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ABSTRACT:Herein, we report three new metal-free, photochemically active
single, dual, and combinatorial CORMs (photoCORMS) based on a carbazole-fused
1,3-dioxol-2-one moiety which released one equivalent of CO, two equivalent of € Of
and a combination of one equivalent of each CO and anticancer drug upon ongsand
two-photon excitation, respectively. The photoCORMs exhibited good céfiuled
uptake and real-time monitoring ability of CO uncaging by a color change ap@roa
in cancerous B16F10 cells. Interestingly, the cytotoxicity assay on BlGFFi(D c‘%ll
indicated that the dual photoCORM has increased anticancer activity over th&sineg
and combinatorial photoCORMSs upon irradiation. Our results also showed thag ¢
could accelerate theegtiveness of the well-known anticancer drug (chlorambucig‘,\ d 2xCO
Finally, than vivoevaluation of the dual photoCORM on an established muriné\\
melanoma tumor (C57BL/6J mouse model) manifested aaigniegression of tochemica
tumor volume and led to sigcéant improvement (>50%) in the overall

survivability.

INTRODUCTION there is a real need to develop carbon monoxide releasing
Carbon monoxide (CO) is an important cell Signalingmolecules (CORMSs), which can provide a spatial and temporal

molecule produced endogenously in mammals by enzyma‘ff?ptrm over the CO release and enable us to understand the
heme metabolism.CO exhibits therapeutic potentials, anticancer properties of CO compIeFer.

including cytoprotective, antibacterial, and aatiimatory In this context, small moleculeg leth cqntrolled CO.reIease
at low and safe doseSlinical trials have shown that the safe ha\_/e b_een develop?%j based c_melnt t_rrl?ggermg mecham_sms,
dose for inhaled CO is 250 ppm, 3 h/iapwadays, several Wh.'Ch include enzgé enagnetic heati g;mq an interesting
research groups are involved in exploring the anticanc ick and relleas Howgv_er, j[he main I.|m|tat|on .Of the
activity of CO molecules by administering them in safe dos ove strategies was their |'nab|I|ty to proylde a spatio-temporal
A recent research study by the team at the Beth Isragqlease of CO. Tc_’ achieve a sano-temporaI relea_se,
Deaconess Medical Center (BIDMC) has shown forshe researchers have introduced the photochemically active
time that carbon monoxide plays a vital role in the treatment &ORMS (tpr:jotocggl\él). To dz_ate, t\;"ol typgs oflphoto(IZORMs d
cancer. Their studies based on cell culture and animal modfT reported as onors (i) metal carbonyl complexes an

suggest that controlled doses of CO within the prescribed saj small organic molecules. Compgred to the possible
ugg Wit b ! isadvantage of metal carboryfs,which often have a

limit prevent tumor growth and improve chemotherapeuti .
P 9 P P ackground CO release due to the ligand exchange, metal-free

drug$ e ectiveness to accelerate cancer dellgh while
protecting non-cancerous tissuémllowing the above
ndings, several other research groups, have also reporftédeived: April 26, 2021
the anticancer eacy of the CO molecul€. However, to ~ Published: January 12, 2022
utilize the signcant anticancer ability of CO for practical

applications, two critical shortcomings need to be addressed

(i) lack of precise control release of CO at a spledation

for the given period and (ii) dculty in portability. Hence,
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Uncaging in “Phototherapeutic
Window”

Dual photoCORM as an

efficient anticancer agent
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Figure 1.(a e) Previous works: (&) Visible light-activated photoCORMs for one and two equiv of CO release, (d,e) NIR and two-photon
activated photoCORMSs for one equiv of CO release. (f) Present work: Designed one- and two-photon activated single, dual, and combinat
photoCORMSs with real-time monitoring for the release of one equiv of CO, two equiv CO and one equiv of both CO and Cbl, respectively.

Scheme 1. Synthesis of Single (3), Dual (5), and Combinatorial (8) photoCORMs
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organic photoCORMs captured great attention for highlyo restrict excitation to a tiny focal voldhé> Literature

controlled CO release. To date, severaf Uvand visible
light-activated photoCORMs such as cyclic aromatic
diketon€,” a uorescein analog: 6-hydroxy-3-¢kowh-
thene-9-carboxylic atfd,avonols; ?* and 3-hydroxybenzo-
[g]quinolone frameworKavere developed (sEgjure a c).
However, these photoCORMSs limit their practical usage

studies clearly show that only two organic photoCORMs were
recently developed, which can be activated if\ptindo-
therapeutic window (65050 nmj. In 2016, Kla et al.
reported meso-carboxy BODIPY (COR-BDP) derivatives as
e cient photoCORMs for the release of CO in the visible-to-
iNIR (up to 730 nm) regionFigure t).>° Later, Wang and

biomedical applications because of the cytotoxicity and limitdéng et al. in the year 2018 developed a two-photon activated
tissue penetration (typically not more than 1 mm) ability of avanol conjugate for the CO rele&ggute &)?’ Though
UV light. Therefore, a new photoCORM, which could bethe abovementioned photoCORMgiently uncages CO in

e ectively triggered by NIR light with minimal sideets in
living tissue, is in great demand.

