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Single component FONPs Simultaneous release of two anticancer drugs Real-time monitoring of drug release

ABSTRACT: Combination therapy is a promising strategy to improve therapeutic efficiency and minimize side effects. So far, the
C9-functionalized acridine derivatives were employed as photocages to deliver only one active molecule. Here, we have developed a
C4, CS-substituted dual-arm acridine photocage for the first time to release two carboxylic acids and amino acids simultaneously. As
a proof of concept, we have constructed a visible light-responsive dual drug delivery system (Acr-Cbl-Vpa) and made it single-
component fluorescent organic nanoparticles (NPs) to deliver two anticancer drugs (chlorambucil and valproic acid). Acr-Cbl-Vpa
NPs can accumulate inside the cell nucleus, and the planer motif allows the photocage to intercalate with the DNA and maximize the
cancer cell killing ability of the drugs. In vitro studies with cancerous HeLa cell lines showed that Acr-Cbl-Vpa NPs displayed
improved anticancer efficacy and real-time fluorescence monitoring of the drug release.

KEYWORDS: combination therapy, dual-arm acridine, photocage, FONPs, nuclear-targeted delivery, anticancer drug

B INTRODUCTION

Photoremovable protecting groups or photocages enable the

In this regard, acridine is a potential bioactive molecule, and
many of its derivatives are extensively studied for their
antibacterial, antimalarial, and anticancer activities.">™"" Be-
sides, the planer structure of acridine allows it to intercalate
with DNA and inhibit the topoisomerase-II enzyme.”””" These
findings provided the opportunity to design acridine-based
photocages for targeted control release of anticancer drugs.
Zhuang and co-workers first introduced 9-hydroxymethylacri-
dine chromophore as a photocage for different alcohols.””

release of active molecules with high spatiotemporal control.’
Therefore, photocages are gaining tremendous popularity for
several biological and material applications.”™> Recently,
photocages with dual release capacity have become highly
required in therapeutics, especially in delivering two anticancer

drugs.”” A combination or cocktail chemotherapy is advanta-

geous over single drug-based chemotherapy as it increases the
therapeutic efficacy by minimizing the multidrug resistance of
the cancer cells.*"" For this purpose, different dual-arm
photocages were developed using carbazole, o-nitrobenzyl, and
bimane chromophores.'”~"* However, poor aqueous solubility
and low photocytotoxicity reduce the anticancer efficacy of
these photocages. Moreover, these photocages could not show
real-time fluorescence color change during photolysis. There-
fore, there is an actual demand for building a dual-arm
photocage with good aqueous solubility, high biocompatibility,
enhanced photocytotoxicity, and real-time monitoring ability.
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Furthermore, our group and Piloto et al. employed the same
C9-functionalized acridine photocage to release neurotrans-
mitter amino acids and carboxylic acids.””** However, this C9-
functionalized acridine photocage can release only one active
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molecule, restricting its application in combination therapy.
Therefore, we designed a C4- and CS-functionalized acridine
(acridine-4,5-diyldimethanol) photocage for the first time to
release two (same and different) carboxylic acids and amino
acids simultaneously.

On the other hand, light-responsive fluorescent organic
nanoparticles (FONPs) have received much attention in drug
delivery.” These single-component FONPs act as a photocage
and a nanocarrier for delivering anticancer drugs. Interestingly,
the dispersion of the photocage NPs in water makes them very
useful for their applications in biological media. Previously, our
group developed light-responsive FONPs as anticancer drug
delivery systems using photocages, namely, perylene-3-
ylmethyl, acridin-9-methyl, and p-hydroxyphenacyl.”*~>" This
encouraged us to build an acridine-based single-component
nanocarrier that simultaneously delivers two different anti-
cancer drugs (Figure 1).

(a) Previous Study (b)  Present Study
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Figure 1. (a) Jana and co-workers’ C9-functionalized acridine
photocage for nuclear-targeted drug delivery and (b) C4, CS-
substituted dual-arm acridine photocage for simultaneous release of
two anticancer drugs.

