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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 si e oo,

component-based organiorescence nano-DDS by simply anchoring 2-hydroxy-6-naphthac -..;;:
(phototrigger) on both sides of the 1,5-diaminonaphthalene (DAN) chromophore. This/ # :
light ( 500 nm)-activated DDS released two equivalents of the anticancer drug (v Iﬁro'
acid) in a spatio-temporally controlled manner. Our photoresponsive DDS [DAN-bi
Naph-VPA)] exhibited interesting properties such as excited-state intramolecular proton tyansf!
(ESIPT) accompanied with aggregation-induced emission (AIE) phenomena. AIE initiatéy
photorelease, and ESIPT enhanced the rate of the photoreleasenmitrtstrdies revealed

that our green light-activated nano-DDS exhibited good cytocompatibility, excellent cellular
internalization, and ective cancer cell killing ability.

[DAN-bis(HO-Naph-VPA)]
KEYWORDS:green light, uncaging, nano-DDS, AIE, ESIPT, cellular imaging

1. INTRODUCTION also demonstrated the ability of their BODIPY photocages to

Photoresponsive drug delivery systems (DDSs) have madRitrol the beating freque_ncy of human cardiomyocytes.
remarkal:?le contribu%ion@Wa?ld zancer (therap)eu]t?és _In 2017, Marclraand his co-workers developed a green
because of their non-invasive nature, ease of application, 48gt-activated ( 52015 nm) dicyanocoumarin caged
delivery of the payload drug on-demand in a spatially arf@mpound $cheme ).~ They reported that the coumarin
temporally controlled manrief. Despite several advantages chromophore structure and the nature of the leaving groups
of photoresponsive DDSs, their utility in the biomeeickls ~ (Such as benzoic acid and ethylamine) strongly impact the rate
limited because of the UV (&B®W0 nm) light usage. and e ciency of the uncaging process. Recently, in 2020, the
Henceforth, developing phmesponsive DDSs that can Singh group reported a water-soluble green light (546 nm)-
operate in the wavelength between 500 nm and 700 nm hastivated rhodamine-based photoresponsivé’0b& DDS
become essenti@lActivation of DDSs by green or red light exhibited mitochondrial localized, cancer cell-apesnti-
provides two main advantages: (i) it reduces the cytotoxicityancer drug (chlorambucil) delivery exposure by green light for
related to light and (ii) it provides a deeper optical penetratiog ective cancer ablation. To the best of our knowledge, these
into tissue, thus, providing the optimized treatments irare the few photoresponsive DDSs reported, which can be
biological system. _ triggered by green or red light. Hence, there is an actual
However, only a few photoresponsive DDSs are reportegemand to develop green or red light-responsive nano-DDSs
operating in a longer _vvavelength range&sEIDNM). _ In for biological applications.
2015, Winter and his co-workers repornessubstituted Our group has already reported naphthalene chromophore

BODIPY dyesschemedi) for the release of acetic acid and o4 5 hhotoresponsive DDS to release the anticancer drug under
nitro-substituted benzoic acid upon excitation with green light

( 500 nm)‘° Further, they also carried out cell viability :
studies to exhibit the usefulness of their BODIPY-derivegeceived: December 8, 2021
photocages for biological systems. In 2020, the Feringa gratfyePied: January 27, 2022

extended the conjugation of meso-substituted BODIPY dye by Plished: February 11, 2022
incorporating styryl groups, which resulted in acaghired

shift of the absorption maximum (650 nm) Schemedii)

into the phototherapeutic window regfbimterestingly, they
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Scheme 1. (a) &iaii Winter and Feringa Groups Reported a Green and Red Light-Activated BODIPY-Based System for the

Uncaging of a Single Bioactive Moleétile

(a) Uncaging of single bioactive molecules from bodipy core-based system-

i i Oﬁ,Amme cargo
Acetic acid or 2,4-dinitro benzoic acid
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(b) Green light-activated dicyanocoumarin and rhodamine-based photoriggers:

Uncaging of single bioactive molecules-

(c) Green light-activated dual DDS from naphthalene core-based system-
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&) Green light-activated dicyanocoumarin- and rhodamine-based systems were reported byawd I8arghagroups, respectively, for the
unmasking of the single bioactive molecule. (c) Design strategy and working protocol of the green light-activated DDS [DAN-bis(HO-Nay
VPA)] for the uncaging of two equivalents of an anticancer drug.

