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ABSTRACT- The syntheses of three water-soluble glucose-caigaigBODIPY dyes with
different wavelength emissions and studies of thhwtodynamic therapeutic (PDT) action
on human lung cancer A549 cell line are discloggnongst the chosen compounds, the
BODIPY dye4 possessing a glycosylated styryl moiety at theg@4tion showed best PDT
property against the A549 cell line. In particuldr,induced reactive oxygen species-
mediated caspase-8/ caspase-3-dependent apoasigealed from the increased sub G1
cell population and changes in cell morphology. SEheesults along with its localization in
the endoplasmic reticulum, as revealed by confotatoscopy suggested that mitochondria
may not be directly involved in the photo-cytotatgof 4. Compoundd did not induce any
dark toxicity to the A549 cells, and was non-takicrormal lung cells.
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Highlights
* Formulation of a BODIPY dye, possessing a glycdsgastyryl moiety at the C-3
position as a potent photodynamic agent.
* The BODIPY was phototoxic to human lung cancer Abd® line, inducing caspase-
8/ caspase-3-mediated apoptosis.

 The BODIPY was non-toxic to normal human lung tieks, and was devoid of any

dark cytoxicity.



1. Introduction

Photodynamic therapy (PDT) is a noninvasive treatmmodality for a number of
diseases including certain types of cancers anatgmeerous inductions [1-3], age-related
macular degeneration and actinic keratosis, loedliznfections, dermatological and
cardiovascular illnesses and wound healing [447lelies on using a photosensitizer (PS),
which on photo-excitation generates reactive oxygmaties (ROS) in presence of oxygen to
achieve selective irreversible cell killing. It particularly promising in the treatment of
multidrug-resistant (MDR) tumors, as both PS agtitlican be effectively localized in the
tumor [8].Evidently the chosen PS plays a key role in themut of the PDT. Some of the
desirable attributes of the PS are its (i) abilaygenerate ROS, (ii) cellular internalization
and biodistribution, and (iii) long wavelength (faeably in the red and/ or near IR regions)
emission because of its better tissue permeakditg cellular non-toxicity [9]. Long
wavelength light is preferred for living subjectschuse it causes less photo damage to cells,
and penetrates tissues better, while the higheeleagth light is absorbed by the tissues and
is converted to heat energy.

Selective destruction of malignant cells sparitng thormal tissues is another
important issue in PDT. To a certain extent thiadkieved by targeted light delivery to the
tumor site, and can be improved further by conjugathe PSs with low molecular weight
molecules that are better recognized by some ofotlezexpressed specific receptors in
tumor cells [10,11]. The biodistribution and cedluliptake of the PS depends on the balance
between its hydrophilicity and lipophilicity, asadigh lipophilicity would hamper their
transport through blood vessel, while a high hydrigty would impede its cell membrane
penetration. Despite offering an alternative or pament to conventional therapies [12-14],
the clinical use of PDT is restricted due to noaiability of an ideal PS. A few

functionalized porphyrins, currently approved fdinical applications are not ideal PDT



drugs due to their low extinction coefficients rettherapeutic window (650-800 nm), and
low absorptivity in mammalian tissues [15]. Therefothere is a significant impetus to
develop novel and more efficient sensitizers fa umsPDT.

The dipyrromethene-BF (4,4-difluoro-4-bora-84a-diazas-indacene, BODIPY)
fluorophores have gained importance for diverseliegpons due to their advantageous
photo-physical properties including sharp absongtiemission bands, high absorption
coefficients and excellent fluorescence quantum gyi¢hdt are relatively insensitive to
changes in the local environment [16]. Most of ¢helyes have several characteristics of
ideal PDT agents such as low dark cellular toxjcggod cellular uptake, high extinction
coefficients, and low quantum yields for photobldag. The BODIPYs are easy to
synthesize, and most importantly, are amenablatensive synthetic modifications that can
help in tuning their florescence maxima and efficigas well as ability to generate ROS. In
view of these, development of BODIPY-based PDT #gyeantinues to be an area of intense
research, which has been elegantly reviewed [17,038yen that the BODIPYs are
lipophilic, attachment of hydrophilic entities sudas polyethylene glycol chains and
carbohydrates to the BODIPY core might be usefuldesigning targeted probes for
diagnosis as well as PDT agents. The PSs with sogaeties are of great importance
because sugar increases water solubility, membirsteeaction and specific affinity for
malignant tumors [19]. Carbohydrate-functionalizedcromolecules have shown promise in
photodynamic therapy and in vivo optical imagingda their enhanced interactions with
tumor cell receptors via carbohydrate-mediated watbgnition processes, and increased
cellular uptake and solubility, without significaatterations of the physicochemical and
photophysical properties [20,2HBarlier, BODIPYs containing various hydrophilic gps
have been used as imaging probes [22-24], and Pgehta [25-27]. Recently, cell

internalization of some BODIPY-based fluorescerggdipearing carbohydrate residues have



been studied by fluorescence microscopy [28,29]jlewBynthesis and photophysical
properties of some BODIPY-conjugated iminosugarstets [30] as well as of
lactosylceramide [31] have also been reported. notker study, some BODIPYs were
grafted on a carbohydrate platform to synthesizéical light-harvesting antenna [32]. In
all these cases, the sugar moieties were attachéeetdipyrrin carbon framework of the
BODIPY fluorophore. In a significant departure frdhese methods, an interesting synthetic
route for the direct attachment of the sugar momtythe boron atom of the BODIPY
fluorophore has been described very recently [33].

For the past few years, we are actively pursuiagearch in chemistry and
applications of the BODIPYs [34-38The aim of the present study was to formulate some
new glycosylated BODIPYs that can be easily synteels are bioavailable, and show good
photosensitization to the target cells. Spin-coyplio heavy atoms (the “heavy atom
effect”) that ensures good intersystem crossin§C{l rates is often used to augment
generation of the cytotoxic ROS. However, the BODI&erivatives are well-known to
generate copious amount of ROS, especidy that also leads to their oxidative
degradation [34,37Hence, we did not address this issue. MoreoverBMOPBIPY PSs with
heavy atoms, such as I, Br, Se, S etc. may offereased dark toxicity, and altered bio-
distribution as well as pharmacokinetics [39,40].