In this study, we have utilized acridine-4,5-diyldimethanol to
construct dual-arm fluorescent photocages to release carboxylic
acids and amino acids. Our designed photocages are (i) easy to
synthesize, (ii) encapsulate two (same and different) carboxylic
and amino acids, and (iii) show a clean photo-deprotection
reaction.

Furthermore, we have applied acridine-4,5-diyldimethanol as
a nanocarrier to deliver two anticancer drugs. For this purpose,
we have attached chlorambucil (a well-known DNA alkylating
agent) and valproic acid (a histone deacetylase inhibitor™”)
with acridine-4,5-diyldimethanol and made them as single-
component fluorescent organic NPs (Acr-Cbl-Vpa) using a

reprecipitation technique.’”*> Our newly designed nano-drug

delivery system shows a distinct fluorescence color change
from green to blue upon photoinduced uncaging (Scheme 1).
We have also performed the in vitro cellular imaging and
cytotoxicity assay to check the biocompatibility and anticancer
activity of the nano-drug delivery system.

B RESULTS AND DISCUSSION

The dual-arm acridine photocages were synthesized, as shown
in Scheme 2. Acridine-4,5-diyldimethanol (2) was prepared
according to the literature report.”® The identical dual-arm
caged esters (3a—e) were synthesized by an EDC coupling
reaction between the alcohol (2) and the corresponding
carboxylic acids or N-protected amino acids. The dual different
arm caged ester (Sa) was synthesized in two steps; first, p-
anisic acid was treated with compound 2 to get (S-
(hydroxymethyl)acridin-4-yl)methyl-4-methoxybenzoate (4a),
which was further coupled with p-toluic acid using EDC.HCI
to obtain Sa. We characterized all the caged esters (3a—e, Sa)
by 'H NMR, *C NMR, and HRMS (see the Supporting
Information, Pages S2—S17).

The absorption and emission spectra of 3a—e and Sa were
recorded in a 1 X 10™° M acetonitrile solution (Table S1). The
normalized absorption and emission spectra of 3a are shown in
Figure 2. We noticed that compound 3a shows a sharp peak at
around 357 nm in the absorption spectrum and maximum
emission at 449 nm, giving a Stokes shift of 92 nm. The
absorption maxima, molar absorptivity, emission maxima,
Stokes shifts, and fluorescence quantum yield of 3a—e and
Sa are provided in Table S1. The fluorescence quantum yield
(@) of the acridine photocages was calculated (see the
Supporting Information) using quinine sulfate (®; = 0.54). *

The photouncaging abilities of all the caged esters (3a—e,
5a) were analyzed. We irradiated the argon-purged solution of
all the caged esters (1.0 X 10™° M) individually in a 3:7 v/v
acetonitrile/water mixture using a Hg lamp (125 W; I; = 3.7 X
10"quanta s™'; 4 > 365 nm).

Photolysis of 3a—e, Sa for 110 min resulted in 83—88%
release of the analogous carboxylic acids and amino acids with
good quantum yield (0.044—0.047), as shown in Table 1. We
calculated the photochemical quantum yield (®,) usmg
ferrioxalate actinometry (see the Supporting Inforrnauon)

The course of photorelease of 3a (as a representative
example) was monitored using RP-HPLC and fluorescence
spectroscopy (Figure 3a,b). We carried out the RP-HPLC
using a binary mixture of ACN/H,O (9:1, v/v) as the mobile
phase. The RP-HPLC chromatogram (Figure 3a) shows a

Scheme 1. Schematic Representation for the Fabrication of Acr-Cbl-Vpa NPs and the Anticancer Drug Release Inside the Cell
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Scheme 2. Synthesis of the C4, C5-Substituted Dual-Arm Acridine Caged Esters. Reagents and Conditions: (a) (i)
Bromomethyl Methyl Ether, H,SO,, 50 °C, 12 h, 65%; (ii) CaCO;, H,0, Dioxane, 140 °C, 4 h, 91%; and (iii) EDC-HCI,
DMAP, R,COOH (2 equiv), DCM, 0 °C-tt, 6 h; and (b) (i) EDC.HCI, DMAP, R,COOH (1 equiv), DCM, 0 °C, 2 h, 60% and