the NIR region, still, they have some critical limitations such as
(i) inability to provide information regarding the release of CO

The release of bioactive molecules in the NIR region by twi real-time, which is crucial for a profound understanding of
photon excitation has gained considerable importance becatise biological bents of CO, (ii) release of only one equiv of
it o ers unique advantages such as (i) spatiotempor&O molecule at a given time, which limits the delivery of an
resolution of uncaging, (ii) deeper penetration into biologica ective amount to the target, and (iii) requirement of an
tissue (up to 10 mm) with lower phototoxicity, and (iii) ability external agent such as molecular oxygen to release CO.
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Keeping the above limitations of photoCORMSs in mind, we 1.4]

photoCORM3  * photoCORM 3 | 4 |
intend to develop new metal-free photoCORMSs based on a % 121 BRoloCORM 5+ PhotaCORM : : -g
carbazole fused 1,3-dioxol-2-one platform to investigate twvo 2 photo 2
key features: (i) the ect of CO dosage on its anticancer o 107 FaYauy r1.0 £
e cacy and(ii) the role of CO in accelerating the therapeutic S o fAM L0.8 5
potential of the well-known anticancer drug. For this purpose, © 0.6 ,X Lo.6 g
we synthesized three photoCORMs based on a carbazole  E 0.4 \ (o4 8
platform, namely, single, dual, and combinatorial, for the z° ’ : §
release of one equivalent (equiv) of CO, two equiv of CO, and 0.2 r0.2 z°
one equiv of both CO and the anticancer drug (chlorambucil) 0.0 . . . =.0.0

300 350 400 450 500

respectively. Our newly developed carbazole-based photo-

CORMSs showed essential qualities such as (i) spatio-temporal

uncaging in théphototherapeutic winddwit 730 nm using  Figure 2.UV absorption (left solid lines) and emission spectra (right

two-photon excitation, (ii) real-time monitoring of the CO dotted lines) of photoCORMS; 5, and8.

release byuorescent color change, and (iii) no need to use

any external reagents to release CO, except light. Table 1. Synthetic Yields and Photophysical Properties of
photoCORMs (3, 5, and 8)

Wavelength (nm)

RESULTS AND DISCUSSION

. . . absorption uorescence
Single, dual, and combinatorial photoCORMS, (and 8, o het e
respectively) were synthesized, as outlinediclieme .1 Looe, ;}g}tdaeo}:f LS LS S“(Jnfrf')g' e
Compoundsl, 4, and 6 were prepared according to the 3 81 340 386 46 0.24
literature procedufé?® Single photoCORM was synthe- :
sized in two consecutive steps. In teestep, compount > I 350 402 52 0.16

; ’ 8 71 330 433 103 0.09

was converted to the corresponding chloroformate (2) b¥o . ) ) o ) )

treating with one equivalent of 4-nitrophenyl chloroformateCverall yield-Absorption maximurfEmission maximurfDi er-

(PNPCI). In the second step, the reaction bet@eed 1,8- encet betweledn abso[?".ct’” _?hrdeemlssmn maxiffiuorescence

diazabicyclo [5.4.0] undec-7-ene (DBU) produced 81% ofamum yie (error limit withigS).

single photoCORM. The reaction mechanism for the second

step involves the abstraction 4fydrogen of the methylene cene, ;= 0.95 in ethanol) and found to be within the range

( CH,) group by a strong base DBU, which leads to théd.09 < ;< 0.24 for3, 5, and8 (Table ).

enolization, followed by se-membered ring formation with  Next, the stability of all photoCORNg b, and8) was

the removal of the leaving group, thatpisitrophenol. examined individually in PBS é&u containing 10% fetal

Similarly, the dual photoCOR3Mvas obtained by converting bovine serum and cellular thiols (3 mM) [e.g., Cys, Hcys and

4 to the corresponding chloroformate by treating with twaglutathione (GSH)]. The solution 8f 5, and8 (100 M)

equivalents of PNPCI, followed by the addition of DBU towere ultrasonicated for 10 min to make the solution

aord 5 in 73% overall yield. Next, the combinatorialhomogeneous and stored under dark conditions for 72 h at

photoCORMS8 was synthesized in two steps from compound7 °C. Afterward, the solutions were subjected to the reverse-

6. First, compound? was prepared by carrying out an phase HPLC analysis. Based on the HPLC data, we found that

esterication reaction between compoérahd chlorambucil  photoCORMs showed good stabilitp§%) in a PBS ber.