Recently, a novel synthesis of several iodinat&DB?Y-compounds, containing a
glucose moiety at themeseappendage and oligo-ethylene glycol ethers at 3l
disubstituted 4-hydroxystyryl groups has been paten Based on the MTT-based
photocytoxicity data on MDA-MB-231 human breast @an cell line, their potential
application in targeted cancer therapy has beepogexd [41]. In another study, some
elegantly designed BODIPY molecules showed targketeive PDT property [42].

However, this warranted adoption of a complex sgtithstrategy. Instead, we synthesized



three glycoconjugated BODIPY dyeR, @ and 6) and compared their photosensitization
property with their non-glycoconjugated precursarsg and5 on the human lung carcinoma
A549 cell line. The commercially available BODIPYel(PM567) was used as a reference
dye. The chemical structures of test samples aosvishin Figure 1. In this panel of
molecules, we have incorporated a phenol moietlgeanese or the pyrrole 3/5 positions of
the BODIPY core for the attachment of the glucosgety. Introduction of the styryl phenol
moiety at the 3/5-position of the pyrrole ring alselped in synthesizing the dyes with red-
shifted emissions. Relevant physico-chemical patarsg such as absorbance/ emission
profiles, fluorescent quantum vyields, and DNA bimglcharacteristics of the dyes were also
determined. Next, the PDT property of the test conmals was examined and the results
mechanistically rationalized by assessing some higimecal parameters. We chose the
human lung cancer A549 cell line for the preseuntliss as lung cancer is one of the most
common malignancy in humans and has become thentp@duse of death. Despite the
rapid progress of surgery, radiotherapy, chemofherand biotherapy, the long-term
survival rate of patients with lung cancer remgme®r, and new therapeutic strategies are
urgently needed [43,44]. Since early lung cancéed®n is now becoming feasible, PDT
may be applied to treat early stage lung carcin@eaeral clinical trials have established its
efficacy with superficial small tumors, while itseias a preoperative measure may reduce
tumor burden and the degree of surgery for lang@iors [45].
2. Resultsand discussion
2.1 Synthesis

The syntheses of the parent BODIPYs were straightfad. Thus, kryptopyrrol&
was condensed with benzaldehyde or 4-hydroxybeabgtte in presence gqfara-toluene
sulphonic acid (PTS) to obtain compour®84] and1 respectively. The reaction is usually

carried out in CHCl, when the BODIPYs are obtained in moderate yieldh most of the



aromatic aldehydes [34]. During the synthesid oit was found that the reaction was very
slow and produced a dark brown mixture resultingo@or yield of the isolated product.
However, minor modifications of the reaction coms such as use of THF as the solvent
and addition of DDQ at 0 °C improved the yield I)fas the reaction was clean and the
product isolation easy. The BODIPY dyes contain@w$/5-CH; substituted pyrrole rings
undergo the base-catalyzed Knoevenagel-type coatlens with various aryl aldehydes.
This strategy has been extensively used to symd3DDIPY derivatives with red-shifted
fluorescence [46,47]Hence, for the present synthesis, the dye8567 and 8 were
individually subjected to condensation with 1.0 igglent of 4-hydroxybenzaldehyde in the
presence of piperidine and acetic acid to obtai@ mthonostyryl derivatives3 and 5
respectively $cheme 1.) along with trace (5-7%) amounts of the correspogpdistyryl

products, which were discarded by column chromaioigy.

Et
/Z“_{ + ACHO ——=
28% (8)

23% (1)

M
H

30% (3)
21% (5)

i) PTS/CH5CI (for benzaldehyde) or THF (for 4-hydroxybenzaldehyde)/25 °C (24 h;
DDQY4 h; EtaNi h; BFy Et,Gr25 "C/HA2 h, i) piperidine/ AcOHftoluenea/A.

Scheme 1.



The required glycosylation of the phenolic funcabty in 1 and 3 was achieved
using glucose pentaacetate as the glycosyl donpreisence of BFELO catalyst in CHCl,
to furnish9 and 10 respectively $cheme 2.). However, the same strategy whHed to its
considerable degradation, and furnished the reduglycoside 12 in very low yield.
Glycosylation of 5 was subsequently achieved by the improved clds&ioaigs-Knorr
method, involving a base {KOs)-catalyzed reaction d with 2,3,4,6-tera-O-acetyl-alpha-
D-glucopyranosyl bromidelg) in 1.1 H,O/CHCk to obtain12 [48]. The glucosyl donotl
was synthesized from glucose pentaacetate by @maictiemo-selective deacetylation of its
anomeric acetyl group and bromination with HBr-HOAt is well established that the
configuration of the anomeric sugar carbons remamaffected during glycosylation [49].
Finally compound<9, 10 and 12 were deacetylated with NaOMe in MeOH to obtain the

target BODIPY2, 4 and6 respectively.
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i) Glucose pentaacetate/BF . Et,O/CHClareflux/3 h, i) NaOMe/MeOH/25 ®C/1 h,
iii) 2-Bromoglucose tetraacetate (11 WK.CO4/BuyNBri1:1 HoO-CH4Cla/40 to 60 °C/6 h.

Scheme 2.

2.2 Photophysical characteristics
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The photophysical (absorption and fluorescenced dathe BODIPYO-glycoside<,
4, and6 in ethanol are summarized in Table 1. All the coormisexhibited typical spectral
characteristics of the BODIPY core with a narrog—S,; absorption band with high molar
extinction coefficients, intense fluorescence emissand small Stokes’ shifts (Figure SL1).
The absorption and emission spectra were almosbmimages of each other, indicating that
the emitting and absorbing species are similar. @oed to the non-styrylated BODIP
introduction of a styryl group as #h and6 induced significant bathochromic shifts in the
absorption (51-63 nm) and emission (50-55 nm) maxifrhe lower fluorescence quantum
yieldsof 4 and6 indicated significant nonradiative energy loss tlueotation around the C-
Ar bonds [50]. Because the BODIPYs do not show aolehromism, the photophysical
measurements were made in ethanol only.