(ii) EDC-HCI, DMAP, R;COOH (1 equiv), DCM, t, 6 h
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Figure 2. Absorption and emission spectra of compound 3a.
Table 1. Photochemical Data Set for 3a—e and Sa
Caged Carboxylic Deprotection Quantum
Ester Acid® Yield® % Yield® (¢p)
o
3a o—@—-’( 86 0.047
/ OH
o
3b —@—/( 88 0.046
OH
(0]
3¢ ©5LOH 87 0.046
Cl
Boc. OH
3d H/\g’ 84 0.044
o
3e OH 83 0.045
HNJ
Boc
(0]
o
/ < > 2 87 0.025
5a OH
0.023

“Caged carboxylic acids and amino acids. bPercentage of deprotected
acid (obtained by RP-HPLC) from the caged ester after irradiation (4
> 365 nm). “Photochemical quantum yield of photorelease (error

<:> Qfo 85
OH

limit within +10%).
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steady decrease of the peak a at the retention time (tz) of 4.8
min with the increasing irradiation time, which indicates the
photodecomposition of 3a. In addition, two new peaks, ¢ and
d, gradually arise at tp 3.1 min and 2.0 min, respectively, which
correspond to the released photoproduct acridine-4,5-
diyldimethanol and the uncaged p-anisic acid, respectively.
The peak b at t; 3.5 min, initially found overlapping with peak
¢, gradually decreases as photolysis time increases. This peak
corresponds to the intermediate (5-(hydroxymethyl)acridin-4-
yl)methyl-4-methoxybenzoate (4a), which decomposes to
produce the final photoproduct acridine-4,5-diyldimethanol
(peak c) and p-anisic acid (peak d). The intermediate (-
(hydroxymethyl)acridin-4-yl)methyl-4-methoxybenzoate, final
photoproduct (acridine-4,5-diyldimethanol), and released p-
anisic acid were isolated. The final photoproduct (acridine-4,5-
diyldimethanol) was characterized by 'H NMR and HRMS
(Figures S19 and S20).

Another set of experiments was carried out to monitor the
photolysis of 3a by fluorescence spectroscopy. A degassed
solution of caged ester 3a (1.0 X 10~® M) in acetonitrile/water
(1:9 v/v) was irradiated [incident photon intensity (I;) = 3.7 X
10"quanta s™'] for 40 min. Then, the fluorescence spectrum
was recorded at different time intervals between 0 and 40 min
(Figure 3b). We observed a gradual hypsochromic shift in
emission maxima during the photolysis of 3a. This blue-shifted
emission was attributed to the formation of the photoproduct
acridine-4,5-diyldimethanol (Figure S21).

From this photolysis data (obtained by RP-HPLC), we
observed that the photodissociation of 3a followed first-order
kinetics with a rate constant of 2.98 X 107* s™' (Figure 4a).
Furthermore, we did a light on—off experiment to show the
precise control over the photorelease. We periodically
monitored the photoproduct formation from 3a under light
and dark conditions, and the HPLC data indicated that only
light induces the photorelease (Figure 4b).

Based on the photochemical studies and earlier literature
reports,”**” we have suggested a possible mechanism for the
photolysis of acridine caged ester 3a in Scheme 3. Initially, 3a
gets excited to the singlet excited state (S;) (‘[3a]*), which
then undergoes a heterolytic C—O bond cleavage at the
benzylic position at either C4 or CS to produce an ion pair.
Upon solvent capture, the tight ion pair releases one equivalent
of p-anisic acid and forms (S-(hydroxymethyl)acridin-4-
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Figure 3. (a) Overlay of HPLC chromatograms of the caged ester 3a at the different course of photolysis; (b) fluorescence monitoring of the
photolysis of 3a. The red line designates the fluorescence spectrum of 3a at 0 min; the blue line designates the fluorescence spectrum of 3a after 40
min of light irradiation; and the orange, dark yellow, and dark green lines represent the fluorescence spectra of 3a at different intervals (S, 15, and
30 min, respectively) of light irradiation.
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Scheme 3. Possible Photorelease Pathway of Caged Ester 3a
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yl)methyl-4-methoxybenzoate (4a). Then, compound 4a again valproic acid on another arm, as illustrated in Scheme 4. The
gets excited to S; ('[4a]*) and produces another equivalent of drug conjugate 9 was characterized by NMR ('H and "*C) and
p-anisic acid along with the final photoproduct (acridine-4,5- HRMS (Figure S9 and S18).
diyldimethanol). Acr-Cbl-Vpa NPs were prepared by a reprecipitation