(cbl). Finally, compound was subjected to the reaction However, we observed slightly lower stability f@r%),5

condition as described f8rto yield the photoCORNM in (92%), andB (93%) in the presence of Cys over Hcys and

71% vyield. All the synthesized photoCORMs were charaGSH at pH 7.4 (see Figure S8 in$hgporting Informatigpn

terized by'H, ¥™C NMR, and mass spectral analysis (Se€lThe above result is reasonable by assuming the higher

Figures S1S6 in theSupporting InformatipnWe have also  reactivity of Cys (§B 8.3) compared to HCysKa 8.6)

provided the purity of photoCORMs5, and8 by reverse  and GSH (Ka 9.0)?* Overall, the designed photoCORMs

phase-high-performance liquid chromatography (RP-HPL®@)ere su ciently stable to be used in biological applications.

(See Figure S7 in tl&upporting Informatipn Initially, the photouncaging ability of single photoCGRM
Following the successful synthesis of single, dual, a(tb0 M, CDCL) was analyzed under one-photon excitation

combinatorial photoCORMSs, we then turned our attention tdy irradiation with light of 365 nm using a 125 W medium

the detailed study of the photophysical properties opressure Hg lamp as the light source and 1 M GaBiion

photoCORMSs.Figure 2shows the normalized absorption as the UV cut-o Iter (Figure a). Then, the course of

and emission spectra3yfs, and8 (100 M) in phosphate-  photolysis was examinedtdyNMR spectroscopy at a regular

bu ered saline (PBS) ber [pH 7.4 and 0.5% dimethyl interval of time (020 min). As shown iRigure B, the'H

sulfoxide (DMSOQ)]. The absorption spectrur3,d&, and8 NMR spectrum at 0 min shows the characteristic peaks at 8.23

exhibits a maximum at 340, 350, and 330 nm, while in thgpm (singlet), 7.34 ppm (singlet) corresponding to the

emission spectra, the maximum is centered at 386, 402, aarxdmatic proton (b, ole nic proton (H) of the single

433 nm, respectively. The results suggest thds Stukeor photoCORMS3, respectively. After 20 min of irradiation, we

8 is larger thai® and5 due to the existence of the internal noticed the complete disappearance of the peaks at 8.23 and

charge transfer (ICT) between the carbazole donor and the34 ppm, which shows the complete decomposition of

carbonyl acceptor ufit. Absorption, emission maximum, photoCORM3. On the other hand, we observed two new

Stokés shift, anduorescence quantum yiel®d, and8 are peaks at 9.80 (§ 9.05 (H;) ppm with a gradual increase in

summarized imable 1 The uorescence quantum yieldsg) ( peak intensity, indicating the formation of thal photo-

were calculated referenced with DPA (9,10-diphenylanthraroduct3a[(2,2'-(9-ethyl-81-carbazole-3,6-diyl)bis(2-oxoace-
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visualization. (d) Possible photorelease mechanism for single photaCORM
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taldehyde)] as shown Figure & (see fullH NMR spectra  absorption spectroscopy (See Figure S13 iBueorting
Figure S9 in th8upporting InformatipnFurther, the newly  Informatior).
formed photoprodu@awas characterized by high-resolution Next, to understand whether the photorelease mechanism
mass spectrometry (HRMS) analysis (see Figure S10 in tRecurs from the excited singlet or triplet state, we performed a
Supporting Informatipn uorescence quenching experiment of photoC®RMhe

To investigate the photorelease ability of designed photgreésence of benzophenone (a triplet sensitizer), and the result
CORM3 in a biological system, we performed the photolysiguggested that the photocleavage takesviaae excited
of single photoCORMBI(100 M) in a PBS buer system (pH singlet state (Figure S14 in hepporting Informat@ngsed
= 7.4, 0.5% DMSO), and the course of photolysis waln the literature a_nd results of our photonS|s_ experiments, we
monitored by reverse phase-HPLC. From the HPLC analys oposed a possible photorelease mechanism for the single

o photoCORMS3, as shown ifrigure 8. Upon irradiation, the
we observgd the complete photodeqompos_t 'on Gfahq excitation of photoCORBIto its excited singlet state)(&d
the formation of a photoproduct with an increase in th

. L . . . hen it undergoes a cheletropic extrusion of stable CO alon
irradiation time Kigure 8). Furthermore, we isolated the 9 P 9

