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ABSTRACT:Developing green or red light-activated drug delivery systems (DDSs) for cancer
treatment is highly desirable. Herein, we have reported a green light-responsive single
component-based organic� uorescence nano-DDS by simply anchoring 2-hydroxy-6-naphthacyl
(phototrigger) on both sides of the 1,5-diaminonaphthalene (DAN) chromophore. This green
light (� � 500 nm)-activated DDS released two equivalents of the anticancer drug (valproic
acid) in a spatio-temporally controlled manner. Our photoresponsive DDS [DAN-bis(HO-
Naph-VPA)] exhibited interesting properties such as excited-state intramolecular proton transfer
(ESIPT) accompanied with aggregation-induced emission (AIE) phenomena. AIE initiated the
photorelease, and ESIPT enhanced the rate of the photorelease. Further,in vitrostudies revealed
that our green light-activated nano-DDS exhibited good cytocompatibility, excellent cellular
internalization, and e� ective cancer cell killing ability.
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1. INTRODUCTION

Photoresponsive drug delivery systems (DDSs) have made
remarkable contributions toward cancer therapeutics1Š3

because of their non-invasive nature, ease of application, and
delivery of the payload drug on-demand in a spatially and
temporally controlled manner.4Š8 Despite several advantages
of photoresponsive DDSs, their utility in the biomedical� eld is
limited because of the UV (254Š400 nm) light usage.9

Henceforth, developing photoresponsive DDSs that can
operate in the wavelength between 500 nm and 700 nm has
become essential.10 Activation of DDSs by green or red light
provides two main advantages: (i) it reduces the cytotoxicity
related to light and (ii) it provides a deeper optical penetration
into tissue, thus providing the optimized treatments in
biological systems.11Š14

However, only a few photoresponsive DDSs are reported,
operating in a longer wavelength range (500Š700 nm).15Š18 In
2015, Winter and his co-workers reportedmeso-substituted
BODIPY dyes (Scheme 1ai) for the release of acetic acid and
nitro-substituted benzoic acid upon excitation with green light
(� � 500 nm).19 Further, they also carried out cell viability
studies to exhibit the usefulness of their BODIPY-derived
photocages for biological systems. In 2020, the Feringa group
extended the conjugation of meso-substituted BODIPY dye by
incorporating styryl groups, which resulted in a signi� cant red
shift of the absorption maximum (� � 650 nm) (Scheme 1aii)
into the phototherapeutic window region.20 Interestingly, they

also demonstrated the ability of their BODIPY photocages to
control the beating frequency of human cardiomyocytes.

In 2017, Marcha�n and his co-workers developed a green
light-activated (� � 505 nm) dicyanocoumarin caged
compound (Scheme 1b).21 They reported that the coumarin
chromophore structure and the nature of the leaving groups
(such as benzoic acid and ethylamine) strongly impact the rate
and e� ciency of the uncaging process. Recently, in 2020, the
Singh group reported a water-soluble green light (546 nm)-
activated rhodamine-based photoresponsive DDS.22 The DDS
exhibited mitochondrial localized, cancer cell-speci� ed anti-
cancer drug (chlorambucil) delivery exposure by green light for
e� ective cancer ablation. To the best of our knowledge, these
are the few photoresponsive DDSs reported, which can be
triggered by green or red light. Hence, there is an actual
demand to develop green or red light-responsive nano-DDSs
for biological applications.

Our group has already reported naphthalene chromophore
as a photoresponsive DDS to release the anticancer drug under
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UV light irradiation.23 Because of the exciting photophysical
and photorelease properties of the naphthalene chromophore,
we intend to develop green light-activated single-component
naphthalene-based nano-DDSs. For this purpose, we directly
anchored a 2-hydroxy-6-naphthacyl (phototrigger) on both
sides of the 1,5-diaminonaphthalene (DAN) chromophore so
that the absorption maximum could be shifted in the green
light region. In addition, our designed DDS, dual anchored 1,5-
diaminonaphthalene with 2-hydroxy-6-naphthacyl (HO-Naph)
conjugated valproic acid (VPA) [DAN-bis(HO-Naph-VPA)],
provided the following unique features: (i) it showed a red
shift of the absorption maximum (� � 500 nm), (ii) it
exhibited an aggregation-induced emission (AIE) phenomenon
due to the restriction of intramolecular rotations (RIR) in the
aggregated state, (iii) it showed excited-state intramolecular
proton transfer (ESIPT) behavior in the excited state due to
the strong intramolecular hydrogen bond formation between
the imine and naphthalene hydroxyl groups (CH� N...HO),
and (iv) it showed uncaging of two equivalents of the
anticancer drug (Scheme 1c).24Š26 Finally, we made our DDS
as a nano-DDS for biological suitability by a direct
reprecipitation technique without using any external stabilizer.