Table 1. Photophysical parameters of the dg2e4 and6 in ethanol.

Dye }Labs(n m)laJ Emax (104 I\/I_:I-Cm_l)l'bJ xem (nm%CJ (Dﬂ Ld]

2 522.6 8.3 540 0.8%4
4 573.8 8.2 590 0.60
6 586.0 8.0 595 0.52

[@Error: + 0.2 nm™Extinction coefficients at themax  Error: + 1.0 nm™The fluorescence
guantum yields of the dye&sand6 are relative to that of the dye rhodamine 104% 1.0 in
EtOH). ®IThe fluorescence quantum yields Dfs relative to that of PM56{@; = 0.84 in
EtOH).
2.3 DNA binding characteristics

By and large, the PSs exert their photo-dynamimadiy generatingO., which has
a short lifetime (ca. 2.Qis) with a low apparent diffusion coefficient @1 cnt s), and

thus, a very limited sphere of activity (about %0 in radius) in biological systems. This



11

implies that binding to DNA is a desirable charaste of the PDT agents, because the
generatedO, can induce DNA damage. Hence, the strong absorémds of2 and 4 at
522.6 nm and 573.8 nm respectively were converjeasied to determine their DNA
binding characteristics by spectrophotometric tiras. Incremental addition of double
stranded calf thymus (CT)-DNA (0-200 uM DNA basd)pt a fixed concentration
(20 uM) and4 (50 uM) led to gradual reductions in the intensit@f their respective
absorption maxima (Figures SL2A and SL2B), confirghbinding with DNA. Based on the
site-exclusion model [51], the equilibrium bindiegnstants (K) in respective cases were
derived by quantitative analysis of the UV-visildata (Figures SL3A and SL3B). The
moderate K-values of 34 10 M™and 1.8x 10 M respectively for2 and4 suggested an
ionic binding, because the DNA-intercalators gelyeshow higher binding constants <10
10" M. Moreover, well-known DNA intercalators such asatgne produce new species on
binding with DNA [52].Presently no additional absorption peak was obsdeowetitration of
DNA with the dyes2 and4. The linear fits in regression analyses also m@id a single
mode binding of the dyes with DNA. We did not detare the DNA binding constants of
the other test samples based on the biologicaltseside infra).
2.4 Biology

For the biological studies, thm vitro photodynamic activities ofl-6 and the
commercial dye®PM 567 (as a reference molecule) were assessed by thedd3ay using the
highly invasive and metastatic human lung canced@%ell line. All the biological
experiments were carried out using the vehigle®d 1% DMSO in DMEM) that was non-
toxic to the cells. Throughout the manuscript, caintefers to the photo-exposed cells in
vehicle. Initially the cells were photo-exposedraitiance: 0.77 mWi/cth for different
periods (0.5-4 h) in the presence of fixed conegiuns (500, 1000 and 5000 nM) bt and

the growth inhibition was assessed by the MTT ass&# h following photo-exposure.
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At all the chosen concentrations of the compouptsto-exposure time-dependently
reduced the viabilities of the A549 cells, withpest to the corresponding controls (Figure
SL4). However, the growth inhibitions at 1 and @ére not significantly different. Hence, a
80 min photo-exposure was chosen for the elabalase-dependent MTT assays with the
compoundsl-6 and PM567. Based on these results (Figure 2A), the growtiibitory 1Csg
values, defined as the concentrations of the dggsired to kill 50% of the cells were
calculated and are shown in Table 2. In absendigltf none of the test compounds (up to
200uM) showed any toxicity to the A549 cells, as reeddby the MTT assay results at 24 h
(data not shown). This excluded the possibilityanly dark toxicity of the compounds.
Likewise, photo-exposure (up to 4 h) alone was toxc to the cells (Figure SL5),
establishing that light alone or temperature of ithediating apparatus was not responsible
for the observed results. We used a long CFL tald® @long with a reflector for an uniform
photo-exposure. The irradiance, measured at 8-$Qiquus of the plates showed a marginal
(~2%) variation, confirming homogeneity of irradaat all over the plates.

The relative potency of the test compounds W&e&-4>3~5~PM 567>>2. The results
with the glycosylated dye4 and 6 vis-a-visthe corresponding parent dyg@sand5 clearly
revealed that glycosylation improved the potencythef styryl BODIPYs. But shifting the
emission maxima to longer wavelengths had insigaifi effect on the PDT activity, as is
evident from the similar 1§ (~6.5uM) values of the non-conjugatdeM 567 dye and the
conjugated styryl BODIPY8 and5. Earlier we have shown that presence of a bullege
substitution such as an aryl group in the BODIP&@uce theifO, generating ability [34]. It
is possible that the large glycosylated phenol switien at themeseposition of compoun@
does not allow significartO, generation, explaining its poorer PDT activity qmred to that
of its non-glycosylated precursar This is consistent with a previous report, whergiein

vitro and in vivo photosensitizing property of some lactose-congdaporphyrinoids
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depended on the site of the sugar in the PSs 58] worth noting that earlier, compounid
showed impressive PDT property against the humblomaarcinoma cell line HCT116 [54].
Table 2. Comparative cytotoxicities of the chosen BODIPYsiagt A549 human lung

cancer celf

Test compounds [Csg (UM)?

PM567 6.8+1.8

1 2.1+0.6
2 >10

3 6.5+2.1
4 27+0.8
5 6.4+20
6 25+1.1

®The 1G; values were calculated using the MTT data showfigure 2A. The experiments
were repeated three times with similar results. dditerminations were made in four
replicates, and the values are means + S. EPND.001 compared t8, ~ P<0.001 compared

to the corresponding non-glycosylated BODIPYSs.