. 1 with an intermediate photoprodizt which further reacts
photoproduct and characterized ittdyNMR spectroscopy \vith water to form thenal photoproducab.

and HRMS analysis (see Figures S11 and S12 in thenex:, we examined the photouncaging ability of dual
Supporting Informatipn The results suggest that a new photoCORMS (100 M) in a PBS buer (pH = 7.4, 0.5%
photoproduct3b [1-(9-ethyl-8i-carbazol-3-yl)-2,2-dihydrox- pMSO) by irradiating for 30 min, and the course of the
yethan-1-one] was formed. In the biological medium, thghotolysis was monitored by RP-HPLC &Hd NMR
compound3a reacts further with water to form theal spectroscopy F{gures & and S15 in theSupporting
photoproducBb (SeeFigure @) The photodecomposition Information. Figure & shows that as the irradiation time
of single photoCORM was further monitored by UV increases, gradual depletion of the peak=a.21 min was
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Scheme 2. Sequential Photorelease Mechanism for Combinatorial photoCORM 8
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Table 2. Photochemical Properties of photoCORMSs (3, 5, and 8)

time of o
photolysis photochemical quantum e = u.4(C-
photoCORM (min) % of decompositifn x 163 (M *cm )P yield® 365nm A 35mM leml)  (GM)© [y 70 i
3 20 93 2.09 0.3 627 f.d
5 30 89 1.53 0.19 290.7 4.5 0.855
8 60 88 2.16 0.095 203.1 h.d

2 of decomposition based on the formation of ik photoproduct as analyzed by HPEMolar absorption coeient at 365 nm.
Photochemical quantum yield for decomposition 2265 nm (error limit-5%).%Action cross-section for one-photon excitation 265
(error limit+5%).°TPA cross-sectionf at 730 nmfTwo photon uncaging cross-sectigh gt 730 nmNot detected.

noted, which indicates photodecomposition of the dugbhotorelease found to be 2.48B0 2s . We also monitored
photoCORMS. Simultaneously, we also observed a gradu#the course of photodecomposition of photoCGRM UV
increment of two new peakstat= 8.05 and 8.82 min, absorption spectroscopy (See Figure S21 iSugheorting
corresponding to the single side decomposed interndediate Information. Furthermore, the photochemical quantum yields

and the nal photoproducth, respectively Hgure ). ( p of all the photoCORMS, 5, and8 were calculated using
Continuing photolysis for up to 30 min, we observed thgotassium ferrioxalate as an actinomeséne 3.
complete decomposition &f and 5a to give the nal After one-photon excitation, we intended to determine the

photoproductsh. The photodecomposition of dual photo- two-photon uncaging ability of the designed photoCORMSs (3,
CORM 5 was also supported by UV absorption spectroscofy, and 8) because it will enable spatio-temporal uncaging with
(See Figure S16 in tisaipporting Informatipn a lower phototoxicity and deep-tissue penetration ability. To
Based on the HPLC analysis andithBIMR study of the  determine the two-photon absorption (TPA) cross-section
photolysate of dual photoCORaMit can be evident that the ( ) for photoCORMs &, 5, and 8), we performed the
photouncaging of CO from photoCORNMroceeds in a step nonlinear optical measurements using the open aperture (OA)
wise pathway following the similar mechanism as was in thescan technique with a laser pulse of 150 fs with 1 kHz
case of single photoCORBA(Figure #). To validate the  repetition rate at a wavelength of 730 nm. Among the designed
proposed stepwise mechanism, the photolysis mixture of dpabtoCORMSs, dual photoCORMonly showed a positive
photoCORMS (after 10 min of irradiation) was subjected to TPA cross-section.j, probably due to the higher symmetry
HRMS analysis. It was found that the possible interntediate of photoCORMb, and it was calculated to be 4.5 GM (1 GM
along with the nal photoproducbb was present in the =10 ° cnf s/photon) at 730 nm (Se€gure S22 Then, the
reaction mixture, and theal photoproduchb was isolated two-photon uncaging cross-sectignfér 5 was calculated to
and characterized W4 NMR spectroscopy and HRMS be 0.855 GM using the equatigre , ,, where  is the
analysis (see Figures S17 and S18 inSthmporting quantum vyield of the uncaging reaction and the result was
Information. shown inrable 2 The result suggests that thealue ob was
Lastly, the photorelease ability of combinatorial photomore signicant than the limit of 0.1 GM reported to ensure
CORMS8 (100 M) in PBS buer was examined (pH = 7.4 suitability for biological applications.
and 0.5% DMSO) by irradiating for 60 min, and the course of Next, we also performed two-photon photolysis of dual
the photolysis was followed by RP-HPLC (Figure S19 in thehotoCORMS5 with a laser of 100 fs pulse at the 1 kHz
Supporting InformatipnThe photorelease pie showed the  repetition rate at the wavelength of 730 nm for 30 min, and the
sequential uncaging of active molecules (CO and drug, i.photolysis was followed by RP-HPLC. From the HPLC peak
chlorambucil) as shown@theme.ZBased on HPLC data, it area compared to the injected authentic sample, we found that
was evident that the fast uncaging of CO compared to th&/% of the decomposition of photoCORMccurred in 30
drug. Then, the percentage of the released drug was calculated of irradiation (see Figure S2%impporting Informatipn
by injecting an authentic sample and found to be 87% (seeNext, we aimed to detect and quantify the CO release from
Figure S20 in th&upporting Informatiprand the rate of the designed photoCORMSs. For this purpose, we synthesized
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Figure 5.(a) Proposed CO detection mechanism. (b) Absorption spectra recorded during photolysis of ptoito€8&Muer (pH = 7.4