� EXPERIMENTAL SECTION
General Information. The glassware used in the reactions were

properly dried in an oven. All the purchased chemicals were used
without any further puri� cation. All the required solvents were dried
before use according to the usual procedure. Acetonitrile (ACN) and
dichloromethane (DCM) solvents were distilled from CaH2.

1H and
13C nuclear magnetic resonance spectra for all the compounds were
recorded at 500 and 125 MHz (Bruker UltrashieldTM 500),
respectively. Photolysis was carried out using a 150 W Xenon lamp
and a band-pass� lter (50% transmittance, THORLABS) supplied by
JETSPIN. 60Š120 mesh silica was used for chromatographic
puri� cation (Merck). Thin-layer chromatography sheets 60 F254
(Merck) were used for reaction monitoring. ACN and H2O were used
in the mobile phase at a� ow rate of 1 mL/min for RPŠHPLC.
Emission spectra were recorded using a Hitachi F-7000� uorescence
spectrophotometer and a Shimadzu RF-5301PC spectro� uoropho-
tometer. HRMS spectra were recorded using an Agilent spectrometer
6200 Series.

Synthesis of 6-(2-Bromoacetyl)-2-hydroxy-1-naphthalde-
hyde (2). The stirred solution of AlCl3 (1.116 gm, 8.4 mmol) in
50 mL of dry DCM at 0°C and bromoacetyl bromide (444 mg, 2.2
mmol) was added dropwise. Further, the mixture was continuously
stirred for 1 h, and then a solution of 2-hydroxy-1-naphthaldehyde
(688 mg, 4 mmol) in 40 mL of dry DCM was added. After 15 min of
stirring at 0°C, the solution was kept at room temperature and
continuously stirred for another 6 h. Thereafter, the reaction mixture
was quenched by the addition of cold water. After the usual workup

Scheme 1. (a) aiŠaii Winter and Feringa Groups Reported a Green and Red Light-Activated BODIPY-Based System for the
Uncaging of a Single Bioactive Moleculea

a(b) Green light-activated dicyanocoumarin- and rhodamine-based systems were reported by V. Marchan�and Singh groups, respectively, for the
unmasking of the single bioactive molecule. (c) Design strategy and working protocol of the green light-activated DDS [DAN-bis(HO-Naph-
VPA)] for the uncaging of two equivalents of an anticancer drug.

Scheme 2. Synthesis of Green Light-Activated DDS [DAN-bis(HO-Naph-VPA)]
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with DCM and water, the crude product was further puri� ed by silica
gel column chromatography using 10% ethyl acetate in hexane to
produce compound2 6-(2-bromoacetyl)-2-hydroxy-1-naphthalde-
hyde (993 mg, 3.4 mmol) in 85% yield as a white solid.

Synthesis of 2-(5-Formyl-6-hydroxynaphthalen-2-yl)-2-ox-
oethyl 2-Ethylpentanoate (3). Compound2 (298 mg, 1.02 mmol)
was dissolved in 30 mL of an ACN stirred solution, and then, sodium
salt of valproic acid (188 mg, 1.13 mmol) was added and stirred for 5
h. After 5 h, the reaction mixture was concentrated, and the usual
workup with ethyl acetate and water was carried out. The organic
layer was collected and dried over Na2SO4 and concentrated. Further
puri� cation was achieved by silica gel column chromatography using
20% ethyl acetate in hexane to obtain compound3 (331 mg, 0.93
mmol) in a quantitative yield (91% as a light brown-colored solid).

