP selectively responded to the
coexistence of H* and Cu*" in vitro, it could be hypothesized
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Figure 4. Confocal microscopy images of HeLa cells using Rhod-SP@
MSN-CD under different conditions: (a) cells incubated with Rhod-
SP@MSN-CD (50 pg/mL) for 3.0 h; (b) cells supplemented with SO
#M CuCl, for 12.0 h and then incubated with Rhod-SP@MSN-CD
(50 pug/mL) for 3.0 h; (c) cells from panel (b), treated with 1.0 mM
ascorbate for 2.0 h; (d) cells from panel (a), treated with 100 yM
PDTC for 2.0 h; and (e) cells from panel (b), treated with a proton
sponge of DMAN for 2.0 h (4, = 559 nm; A, = 570—600 nm). (f)
Graph showing quantification of mean fluorescence intensity of each
condition (a—e), normalized to the control condition. Statistical
analyses were performed with a two-tailed Student’s t-test. Asterisk (*)
indicates P < 0.05 (n = 3), and error bars are +SD (SD = standard
deviation).

that the intracellular response behavior of Rhod-SP@MSN-CD
happened in the acidic lysosomal microenvironment rather
than the cytoplasm or other organelles with neutral environ-
ments. To demonstrate this proposition, HeLa cells were
treated with 1,8-bis(dimethylamino)naphthalene (DMAN), a
common proton sponge, to promote lysosomal damage.*’
From Figure 4e, an obvious decrease in fluorescence was
observed in these cells from the proton-sponge effect, leading
to the successful escape of Rhod-SP@MSN-CD into the
cytoplasm, preliminarily proving that the fluorescence enhance-
ment of Rhod-SP@MSN-CD was dependent on lysosomal
acidity. Fluorescence imaging analysis convincingly proved that
the cells could only be illuminated by Rhod-SP@MSN-CD in
the simultaneous presence of Cu®* and lysosomal protons.

As expected, Rhod-SP@MSN-CD displayed well-localized
fluorescence within lysosomes. HeLa cells were co-stained with
Rhod-SP@MSN-CD for 3.0 h in the presence of exogenous
Cu®* and LysoTracker Green for 5 min at 37 °C. As shown in
Figure SA (panels (a)—(c)), the fluorescent images between
Rhod-SP@MSN-CD and LysoTracker Green overlapped very
well. The intensity profiles of the linear regions of interest
across HeLa cells stained with Rhod-SP@MSN-CD and
LysoTracker also tended toward synchronization (panel (d)
in Figure SA). From the intensity correlation plots (panel (e) in
Figure SA), a high Pearson’s colocalization coefficient of 0.942
and overlap coeflicient of 1.626 were obtained, respectively, and
the white pixels (Figure SAf) identified those lysosomes with
high-intensity distribution of the two dyes. The results
indicated that Rhod-SP@MSN-CD was specifically accumu-
lated in lysosomes and activated by the coexistence of acidic pH
and Cu**. To provide additional physical evidence for
subcelluar residence of nanoprobe, TEM analysis was applied
to image the cell uptake of MSNs and Rhod-SP@MSN-CD.
From Figure 5B, it can be clearly seen that both were

Lysosomal Tracker Rhod-SP@MSN-CD Overlay

[=%

=
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2
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Figure 5. (A) Rhod-SP@MSN-CD colocalizes to the lysosome in
HeLa cells. Cells were stained with (a) 1.0 uM LysoTracker Green
(Channel 1, A, = 488 nm; A, = 505—530 nm) for 0.5 h at 37 °C, (b)
S0 pug/mL Rhod-SP@MSN-CD (Channel 2, A, = 559 nm; 4, =
570—600 nm) with CuCl, (50.0 uM) for 3.0 h at 37 °C, (c) overlay of
panels a and b, (d) intensity profile of region of interest (ROI) across
the HeLa cell, (e) intensity scatter plot of LysoTracker Green and
Rhod-SP@MSN-CD, and (f) simulated image (the white pixels, as
represented by the scatter plot shown in panel e, were highlighted by
selecting the points within the noted red rectangular region). (B)
TEM micrographs of HelLa cells incubated with (a) MSNs and (b)
Rhod-SP@MSN-CD for 3.0 h.

internalized by cells and trapped inside lysosomes. The superior
colocalization results can be attributed to two factors. First, the
MSNs could forwardly accumulate into lysosomes after
internalizing into cells by endocytosis. Second, the acidic
lysosomal environment could effectively activate Rhod-SP to
function a good response to Cu*'. Thus, Rhod-SP@MSN-CD
exhibits excellent spatiotemporal resolution capability for
specifically sensing lysosomal Cu’*.

