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ABSTRACT The versatility of the fluorescent probes inspires us to design

@)
fluorescently traceable prodrugs, which enables tracking the drug delivery kinetics — 00

in living cells. Herein, we constructed a self-indicating nanoprodrug with s :(T%&T:S”né's’
two fluorescent moieties, an aggregation-induced emission molecule (Fluorogenic) o "B N
(tetraphenylethylene, TPE) and a luminant anticancer drug (doxorubicin, DOX), &@;
with a pH-responsive linker between them. Except when a low pH environment is firdeeore & \”;;,/
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encountered, an energy-transfer relay (ETR) occurs and inactivates the fluores-
cence of both, showing a dark background. Otherwise, the ETR would be
interrupted and evoke a dual-color fluorogenic process, giving distinct fluorogenic read out. By observing the dual-color fluorogenic scenario, we
captured the kinetics of the drug release process in living cells. Because the separated TPE and DOX are both fluorescent but have a distinct spectrum, by
examining the spatiotemporal pattern of TPE and DOX, we were able to precisely disclose the drug-releasing site, the releasing time, the destinations of the

carriers, and the executing site of the drugs at subcellular level. Furthermore, different intracellular drug release kinetics between free doxorubicin and its

nanoformulations were also observed in a real-time manner.
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ells are sophisticated units that im-

plement diverse biological functions

by precisely coordinating the activ-
ities of different organelles. Each of these
subcellular compartments contains a highly
specialized microenvironment. To achieve
efficient therapeutic effects, nanoscaled
drug delivery systems (NDDSs) are usually
endowed with stimulus-responsive capaci-
ties which allow them to respond to the
specific physiological microenvironments
within organelles and release drugs at
targeting subcellular locations during intra-
cellular trafficking.® Deciphering these
stimulus-responsive drug release kinetics
at the subcellular level allows us to under-
stand this process better and control drug
release more precisely, thus enhancing the
effectiveness of chemotherapeutic agents.
However, few studies have provided de-
tailed insight into the kinetics of subcellular
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spatiotemporal drug delivery in situ, parti-
cularly in a noninvasive, real-time manner.

In an effort to precisely characterize the
nature and location of stimulus-responsive
drug release kinetics, fluorescent tags are
one of the most powerful tools, as they
provide high sensitivity and great versatility
while minimally disturbing the cell under
investigation.”® Nevertheless, the fluores-
cent tag may not indicate the actual sub-
cellular location of the NDDSs, as it may be
hydrolyzed during intracellular trafficking.
Furthermore, some surface fluorescent dye
derivatives may alter the physicochemical
properties of the NDDSs, causing the
tagged NDDSs to have different uptake
behaviors from the naked one. To overcome
these drawbacks, NDDSs with intrinsic fluo-
rescence, capable of responding to the
specific microenvironments within living
cells, needs to be developed. Inspired by
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Scheme 1. Schematic illustration of the design of the probe-inspired nano-prodrug. A probe is generally constructed with three
parts: F, S, and R units. Between F and R, specific energy transfer (FRET, ICT, PET, etc.) determines the fluorescence variations.
Based on this, our nano-prodrug was designed using two fluorophore groups with an energy-transfer relay (ETR) scenario;
i.e., donor transfers its emissive energy to acceptor, and the acceptor quenches itself by aggregation caused quenching (ACQ).
Owing to ETR, the fluorescence of both the donor and acceptor is quenched; once the ETR is disrupted in specific environments,
the fluorescence of both F, and F, reappears. The nano-prodrug is constructed with a guidance molecule (TPE) and drug (DOX),
which act as the donor (F,, TPE) and acceptor (F,, DOX), respectively. The hydrazone bond is employed as spacer to conjugate
TPE and DOX and also acts as the receptor (R) responding to the environmental alteration. Under low pH micro-environment in
cells, the hydrazone bond is broken, and the fluorescence of TPE and DOX are both woken up and read out from the dark
background. Excitation 1 is 330 nm of TPE, and excitation 2 is 477 nm of DOX. Abbreviations: F, fluorophore group; S, spacer; R,

receptor group; G, guidance group; D, drug moiety; THyD, TPE-hydrazone-DOX.

the design concepts of the fluorescent probes,'®~'? we

wished to develop a self-indicating nanoprodrug in
which dynamic energy-transfer processes, such as
fluorescence resonance energy transfer (FRET),'*'*
photoinduced electron transfer (PET),">~'” or intramo-
lecular charge transfer (ICT),"®%° occur between the
drug and the carrier. When the prodrug is disrupted in
specific environments, these energy transfers would
be broken, leading to a variation in the fluorescent
signal. Hence, we chose a typical fluorescent anti-
cancer drug, doxorubicin hydrochloride (DOX-HCI).
But DOX-HCl itself is hydrophilic and will not aggre-
gate into nanoform under physiological conditions.
Moreover, DOX is constructed with rigid planar chro-
mophores, which are not easy to assemble into stable
nanoparticles.?' ~2* To formulate DOX - HC into a nano-
prodrug requires a guiding molecule that meets at
least two criteria: (i) it is hydrophobic and (ii) it is
capable of forming stable nanoparticles under physio-
logical conditions. This guiding molecule should be
able to pair with DOX to form specific energy-transfer
relationships. Fluorescent dyes, with intrinsic fluores-
cent and hydrophobic chromophores, are ideal candi-
dates. However, fluorescent dyes are generally con-
structed with rigid planar chromophores. Once these
dyes are introduced into compact nanostructured drug
delivery systems, the fluorescence is greatly reduced by
the aggregation-caused quenching (ACQ) phenomenon,
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which occurs by “m—m stacking” of the rigid planar
chromophores.*®~?” Furthermore, the rigid planar
structures also suffer the same assembling problems
as DOX. Recently, some self-luminant nanodots with
little or no cytotoxicity were fabricated using a special
type of fluorescent molecules with aggregation-
induced emission (AIE) characteristics.”®%° Different
from the conventional fluorescent dyes, AIE molecules
are highly fluorescent in the aggregated state,3° 32
which makes them ideal candidates for self-luminant
drug carriers. In our previous work,>* the AIE molecule,
tetraphenylethylene (TPE), could form stable nanopar-
ticles in aqueous solution and display efficient FRET
with DOX, allowing them a better fit for the construc-
tion of a probe mimetic nanoprodrug. By virtue of the
energy transfer between TPE and DOX, in situ visualiza-
tion of the drug release kinetics can be achieved by
observing the location and magnitude of the energy-
transfer-dependent fluorescence variation.