Despite showing the best result amongst the tespounds, the photo-cytotoxicity of
1 was primarily due to necrosis as revealed by pbas&ast microscopy of the trypan blue-
stained cells. Photo-exposure of the cells, treatgd 1, but not with4 and 6 showed
significant accumulation of the blue dye in thelx&lithin 2 h (Figure 2B). This indicated
extensive membrane damage induced lhyleading to necrosis. Hence we excluded
compoundl for further studies. Although bothand6 showed similar potency, compou#d

was easily accessible from commercially availablatamals. Hence, the subsequent
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mechanistic studies were carried out with the BODtRe 4. However, the cellular uptake
and distribution studies were carried out withtlal chosen compounds6 and PM567.

Apoptosis induction is a preferred mode of killittge cancer cells due to less side
effects and immune reactions [53h the present study, apoptosis induction bywvas
confirmed by following several apoptosis-specifargmeters: (i) sub-G1 cell population, (ii)
cell morphology, and (iii) cell survival analysesthe presence of a pan-caspase (Z-VAD-
FMK) as well as three specific caspases inhibitdtsa 30 min photo-exposure, compouhd
(5-50 uM) increased the sub-G1 cell population by ~2.8818s, compared to control. The
effect was more severe with a 80 min photo-expgswieen the sub-G1 cell population
increased by 5-6 folds (Figures 3A and 3B). Theas wo alteration in the sub-G1 population
in the cells treated with (up to 50uM) in the absence of any photo-exposure. This blear
established the lack of dark toxicity #hgainst the A549 cells.

The phase contrast microscopy, performed to exathimesffect of compound (up
to 2.5uM) in conjunction witha 80 min photo-exposure showed obvious and significan
morphological changes in the A549 cells. At 24 terathe treatment, the cells showed
marked changes in the cell outline, with irregudaruptions in the optical diffraction halo,
and the effect was concentration dependent. Thebauraf shrinking cells or cells with
blebbing membranes was notably increased iitreated cells than in the control (Figure
3C). There were number of floating cells without auhering ability in the treated group
than in the controls.

Apoptosis can be induced by the ligation of plasneanbrane death receptors, which
stimulate the ‘extrinsic’ pathway, or by perturloati of intracellular homeostasis, the
‘intrinsic’ pathway [56,57]. The extrinsic pathwayinitiated by the binding of a member of
the tumor necrosis-factor (TNF)-family of deatheptor ligands to their cognate receptors

(TNFR or Fas). The oligomerized receptors subsetyusscruit adaptor protein (TRADD or
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FADD), which in turn, recruits pro-caspase-8 andpowo-caspase-10 to form the death
inducing signaling complex (DISC). As a part of tiHSC, pro-caspase-8 becomes
autocatalytically activated to cleave the effeqboo-caspase-3/7. The intrinsic pathway is
linked primarily to mitochondrial changes, direcihgucing the release of cytochrome c into
the cytosol and apoptosome complex formation witiivation of caspase-9. Both pathways
converge on caspase-3 activation, resulting ineasctiegradation and changes in cellular
morphology. In our results, treatment of the A548cwith4 (2.5 uM) followed by a 80 min
photo-exposuretimulated the activities of caspase-3 (~2.9 fa@dyl caspase-8 (~6.2 fold)
without any increase in the caspase-9 activity, maned to the untreated control cells (Figure
4A). The specific inhibitors (each 20 uM) for casea8 (Z-DEVD-FMK) and caspase-8 (Z-
IETD-FMK) abrogated such activation of the respextcaspases by 46.7% and 48.6%.
Expectedly, the caspase-9 specific inhibitor (Z-IIEAMK, 20 uM) was ineffective (data
not shown). To further confirm the involvement akpase-8/caspase-3 pathway in the photo-
toxicity of 4 in the A549 cells, we assessed the cell surviaal2é h) in the absence and
presence of the above caspase-specific inhibi®rsedl as the pan-caspase inhibitor (each,
20 uM). Pre-incubation of the cells with the caspasedipase-3 as well as the pan-caspase
inhibitors increased their viability by 50.6%, 3B&5%nd 77.2% respectively, compared to the
only compound4-treated and 80-min photo-exposed cells. Howewer,caspase-9 inhibitor
did not show significant effect on cell survivaidbre 4B). None of the above inhibitors, on
their own altered the activities of the caspases the cell survival in absence df Our
immunoblots (Figure 4C) also showed a time-depenaztuction in the pro-caspase-3 levels
in the compound} plus 80-min photo-exposed cells compared to th@robcells. Taken
together, these results suggested involvementeogxkrinsic apoptotic pathway in the photo-
toxicity of 4 to the A549 cells, where caspase-8/caspase-3 aotivalays a major role. No

caspase-3 activation was noticed by treating tHs w&th 4 alone (data not shown). Current
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evidence suggests that the mitochondrial pathwayoist common in PDT-induced apoptosis
in cells. However, the caspase-8-dependent pathwags also be important, when the
dominant pathway is suppressed [58].

Due to their higher metabolic rates, cancer caksgenerally under more oxidative
stress than the normal cells [59]. PDT causes pixadative damage to proteins and lipids
that reside within a few nanometers of the PSsibgndites [58]. There is strong evidence
that ROS can induce the apoptotic process [60].celewe examined if ROS generation is
responsible for the photo-toxicity df by carrying out the sub+&ell population assay in the
absence and presence Pftarotene (a specifitO-inhibitor) [61] and N-acetyl cysteine
(NAC, a cell-permeable antioxidant). In additiome tcell survival assay was also carried out
under similar conditions in the presence of indreasconcentrations ofi-carotene. As
revealed from the results (Figures 5A and 5B), lnation of the cells witlg-carotene (50 and
100 puM) or NAC (5 mM) along with4 (2.5 um) followed by a 80 min photo-exposure
reduced the sub-&ell population by 24.2%, 36.7% and 32.4% respelyti compared to the
only 4-treated and 80-min photo-exposed cells. In the M3Ssay,[3-carotene dose-
dependently reduced the photo-toxicitydpfoffering 46.5% protection at a concentration of
50 um. The above results confirmed that the intracatiuROS, especiall’O, was
responsible for the PDT property4fn the A549 cells.