Synthesis of Compound 4 {(1E,1�E)-(Naphthalene-1,5-
diylbis(azaneylylidene))bis(methaneylylidene))bis(6-hydroxy-
naphthalene-5,2-diyl))bis(2-oxoethane-2,1-diyl) bis(2-propyl-
pentanoate)} [([DAN-bis(HO-Naph-VPA)])].2-(5-Formyl-6-hy-
droxynaphthalen-2-yl)-2-oxoethyl 2-ethylpentanoate3 (249 mg,
0.71 mmol) was condensed with 1,5-diamino naphthalene (51 mg,
0.32 mmol) using dry benzene as a solvent and re� uxed up to 4 h.
Thereafter, the reaction mixture was taken and cooled down to RT,
and the benzene was evaporated using rotavap. There was no further
need to do column puri� cation, and the pure product was obtained
viathe precipitation technique, using pet ether and DCM, producing
the target, DDS [DAN-bis(HO-Naph-VPA)] (484 mg, 0.58 mmol) in
82% yield as an orange-colored solid.

� RESULTS AND DISCUSSION

Synthesis of DDS [DAN-bis(HO-Naph-VPA)].Our
reported green light-activated DDS [DAN-bis(HO-Naph-
VPA)] was synthesized in three steps (Scheme 2). In the
� rst step, FriedelŠCrafts acylation was carried out with
commercially available compound1 (2-hydroxy-1-naphthalde-
hyde) to give compound2. Then, 2 was subjected to
esteri� cation with the sodium salt of valproic acid in dry
ACN solvent, which furnished compound3. Finally,
compound3 on condensation with 1,5-diaminonaphthalene
using the dean Stark apparatus provided the desired DDS4.24

NMR (1H and 13C) and mass spectrometry were used to
characterize all the synthesized compounds for this study
(Figures S1ŠS6).

Photophysical Properties of DDS [DAN-bis(HO-Naph-
VPA)]. The photophysical properties of our reported DDS
[DAN-bis(HO-Naph-VPA)] showed interesting solvent-sensi-
tive behavior. The absorption maximum of our DDS was at
around 450 nm (Figure 1b) and absorption beyond 500 nm
was with good molar absorptivity (� max=500for ACN = 11.10×
103 MŠ1 cmŠ1) in all studied solvents. Further, our DDS also
exhibited a two-emission maximum at around 525 and 550 nm.
The two-emission maximum shown by our DDS can be
attributed to the ESIPT (due to ketoŠenol tautomerization,
Figure 1a) process.

Furthermore, we investigated the existence of ESIPT
behavior of our DDS using emission spectroscopy (Figure
1c) by changing the polarity of the solvents. Interestingly, in
the non-polar solvents (cyclohexane, benzene, and chloro-
form), a red-shifted emission maxima was observed at 550 nm
due to the existence of the keto form of our DDS [DAN-
bis(HO-Naph-VPA)]. However, in polar protic (MeOH and
EtOH) and aprotic (EtOAc, ACN, and CHCl3) solvents, two
emission peaks were noted at 550 and 525 nm, and these new
emission maxima at 525 nm correspond to the enol form of the
DDS.24 This existence of both keto and enol forms in di� erent
solvents reveals the ESIPT behavior of our DDS.25,26

AIE Study of [DAN-bis(HO-Naph-VPA)].The AIE
property of our DDS [DAN-bis(HO-Naph-VPA)] was
investigated by recording the emission spectroscopy of our
DDS in ACNŠWater (1× 10Š4) binary mixtures with varied
volumes of water fractions (fw). A weak emission intensity was
observed in the pure ACN solution; however, with an increase
in the volume offw, the emission intensity increased (up to
70% volume offw). With the further addition of water (above
80% volume offw), a red shift and enhanced� uorescent
intensity for the DDS were observed. At 90% volume offw, the
DDS showed the maximum intensity (Figure 2), with a
� uorescence quantum yield (� f) of 0.29. The existence of
massive synergistic inter- and intramolecular CŠHŠ�
interactions between the DDS helps to hold the DDS together,
consequently restricting the rotational motions, blocking the
nonradiative decay state, and enabling the excited states to
decay radiatively.27Š29

Figure 1.(a) Existence of ketoŠenol in the DDS [DAN-bis(HO-Naph-VPA)], (b) UVŠvis absorption, and (c) emission spectra of the DDS
[DAN-bis(HO-Naph-VPA)] (1× 10Š4 M) in various solvents. Excitation wavelength: 430 nm.
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Stability of DDS [DAN-bis(HO-Naph-VPA)].The
stability of our DDS [DAN-bis(HO-Naph-VPA)] was
investigated in the biological medium and at di� erent pHs
(at 5.5 and 8). We noted an insigni� cant drug release after 10
days (Table S1) under the above conditions, substantiating the
relatively stable nature of our DDS in the biological medium at
di� erent pHs.