Hence, as depicted in Scheme 1, we constructed a
self-indicating nanoprodrug based on the designing
conceptions of fluorescent probes, in which an energy
transfer relay (ETR) occurs between two fluorophores
(TPE and DOX, corresponding to F; and F,, re-
spectively) and inactivates the fluorescence of both.
As we aimed to develop a general conception of
designing the self-tracking nanoprodrug to image
the intracellular drug release kinetics of NDDSs, we
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chose one of the most widely used external-stimulus
responsive linkages, a hydrazone bond with a
pH-sensitive feature3*° that acts as the spacer and
receptor group (S/R in Scheme 1) between TPE and
DOX. Moreover, the hydrazone bond is a “traceless”
reversible chemical bond; the disruption of this bond
causes no “pendent” residues remaining on the drug
molecules, which permits the precursors returning to
their original state from the prodrug form, and allows
reproducing the identical intracellular behaviors to
the free drugs. Once ETR becomes invalid under low
intramolecular pH circumstances, the silenced fluores-
cence of TPE and DOX is enabled and evokes a dual-
color fluorogenic process. By capturing these two color
generations, the drug-release kinetics in living cells can
be observed.

RESULTS AND DISCUSSION

The prodrug molecules (THyD) were synthesized start-
ing from a TPE precursor we previously reported®*3¢
and were conjugated with a commercially available
doxorubicin hydrochloride by a hydrazone bond
(Figures S1—S5, Supporting Information). Then the
prodrug molecules were assembled into nanoparticles
that became nanoprodrugs (THyD NPs) by a reprecipi-
tation method.?>?® As shown in Figure 1a, the hydro-
phobic TPE moieties successfully guided the assembly
of THyD molecules into uniform spherical nanoparti-
cles in normal saline. The size distribution of THyD NPs
was around 41 nm (Figure 1b). Next, we examined the
ETR-caused dual-fluorescence (FL) quench behaviorsin
THyD NPs. As shown in Figure 1c,d, the FL of DOX was
almost completely quenched upon formation of THyD
NPs; this FL quench was ascribed to ACQ. To verify that
the ACQ behaviors occurred in THyD NPs, a solvent-
dependent aggregation method was employed. The
DOX chromophores in THyD molecules showed strong
fluorescence at 591 nm when they were dissolved in
DMSO, but with the addition of water (normal saline),
the fluorescence intensity dramatically decreased
(Figure 1e). When the water fraction (f,,, water content
in DMSO, vol %) reached 99.9 vol %, the FL intensity of
the DOX chromophores was nearly 26.5-fold weaker
than that in 100% DMSO (Figure 1f), confirming that
the ACQ of the DOX chromophores gradually increased
along with the aggregation of THyD. Next we exam-
ined the AIE behavior of the TPE chromophores in THy
(guidance precursor of THyD). As shown in Figure S9a
(Supporting Information), THy was weakly fluorescent
when it was dissolved in DMSO, but with the addition
of water, the fluorescence (FL) intensity dramatically
increased. When the f,, reached 99.9 vol %, the FL
intensity of THy was nearly 90-fold stronger than thatin
100% DMSO. The quantum yields (®F) of THy in DMSO
at different water fractions were also measured.>”>®
When f,, was <60%, the quantum yield of THy was
very low (®F < 0.43%), but when f,, was =60%, the
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Figure 1. Morphology, size distribution, and the ETR-based
dual FL quenching behaviors of DOX and TPE in THyD NPs:
(a) morphology of THyD NPs observed by TEM; (b) size
distribution of THyD NPs evaluated by DLS; (c) variations of
TPE and DOX fluorescence in 50 M THyD under dispersed
(Dis) and aggregated (Agg) conditions; (d) plot calculated
from (c) showing the FL quenching behaviors of DOX and
TPE. The water fractions were adjusted by using normal
saline (0.9% NaCl); (e) aggregation-caused quenching (ACQ)
of doxorubicin fluorescence in 50 «M THyD in different
fractions of water (f,,) (the f,, means water content in DMSO
(percentage in volume)); (f) plot calculated from (e) showing
the ACQ behavior of DOX. TPE, excitation/emission, 330/
466 nm; DOX, excitation/emission, 477/591 nm.