Photodynamic efficacy is principally determined the subcellular localization of a
PS that governs the primary site of photodamagg faine PSs show a broad distribution,
while some may localize more specifically. Hendapifescence microscopic studies were
carried out to investigate the cellular uptake kudlization of the test compounds. All the
BODIPY dyes exhibited cytoplasmic localization iretA549 cells as revealed from the red
fluorescence (Figures 6A and 6B, middle panel). ithages of the cells, stained with the

nucleus specific dye, Hoechst-33342 are shown enleft panel of the same figures. The
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merged images (right panel) clearly revealed thatintra-cellular accumulation of all the
dyes was outside the nucleus. Compared to the atlyes, PM567 showed lower
fluorescence, indicating its less cellular uptakéso, the patchy fluorescence in the cells,
stained withl indicated its non-uniform presence in the cytoplagith higher accumulation
near the membrane. This may also account for gemied necrotic property. The other dyes
had uniform florescence all over the cytoplasmhef ¢ells.

The subcellular localization &f was ascertained by confocal microscopy using dual
staining with4 (100 nm) followed by the organelle-specific fluaresce probesiz. Lyso-
Tracker Green, Mito-Tracker Green or ER-Trackere@relhe clinically used PS, photofrin
has been shown to concentrate into plasma memboan@goplasm upon brief incubation,
and in the Golgi complex or ER upon prolonged iratidn [63,64]. In our experiments, fast
cellular internalization off was noticed within a few minutes. Although we haweubated
the cells with4 up to 4 h, no significant change in its distribation the subcellular
compartments was noticed by varying the incubatiome points (0.5, 1, 2 and 4 h).
Presently, the confocal images for 1 h-incubatioth v is shown in Figure 7, as the same
incubation time was used for the experiments, pophoto-exposure. The left and middle
panels show the images of the cells, loaded with ribspective fluorescence probes and
compound4, while their superimpositions are shown in thénriganel. There was an almost
identical overlap of the images of the cells loagath compound4 and the ER-Tracker,
indicating that ER is the preferential accumulatgite of compound. In comparison,
colocalization of compound was only partial with Mito-Tracker and very lesghniyso-
Tracker. This result is consistent with the fa@ttbompoundt did not activate caspases-9 to
induce mitochondrial apoptosis in the A549 cellev&al observations have indicated that
the PSs that localize within mitochondria or ERmpobte apoptosis. Since compoudiid

not accumulate in the plasma membrane or lysosomealid not promote cell necrosis
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[58,65]. It is also very unlikely to directly dam@adPNA, as the nucleus remained free of
compound4. No significant alteration in the morphology wasserved on incubating the
cells with4 up to 4 h in dark (data not shown).

Activation of the caspases is perhaps the most ettacterized apoptotic cascade,
and caspase-3 activation is a landmark event iptapis [66]. Our results showed activation
of caspase-8 and caspase-3 in the A549 cellsunder photo-exposure leading to increased
sub-G1 cell population that was abrogated by tleeifip as well as pan-caspase inhibitors. It
has been reported that procaspase-3 localizeg icytbplasm and that caspase-3 activation is
initiated in the cytosol, followed by its redistuifion to the nuclear compartment [67,68].
Because compoundlalso accumulates in the cytoplasm of the cells, &xpected to induce
the caspase-3-mediated apoptosis. Structurally, BREDIPYs constitute half of the
porphyrins that are known to be specifically acclated in tumor cells. Hence, we
anticipated good tumor-selectivity of the BODIPY$is was confirmed by the MTT assay
using normal human lung cell lines, WI-38 and L1@2mpound (50 uM) induced only 5-
7% cytotoxicity in these cells under photo-exposure

The main objective for adding a sugar moiety toBI@DIPY scaffold was to ensure
preferential accumulation and/or retention in cangs-a-visnormalcells. To probe these,
we studied the uptake and retention of the d/aad4 (2.5 uM each) in A549 lung cancer
cell line from their fluorescence, using flow cytetry. The dye4 is the glycosylated
derivative of dye3. The relative amounts of the dyes inside the ee#lse quantified in terms
of the mean fluorescence intensity (MFI) in the (Ed3) channel [69]. A higher uptake and
longer retention of the dygin the cells was observed, compare® (@able 3). This may be
one of the reasons of its enhanced capacity incingudeath in the cancer cells-a-vis3.

To rationalize the selective photocytotoxicitydhfo cancer cells over normal cells, we also

carried out similar experiments with L132 and A®#4l lines. The initial uptake (at 2 h) 4f
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by A549 cells was significantly higher than by L133Is. Since the internalization 4fwas
very fast and the experiments were carried outiwi@ min, its selective photocytotoxicity
to the cancer cells compared to normal cells isetqal. The higher uptake 4y the A549
cells compared to the L132 cells may be due theyesdt expression levels of many of the
plasma membrane proteins in the cancer e&lsa-visnormal cells [70].

Table 3. Comparative uptake and retention3&nd4 in human lung cancer A549 cells and

of 4in normal (L132)\scancer (A549) human lung célls

Sample MFI in A549 cell line MFI of compound4
Comp.3 Comp.4 L132 A549

Control 24+1.1 4.6x1.2 54+£1.5
2h 88.0+6.8 98.5+7.2" 63.5+4.5 95.3+6.3"
4h 53.746.2 68.9+6.3 56.8+5.4 66.2+4.6°
8 h 43.945.5 58.426.1 49.55.8 49.416.0
16 h 40.9+5.9 52.5+5.8 41.5+4.2 41.623.7
24 h 38.4+4.8 46.7+5.9

®The A549 cells were treated wighor 4 (2.5uM) for different periods and the intracellular
concentrations of the compounds were analyzeddw @lytometryfrom the red florescence
(FL3 channel). The data are presented in termskifiMarbitrary units. Similar experiments
were also carried out with (2.5 uM) using A549 and L132 cellsThe experiments were
repeated three times with similar results. All dei@ations were made in four replicates, and
the values are means + S. E. 0.001 compared to control celfp<0.05 compared to the

3-treated cells®p<0.05,"p<0.01 compared to the L132 cells.
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We adopted indirect methods to ascertain apoptogisction and ROS production by
the dye4 under photo-exposure. This is because of the quarig fluorescence spectra of
the respective probes (FITC tagged annexin-V an&MDrespectively) with that of at its
ICso concentration. For the same reason, we did nosaneahe amount dD, produced by
it, by the 1,3-diphenylisobenzofuran bleaching rodtfi71]. Nevertheless, we have provided
multiple lines of evidence to ascertain that thetpktoxicity of 4 to the A549 cells follows
apoptosis by assessing the sub G1 cell populateh, morphology and identifying the
involvement of the caspase-mediated pathway. We laedso used two intracellular ROS
inhibitors, including B-carotene, a well-known'O,-specific inhibitor (at different
concentrations) to provide ample evidence of tielirement of'O. in the process.