Photochemical Study of DDS [DAN-bis(HO-Naph-
VPA)]. The photolysis of DDS [DAN-bis(HO-Naph-VPA)]
(1 × 10Š4 M) was carried out in an ACNŠPBS bu� er mixture
(1:9, v/v) at pH = 7.4 by irradiating green light (� � 500 nm)
isolated from a 150 W xenon lamp� tted with a band-pass� lter
(500 ± 10 nm).19 We noted 90% of VPA release from the
DDS after 40 min of irradiation (Figure 3a). Furthermore, RP-
HPLC was used to evaluate the photodecomposition of the
DDS [DAN-bis(HO-Naph-VPA)] (Figure 3b). The steady
disappearance of a peak at a retention time (tR) = 5.5 min with
increasing exposure time indicates the gradual photodecompo-
sition of DDS [DAN-bis(HO-Naph-VPA)]. In contrast, the
new peaks that appear attR = 4.23 min correspond to the
photoproduct (11). The peak attR = 5.5 almost vanished after
40 min of photoirradiation, indicating the complete decom-
position of DDS. The photoproduct (11) and anticancer drug
VPA were isolated and characterized using HRMS spectros-
copy (Figures S7, S8). The photochemical quantum yield
(� p) of the DDS [DAN-bis(HO-Naph-VPA)] upon green

light exposure was calculated to be 0.021 using potassium
ferrioxalate as an actinometer.30,31

Further, to con� rm the sole dependence on light for the
VPA release, DDS [DAN-bis(HO-Naph-VPA)] was exposed
to light and dark conditions. As indicated inFigure 3c, no drug
release was observed under dark conditions, implying the
essential nature of light for the VPA release from the DDS.32,33

AIE-Assisted Photorelease by DDS.To substantiate that
AIE promotes the photorelease, we carried out the photolysis
of the DDS [DAN-bis(HO-Naph-VPA)] (1× 10Š4 M) in
di� erent volumes of ACN-PBS bu� er at pH = 7.4 on exposure
to green light (� � 500 nm). The percentage of photo-
decomposition of DDS was monitored by RP-HPLC. The
photochemical quantum yields for the photodecomposition of
DDS gradually increased with an increasing fraction of PBS
bu� er (fw). Interestingly, the highest photochemical quantum
yield was found atfw = 90 vol %; however, belowfw = 70 vol %
and in pure ACN, no remarkable drug release was observed
from the DDS, as shown inTable 1. This result strongly
suggested that the uncaging process was initiated by the
aggregation of the DDS.

Photorelease Mechanism of the DDS.The mechanism
involved in the photochemical release of the anticancer drug
VPA from the DDS is presented inScheme 3. The � rst step
begins with the aggregation of the DDS, RIR. Further, upon
photoexcitation,5 gets excited to its singlet excited state (6). 6
then undergoes a rapid ESIPT from theŠOH group of
naphthalene to the imine (ŠC� NŠ) group in the singlet
excited state, thereby forming the deprotonated species7. This
zwitterionic form7 goes to its triplet excited state8 through an
intersystem crossing. From the triplet excited state (T1), it
releases the drugviathe putative spirodiketone25 9 through the
photo-Favorskii rearrangement.23 Afterward, the hydrolytic
ring-opening of the spirodiketone34 produces10. Finally, the

Figure 2. Fluorescence spectrum of DDS [DAN-bis(HO-Naph-
VPA)] (1 × 10Š4 M) in ACNŠH2O binary mixtures with di� erent
volumes offw. Excitation wavelength: 430 nm.

Figure 3.(a) Amount of drug released from DDS [DAN-bis(HO-Naph-VPA)] on photolysis (� � 500 nm) within di� erent intervals of time. (b)
HPLC pro� le for the photolysis of DDS [DAN-bis(HO-Naph-VPA)] solution of (1× 10Š4 M) in CH3CN/PBS bu� er (1:9) at pH 7.4. (c) Release
of the drug under light and dark conditions.“ON” and“OFF” imply the switching on and o� of the light source, respectively.