quantum yield greatly increased, reaching 17.5% when
fw was 99.9%, (Figure S9b, Supporting Information).
This suggests that in the presence of a poor solvent
(water), the AIE of THy is enhanced because the
molecules are increasingly aggregated. The AIE behav-
ior of THy indicates that it is suitable for preparation of
self-indicating drug carriers. A similar approach was
employed to evaluate the FL behaviors of the TPE
chromophores in THyD. As shown in Figure 1¢,d, the
TPE chromophores showed no obvious FL enhance-
ment in the aggregated state. The AIE behavior of TPE
seemed to disappear in THyD NPs. Previously, we
reported that TPE and DOX showed an obvious FRET
phenomenon,®*3? as the peak emission wavelength of
TPE largely overlaps with the excitation wavelength of
DOX (Figure S10, Supporting Information). Thus, in
THyD NPs, the disappearance of the AIE behavior of
TPE was ascribed to transfer of its emissive energy to
DOX. We confirmed that in the THyD NPs, the FL of
both TPE and DOX was quenched through ETR, in
which the emission from TPE was transferred to DOX,
and DOX was self-quenched due to the ACQ phenom-
enon. As a control, we also conjugated TPE and DOX
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with an uncleavable linker (amide bond) and formed
TAMD molecules (Figure S6—S8, Supporting Informa-
tion). Similar ETR caused FL quenching behavior to occur
in the control (TAmD NPs). As shown in Figure S11
(Supporting Information), the FL of DOX and TPE were
both quenched when TAmD aggregated into nano-
particles. Thus, a dual-fluorescence-quenched THyD
and TAmMD nanoprodrug was prepared; the FL of both
the carrier and drug was “turned off” due to ETR. We
hypothesized that in the THyD nanoprodrug the FL of
the carrier and drug would be recovered and show a
dual-color fluorogenic process once the hydrazone
bond recognized the low pH microenvironment in
cells and the disrupted ETR reversed fluorescence
quench. In contrast, fluorescence “turn on” may not
occur in TAmD NPs, as the amide bond is not easily
hydrolyzed.

The THyD NPs were designed to respond to the
intracellular pH microenvironment in cells and trigger
dual-color recovery of TPE and DOX. Hence, the fluo-
rescence of THyD NPs is supposed to be recovered
when exposed to acidic intracellular compartments
such as lysosomes (pH 5.0), which can break down
waste materials and exotic species.’®**' Therefore, an
in vitro assay that mimics the intracellular pH of lyso-
somes was employed to evaluate the dual-color
responsiveness of TPE and DOX in THyD NPs. The
fluorescence recovery of THyD NPs in different pH
conditions was visualized using a UV lamp with an exci-
tation wavelength of 365 nm. As shown in Figure 2a,
THy NPs and free DOX both showed strong fluores-
cence in normal saline at neutral pH. The THyD NPs
were fluorescently inactive, indicating that the FL of
THy and DOX were both quenched, which is consistent
with the FL spectra (Figure 1b,c). As we adjusted the pH
of the THyD normal saline suspension to 5.0 with acetic
acid, the red fluorescence of DOX recovered, which
indicates that the ACQ phenomenon was reduced as
some of the DOX was released from the THyD NPs. The
FL spectra of THyD NPs under different pH conditions
were further evaluated, as shown in Figure 2b. When
the pH of the normal saline suspension was adjusted to
5.0, the FL intensity of DOX increased significantly,
confirming that DOX was released from THyD NPs.
We also tested the TPE FL recovery of the THyD NPs in
acidic normal saline; however, no obvious FL recovery
was observed, presumably because of the persistence
of FRET between the TPE and DOX molecules. Hence,
THyD NPs were suspended in acidic normal saline
(pH 5.0) and dialyzed in a dialysis bag (MW 3000 Da)
for 24 h to separate the detached DOX from THy. The FL
behavior of the THy in the dialysis bag was evaluated.
As shown in Figure 2¢, the FL of THy recovered,
indicating that after being detached from DOX the
AIE behavior of THy was retained. The fact that THy
showed AIE behavior and stayed in the dialysis bag sug-
gests that THy remained in an aggregated state when
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Figure 2. Dual-color responsiveness of THyD when it
encounters the low pH circumstcance: (a) pictures of THy
(1), DOX (2), THyD (3, neutral pH) and THyD (4, pH 5.0, treated
for 24 h) under laboratory lighting (left) and under a UV lamp
with laser excitation at 365 nm (right); (b) recovery of DOX
fluorescence when THyD was treated with normal saline at
pH 5.0 for 24 h; (c) recovery of TPE fluorescence when THyD
was treated with normal saline at pH 5.0 for 24 h and the free
DOX was removed by dialysis; (d) analyses of the stability of
THyD by HPLC. In the experiments, the concentration of
ThyD was set at 50 «M. TPE, excitation/emission, 330/466 nm;
DOX, excitation/emission, 477/591 nm.

DOX was released from the THyD NPs (Figure S12,
Supporting Information). After successfully evaluating
the pH-responsive detachment of TPE and DOX by FL
assay, we next confirmed that the THyD molecules
were hydrolyzed into their original molecular compo-
nents (THy and DOX). High-performance liquid chro-
matography (HPLC) was employed to qualify the
hydrolysate of THyD. As shown in Figure 2d, THyD
gave a single chromatographic peak (retention time:
224 min) at neutral pH, indicating that the THyD
molecules were intact. After incubation in methanol
solution at pH 5.0 for 1 h, THyD gave two additional
chromatographic peaks. The retention times of the
new peaks (33.3 min at 330 nm, 11.1 min at 477 nm)
were identical to THy and DOX, demonstrating that the
THyD molecules are able to be hydrolyzed into their
original components. The THy molecules kept their
structure even after going through the processes of
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conjugation with DOX and hydrolyzation from THyD.
Furthermore, the released DOX was still in the proton-
ated form, retaining the hydrophilic characteristics
that are critical for its biological anticancer activity.*?
Usually, when stimulus-responsive linkers are cleaved
under specific biological circumstances, they leave a
molecular residue attached to the released drug, which
may alter the physicochemical properties and even the
pharmacology of the drug. Hence, our design based on
hydrazone bond cleavage is a “traceless” reversible
disruption, which does not leave any molecular residue
on the drug or the carrier after the drug has been
released. The fluorescence recovery assay was also
performed in the reference system (TAmD), as shown
in Figure S13 (Supporting Information). The fluores-
cence of both TPE and DOX in TAmD NPs was nicely
quenched; however, no evidence of TPE FL or DOX FL
or disruption of the TAmD NPs was observed, even
after treatment with acid. In addition, the HPLC assay
did not detect any peaks except for the TAmD chro-
matographic peak when the control molecules were
incubated in acidic methanol solution. We concluded
that the TAmD prodrug could not respond to low pH
circumstances and released little or no DOX at pH 5.0.
Based on the in vitro FL recovery evaluation, we hy-
pothesized that THyD NPs would undergo a lysosome-
associated dual-color fluorogenic process after being
translocated into cells.