3. Conclusions

Overall, we developed a new water-soluble BODIP¥ 4lpossessing a glycosylated
styryl moiety at the C-3 position by a simple swiit route. The dyd showedimpressive
photo-sensitization property against the human loaginoma (A549Xxell line, inducing
ROS-mediated apoptosis via the caspase-8/caspaspedident extrinsic pathway. Its
accumulation in cell cytoplasm matched with theal@ation site of procaspase-3 to ensure
apoptosis without any necrosis. The dydid not show any dark toxicity to human normal
lung (WI-38 and L132) and cancer (A5489ll lines, and was non-toxic to the normal lung
cells even on photo-exposure. Compared to dyesome halogenated BODIPYs earlier
showed lower IGy-values in their photo-dynamic property [17,18].vi&wer, their photo-
toxicity against the non-targeted normal cells Imas been verified. Considering their
possible dark toxicity, increasing attention isngepaid to develop halogen-free BODIPYs as
PDT agents, and BODIPYs with extended conjugatevelemerged as promising candidates
[17,39,40]. However, it is difficult to synthesizeese BODIPYs in sufficient amounts for

their clinical applications. By contrast, dgecan be easily synthesized in an overall yield of
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11.6% in 3-steps from the commercially available 38 dye using inexpensive
chemicals/reagents, is bioavailable, and showstbetephotosensitization to the target cells.
4. Experimental Section
4.1 Synthesis

The syntheses of the target BODIPYs were achiagdhown inScheme 1 and
Scheme 2. Detailed experimental procedures as well as theracterization data of the
BODIPYs and the intermediates involved in the sga#s are provided in the supplementary
material.
4.2 General Biology

Penicillin, streptomycin, 3-(4,5-dimethylthiazoly®-2,5-diphenyltetrazolium
bromide (MTT), 3-carotene, N-acetylcysteine (NAC), Triton X-100 1@), Tween 20,
propidium iodide (PI), phenylmethylsulfonyl fluoedPMSF), aprotinin, leupeptin, sodium
orthovanadate (NaV{), and rabbit polyclonal antibody to caspase-3, $&Naere procured
from Sigma chemicals (St. Luois, MO). Other chensiaassed were: Dulbecco’s modified
Eagle’s medium (DMEM), fetal bovine serum (FBSyptn blue (Gibco Life Technologies,
Carlsbad, CA), Hoechst 33342 (Molecular Probes,, lBagene, OR), pan caspase inhibitor
(Z-VAD-FMK), specific inhibitors of caspase-9 (Z-HD-FMK), caspase-3 (Z-DEVD-
FMK) and caspase-8 (Z-IETD-FMK) (R&D Systems, Miapelis, MN), and rabbit
polyclonal antibody t@-actin (Abcam, Danvers, MA). Lumi-LigHt-"® western blotting kit
and cell death detectioR"“® kit were procured from Roche Applied Science (Baden
Wurttemberg, Mannheim), while nitrocellulose memm@gBioTrace® NT) was from Pall
Life Sciences (Easthills, NY).

4.2.1 Cell culture
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The A549 cell line, procured from National Centoe €ell Science, Pune, India were
cultured in DMEM medium, supplemented with 10% FBS0 U/mL penicillin and 100
ug/mL streptomycin. The cells were grown at’87under an atmosphere of 5% £0
4.2.2 Drugs preparation

Stock solutions (50 mM) of the test samples in DM8€ye reconstituted in DMEM
medium without any nutrient to attain the requideges of them for the MTT assay. For the
other assays, the samples were prepared as abowg smM stock solutions of the
respective compounds. The final DMSO concentraticall the samples was <0.1%.

4.2.3 Photo-exposure protocol

The cells were irradiated with white light from &IC source (2 ft long, 20 W,
Phillips), mounted on polished reflector unit. Tdistance between the light source and the
surface of the irradiated solutions was ~5 cm. ififagliance on the plates was measured at 8-
10 locations of the plates with a model LX-101Ae@<h light meter (Eztech Instruments,
Nashua, NH, USA). The mean value was 0.77 mW/¢mariation ~2%). The photo-
irradiation unit was housed in the g@tmosphere.

4.2.4 MTT assay

Viabilities of the control and treated cells weretetmined by the MTT reduction
assay [72]. The A549 cells & 10*/well) were grown in 96-well plates in DMEM medium
supplemented with 10% FBS at 37 °C in a 5%, @®Mnosphere. Cells were plated overnight
prior to any treatment. The unsynchronized cellsevieeated with vehicle (0.1% DMSO) or
the compounds (each 500, 1000 and 5080 for 1 h in serum-free medium, washed twice
with phosphate-buffered saline (PBS), followed bhoto-irradiation for different periods
(0.5, 1, 2, and 4 h) at 37 °C in a 5% L£gmosphere. The cells were subsequently incubated
in a regular medium for 24 h, washed once with PB$T solution (0.5 mg/mL, 10QuL)

was added to each well and kept at°@7for 6 h. The formazan crystals in the viable sell
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were solubilized with 0.01 N HCI (100L) containing 10% SDS and the absorbance at 550
nm read.