Scheme 2. Synthesis of Green Light-Activated DDS [DAN-bis(HO-Naph-VPA)]

O g 1

[DAN-bis(HO-Naph-VPA)]

UV light irradiatio’’ Because of the exciting photophysical EXPERIMENTAL SECTION

and photorelease properties of the naphthalene chromophoregeneral Information. The glassware used in the reactions were
we intend to develop green light-activated single-componegmbperly dried in an oven. All the purchased chemicals were used

naphthalene-based nano-DDSs. For this purpose, we dire&i?\out any further puigation. All the required solvents were dried

. efore use according to the usual procedure. Acetonitrile (ACN) and
anchored a 2-hydroxy-6-naphthacyl (phototrigger) on bOtﬁichloromethane (DCM) solvents were distilled from,ChiHand

sides of the 1,5-diaminonaphthalene (DAN) chromophore sec nyclear magnetic resonance spectra for all the compounds were
that the absorption maximum could be shifted in the greerecorded at 500 and 125 MHz (Bruker UltrashieldTM 500),
light region. In addition, our designed DDS, dual anchored 1,%spectively. Photolysis was carried out using a 150 W Xenon lamp

PR - nd a band-pasker (50% transmittance, THORLABS) supplied b
diaminonaphthalene with 2-hydroxy-6-naphthacyl (HO'Nap@ETSPIN. 120 Enes; silica was used for chr)omgt%grapr)llic

conjugated valproic acid (VPA) [DAN-bis(HO-Naph-VPA)], puri cation (Merck). Thin-layer chromatography sheets 60 F254
provided the following unique features: (i) it showed a redMerck) were used for reaction monitoring. ACN a@lwkre used

shift of the absorption maximum ( 500 nm), (i) it  in the mobile phase at aw (;atde of 1 m'-H/mi”hfoé R S'P'-C-
. . . L mission spectra were recorded using a Hitachi ute8cence
exhibited an aggregation-induced emission (AIE) phenomenEﬁmectmphotometer and a Shimadzu RF-5301PC specipho-

due to the restriction of intramolecular rotations (RIR) in therometer. HRMS spectra were recorded using an Agilent spectrometer
aggregated state, (iii) it showed excited-state intramolecul#00 Series.

proton transfer (ESIPT) behavior in the excited state due tp gé’”(tg)esﬁeogti?r'ég'g’g?lmgﬁcg}ygéifﬁdlrgxg;:‘%aﬁ’hr;hrg'gl?'in

the strong intramolecular hydrogen bond formation betwe ' i e

> mL of dry DCM at OC and bromoacetyl bromide (444 mg, 2.2
the imine and naphthalene hydroxyl groups (8H.HO), mmol) was added dropwise. Further, the mixture was continuously

and (iv) it showed uncaging of two equivalents of thestirred for 1 h, and then a solution of 2-hydroxy-1-naphthaldehyde
anticancer drugSthemed) 24326 Finally, we made our DDS (688 mg, 4 mmol) in 40 mL of dry DCM was added. After 15 min of

. . o . _stirring at 0°C, the solution was kept at room temperature and
as a nano-DDS for biological suitability by a direCtontinuously stirred for another 6 h. Thereafter, the reaction mixture
reprecipitation technique without using any external stabilizeras quenched by the addition of cold water. After the usual workup
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Figure 1.(a) Existence of ke@nol in the DDS [DAN-bis(HO-Naph-VPA)], (b) BVis absorption, and (c) emission spectra of the DDS
[DAN-bis(HO-Naph-VPA)] (1x 10>* M) in various solvents. Excitation wavelength: 430 nm.