After examining the dual-color responsiveness of
the THyD and TAmD nanoprodrug in vitro, we evalu-
ated their cytotoxicity. MCF-7 human breast cancer
cells were treated with free DOX, THyD NPs, and TAmD
NPs for 24 h. TCa NPs (carboxylated TPE) and THy NPs
were also included as controls to rule out nonspecific
toxicity of free TPE molecules. According to the cell
viability results shown in Figure S14 (Supporting
Information), both DOX and THyD were cytotoxic
toward MCF-7 cells after 24 h treatment. The half-
maximal inhibitory concentration (ICsp) of THyD was
3.96 uM, about 2.5 times that of DOX (1.59 uM). This
difference was assumed to result from the delayed
release of DOX from THyD NPs in cells, whereas free
DOX entered cells directly through diffusion. In con-
trast, TAmD NPs hardly showed any toxicity to cancer
cells because the DOX could not be released. This
evidence further supported that the amide bond could
not be disrupted in cells. THy NPs and TCa NPs also
showed no toxicity, indicating that TPE is safe to cells
and the toxicity of THyD was due to the released DOX.

Based on the cell viability results, we hypothesized
that the differential cytotoxicity of THyD and TAmD
was due to the different pH responsiveness of
the hydrazone and amide bonds. Hydrazone bonds
are much more labile under low pH condition than
amide bonds and would therefore readily release DOX
in the acidic lysosomes. According to the fluorescence
energy flow, the fluorogenic activities of TPE and
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Figure 3. CLSM images depicting the subcellular distribu-
tions of THyD NPs in the MCF-7 cell line; the incubation
times were 5, 60, and 180 min. Lysosomes were labeled with
LysoTracker Deep Red. Scale bar is 20 um.

DOX will only be observed after the cleavage of linker
bonds and disassembly of the nanostructures. The
drug release kinetics can therefore be monitored by
observing the fluorescence of TPE and DOX in our
probes-inspired nanoprodrug. Confocal laser scanning
microscopy (CLSM) was then conducted to prove this
hypothesis. MCF-7 cells were treated with THyD and
TAmD for 5, 60, and 180 min before imaging. As shown
in Figure 3, THyD-treated cells exhibited distinct TPE
and DOX fluorescence after 180 min treatment and the
fluorescence intensity increased with incubation time,
suggesting that the drug was successfully released
from the THyD NPs in a time-dependent manner. The
“blue” fluorescence of TPE was localized in the cyto-
plasm, in the same location as THy NPs (Figure S15,
Supporting Information). No TPE signal was observed
in the nucleus, indicating that the carrier just performs
its delivery function and does not influence the anti-
cancer effect of the drug. In the “red” fluorescence
channel, DOX was distributed in both the cytoplasm
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and nucleus. Every cell contained a large cytoplasmic
region which showed a particularly strong FL signal
from both TPE and DOX. We hypothesized that this
region corresponded to lysosomes, where detachment
of DOX from the THyD NPs led to a fluorogenic
response. To test this, we stained lysosomes with
LysoTracker Deep Red (Figure 3, dark field merge)
and found that the strong TPE and DOX signals did
indeed colocalize with lysosomes. These results sup-
ported that the THyD NPs were response to low
pH value, and TPE and DOX were released in lyso-
somes. To disclose the drug release kinetics more
precisely, we increased the cellular incubation time
with THyD NPs. The MCF-7 cells were incubated with
THyD for 6, 12, and 24 h, respectively (The cells were
treated with THyD NPs for 3 h, and then the THyD
contained medium was replaced with fresh cell culture
medium for another 3,9, and 21 hiincubation.) The cells
were examined with CLSM (Figure S16, Supporting
Information). In 6 h incubation, the fluorescence of
TPE and DOX was mostly colocalized in lysosomes, and
some DOX entered the nucleus; for a longer 12 h
incubation, the subcellular distributions of TPE and
DOX remained nearly unchanged compared with the
fluorescence distribution of 6 h, but the fluorescence of
TPE and DOX became brighter; after 24 h incubation,
TPE and DOX mostly distributed in the cytoplasm and
perinuclear region, and some of the DOX fluorescence
signal was shown in the nucleus. The amount of TPE
and DOX colocalized in lysosomes was clearly reduced,
and the cells were almost dead (see the bright field,
Figure S16, Supporting Information), because most of
the cells became round-shaped and floated in the cell
culture medium (we also prolonged the incubation
time to 48 h, and the cells were all dead). Meanwhile,
we observed a signal reduction of LysoTracker in 24 h
incubation. We assumed that it was a sign of pH in-
crease which was caused by the continuous proton
consumption during the hydrolysis of THyD. From
these results, we concluded that the THyD NPs showed
a sustained drug-releasing pattern; they released DOX
slowly and persistently. As control experiment, we
employed another DOX formulation we reported
before,®® i.e., TPE and DOX coprecipitation nanoparti-
cles (TD NPs). In TD NPs, the TPE NPs carried the DOX by
electrostatic interaction. The cells were treated with
the TD NPs identical to how the cells were treated with
the THyD NPs, and the CLSM results are shown in
Figure S17 (Supporting Information). The drug release
process of TD NPs was much quicker; in 3 h, part of the
DOX entered nucleus, and the rest colocalized with TPE
in lysosomes and cytoplasm. In 6 h, TPE NPs mostly
localized in lysosomes, and the rest distributed in
cytoplasm; DOX mostly localized in nucleus, and some
of the DOX colocalized with TPE in lysosomes. It
indicated that the electrostatic interaction between
the TPE and DOX was more liable to be disrupted in the
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acidic lysosomes and release the DOX quicker. In
conclusion, our THyD nanoprodrug experienced a
sustained drug release process, the THy NPs finally
distributed in the cytoplasm and lysosomes, and DOX
localized in the cytoplasm, nucleus, and lysosomes. In
comparison, the TD NPs released drugs in lysosomes at
a much faster rate. Both nano drug delivery systems
were retained in lysosomes and release the drugs, and
then the drugs entered the nucleus and TPE carriers
stayed in lysosomes or distributed in the cytoplasm. In
the control experiment using control nanoprodrug
(TAmD NPs), negligible DOX or TPE fluorescence was
recovered after 180 min treatment and showed no
lysosomes colocalization (Figure S18, Supporting Infor-
mation). The fluorescence intensity of DOX in cells
treated with TAmD for 180 min was even lower than
that in cells treated with THyD for 60 min. This result
further proved our hypothesis that the amide bond
was stable at physiological pH and the DOX cannot be
released in cells. Combining the cell viability results,
TAmMD NPs showed no toxicity to cells after 24 h treat-
ment, which implied that even the incubation time was
prolonged and the DOX would not release effectively
in TAmD NPs. Therefore, THyD NPs would be employed
for real-time visualization of the spatiotemporal
pattern of drug release kinetics.