and 0.5% DMSO) in the presence of p@tend PdGl at regular time intervals ( 365 nm). (c) Time-dependent CO release from
photoCORMS in parts per million (ppm). (d) Emission spectra recorded during photolysis of phot6@ORM presence of proBeand

PdC}, Excitation wavelength: 480 nm. (e) Comparison of the amount of CO release from pho®GORMKSB at 365 nm and
photoCORMS5 at 730 nm for 30 min of irradiation. (f) Absorption and (g) emission spectra recorded during photolysis of pBototh®RM
presence of prol®eand PdGlat 730 nm for 30 min. (h) CO detection from photoCO&RIW myoglobin assay. (i) Progress of the CO release
from photoCORMb under dark and light conditions (OFF indicates the end of light irradiation and ON indicates the start of light irradiation.
Final concentrations of photoCORMSs (58) in PBS buer (pH = 7.4 and 0.5% DMSO), prab¢100 M) and PdCJ (200 M).

the well-known photostableorescein-based turn-ooo- uorescence spectroscopy (see Figures S25 and S26 in the
rescent prob@ as described in the literattfte. Supporting InformatipnOverall, the results suggest that dual
To conrm the CO release from the photoCOBMve photoCORMS5 was able to release a quantitative amount of
investigated the response of p@bethe presence of PJCl  CO, around 12 ppm at 50M after 30 min of photolysis with
(Figure a). As shown iRigure B, we recorded the change in the light of 365 nm, compared to the single (5.9 ppm) and
the absorption spectrum of the photolysis mixture (800 combinatorial (5.7 ppm) photoCORMSdure g).
photoCORMS5 + 100 M probe9 + 200 M PdC}) in a PBS Next, the two-photon uncaging of CO from dual photo-
bu er (pH 7.4, with 0.5% DMSO) at drent time intervals. CORM 5 was monitored using the same turnimrescent
Figure b shows a strong absorption band at 295 nm, whicprobe9, except herein, we used a laser of 100 fs pulse at the 1
corresponds to the absorption of préket 0 min. With a  kHz repetition rate at the wavelength of 730 nm for 30 min.
gradual increase in the irradiation time using the light of Figure g shows the quantitative and qualitative detection of
365 nm, we observed a new absorption band at 488 nm wi€0 release from photoCORMinder two-photon excitation,
increasing intensity. A remarkable red shift in the absorptisaspectively. The amount of CO release from photoGORM
peak from 290 to 488 nm was apparently due to the formatiomas found to be 4.5 ppm at 730 rifig(re &). The e cient
of uorescein by the result of the Tstjost* type of CO uncaging ability of dual photoCORIA the NIR region
reaction between the probe and CO in the presence gf PdCprompted us to explore its possibilities as a competent CO
con rming the ability o to release CO upon photo- donor for the tumor regressionvivo Further, to provide
irradiation. Then, we quamd the amount of CO released at direct evidence of CO release by photoCORMSs, the standard
di erent time intervals-jgure 8) based on the calibration myoglobin assay was performed. It was shown that incubation
curve obtained from the commercially available standard G deoxy-myoglobin (MbFe(ll)) (50M, pH = 7.4) with the
precursor, CORM-3 (seEigure S24in the Supporting photolysis mixture of dual photoCOBNB00 M) in PBS
Information. bu er (pH = 7.4 and 0.5% DMSO) produces carbonmonoxy-
Furthermore, the same prdbevas also used to monitor myoglobin (MbCO) as evident by the change in absorbance.
CO release byuorescence spectroscopy qualitativielyre As shown inFigures B and S27 in theSupporting
5d shows a gradual increaseumrescence intensity at 518 nm Information the intensity of the absorption maximum in the
with a gradual increase in exposure time. Next, we also carri@dhand region of MbFe(ll) decreases at 557 nm, while at 540
out detection and quantation of CO release from the single and 577 nm, two new bands appeared, which correspond to
and combinatorial photoCORMs by both absorption andhe formation of MbCO.
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Figure 6.(a) Emission spectra of dual photoCORKLO0 M) in PBS buer (pH = 7.4 and 0.5% DMSO) measured during photolysis at
di erentinterval of time (B0 min). (b) Comparison ofiorescent spectral pi@at 0 and 30 min of light irradiation. Excitation wavelength: 350
nm.