For determining the I§-values, the assay was carried out as above, aiifegent
concentrations of the compounds and a 80-min pbeepmsure. Similar assays were also
carried out by pre-incubating the cells with thee@fic and pan caspase inhibitors (each
20 uM) or increasing concentrations [pfcarotene (0-100 uM) for 1 h prior to the additain
the test compound (2.5 uM). The dark toxicities of the compounds wassessed at 48 h as
above, omitting any photo-exposure.

4.2.5 Phase contrast microscopy

The A549 cells (1 x Tcells/well) were cultured overnight on cover slipss-well
plates. The cultures were incubateih vehicle (0.1% DMSO) or the dyds 4 and6 (each
2.5uM) for 1 h, followed by photo-irradiation for 80 miAfter addition of serum, the cells
were incubated for 2 h, washed twice with PBS, dryfplue (0.1% in PBS) added and
incubated further for 5 min. The cells were wasbede with PBS, mounted on glass slides,
visualized, and representative fields of the agise photographed using an Axioskop Il Mot
plus (Zeiss) microscope (40 x objective, 0.65 PHiged with a Axiocam MRc camera.
Similar experiments were also carried out afteating the cells with different concentrations
of 4 as above, and visualizing the cells after 24 hevit trypan blue staining.

4.2.6 Flow cytometry

The hypodiploid DNA content were analyzed as a mafior apoptosis by flow
cytometry, after staining with Pl. The cells weneubated with (0-50uM) for 1 h, washed
two times with PBS, DMEM (200QL) added, and subsequently exposed to light fdewhnt
time periods (30 and 80 min). After addition ofsar the cells were incubated for 24 h,
washed once with cold PBS, incubated with PI (460nL) and RNAse A (20@ug/mL) in 1

mL hypotonic buffer (0.1% sodium citrate plus 0.T%ton X-100) for 30 min at 37C, and
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analyzed with a Partec CyFlow® Space flow cytomesng the FlowJo program. Cellular
debris was excluded from the analyses by raisiegdhward scatter threshold, and the DNA
content of the nuclei was registered on a logaiithscale. At least 2 x fcells of each
sample were analyzed. The cell number read by égwometry for every single sample was
same, although the total areas under some cunas ddferent. This is because of the
normalization done by the software in the overlayestograms. The normalization is
required to avoid disproportionate heights of thstdgrams of different fluorescence
intensities for the two overlaid samples, and iBieed by plotting "% of max" instead of
"total cells counted or events taken" in the Y-agki8]. The apoptotic nuclei appeared as
broad hypodiploid DNA peaks. Similar experimentsravalso carried by treating the cells
with NAC (5 mM) andp-carotene (50 and 100 pM) along with compodn@.5 pM) and
photo-exposure for 80 min.

For the dye retention studies, the A549 cells (Pxdd well), grown in 6 well plates
as above were washed twice with PBS and treatddweiticle (0.1% DMSO) or the dye3,
and4 (2.5uM each) for 2 h in a serum-free medium. After waghiwice with PBS, the cells
were incubated in a regular medium at 37 °C in a@B atmosphere for different periods as
described in the Table 3. The cells were trypsohixeashed with PBS and analyzed through
flow cytometry. Similar experiments were also cadirout using dyd and L132 cells. The
data are presented in terms of MFI.

4.2.7 Fluorescence microscopy

A549 cells seeded in 6-well plates on coverslipseweaded with the BODIPY dyes
(1 uM) for varying periods (0.25, 0.5, 1, 2 and 3 hBat°C, washed with PBS, subsequently
stained with Hoechst 33342 (3M), washed once again with PBS, mounted with 70%
glycerol, and analyzed under an Axioskop Il MotspliZeiss) microscope (40 x objective,

0.65 Ph2). Some adjustments to the stretch andabheth blue and red images were made
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while overlaying the images. This was done only etter contrast and to ensure that the
blue color of the Hoechst-stained nucleus and oéa ©f the dye are both visible.
4.2.8 Confocal microscopy

The overnight-seeded cells were washed twice Wi8,Rtained with dyd (100 nM
for 2 h), washed again with PBS, and then stainétl wysoTracker Green (500 nM),
MitoTracker Green (100 nM), or ER-Tracker GreenQ(3M). The cells were incubated for
30 min at 37 °C. In all cases, the cells were wasgain with PBS before imaging through
confocal microscope (LSM 780, ZEISS). An excitatiwavelength of 488 nm and emission
range 500-530 nm were used for visualization theoMIER- and Lyso-Tracker spots. For
visualization of4, excitation at 543 nm and emission at 560-640 nmewesed. The
concentration ot was chosen to exclude any absorption of the dyleeigreen channel.
4.2.9 Caspases activity assays

The assays were performed with a caspase-3 colwitmigt or caspase-8 and
caspase-9 fluorimetric kits according to the mactufir's protocol. Briefly, cells (Ix
10P/well), seeded in 90 mm plates were incubated Witf2.5 pM) for 1 h followed by
photo-illumination for 80 min, and the individuaspase activities were assayed at 16 h. The
untreated but photo-exposed cells served as th&otosimilar experiments were also
carried out by pre-incubating the cells with thhiloitory peptides, Z-VAD-FMK, Z-IETD-
FMK, Z-LEHD-FMK (each 2QuM), prior to other treatments.
4.2.10 Western blots

The whole cell extracts were prepared by lysing 4h@ or 2.5uM)-treated and
photo-exposed (80 min) A549 cellsX1L.0°/well) in a lysis buffer (20 mM Tris (pH 7.4), 250
mM NaCl, 2 mM EDTA (pH 8.0), 0.1% Triton X-100, @Qg/mL aprotinin, 0.0lug/mL
leupeptin, 0.4 mmol/L PMSF, and 4 mmol/L Na)}Orhe lysates were spun at 16500 for

10 min, the supernates collected and kept at°€Z0The whole cell lysates (30g) were
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separated by 12% SDS-polyacrylamide gel electragsi®r and electrotransferred to
nitrocellulose membrane. The membranes were bloftketl h at room temperature in TBST
buffer (10 mM Tris—HCI, pH 8.0, 150 mM NaCl, and% Tween-20) containing 5% (w/v)
nonfat milk, and then incubated overnight af@ with the Caspase-3 specific primary
antibody. After several washes, HRP-conjugated re#emy antibody was added, the
membranes were incubated further for 1 h, and thes bwvere developed using a Lumi-
Light™ " western blotting kit. The bands were detectedguaitkodak Gel-doc software and
the intensity ratios of immunoblots to that of natroontrol, taken as 1 (arbitrary unit) were
guantified after normalizing with respect to thadang controls.
4.3 Statistical analyses

The data were analyzed using a paired t test Bop#ired data or one way analysis of
variance (ANOVA) followed by a Dunnet multiple coarpons post test. Values are

expressed as means + S.E.M. A probability value<df.05 was considered significant.
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Figurelegends

Fig. 1. Chemical structuresof thetest BODIPYs.