Real-time visualization of spatiotemporal drug re-
lease kinetics will enable us to understand this process
better and will enlighten future design of sophisticated
DDSs. Our THyD NPs are well-suited to this purpose for
two reasons. First, all of the fluorescence is eliminated
because of the ETR. This means that background noise
is removed. Second, these NPs respond to physiologi-
cal pH changes. Acidic conditions induce a dual-color
fluorogenic response from both TPE and DOX once the
DOX is released. We have called this response “from
darkness to brightness”. In order to visualize the spa-
tiotemporal drug release of THyD at the subcellular
level and to observe small changes at each time point
during this subtle process, we used a real-time CLSM
system equipped with a continuous shooting appara-
tus. This permits a more accurate visualization of the
intracellular drug release process during DDS traffick-
ing in living cells. The method is noninvasive because
neither cell disruption nor organelle isolation is
required. Therefore, MCF-7 cells were incubated with
THyD NPs and filmed with real-time CLSM to observe
the dual-color fluorogenic activities of TPE and DOX.
The cells were treated with THyD NPs for 150 min, and
snapshots were captured every 3 min. According to the
results (Figure 4 and Figure S19, Supporting Infor-
mation), an obvious “from darkness to brightness”
phenomenon was visualized. During the first few
minutes, TPE and DOX were both kept “silent”, and
the visual field of the CLSM images remained dark. The
dark background indicated that our THyD NPs were
stable enough to remain quenched in the cell culture
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Figure 4. Real-time visualization of the spatiotemporal pattern of drug release by filming the fluorogenic process of the THyD
nanoprodrug. The “from darkness to brightness” images were taken every 3 min for a total of 150 min with a PerkinElmer
UltraVIEW Vox spinning disk confocal microscope and processed with Volocity software. MCF-7 cells were treated with culture
medium containing 50 xM THyD. Before the first snapshot was acquired, 5 min dead time was taken for sample preparation.

medium and suitable for in vitro real-time visualization
of intracellular stimulus-triggered drug release. Follow-
ing the transitory period of darkness, the areas contain-
ing lysosomes became bright and showed a “purple”
color (caused by merging of “red” and “blue” colors),
indicating that TPE and DOX were both “woken up”,
and the fluorogenic process was evoked due to the
disruption of THyD NPs. After that, the cell nucleus
became bright, indicating that DOX had entered its site
of action. By combining all these snapshots together, a
vivid spatiotemporal drug release kinetics scenario was
depicted. THyD NPs were taken up into cells and
translocated into lysosomes. Inside the lysosomes,
due to the acidic pH, the hydrazone bonds began to
break, the ETR between DOX and TPE was interrupted,
and the “silenced” fluorescence began to “wake up”
and light up the lysosomes. Then, free DOX invaded
the nucleus and executed its antitumor function (see
movie 1, Supporting Information). In an effort to
elucidate the spatiotemporal drug release process
more precisely, we evaluated the variation in fluores-
cence with incubation time. Figure 5 shows the dual-
color fluorogenic process (I/l,) of DOX and TPE in
subcellular organelles (see the regions of interest, ROI)
with elapsed time. DOX fluorescence steadily in-
creased in both lysosomes and nuclei; the FL intensity
of DOX was enhanced nearly 10-fold after cells were
incubated with THyD NPs cells for 150 min, which
illustrated the distinct fluorogenic properties of our
nanoprodrug. Before 90 min, more DOX was present in
the lysosomes than in the nucleus. From 90 min
onward, the DOX fluorescence enhancements in the
nucleus were higher than that in the lysosomes. The
transition point at which more free DOX was present in
the nucleus than in the lysosomes is shown in Figure 5.
The fluorescence recovery of TPE was also enhanced in
lysosomes as the drug was released. In the nucleus,
however, the fluorescence of TPE showed no obvious
enhancement, which is in agreement with the results
shown in Figure 3 and Figure S15 (Supporting Infor-
mation). When its carrier mission was finished, TPE
stayed in the lysosomes or cytoplasm and was unable
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Figure 5. Spatiotemporal distribution of DOX and TPE
elucidated by means of the increments of DOX and TPE
fluorescence intensity (I/lp) in three different regions of
interest (ROI) as a function of irradiation time (min). The
arrow indicates the time when DOX fluorescence in the
nucleus is higher than in the lysosomes. On the CSLM image,
the green circle outlines the lysosome-rich region; the red
oval surrounds part of the nucleus and the white box shows
the blank (extracellular) region.