Figure 7.CLSM images of B16F10 cells incubated with photoCO®RMS (ii), and 8 (iii), respectively, for 4 h: (A) before photoirradiation
and (B) after photoirradiation for 5 min ( 365 nm). Cell nuclei were marked with propidium iodide (red). Scale barm.100

Figure 8.photoCORMS5 upon light irradiation induces the apoptosis leads to enhanced cytotoxicity in B16F10 cells. Cell viability assays
photoCORMS3, 5, and8 on B16F10 cells: (a) without irradiation, (b) with irradiation (5 min). Values are represented Asstardasd

deviations of triplicates. Apoptosis detection assay of phot&IaQR24 h (c) HEK 293 and (d) B16F10 cells. The percentage of apoptosis was
estimated using Annexw binding assay.
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Figure 9.In vivobiodistribution prde and tumor regression study on C57BL/6J mice model using photdE@&®Malibration curve
representing theuorescent plot area of photoCORBNh di erent concentration iRrOH, (b) relative biodistribution of compousdc)
representative tumor bearing mice: (i) UT, (ii) treated with photoC®&NY and (iii) treated with compouBdr 10 min of light irradiation
(d) representative images of isolated tumors in each group: (i) UT mice, (ii) mice treated with ph&to@IQRN (iii) mice treated with
photoCORMb + 10 min of light irradiation (e) Relative tumor growth inhibition upon i.v. injected with phot&C@RMerall survivability of
the mice groups were monitored after tta intravenous injection on day 24 post-tumor inoculation.

To better understand the precise control over the CQmicroscope (CLSM) imaging upon excitation at 330 nm,
release by light, CO release from dual photoCORMS which reveals that the corresponding photoCORMs were
monitored periodically by switching the light source on andeadily internalized by the cells. To demonstrate the real-time
o . Figure bshows that CO release was stopped when thenonitoring ability of photoCORMg% 5, and 8, confocal
light source was turned, avhich clears that only an external microscopy images were recorded post irradiation using the
stimulus, such as light, is responsible for the release of Cdight of 365 nm. After light irradiation for 5 min, we

To evaluate the real-time monitoring ability of the designedbserved a completaorescence color change from blue to
photoCORMSs, we excited the photoCORM 350 nm. At0  green Figure B. i(b), ii(b), and iii (b)], suggesting the
min, it showed a blue-emission band gt =404 nm complete uncaging of active molecules (CO and cbl) from
corresponds to photoCORBA(Figure §. As the irradiation  photoCORMS3, 5 and8.
time gradually increases, the blue emission bapgd-at04 Further, thén vitrocellular toxicity was determined by MTT
nm gradually decreases with a concomitant increase in the rieaged cell viability assay on B16F10 cells, before and after
green emission band at,, = 485 nm. After 30 min of photolysisFigure &,b, respectively). Biye two sets of cells
irradiation, we observed complete quenching of the band aere incubated with compour3gs, 8 and the commercially

max = 404 nm. In contrast, the maximum intensity wasavailable anticancer drug cbl iredint concentrations (1.25,
observed for the band gt,, = 485 nm, and the above 2.50,5, and 10M) for 72 h, and one set of cells was subjected
observation can be ascribed to the ICT transition existing photolysis after 6 h of post treatment using the light of
between the carbazole donor and carbonyl acceptor moiety3@# nm for 5 min, then allowed to incubate for 72 h. The
the newly formed photoprodisti A well-dened isosbestic  percentages of cell viability versus concentration of compounds
point at 460 nm indicates that the existence of an equilibriutvefore and after photolysis are presenteidime &,b. From
between5 and 5b upon irradiation. Next, the real-time the results, it is evident that after photolysis, single photo-
monitoring ability of the single and combinatorial photo-CORM 3 showed 70% cell viability by releasing one equiv of
CORMs was also investigated (Figures S28 and S29 in t8©, dual photoCORM showed 20% cell viability by the
Supporting InformatipnAlso, the absorption and emission release of two equiv of CO, and photoCCGRé#fiowed 35%
spectra of photoproduct3b and 5b were recorded cell viability by releasing one equiv of CO and one equiv of cbl.
independently (see Figures S30 and S31 iBuhgorting In contrast, free cbl showed more than 80% of cell viability at
Information), and it was commed that the distinct the concentration of 10M. It can also be noted that on