Since f-CD on the surface of Rhod-SP-loaded MSNs confers
the capability of nanoparticles to further conjugate with various
functional receptors, a guiding unit of c(RGDyK) peptide
conjugated adamantane (Ad-RGD) as prototypical system was
incorporated on the surface of Rhod-SP@MSN-CD by host—
guest interactions of $-CD and Ad to enhance cell specificity
(see Scheme 2). The characteristics confirmed that c(RGDyK)
peptide was well-modified on the surface of MSNs. After
conjugation of Rhod-SP@MSN-CD with Ad-RGD peptide, the
zeta potential of the nanoprobes changed from +27.8 mV of
Rhod-SP@MSN-CD to +6.6 mV of Rhod-SP@MSN-CD-RGD
(Figure S24 in the Supporting Information). The dynamic light
scattering (DLS) analysis also indicated that diameter of the
obtained nanoprobes changed from ~80 nm of Rhod-SP@
MSN-CD to ~98 nm of Rhod-SP@MSN-CD-RGD with
excellent dispersion (Figure S2S in the Supporting Informa-
tion). Moreover, FTIR spectroscopy gave direct evidence,
because of the emerging absorption bands of acylamide
vibration and carboxyl stretching vibration at 1541 and 1670
cm™’, respectively (Figure S26 in the Supporting Information).
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Then, the cell specificity of Rhod-SP@MSN-CD-RGD was
verified using flow cytometry and confocal imaging experiments
by incubating the probe with HeLa cells and MCEF-7 cells,
respectively. Flow cytometry experiments (Figure S27 in the
Supporting Information) in HeLa cells revealed a marked shift
in population distribution from low fluorescence intensity to
high fluorescence intensity when the cells were supplemented
with Cu®*. This response can be ascribed to the high affinity
between the cyclic RGD peptide and both a,f; and a.,f
integrins,41 which are expressed at high levels on HeLa cells,
but at lower levels on MCE-7 cells, in turn, leading to enhanced
endocytosis of the nanoprobe. Subsequent analysis using
confocal imaging further confirmed that receptor mediation
conferred efficient endocytosis. Significant fluorescence was
clearly visualized in HeLa cells after being incubated with Rhod-
SP@MSN-CD-RGD for 30 min (see Figures S28A and S28B in
the Supporting Information), and high colocalization between
Rhod-SP@MSN-CD-RGD and LysoTracker was seen in
lysosomes, but only a weak fluorescent signal was observed in
MCEF-7 cells, even if the incubation time reached 3.0 h (see
Figures S28C and S28D in the Supporting Information).
Moreover, TEM confirmed that Rhod-SP@MSN-CD-RGD
exhibited a higher uptake efficiency into HeLa cells and faster
lysosomal accumulation (30 min) than that of MSNs and
Rhod-SP@MSN-CD (see Figure S29 in the Supporting
Information). Clearly, the presence of RGD peptides on the
surface of nanoprobes conferred both targeting and internal-
ization properties to specific cell populations.

Finally, we evaluated the potential application of Rhod-SP@
MSN-CD-RGD in the diagnosis and evaluation of Cu*'-related
diseases by incubating Rhod-SP@MSN-CD-RGD with live
human normal liver cells (HL-7702) and human hepatoma cells
(HepG2). Figure S30 in the Supporting Information clearly
shows that the fluorescence of HepG2 was apparently brighter
than HL-7702, indicating that the content of Cu?* inside the
lysosomes of hepatoma cells is higher than that of normal liver
cells, consistent with previous studies.'®** Thus, Rhod-SP is
not only useful for the imaging lysosomal Cu®* on the cellar
level, but it is also valuable for disease diagnosis. In the latter
case, the nanoprobe was able to detect the Cu®" level in
lysosomes, suggesting the development of liver injury in living
cells.

B CONCLUSIONS

In summary, a dual Cu**- and proton-activated fluorescent
nanoprobe has been developed to monitor Cu*" in lysosomes.
To the best of our knowledge, such a dual-locked model system
that activates the probe’s fluorescence by both the target
analyte and the specific location remains essentially undevel-
oped; thus, the approach woud successfully address the
challenges of intracellular analysis. First, selective accumulation
and subsequent fluorescence activation eliminate false signals
and improve spatial resolution and sensitivity. Second, the
encapsulation of functional probe molecules into nanopores
effectively protects the probes’ stability and, at the same time,
avoids interference from complex biological environments.
Finally, modification with -CD on the surface of mesoporous
silica nanoparticles (MSNs) not only dramatically improved the
nanoprobe’s stability and biocompatibility in the physiological
environment, but also conferred the capability of the nanop-
robe to further conjugate with various functional receptors,
which makes the nanoprobe possess dual-targetable ability.
This is a flexible and universal design strategy for lysosome-

targeted chemical probes by simply changing the target
recognition element, hence making it applicable to other
analytes of interest.
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