After a successful demonstration of acridine-4,5-diyldime- method, that is, slow addition of the dilute solution of Acr-
thanol as a dual-arm photocage, we were encouraged to Cbl-Vpa (25 yL, 1 mM in THF) into water (25 mL) for 30
construct a single-component nano-photocage to release two min using an ultrasonic bath sonicator (Scheme S1). The
anticancer drugs. First, we synthesized the dual drug conjugate shape and size of the resulting Acr-Cbl-Vpa NPs were

Acr-Cbl-Vpa (9) by caging chlorambucil on one arm and determined by TEM and DLS, respectively. We observed

7515 https://doi.org/10.1021/acsanm.2c01515
ACS Appl. Nano Mater. 2022, 5, 7512—7520


https://pubs.acs.org/doi/suppl/10.1021/acsanm.2c01515/suppl_file/an2c01515_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsanm.2c01515/suppl_file/an2c01515_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsanm.2c01515?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsanm.2c01515?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsanm.2c01515?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsanm.2c01515?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsanm.2c01515?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsanm.2c01515?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsanm.2c01515?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsanm.2c01515?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsanm.2c01515?fig=sch3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsanm.2c01515?fig=sch3&ref=pdf
www.acsanm.org?ref=pdf
https://doi.org/10.1021/acsanm.2c01515?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Applied Nano Materials

www.acsanm.org

Scheme 4. Synthesis of Photoresponsive Dual Drug Conjugate Acr-Cbl-Vpa
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that the NPs were formed in a bulbous shape with an average
size of 92 nm (Figures Sab and S22). These NPs can
effectively penetrate and accumulate inside the cancerous cells
due t% the EPR (enhanced permeability and retention)
effect.”

Figure S. (a—d) TEM images of Acr-Cbl-Vpa NPs (ab) before
photolysis and (c,d) after photolysis.

The absorption and emission spectra (Figures 6a,b and S23)
of Acr-Cbl-Vpa NPs show a broad absorption peak at 368 nm
and a wide emission band around 528 nm, respectively. Next,
the drug release ability of Acr-Cbl-Vpa NPs was evaluated
using RP-HPLC. A 25 mL of aqueous suspension (1 X 1076
M) of Acr-Cbl-Vpa NPs was exposed to visible light. The
photolysis was monitored by RP-HPLC (Figure S25). After 40
min of light irradiation, almost all Acr-Cbl-Vpa NPs were
consumed (monitored by the HPLC peak area). Again, we
have also investigated the hydrolytic stability of Acr-Cbl-Vpa
NPs. An aqueous dispersion of Acr-Cbl-Vpa was stored at
room temperature under dark conditions for 2 days, which
resulted in no significant drug release (Table S2). TEM images
(Figure S24) also showed that Acr-Cbl-Vpa NPs were stable
under dark conditions.

7516

The Acr-Cbl-Vpa nano-drug delivery system also exhibited
the real-time monitoring ability during photolysis (Figure 7a).
An aqueous suspension of Acr-Cbl-Vpa NPs was irradiated
using visible light (4 > 410 nm), and the emission spectra were
recorded (with an excitation wavelength of 370 nm) at a
regular interval of S min between 0 and 40 min. The initial
emission maxima at 528 nm started decreasing gradually, and a
new emission band appeared at 426 nm. After 40 min of
irradiation, the peak at 528 nm almost vanished, which
suggested the completion of the reaction. The newly formed
peak at 426 nm was attributed to the formation of the
photoproduct (acridine-4,5-diyldimethanol) (Figure S21). The
decrease in the emission maxima was due to degeneration of
the aggregated state in the NPs during photolysis (Figure
Sc,d). The deformed NPs could no longer give the red-shifted
broad emission signal at 528 nm; instead, a sharp emission
maximum was observed at 426 nm.