Table 1. Photochemical Quantum Yields of DDS [DAN-
bis(HO-Naph-VPA)] in Di� erent Volumes PBS Bu� er
Fractions (fw) and Pure ACN

PBS bu� er fractionfw quantum yielda quantum yield (in pure ACN)

70% no drug released no drug released
80% 0.015 no drug released
� 90% 0.021 no drug released

aPhotochemical quantum yield of DDS (error limit within±5%).
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ketoŠenol tautomerization of10 leads to the formation of
photoproduct11.

Quantum Yield of DDS [DAN-bis(HO-Naph-VPA)] at
Di� erent pHs. To investigate the in� uence of ESIPT on the
rate of photorelease, the quantum yield of photorelease of our
DDS at di� erent pHs was studied. We noted that the
photochemical quantum yield of our DDS was higher in
basic pH than in neutral and acidic pH (Table S2). At acidic
pH, theŠOH group of the naphthalene moiety of our DDS is
intact, whereas at neutral and basic pH, theŠOH group of
naphthalene remains partially and completely deprotonated.
This is because theŠC� NŠ functionality of the DDS forms a
hydrogen bond with theŠOH group, which assists the
deprotonation of theŠOH group due to the involvement of
the ESIPT phenomenon. Hence, the quantum yield of
photorelease is higher at a basic pH. Furthermore, to
demonstrate that the photorelease of the anticancer drug by
the DDS occurs from the triplet excited state, we have carried
out the photolysis of the DDS in the presence of triplet
quencher potassium sorbate (PoS).25

We noticed that the photorelease of the anticancer drug by
the DDS was completely arrested at a 200� M concentration of
PoS (Figure S9), indicating that the photorelease occurred
from the T1.

Preparation of Nano-DDS [DAN-bis(HO-Naph-VPA)].
After observing the above positive outcome of our DDS, we
were interested in exploring the biological application of the
DDS [DAN-bis(HO-Naph-VPA)]. At� rst, we prepared
[DAN-bis(HO-Naph-VPA)] as a nano-DDS by the reprecipi-
tation technique following the previously reported proce-
dure.35Š37 Millipore water (15 mL) was taken in a 20 mL vial
and kept on a sonicator. The solution of [DAN-bis(HO-Naph-
VPA)] (3 mM) in ACN was prepared and stored in the dark.
The 5 � L ACN solution of the DDS [DAN-bis(HO-Naph-
VPA)] was gradually injected into the sonicated water in the
vial using a syringe to an e� ective concentration (1× 10Š5 M)
of DDS [DAN-bis(HO-Naph-VPA)] in water. The resulting
solution was then sonicated for 40 min at room temperature.
This solution was� ltered using a nitrocellulose disk� lter
(� 0.8 � m) to remove the larger nano-DDS particles. Further

studies were carried out using the� ltered solution. We
recorded the absorption (Figure S10a) and emission spectra
(Figure S10b) of our DDS and nano-DDS [DAN-bis(HO-
Naph-VPA)]. Interestingly, we observed a decreased absorp-
tion maximum intensity and red shift in the emission
maximum of the nano-DDS [DAN-bis(HO-Naph-VPA)]
compared to the DDS. Further, to� nd the shape and size of
nano-DDS, we performed transmission electron microscopy
(TEM). Figure 4a shows that our nano-DDS [DAN-bis(HO-

Naph-VPA)] was globular in shape, with an average size of
around 48 nm. Hence, our nano-DDS [DAN-bis(HO-Naph-
VPA)] can penetrate and accumulate e� ciently inside the
cancer cells owing to the increased permeability and retention
e� ects. Further, we carried out the photolysis of our nano-DDS
(1 × 10Š5 M) in water by green light (� � 500 nm) exposure
for 40 min and observed 90% of anticancer drug (VPA)
release.

However, after photolysis, the size of our nano-DDS
increased (Figure 4b, � 100 nm), and we observed erraticism
in its spherical shape, which can be attributed to the formation
of photoproduct11.