to invade the nucleus and influence the antitumor
activities of DOX. The FL enhancement was also eval-
uated in an extracellular region (blank, cell culture
medium, Figure 5). Outside the cells, both TPE and
DOX showed no obvious fluorogenic response, which
indicated that the THyD NPs were stable enough to
remain silent until they encountered the acidic envi-
ronment in lysosomes. According to the real-time
CLSM results, the THyD NPs performed in a lysosome-
dependent manner. THyD NPs were first translocated
into lysosomes and released the drugs, and then TPE
stayed in the lysosomes or diffused to cytoplasm
whereas DOX entered the nucleus and performed its
antitumor duty. As a control, the cellular uptake of free
DOX was also recorded by real-time CLSM. As shown in
Figure S20 and movie 2 (Supporting Information), DOX
is rapidly taken up into cells and shows no obvious
lysosome-dependent translocation behavior. Free
DOX seems to directly enter into the nucleus from
the cytoplasm. Meanwhile, because of the intrinsic
fluorescence of DOX, the red fluorescence spread
across the whole visual field, indicating that the fluo-
rescence of free DOX is always “ON” and cannot be
switched “from darkness to brightness”. By observing
the fluorescence of DOX, the nanoprodrug seems to
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Figure 6. Intracellular trajectory of NDDSs in living cells, which disclosed the trafficking of our probes-inspired nanoprodrug.
The nanoprodrug, THyD NPs, fabricated with two fluorophore groups (TPE and DOX) and conjugated with a pH responsive
hydrazone bond. In THyD NPs, the ETR effect, mediated by FRET and ACQ, inactivates the fluorescence of TPE and DOX and
forms a silent nanoprodrug. By observing the dual-color responsiveness of TPE and DOX, we can observe the following: THyD
NPs were first translocated into lysosomes, the drugs were released, and then TPE stayed in the lysosomes or diffused to the
cytoplasm, whereas DOX entered the nucleus and performed its antitumor duty.

experience an endocytosis cell uptake pathway and go
through a lysosome-associated process, which shares
the common uptake mechanism of most nanoparticles
when incubated with cells.**~%° In contrast, free DOX is
most likely to enter cells though diffusion, displaying
no lysosome-dependent trafficking pattern, but di-
rectly invading the nucleus from cytoplasm at a faster
speed.

CONCLUSION

The aim of this work was to develop a self-tracking
nanoprodrug for noninvasive real-time visualization of
the pharmacokinetic and biodistributional behaviors
of drugs and carriers in situ and, therefore, provide
detailed intracellular drug release kinetics information
for designing more sophisticated DDSs and improving
targeting efficiency of drug to pathological sites. By
applying our nanoprodrug to living cells, the intracel-
lular drug trafficking map of pH-responsive DDSs was
vividly drawn, as shown in Figure 6, and the nano-
prodrug THyD NPs, fabricated with a self-indicating
nanocarrier and an anticancer drug with intrinsic lumi-
nance, showed excellent theranostic characteristics. The
ETR effect, which is mediated by FRET and ACQ, inacti-
vates the fluorescence of THyD NPs. Once ETR was
broken by an external stimulus, the fluorescence of TPE
and DOX was reactivated, and their specific subcellular
locations of the drug and carrier could be monitored.
By observing the scenario of the fluorescence recovery,
the THyD nanoprodrug platform not only provides a
straightforward integration mode of imaging and
treatment but also bestows several striking visualiza-
tion characteristics: (i) the kinetics of the drug release
process is captured in a real time, noninvasive manner;
(i) the drug-releasing site (lysosomes) can be visual-
ized, precisely at the subcellular level; (jii) the releasing

time and (iv) the destination of the carriers (in the
cytoplasm) can be determined; (v) the executing sites
of the drugs (in the nucleus) can be disclosed.

In this work, AIE molecules were employed as the
drug carriers, which endows the nanoprodrug with
better imaging merits: (i) AIE molecules aggregate into
self-luminescent nanocarriers, which enable label-free
imaging. The fluorescent tags can also make nano-
carriers luminescence but need extra chemical modifi-
cation steps. Furthermore, the fluorescent tags may be
hydrolyzed and detached from the carriers during
intracellular trafficking and give faulty subcellular loca-
tion of the carriers. Moreover, some surface fluorescent
dye derivatives may alter the physicochemical prop-
erties of the nanocarriers, causing the tagged nano-
carriers to have uptake behaviors different from those
of the naked one. (ii) AIE molecules become fluorescent
upon aggredation; their fluorescence variation can
disclose whether they are aggregated or not. (jii) The
AIE molecules we employed are highly hydrophobic
and also act as the guiding molecules to make hydro-
philic doxorubicin hydrochloride assemble into nano-
particles. Between the doxorubicin hydrochloride and
AIE molecules, the hydrazone bond was employed,
which is a “traceless” reversible chemical bond and
reveals the drugs release without changing the original
structure, which allows our prodrugs to reproduce the
identical intracellular behavior to the free drugs. FRET-
caused fluorescence increase or decrease between the
donor and acceptor is a useful tool to observe the drug
release. Because of the energy transfer relay via FRET
and ACQ, our THyD NPs remained in “darkness” before
they released the drugs. When they encountered
the specific low pH subcellular environment, a dual-
fluorescence fluorogenic process was evoked, and
by observing double-color recovery, merging and
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separation, we were able to disclose the intracellular
drug release kinetics in a more detailed way. Moreover,
owing to the FRET and ACQ, the THyD NPs showed a
black background in confocal imaging, which allowed us
to capture a “from darkness to brightness” scenario and
observe the drug release kinetics in a real-time manner.