with DCM and water, the crude product was furthergouly silica Photophysical Properties of DDS [DAN-bis(HO-Naph-

gel column chromatography using 10% ethyl acetate in hexane\t®A)]. The photophysical properties of our reported DDS
produce compoun@ 6-(2-bromoacetyl)-2-hydroxy-1-naphthalde- [pAN-bis(HO-Naph-VPA)] showed interesting solvent-sensi-
hygin(t?]gezirsn%f:%f(g]?;'%';l 25&‘; d):f)i?/nzspﬁt:\\gletﬁ ;O;/II(;'Z ox tive behavior. The absorption maximum of our DDS was at
oethyl 2-Ethylpentanoate (3). Compound (298 mg, 1.02 mmol) arounql 450 nmHigure b) anq _absorptlon beyond 500 nm
was dissolved in 30 mL of an ACN stirred solution, and then, sodiul&s V\g}h gQ?d. molar absorptIVItMa((:50(j‘0r ACN =11.1(

salt of valproic acid (188 mg, 1.13 mmol) was added and stirred forl® M>* cn?) in all studied solvents. Further, our DDS also
h. After 5 h, the reaction mixture was concentrated, and the us@xhibited a two-emission maximum at around 525 and 550 nm.
workup with ethyl acetate and water was carried out. The organlhe two-emission maximum shown by our DDS can be
layer was collected and dried oveBRaand concentrated. Further  attributed to the ESIPT (due to ks&nol tautomerization,

puri cation was achieved by silica gel column chromatography usifijure &) process.

20% ethyl acetate in hexane to obtain comp®(881 mg, 0.93 Furthermore, we investigated the existence of ESIPT

mmol) in a quantitative yield (91% as a light brown-colored solid).nahavior of our DDS using emission s ectrosEapyr
Synthesis of Compound 4 {(IE1 B)-(Naphthalene-1,5- 9 b ¢

diylbis(azaneylylidene))bis(methaneylylidene))bis(6-hydroxy- 1c) by changing the polarity of the solvents. Interestingly, in
naphthalene-5,2-diyl))bis(2-oxoethane-2,1-diyl) bis(2-propyl- the non-polar solvents (cyclohexane, benzene, and chloro-
pentanoate)} [([DAN-bis(HO-Naph-VPA)])].2-(5-Formyl-6-hy-  form), a red-shifted emission maxima was observed at 550 nm
droxynaphthalen-2-yl)-2eethyl 2-ethylpentanoa® (249 mg, due to the existence of the keto form of our DDS [DAN-
0.71 mmol) was condensed with 1,5-diamino naphthalene (51 mgis(HO-Naph-VPA)]. However, in polar protic (MeOH and
0.32 mmol) using dry benzene as a solvent amedeup to 4 h.  EtOH) and aprotic (EtOAc, ACN, and CHGSolvents, two
Thereafter, the reaction mixture was taken and cooled down to Rdmission peaks were noted at 550 and 525 nm, and these new

ﬁgg;hti té%ngglziq\avasug\;zgzra;ﬁg lijr?zlangJgavr%%'u?(\j\gswsbst:iﬁggr fission maxima at 525 nm correspond to the enol form of the
b ‘ pure p DS?* This existence of both keto and enol forms @reit

viathe precipitation technique, using pet ether and DCM, producin )
the target, DDS [DAN-bis(HO-Naph-VPA)] (484 mg, 0.58 mmol) in Solvents reveals the ESIPT behavior of our BDS.

82% vyield as an orange-colored solid. AIE Study of [DAN-bis(HO-Naph-VPA)]The AIE
property of our DDS [DAN-bis(HO-Naph-VPA)] was
RESULTS AND DISCUSSION investigated by recording the emission spectroscopy of our

DDS in ACNSWater (1x 10°% binary mixtures with varied

Synthesis of DDS [DAN-bis(HO-Naph-VPA)]Our volumes of water fractiorfg)( A weak emission intensity was
reported green light-activated DDS [DAN-bis(HO-Naph-observed in the pure ACN solution; however, with an increase
VPA)] was synthesized in three stepsh¢me )2 In the in the volume of,, the emission intensity increased (up to
rst step, FriedeCrafts acylation was carried out with 70% volume df,). With the further addition of water (above
commercially available compolir{@-hydroxy-1-naphthalde- 80% volume of,), a red shift and enhancedorescent
hyde) to give compoun@. Then, 2 was subjected to intensity for the DDS were observed. At 90% volufiy et
esterication with the sodium salt of valproic acid in dryDDS showed the maximum intensifig@re 2 with a
ACN solvent, which furnished compoudd Finally, uorescence gquantum yield;)(of 0.29. The existence of
compound3 on condensation with 1,5-diaminonaphthalenemassive synergistic inteand intramolecular SHS
using the dean Stark apparatus provided the desiret’ODS interactions between the DDS helps to hold the DDS together,
NMR (*H and ) and mass spectrometry were used toconsequently restricting the rotational motions, blocking the
characterize all the synthesized compounds for this studgnradiative decvagl state, and enabling the excited states to
(Figures 8S6. decay radiatively>>°