Fig. 2. Amongst the test BODIPYs, dye 4 shows the best PDT property against the
human lung cancer A549 cell line. A: Dose-dependent cytotoxicities of the test BODIPYs.
The A549 cells (1x 10%well) were treated with vehicle (0.1% DMSO) or rieasing
concentrations of the test compounds for 1 h, vedid by photo-exposure (irradiance: 0.77
mW/cnf) for 80 min. The cell viability at 24 h was assEbby the MTT assay. Results are
expressed in percentage considering that of theeated control cells as 10B: Detection

of necrosis.i: vehicle-treated cellsii-iv: cells treated withl, 4 and 6 (each 2.5uM)
respectively. The A549 cells (1 x Z@ells/well) were treated as above. After 2 h, the
washed cells were stained with trypan blue, exadjiaad photographed with a microscope.
The experiments were repeated three times withlaimesults. All determinations were
made in five replicates and the values are meanEH#\VB p<0.05, p<0.01,” p<0.001
compared to vehicle control. Representative imageshown.

Fig. 3. BODIPY 4 induces apoptosis in A549 cells on photo-irradiation. A and B:
Histogram and quantification of the sub-Gdll population analysesi-iii: photo-exposure
period 0 min, 30 min and 80 min respectively. TH&18 cells were incubated with vehicle
(0.1% DMSO) or4 (5-50 uM) for 1 h, followed by photo-exposure (irradiande77
mW/cnf) for different periods. The sub-G1 populations evanalyzed by flow cytometry.
C: Alteration of A549 cells morphology: control cells,ii-iv: cells treated witht (0.625,
1.25 and 2.5uM) respectively followed by photo-exposure for 8thnThe A549 cells were
treated with vehicle or different concentrationstdbr 1 h, followed by photo-exposure for
80 min. After incubating the cells in a regular muea for 24 h, the cells were visualized
under a phase contrast microscope. The experimeares repeated three times with similar

results. All determinations were made in five reples and the values are means £ S. E. M.
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"p<0.01,” p<0.001 compared to vehicle control. Representathages are shown. Arrows
indicate apoptotic cells.

Fig. 4. BODIPY 4 activates caspase-8 and caspase-3, but not caspase-9 in A549 cells on
photo-irradiation. A: Activation of the caspase8: Effect of specific and pan caspase
inhibitors on the PDT property df C: Immunoblots of caspase-Bhe A549 cells as such or
pre-incubated with specific caspase-3, caspasa&aspase-9 inhibitors (each |201) for 1

h were incubated further witd (0 or 2.5uM) for 1 h, followed by photo-exposure
(irradiance: 0.77 mW/cffor 80 min. The cell viability at 24 h was assssdy the MTT
assay, while the activities of the caspases inmthele cell extracts were assayed after 16 h.
The immunobloting was carried out with the whold e&tracts using the antibody against
caspase-3. The protein bands were detected usiogak Gel-doc software and the intensity
ratios of immunoblots to that of normal controlkga as 1 (arbitrary unit) were quantified
after normalizing with respective loading controlhe experiments were repeated three
times with similar results. All determinations wemade in five replicates and the values are
means + S. E. M.p<0.05, ~p<0.01, ~ p<0.001 compared to vehicle contrdh<0.05,
p<0.01 compared to onirtreatment. Representative images are shown.

Fig. 5. Intracellular ROS isinvolved in the BODIPY 4-induced apoptosis in A549 cells

on photo-irradiation. Effect of the ROS-scavengers, NA&)(and[3-carotene B) on sub-
G1lpopulation. The A549 cells were incubated wit(0 or 2.5uM) as such or in conjunction
with NAC (5 mM) or (3-carotene (50 and 100M) for 1 h, followed by photo-exposure
(irradiance: 0.77 mW/cfifor 80 min. The sub-G1 populations were analybgdflow
cytometry.C: Dose-dependent effect Bfcarotene on the photo-cytotoxicity 4f The cells
were incubated witld (0 or 2.5uM) in conjunction with3-carotene (0-10@M) for 1 h as
above, followed by photo-exposure. The cell viapikat 24 h was assessed by the MTT

assay. The experiments were repeated three timtassimmilar results. All determinations
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were made in five replicates and the values arenmeaS. E. M.'p<0.001 compared to
control; "p<0.05, *p<0.01 compared to only-treatment. Representative histograms are
shown.

Fig. 6. Uptake of the BODIPYsin A549 cells. A. Cells treated withPM 567 and dyedl and

2. B: Cells treated with dye8-6. The cells were incubated with the BODIPWsuM) or
Hoechst 33342 (1QuM) for different periods and the images capturethva fluorescence
microscope. While overlaying the images, some matjustments to the stretch and tone of
both blue and red images were made. The experimentsrepeated three times with similar
results. Representative images at 0.5 h are shown.

Fig. 7. Subcellular localization of dye 4 in A549 cells. Cells were treated with dy& (100
nM) for 1 h, followed by Lyso-Tracker Green (500 NWito-Tracker Green (100 nM), or
ER-Tracker Green (500 nM) for 0.5 h, washed andith&ges captured with a confocal
microscope. Overlaying was done with the help of tBEN-2012 (software). The
experiments were repeated three times with simndaults. Representative images at 0.5 h

(magnification 63 x, 1.4-NA oil objectiyare shown.
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