We also measured the drug release kinetics of
different DOX formulations. The hydrazone bond com-
posed nanoprodrug (THyD NPs) experienced a sus-
tained drug release process in lysosomes and released
DOX slowly and persistently; the electrostatic interac-
tion composed nanoparticles (TD NPs) released drugs

EXPERIMENTAL SECTION

Methods. Unless otherwise stated, all reagents were pur-
chased from commercial suppliers and used without further
purification. Water was purified using a Milli-Q system (Millipore,
Milford, MA). UV absorbance was tested by an ultraviolet and
visible spectrophotometer (Lambda 950, PerkinElmer). Fluores-
cence was tested by a fluorescence spectrophotometer (LS55,
PerkinElmer). Morphology of nanoparticles was evaluated by
transmission electron microscopy (TEM, HT7700, Hitachi). Size
distributions of nanoparticles were characterized by dynamic
light scattering (DLS, Zetasizer Nano ZS, Malvern). The charac-
teristics of each compound were determined by electrospray
ionization mass spectrometry (ESI-MS, Amazon SL, Bruker
Dalton), matrix-assisted laser desorption ionization time-of-
flight mass spectrometry (MALDI-TOF MS, Microflex LRF, Bruker
Dalton), nuclear magnetic resonance (NMR, AVANCE I, Bruker
Biospin), and high-performance liquid chromatography (HPLC,
Waters 2796 with a Waters 2996 PDA detector). The synthesized
compounds were purified by pre-HPLC (2535 Quaternary Gra-
dient Module equipped with a Waters 2489 UV/vis detector and
Fraction Collector Ill). MTT evaluation employed a microplate
reader (Infinite M200, Tecan). Confocal images were captured
by a confocal laser scanning microscopy (CLSM, LSM710, Carl
Zeiss). Real-time confocal movies were shot with a spinning disk
confocal microscope system (UltraVIEW VoX, PerkinElmer).

Synthesis of 2-[4-(1,2,2-Triphenyl-1-ethenyl)phenyloxylacetic Acid
(TPE-COOH). Preparation of 1,1,2-Triphenyl-2-(p-methoxyphenyl)-
ethene. Benzophenone (3.68 g, 20 mmol), 4-methoxybenzo-
phenone (4.28 g, 20 mmol), and zinc powder (19.3 g, 100 mmol)
were added to a three-necked flask, which was then vacuum-
evacuated and flushed 3x with dry nitrogen. A 200 mL portion
of dry THF was added, and then TiCl, (6.8 mL, 60 mmol) was
added dropwise using a syringe at 0 °C. After refluxing over-
night, the reaction was quenched by addition of 10% K,CO3
solution (13.8 g in 125 mL water). The organic phase was
washed 2x with brine and then dried over anhydrous MgSQO,.
The crude product was filtered, concentrated, and passed
through a silica gel column with an eluent of petroleum ether
and ethyl acetate (20:1 v/v). The final product was a white solid
with a yield of 42%.

Preparation of Methyl 2-[4-(1,2,2-Triphenyl-1-ethenyl)-
phenyloxyJacetate. A two-necked flask containing 1,1,2-tri-
phenyl-2-(p-methoxyphenyl)ethene (3.63 g, 10 mmol) and
dried CH,Cl, (100 mL) was cooled to —20 °C, and 2.0 mL of
BBr; was slowly added. The mixture was warmed to room
temperature, allowed to stand for 4 h, and then poured into
saturated aqueous sodium bicarbonate. The organic phase was
dried over anhydrous MgSO,, and the crude product obtained
after concentration was dissolved in 50 mL of CH3CN. K,CO3
(1.38 g, 10 mmol) and methyl bromoacetate (1.0 mL, 10 mmol)
were added, and the mixture was refluxed for 4 h before cooling
and filtering. The filtrate was concentrated and purified on a
silica gel column with an eluent of petroleum ether and ethyl
acetate (10:1 v/v) to give 3.54 g of product (82% yield).
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in lysosomes with a faster speed; the amide bond
composed nanoprodrug (TAmD NPs) cannot release
the drug effectively; and the free DOX was most likely
to enter cells through diffusion and directly invade the
nucleus from the cytoplasm without being postponed
in lysosomes. In addition, our probes-inspired nano-
prodrug provided an exciting design that can be used
to explore the intracellular drug release kinetics of
other stimulus-responsive DDSs, given that the recep-
tor group (hydrazone bond in this research) can be
altered to other cellular microenvironments responsive
to chemical bonds.

Preparation of 2-[4-(1,2,2-Triphenyl-1-ethenyl)phenyloxy]-
acetic Acid (TPE-COOH). Methyl 2-[4-(1,2,2-triphenyl-1-ethenyl)
phenyloxylacetate (2.00 g, 4.6 mmol) was dissolved in 150 mL of
THF/H,O (v/v = 7:1). LiOH (1.2 g, 50 mmol) was then slowly
added, and the mixture was stirred overnight. THF was removed
under reduced pressure and the mixture extracted 3x with
30 mL of CH,Cl,. Saturated NH,Cl solution was added to
neutralize the aqueous phase, and the pH was adjusted to
1.0 with 1 M HCI before extracting 3x with 40 mL of ethyl
acetate. The organic phase was dried over anhydrous MgSO,
and then concentrated to give TPE-COOH (1.52 g, 81% yield).
The NMR spectrum of TPE-COOH is shown in Figure S1
(Supporting Information).

Synthesis of TAmD. TPE-COOH (40.6 mg, 0.1 mmol) was
dissolved in 200 uL of DMF solution containing 0.1 mmol of
HATU, and then 32 uL of DIEA (0.2 mmol) was added and the
solution thoroughly mixed. Doxorubicin hydrochloride (87 mg,
0.15 mmol) was added, and the mixture was stirred at ambient
temperature for 2 h. After synthesis, pre-HPLC was employed to
purify the product. The desired HPLC fractions were collected
and lyophilized, giving about 41 mg of TAmMD (43% yield).