1204 https://doi.org/10.1021/acsabm.1c01241
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light exposure was calculated to be 0.021 using potassium
ferrioxalate as an actinométét.

Further, to corrm the sole dependence on light for the
VPA release, DDS [DAN-bis(HO-Naph-VPA)] was exposed
to light and dark conditions. As indicateeigure 8, no drug
release was observed under dark conditions, inéf%ng the
essential nature of light for the VPA release from th S.

AlE-Assisted Photorelease by DDSTo substantiate that
AIE promotes the photorelease, we carried out the photolysis
of the DDS [DAN-bis(HO-Naph-VPA)] (¥ 10°* M) in
di erent volumes of ACN-PBS buat pH = 7.4 on exposure
. . . . . . to green light (500 nm). The percentage of photo-

500 550 600 650 700 750 decomposition of DDS was monitored by RP-HPLC. The
Wavelength (nm) photochemical quantum yields for the photodecomposition of
Figure 2. Fluorescence spectrum of DDS [DAN-bis(HO-Naph- DDS gradually increased with an increasing fraction of PBS
VPA)] (1 x 10°* M) in ACNSH,O binary mixtures with dirent bu er (f,). Interestingly, the highest photochemical quantum
volumes of,,. Excitation wavelength: 430 nm. yield was found &}, = 90 vol %; however, belfyr 70 vol %
and in pure ACN, no remarkable drug release was observed
from the DDS, as shown irable 1 This result strongly

Stability of DDS [DAN-bis(HO-Naph-VPA)].The suggested that the uncaging process was initiated by the
stability of our DDS [DAN-bis(HO-Naph-VPA)] was 2adgregation of the DDS.
investigated in the biological medium and a&relit pHs . ]
(at 5.5 and 8). We noted an insigant drug release after 10 Table 1. Photochemical Quantum Yields of DDS [DAN-
days (able Sjunder the above conditions, substantiating thePis(HO-Naph-VPA)] in Di erent Volumes PBS Ber
relatively stable nature of our DDS in the biological medium &tactions §,) and Pure ACN

10000 -

8000 -

6000 -

4000

Intensity

2000

di erent pHs. PBS buer fractiorf. i i i
. . w quantum yiefd  quantum yield (in pure ACN)
Photochemical Study of DDS [DAN-bis(HO-Naph- 0% o drug released o drug released
VPA)]. The photolysis of DDS [DAN-bis(HO-Naph-VPA)] 80 0.015 9 d 9 loased
(1 x 10°* M) was carried out in an AG®BS buer mixture 90"0/ 0021 :2 d:ﬂg :Zlgzzzd
0 .

(1:9, v/v) at pH = 7.4 by irradiating green light (500 nm) ) ) CoY e
isolated from a 150 W xenon larttpd with a band-pasiser FPhotochemical quantum yield of DDS (error limit witf3i¥n).
(500 = 10 nm)*® We noted 90% of VPA release from the
DDS after 40 min of irradiatioRiure &). Furthermore, RP- Photorelease Mechanism of the DDSThe mechanism
HPLC was used to evaluate the photodecomposition of thiavolved in the photochemical release of the anticancer drug
DDS [DAN-bis(HO-Naph-VPA)] Kigure B). The steady VPA from the DDS is presentedSicheme .3The rst step
disappearance of a peak at a retentiontijre§.5 min with begins with the aggregation of the DDS, RIR. Further, upon
increasing exposure time indicates the gradual photodecomphetoexcitatiorh gets excited to its singlet excited st (

sition of DDS [DAN-bis(HO-Naph-VPA)]. In contrast, the then undergoes a rapid ESIPT from #@H group of

new peaks that appeartgat= 4.23 min correspond to the naphthalene to the imin&€¢ NS) group in the singlet
photoproduct11). The peak aiz = 5.5 almost vanished after excited state, thereby forming the deprotonated spdies