Acridine derivatives are well-known DNA intercalators. We
have performed the ethidium bromide (EtBr) displacement
assay to establish the DNA binding of Acr-Cbl-Vpa NPs. In the
beginning, the fluorescence intensity of EtBr was enhanced
after intercalation with the DNA (plasmid). However, with the
gradual addition of Acr-Cbl-Vpa NPs to EtBr-DNA, the
fluorescence intensity of EtBr started decreasing (Figure 7b).

This observation indicates that Acr-Cbl-Vpa NPs preferred
to intercalate with DNA. The quenching of EtBr-bound DNA
by Acr-Cbl-Vpa NPs fitted well with the linear Stern—Volmer
equation (Figure $26).

Cell imaging studies revealed the cellular internalization of
Acr-Cbl-Vpa NPs within the cancerous HeLa cells. Cells were
incubated with Acr-Cbl-Vpa NPs for 4 h and imaged with a
showed fluorescence signals from the nano aggregates inside
the cell, confirming cellular uptake. Furthermore, cell nuclei
were counter-stained with propidium iodide. We noted a
significant overlap of a diffused green fluorescence signal from
the NPs with the red propidium iodide signal, indicating a free
distribution of the particles inside the cell cytoplasm and
nucleus (Figure 8iv). Real-time monitoring of drug release by
our Acr-Cbl-Vpa NPs was followed by fluorescence micros-
copy. Initially, the cells exhibited green fluorescence due to the
internalization of Acr-Cbl-Vpa NPs. A weak fluorescence signal
was observed in the blue channel, probably due to minimal
cleavage of the photocage. After 30 min of exposure to light (4
> 410 nm), the cells showed morphological changes, including
cell shrinkage and cytoplasmic blebbing and significant
fluorescence enhancement in the blue channel, suggesting
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Figure 6. Normalized (a) absorption and (b) emission spectra of Acr-Cbl-Vpa NPs.
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Figure 7. (a) Real-time monitoring by emission spectra of the Acr-Cbl-Vpa NPs during photolysis (4 > 410 nm). (b) Quenching of fluorescence
spectrum of EtBr—DNA with gradual addition of Acr-Cbl-Vpa NPs. The green line shows the fluorescence spectra of EtBr, the red line shows the
fluorescence spectrum of EtBr-DNA, and the blue lines indicate the quenching of fluorescence upon the addition of Acr-Cbl-Vpa NPs.

the photorelease of the drugs (chlorambucil and valproic acid).
A green fluorescence signal in the irradiated cells was observed
due to the uncleaved Acr-Cbl-Vpa NPs. The overall
fluorescence signal was enhanced in irradiated shrunk cells
due to an increased local concentration of the NPs.
Subsequently, we have evaluated the in vitro cytotoxicity of
Acr-Cbl-Vpa NPs using an MTT assay (Figure 9a,b). Before
photolysis, the cell viability remained above 90% up to 25 yuM
of Acr-Cbl-Vpa NPs. Cellular toxicity was observed without
light irradiation at S0 #uM concentration of Acr-Cbl-Vpa ~30%.
Upon light irradiation, Acr-Cbl-Vpa NP-incubated cells
exhibited almost twofold cytotoxicity (ECs, = 12.59 pM)
compared to free chlorambucil (ECy, = 20.23 uM). Free
valproic acid is a histone deacetylase (HDAC) inhibitor and
did not show any significant cytotoxicity at the investigated
concentrations, similar to previous reports.”” Interestingly, the
combination of valproic acid with chlorambucil in the nano-
drug delivery system showed enhanced cytotoxicity against
cancerous HeLa cells compared to the individual free drugs.
This suggests a synergistic effect of Valgroic acid upon
chlorambucil, similar to previous reports.”” Thus, Acr-Cbl-
Vpa NPs serve as a multipurpose drug delivery system due to
efficient cellular uptake and the combined effect of
chlorambucil and valproic acid inside the cancer cell.