uorescence color change was due to the uncaging procgémtoirradiation, the photoCORBI showed 21% of cell
Thus, the course of CO release on account of photoirradiatisiability even at a concentration of 2/6 Thus, it is evident
can be monitored in real-time by observing the change in coltirat the dual photoCORMN possesses potent anticancer

from blue to green. activity upon photoirradian compared to cbl, single
To investigate the cellular uptake and real-time monitoringhotoCORM3 and combinatorial photoCORS/
of CO uncaging of photoCORKS5 and8, cellular imaging In addition, careful analysis of MTT data showed that free

studies were performed on cancerous B16F10 cells. Cells weeand photoCORM having more than 80 and 70% of cell
incubated with compoun8s5, and8 separately for 4 h at 37 viability upon photoirradiation, respectively, while the photo-
°C. The cells showed a strong bluerescence~(gure A. CORM 8, which could release a cocktail of both CO and cbl
i(@), ii(a), and iii (a)) under a confocal laser scanningone equivalent of each on photoirradiation, is showing lower

1829 https://doi.org/10.1021/acs.jmedchem.1c00750
J. Med. ChenR022, 65, 18221834


https://pubs.acs.org/doi/suppl/10.1021/acs.jmedchem.1c00750/suppl_file/jm1c00750_si_001.csv
https://pubs.acs.org/doi/suppl/10.1021/acs.jmedchem.1c00750/suppl_file/jm1c00750_si_001.csv
https://pubs.acs.org/doi/suppl/10.1021/acs.jmedchem.1c00750/suppl_file/jm1c00750_si_001.csv
https://pubs.acs.org/doi/10.1021/acs.jmedchem.1c00750?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jmedchem.1c00750?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jmedchem.1c00750?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jmedchem.1c00750?fig=fig9&ref=pdf
pubs.acs.org/jmc?ref=pdf
https://doi.org/10.1021/acs.jmedchem.1c00750?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Journal of Medicinal Chemistry pubs.acs.org/jmc

Figure 10H&E staining of photoCORBltreated mice organs and tumor tissues (a) brain, (b) liver, (c) heart, (d) kidney, (e) spleen, and (f) (i)
tumor; red arrows indicate that large area of apoptosis in tumor mass was replacegswisisues and (ii) tumor subcutaneous region.

cell viability of 35%. Therefore, it can be concluded that thextracts were estimated by comparing ubeescence peak
released CO is enhancing the therapeuttaoy of the  area of tissues extracts with the standard calibration curve of
chemotherapeutic drug cbl. This result is further supportingpncentration of photoCORBA/s An emission peak area plot
the observation by the BIDMC team on their pioneering workFigure @) (The uorescence of tissue extracts from UT
on CO-based chemotherépy. control mice was used to rectify the backgrouoiscence

To investigate whether the photoCORMinduces  of tissue extracts). The biodistribution experiment revealed a
apoptosis or not, the non-cancerous HEK293 and cancergu®found accumulation of photoCORNN the tumor site,
B16F10 cells were treated with photoC@RWWhe apoptosis  followed by kidney, heart, liver, lung, and spiegnré 9).
levels were estimated using an annexin-V binding assaylhe tumor selective biodistribution pecof photoCORM
photoCORMS followed by light irradiation induced the late 5 (Figure ) and its potenin vitroanticancer ecacy Figure
apoptosis in cancer cells (15.4%) by two-fold compared ®b) prompted us to examine its therapeutizaey inin vivo
non-cancerous cells (7.3%). The photoCORNMeated settings to inhibit the established melanoma tumor mice
cancerous and non-cancerous cells followed by light irradiodel. The melanoma tumor (established by subcutaneous
ation-induced apoptosis within 24 h, but without light-injections of X 1(° B16F10 cells in HBSS into the riggmks
irradiation the cells were not sigantly showed apoptosis, of mice on day zero) bearing mice were arbitrarily distributed
further proving that théCO” release was important in (n = 5) into three groups. The divided three groups include
enhancing the apoptosis levels in the cells. The photo@ORMgroup |: UT mice, group II: injected with photoCOR0.4
untreated (UT) cellsKigure 8(i),d(i)) upon light irradiation =~ mg/kg BW of mice), and group llI: injected with photoCORM
did not show apoptosiBigure 8,d). Based on these results, it 5 (0.4 mg/kg BW of mice, group IlI) + light irradiation (using
was conrmed that the photoCORBIenhances the selective a laser source of 730 nm) at the tumor site (10 min) after 24 h
cytotoxicity upon light irradiation. of each injection starting from day 14, 16, 18, 20, 22, and 24.