Syntheses of THy. TPE-COOH (81.2 mg, 0.2 mmol) was
dissolved into 400 uL of DMF containing 0.2 mmol of HATU, then
64 uL of DIEA (0.4 mmol) was added. After thorough mixing,
76.2 mg of Fmoc-Hyd (0.3 mmol) and 4.8 mg DMAP (0.04 mmol)
were added. The reaction system was constantly stirred at
ambient temperature for 2 h. Piperidine (116 uL, 20% volume
ratio to the reaction solution) was introduced into the reaction
system and stirred for 30 min at ambient temperature to depro-
tect the Fmoc residue. The reaction mixture was then purified by
pre-HPLC, and around 56 mg of THy was obtained (67% yield).

Synthesis of THyD. THy (42 mg, 0.1 mmol) and doxorubicin
hydrochloride (87 mg, 0.15 mmol) were dissolved in 20 mL of
anhydrous methanol. The mixture was reacted in the presence
of a drop of TFA at ambient temperature for 48 h. After the
synthesis, pre-HPLC was employed for purification, and about
36 mg of THyD was obtained (36% yield).

Fabrication of TCa, THy, THyD, and TAmD Nanopatrticles. TCa
(carboxylated TPE, TPE-COOH), THy, THyD, and TAmD molecules
were dissolved in DMSO at a concentration of 100 mM, and
0.5 ulL of each solution was added to 1 mL of normal saline with
sonication. After the solution was fully vortexed, TCa, THy, THyD,
and TAmD NPs were self-assembled.

Fabrication of the TD NPs. TD NPs were fabricated by
dropping TPE-COOH DMSO solution into Milli-Q water, allowing
it to oscillate for a while, and then immediately adding an
aqueous DOX solution (10% of molar TPE concentration) and
allowing it to oscillate again.

HPLC Analysis. HPLC analysis of all compounds was per-
formed on a SunFire C18 analytical column (150 mm x 4.6 mm,
5 um, Waters) with a mobile phase gradient which varied from
5% to 95% acetonitrile (the water fraction varied from 95% to
5% accordingly). The flow speed was set to 1 mL/min, and the
whole gradient procedure lasted for 45 min. The UV absorbance
was set at 330 nm (for TPE) and 477 nm (for DOX).
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Cell Culture. The human breast cancer cell line MCF-7 was
purchased from the American Type Culture Collection (ATCC;
Manassas, VA). Cell culture medium and fetal bovine serum
were from Wisent, Inc. (Multicell, Wisent, Inc., St. Bruno, Quebec,
Canada). Trypsin-EDTA (0.25%) and antibiotic solution
(penicillin and streptomycin) were purchased from Invitrogen
(Invitrogen, Carlsbad, CA). Petri dishes and culture flasks were
from Corning (New York). MCF-7 cells were maintained in
Dulbecco's Modified Eagle's Medium (DMEM) with 10% fetal
bovine serum and 1% antibiotic solution. All cells were cultured
in a humidified atmosphere containing 5% CO, at 37 °C.

Evaluation of Cell Viability by MTT Assay. MCF-7 cells were
seeded at 5 x 10> cells per well in a 96-well plate, preincubated
for 24 h, and then incubated with free DOX, TCa NPs, THy NPs,
THyD NPs, or TAmD NPs for 24 h at DOX concentrations ranging
from 0.1 to 10 uM. The medium was then replaced with 100 uL
of fresh medium containing 0.5 mg/mL of MTT, and after 2 h the
MTT solution was replaced with 150 uL of DMSO solution. The
absorbance was measured at 570 nm with a reference wave-
length of 630 nm using an Infinite M200 microplate reader
(Tecan, Durham, NC). Untreated cells in medium were used as
controls.

Intracellular Distribution Analysis of THyD and TAmD NPs.
MCF-7 cells (10°) were seeded into 35 mm microscopy dishes,
incubated at 37 °C for 24 h, and then incubated with 40 uM
THyD or TAmD NPs for 5, 30, and 180 min at 37 °C. Cells were
then rinsed with PBS twice and incubated with LysoTracker
Deep Red (1000 times dilution in PBS) for lysosome staining.
After 10 min incubation, cells were rinsed with PBS twice and
imaged using a confocal laser scanning microscopy (CLSM,
LSM710, Carl Zeiss) with excitation at 405 nm for TPE, 488 nm
for DOX, and 630 nm for LysoTracker Deep Red.

Real-Time Evaluation of Drug Release. MCF-7 cells (10°) were
seeded into 35 mm microscopy dishes and incubated at 37 °C
for 24 h. Before real-time CLSM observation, the medium was
removed and replaced with 2 mL of fresh medium (DMEM with
no Phenol Red) containing 50 #uM THyD NPs or 10 uM free DOX.
The microscopy dish was immediately fixed onto the observa-
tion platform of the CLSM instrument, which provided a steady
CO, stream and a temperature of 37 °C, and images were
continuously acquired with a PerkinElmer UltraVIEW spinning
disk confocal system. The variations in fluorescence in the
microscopy dish were captured once every 3 min. To observe
the distribution of THyD NPs, the shooting duration was
150 min, and 51 pictures were obtained. For free DOX, due to
the fast cell penetration and high cytotoxicity of DOX, the
shooting time was reduced to 60 min, and 21 pictures were
captured. To examine the cellular uptake of TPE, the excitation
filter was set to 405 nm, and the emission filter was set to
450 nm. To examine DOX fluorescence, the excitation filter was
488 nm, and the emission filter was 505 nm.
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