B CONCLUSIONS

As a final remark, we have constructed a C4- and C5-
functionalized dual-arm acridine photocage, which can release
different carboxylic acids and amino acids. Then, we have
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utilized our photocage as single-component photoresponsive
fluorescent organic NPs (Acr-Cbl-Vpa) to simultaneously
release two anticancer drugs (chlorambucil and valproic acid).
Acr-Cbl-Vpa NPs manifested real-time information through a
green to blue fluorescence color change during drug release.
Excellent cellular uptake capability, appreciable biocompati-
bility, and great spatiotemporal control over drug release make
Acr-Cbl-Vpa an excellent nano-vehicle for photoresponsive

drug delivery.

B EXPERIMENTAL SECTION

Synthesis of Acr-Cbl-Vpa NPs. A 1 x 107> M THF stock
solution was prepared for Acr-Cbl-Vpa. Then, 25 uL stock solutions
were taken via a 100 yL syringe and added dropwise into 25 mL of
water in a glass beaker inside an ultrasonic bath sonicator. The
addition was continued for 30 min. Next, removal of THF from the
solution by argon purging gave a 1 X 107 M aqueous suspension of
Acr-Cbl-Vpa NPs.

Photolysis of Acr-Cbl-Vpa NPs. A 25 mL aqueous suspension (1
X 107 M) of Acr-Cbl-Vpa NPs was exposed to light (4 > 410 nm) by
a 125 W mercury lamp. 1 M NaNO, solution was used as a filter. The
photolysis was examined by RP-HPLC.

Cell Lines. We obtained the HeLa cell lines from the National
Centre for Cell Science (NCCS), India. The cell line was kept in
Dulbecco’s modified Eagle’s medium (DMEM) (Gibco) media along
with 10% fetal bovine serum, 20 mM L-glutamine (Gibco), and 1%
penicillin—streptomycin (Gibco) in a humidified incubator (Thermo
Fisher Scientific) at a temperature of 37 °C in the presence of 5%
CO,.

Real-Time Fluorescence Monitoring of Acr-Cbl-Vpa NPs
inside HelLa Cells. The cancerous HeLa cell line was used to study
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Acr-Cbl-Vpa NPs for 4 h following fixation of cells and staining by PI (propidium iodide), (a) bright-field image of cells, (b) staining of the nucleus
by PL, (c) uptake of Acr-Cbl-Vpa NPs in the green channel, and (d) uptake of Acr-Cbl-Vpa NPs in the blue channel. Scale bar = 50 uM. (iv)
Internalization of Acr-Cbl-Vpa NPs inside the cell. (a,b) Distribution of Acr-Cbl-Vpa NPs in the cell (the white line marks the cell’s nucleus, and
the white arrow shows the cytoplasmic aggregates). (c) Overlay of PI stained nucleus and Acr-Cbl-Vpa NPs inside the cell. Scale bar = 20 M.
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Figure 9. (a,b) Cell viability studies of Acr-Cbl-Vpa NPs, chlorambucil, and valproic acid in HeLa cells: (a) before light exposure and (b) after light
exposure. All the values are presented as mean + SD.

the uptake of the Acr-Cbl-Vpa NPs. 1 X 10° cells were seeded in each In Vitro Cell Viability Assay. Anticancer efficacy was tested on
well of a 12 well plate. 20 h post-incubation, cells were treated with the cancerous HeLa cell line. 10000 cells were seeded in 96 well
100 M of the Acr-Cbl-Vpa NPs and incubated for 4 h. Cells were plates and cultured in DMEM with fetal bovine serum and penicillin—

streptomycin, at 37 °C in the presence of 5% CO,. After 20 h of the
incubation period, cells were treated with different concentrations of
Acr-Cbl-Vpa NPs. 4 h after incubation with the NPs, the cells were
either exposed to visible light for 30 min or kept in the dark. Then,

either exposed to visible light for 30 min or kept under dark
conditions in the incubator after incubation. Following that, cells were
fixed with 3% formaldehyde, and nucleus staining was done with

propidium iodide and RNase A treatment. Images were taken with a the cell viability was measured using a MTT (3-(4,5-dimethylthiazol-
Leica fluorescence microscope. 2-y1)-2,5-diphenylte-trazolium bromide) assay.
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