40 min of photoirradiation, indicating the complete decomzwitterionic forn7 goes to its triplet excited statdrough an
position of DDS. The photoprodudfl) and anticancer drug intersystem crossing. From the triplet excited state (T1), it
VPA were isolated and characterized using HRMS spectrosleases the druithe putative spirodiketari® through the

copy Figures S7, $8The photochemical quantum yield photo-Favorskii rearrangenténffterward, the hydrolytic

( p) of the DDS [DAN-bis(HO-Naph-VPA)] upon green ring-opening of the spirodiketShproducedl0. Finally, the

100 - DA 100
N. ; £F
. (a) (b) roduct (s aph-bis( Naph.yp, (c) OFF 2
3 photoP A)
< 80 7.5 2804 oN
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Figure 3.(a) Amount of drug released from DDS [DAN-bis(HO-Naph-VPA)] on photolysB00 nm) within dierent intervals of time. (b)
HPLC pro le for the photolysis of DDS [DAN-bis(HO-Naph-VPA)] solution ®f{@** M) in CH,CN/PBS buer (1:9) at pH 7.4. (c) Release
of the drug under light and dark conditié@N” and“OFF imply the switching on and of the light source, respectively.
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Scheme 3. Possible Photorelease Mechanism of Green Light-Activated [DAN-bis(HO-Naph-VPA)]-Based DDS
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ketdSenol tautomerization df0 leads to the formation of studies were carried out using thiered solution. We
photoproduct. 1. recorded the absorptiofigure S1Qaand emission spectra

Quantum Yield of DDS [DAN-bis(HO-Naph-VPA)] at  (Figure S1Qbof our DDS and nano-DDS [DAN-bis(HO-
Di erent pHs. To investigate the inence of ESIPT on the Naph-VPA)]. Interestingly, we observed a decreased absorp-
rate of photorelease, the quantum yield of photorelease of dign maximum intensity and red shift in the emission
DDS at dierent pHs was studied. We noted that themaximum of the nano-DDS [DAN-bis(HO-Naph-VPA)]
photochemical quantum vyield of our DDS was higher itompared to the DDS. Further, twl the shape and size of
basic pH than in neutral and acidic fHkle SP At acidic nano-DDS, we performed transmission electron microscopy
pH, theSOH group of the naphthalene moiety of our DDS is(TEM). Figure 4 shows that our nano-DDS [DAN-bis(HO-
intact, whereas at neutral and basic pHS@id group of
naphthalene remains partially and completely deprotonate@® , | F@mams
This is because t&&€ NS functionality of the DDS formsa |+ (a) S
hydrogen bond with th&OH group, which assists the e :
deprotonation of thEOH group due to the involvement of Wiy
the ESIPT phenomenon. Hence, the quantum yield QQ":_-'
photorelease is higher at a basic pH. Furthermore, t ==
demonstrate that the photorelease of the anticancer drug A2m . & :
ot the photolysi of the DDS. i the.presence of trplef KU 4TEM images of ano-DDS [DAN-bis(HO-Naph VPA] @

. efore and (b) after photolysis.

quencher potassium sorbate (P0S).

We noticed that the photorelease of the anticancer drug by

the DDS was completely arrested at aBldbncentration of  Naph-vPA)] was globular in shape, with an average size of

PoS figure SP indicating that the photorelease occurredgro nd 48 nm. Hence, our nano-DDS [DAN-bis(HO-Naph-

from the T1. , VPA)] can penetrate and accumulateiently inside the
Preparation of Nano-DDS [DAN-bis(HO-Naph-VPA)L.  cancer cells owing to the increased permeability and retention

After observing the above positive outcome of our DDS, Weects. Further, we carried out the photolysis of our nano-DDS

were interested in exploring the biological application of th@ x 16°5 M) in water by green light ( 500 nm) exposure

DDS [DAN-bis(HO-Naph-VPA)]. Atrst, we prepared for 40 min and observed 90% of anticancer drug (VPA)

[DAN-bis(HO-Naph-VPA)] as a nano-DDS by the reprecipi-release.

tation Vt%Ch_n'_que following the previously reported proce- However, after photolysis, the size of our nano-DDS

dure?*>°" Millipore water (15 mL) was taken in a 20 mL vial increasedRigure #, 100 nm), and we observed erraticism

and kept on a sonicator. The solution of [DAN-bis(HO-Naphn its spherical shape, which can be attributed to the formation

VPA)] (3 mM) in ACN was prepared and stored in the dark.of photoproduct.l.