In Vitro Biopotency Studies of the Nano-DDS [DAN-
bis(HO-Naph-VPA)].Further, we carried outin vitrostudies
of nano-DDS using HeLa cell lines. We observed that the
nano-DDS was internalized inside the cancerous cells after 2 h
of incubation, and the cells showed a reddish-orange color
because of the cellular uptake of nano-DDS {Figure 5iaŠ
iiia}.38 Interestingly,Figure 5ib,iib shows that after exposure to

Scheme 3. Possible Photorelease Mechanism of Green Light-Activated [DAN-bis(HO-Naph-VPA)]-Based DDS

Figure 4.TEM images of nano-DDS [DAN-bis(HO-Naph-VPA)] (a)
before and (b) after photolysis.
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green light for 40 min, cellular morphology of the HeLa cells
altered signi� cantly with cell shrinkage and blebbing, indicating
cellular death. Further, we also carried out counterstaining of
the cell nucleus with 4�,6-diamidino-2-phenylindole (DAPI),
which indicated the preferential localization of our nano-DDS
in the cytoplasm of cancerous cells {Figure 5ic,iiic}.

Cell Cytotoxicity Studies. We also evaluated the
cytotoxicity of our nano-DDS [DANaph-bis(Naph-VPA)]
using the MTT assay [MTT = 3-(4, 5-dimethylthiazol-2-yl)-
2,5-diphenyltetrazolium bromide, a yellow tetrazole] in the
HeLa cell lines. HeLa cells were incubated with various
concentrations of nano-DDS (0, 5, 10, 25, and 50� M) for 2 h.

Results indicated that the cell viability of nano-DDS [DAN-
bis(HO-Naph-VPA)] remained above 95% at di� erent
concentrations (0Š50 � M), suggesting the biocompatibility
of our DDS at the studied concentrations (Figure 6a).
Additionally, we carried out a light exposure experiment on
the HeLa cell lines. Cells were incubated with di� erent
concentrations of nano-DDS [DAN-bis(HO-Naph-VPA)] and
exposed to green light (� � 500 nm) for 40 min, followed by
72 h of incubation. We found that our nano-DDS released
VPA, which results in toxicity to the HeLa cell line with a 50%
cytotoxic concentration (CC50) of 45± 3 � M, as evaluated by
the MTT assay (Figure 6b). Thus, an e� cient cytotoxic e� ect

Figure 5.Fluorescence images of cellular internalization of nano-DDS [DAN-bis(HO-Naph-VPA)] in HeLa cell lines (i)a bright-� eld image after 2
h of post incubation, (ii)a� uorescence image of the bright� eld in the red channel (emission wavelength range 550Š625 nm), (iii)a merged image
of the bright� eld and red channel. (i)b Fluorescence image of the bright� eld 2 h post incubation and after 40 min of photoirradiation, (ii)b
� uorescence image of the bright� eld in the red channel (emission wavelength range 550Š625 nm) after 40 min of photoirradiation, and (iii)b
merged images of the bright� eld and red channel. (i)c Fluorescence image of HeLa cells 2 h post incubation with a DAPI stain, in the blue channel
(emission wavelength 425Š460 nm), (ii)c� uorescence image of HeLa cells in the red channel 2 h post incubation and after 40 min of green light
irradiation (emission wavelength range 550Š625 nm), and (iii)c merged image of the DAPI stain and red channel. Excitation wavelength for the
red channel = 530 nm; scale bar = 50� m.

Figure 6.Percentage of cell survival in HeLa cell lines (a) before and (b) after exposure to green light (� � 500 nm) at di� erent concentrations of
nano-DDS [DAN-bis(HO-Naph-VPA)].
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was exhibited by the nano-DDS [DAN-bis(HO-Naph-VPA)]
only upon exposure to green light compared to free VPA and
nano-DDS [DAN-bis(HO-Naph-VPA)] without light.

� CONCLUSIONS
In summary, we have developed a green light-responsive
[DAN-bis(HO-Naph-VPA)]-based nano-DDS for uncaging
two equivalents of an anticancer drug. Our DDS exhibited
excellent reddish-orange� uorescence and released the
anticancer drug VPA in a spatio-temporally controlled manner.
In vitrostudies of our nano-DDS [DAN-bis(HO-Naph-VPA)]
exhibited properties such as excellent cellular uptake, good
cytocompatibility, and enhanced anticancer activity (due to the
release of two equivalents of an anticancer drug). In the future,
we aim to develop targeted naphthalene-based nano-DDS that
can release two di� erent anticancer drugs in the“photo-
therapeutic” region, resulting in enhanced therapeutic e� cacy
with reduced side e� ects and real-time monitoring ability of
the anticancer drug uncaging.
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