The 5 L ACN solution of the DDS [DAN-bis(HO-Naph- In Vitro Biopotency Studies of the Nano-DDS [DAN-

VPA)] was gradually injected into the sonicated water in theis(HO-Naph-VPA)]Further, we carried oint vitrostudies

vial using a syringe to areetive concentration ¢.10°° M) of nano-DDS using HeLa cell lines. We observed that the

of DDS [DAN-bis(HO-Naph-VPA)] in water. The resulting nano-DDS was internalized inside the cancerous cells after 2 h

solution was then sonicated for 40 min at room temperaturef incubation, and the cells showed a reddish-orange color

This solution wasltered using a nitrocellulose didter because of the cellular uptake of nano-DB$ue BS

( 0.8 m) to remove the larger nano-DDS particles. Furtheiiia}.>® Interestinglykigure f,iib shows that after exposure to
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Figure 5 Fluorescence images of cellular internalization of nano-DDS [DAN-bis(HO-Naph-VPA)] in HeLa cell lines €ifhibrégia-after 2

h of post incubation, (ii)auorescence image of the brigd in the red channel (emission wavelength rangéZ&50m), (iii)a merged image

of the bright eld and red channel. ()b Fluorescence image of the leligit h post incubation and after 40 min of photoirradiation, (ii)b
uorescence image of the brightl in the red channel (emission wavelength ran§62Z%am) after 40 min of photoirradiation, and (iii)b

merged images of the brigélkd and red channel. (i)c Fluorescence image of HeLa cells 2 h post incubation with a DAPI stain, in the blue channe

(emission wavelength &80 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 rang&&38 nm), and (iii)c merged image of the DAPI stain and red channel. Excitation wavelength for the

red channel = 530 nm; scale bar =0

Figure 6.Percentage of cell survival in HeLa cell lines (a) before and (b) after exposure to greeB@ighin) at dierent concentrations of
nano-DDS [DAN-bis(HO-Naph-VPA)].

green light for 40 min, cellular morphology of the HelLa cellResults indicated that the cell viability of hano-DDS [DAN-
altered signcantly with cell shrinkage and blebbing, indicatindpis(HO-Naph-VPA)] remained above 95% ateréint
cellular death. Further, we also carried out counterstaining aincentrations 0 M), suggesting the biocompatibility
the cell nucleus with,8-diamidino-2-phenylindole (DAPI), of our DDS at the studied concentratiofgure @).
which indicated the preferential localization of our nano-DD&dditionally, we carried out a light exposure experiment on
in the cytoplasm of cancerous céligyre &,iiic}. the Hela cell lines. Cells were incubated withredit
Cell Cytotoxicity Studies. We also evaluated the concentrations of nano-DDS [DAN-bis(HO-Naph-VPA)] and

cytotoxicity of our nano-DDS [DANaph-bis(Naph-VPA)] exposed to green light ( 500 nm) for 40 min, followed by
using the MTT assay [MTT = 3-(4, 5-dimethylthiazol-2-yl)-72 h of incubation. We found that our nano-DDS released
2,5-diphenyltetrazolium bromide, a yellow tetrazole] in th&PA, which results in toxicity to the HeLa cell line with a 50%
HelLa cell lines. HelLa cells were incubated with variousytotoxic concentration (Gg£of 45+ 3 M, as evaluated by
concentrations of nano-DDS (0, 5, 10, 25, antb€or 2 h. the MTT assayHigure 8). Thus, an ecient cytotoxic ect
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was exhibited by the nano-DDS [DAN-bis(HO-Naph-VPA)]Notes
only upon exposure to green light compared to free VPA arfthe authors declare no competingncial interest.
nano-DDS [DAN-bis(HO-Naph-VPA)] without light.
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