Further, to evaluate the tumor selective biodistributiorGroup | was intravenously administered (alternative days) with
pro le of photoCORMp, the orthotopic murine melanoma 5% aqueous glucose, whsré&sroup Il and Il were
model was established. Initially, 25@f Hanks bu er salt intravenously administered (alternative days, total six doses)
solution (HBSS) containing B16F10 cellsx(d(P) were with photoCORMS5 (0.4 mg/kg BW of mice) in every
subcutaneously injected in the rigitk of six to eight weeks alternative day. Tumor volumes were estimated using slide
old C57BL/6 female mica € 3, weights of each group2 calipers for up to 24 days. Notably, the tumor growth was
25 g). After 18 days of post tumor implementation (whersigni cantly less in group Il than in other groupgure @
tumor volume reached1500 mrf), one dose of photo- e). On day 25th of tumor inoculation, one mouse from each
CORM 5 (0.4 mg/kg BW of mice) was administered group was sacced, and tumors were harvested, which clearly
intravenously to the mice. After 24 h of post-injection, vitadhowed profound regression of the tumor in group Il mice.
organs from treated mice were isolated to evaluate thdost importantly, the overall survivability bemas 57%
biodistribution of photoCORBlin di erent tissues, including higher in mice of group Il compared to that of the control
the tumor. Acidied isopropanol (0.5 mL) was added to the mice of group IKigure 9.
tissue and tumor samples and homogenized with a mechanicalo validate then vivotoxicity of photoCORM, it was
homogenizer for 60 s at 5000 beats/minute. All tissue samplesestigated on the C57BL/6J mouse tumor model6
were maintained at an ice cold condition before and after thveeeks old B16F10 tumor bearing C57BL/6J mice were
homogenization in the dark. Homogenized samples weirtravenously (i.v.) injected with photoCORKs mentioned
incubated overnight in acielil isopropanol (90 percentage earlier in the tumor inhibition study (6 treatment doses). In
isopropanol, 75 mM hydrochloric acid, 10 percentage water) adidition, in a control experiment, the mice were i.v. injected
4 °C. Then, the samples were vortexed and centrifuged (1#ith HBSS for every alternate day up to 12 days. The weight
000 rpm) for 10 min at 4C; further, the supernatant (100 and movement of all mice were monitored every day. In the
per well) was plated onto a 96-well plate in triplicatesreatment period of photoCORBIit was found that there is
Concentrations of the photoCORM in isolated tissue no signicant dierence in terms of body weights and
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movement of the mice compared to the remaining treated EXPERIMENTAL SECTION

mice and in the mice used for the control experiment (data Not g nera) Information. Commercially available anhydrous solvents
shown), which undoubtedly demonstrated that the corregichioromethane (DCM), dimethylformamide (DMF), ethyl acetate
sponding six doses were in a bearable range for all mice. UpeR), petroleum ether, and other chemicals were used without further
completion of the treatment, the mice were euthanized and theri cation. Acetonitrile (ACN) and DCM were distilled from £aH
tissues of vital organsvé), that is, liver, heart, kidney, lung, before use. NMR spectra were recorded on a 400 and 600 MHz
spleen, and tumor were isolated from photoCGR®hted instrument.l_H NMR chemical shifts were referenced to the
group and subjected to hematoxylin and eosin (H&E) staininggtramethylsilane signal (0 pprtdz NMR chemical shifts were

it clearly demonstrated that there is no visible necrosis of tré erenced to the solvent resonance (77.23 ppm, Chiatoform-
tissue in all ve vital organsFgure 1) and showed the DCly)). Chemical shifts § are reported in ppm, and spapin

. . . coupling constants (J) are given in Hz. Below abbreviations were used
photoCORNMb treated tumor tissue necrosis. Therefore the explain multiplicities: s = singlet, d = doublet, t = triplet, q =

vivotoxicity studies evidently showed that the photoC®RM gyadruplet, m = multiplet. UV/vis absorption spectra were recorded
could be considered as non-toxic for further applications. on a Shimadzu UV-2450 UV/vis spectrophotometeruarescence
spectra were recorded on a Hitachi F-7008escence spectropho-
CONCLUSIONS tometer. HRMS were recorded on ESI-TOF (electrospray ionization-
) _ time-of-ight). Photolysis was carried out using a 125 W medium
In summary, we demonstrated the design and synthesis gaéssure mercury lamp. Chromatographicpticn was carried out
three new metal-free photoCORMs (single, dual, andith a 60 120 mesh silica gel. We have determined the purity of the
combinatorial models) based on a carbazole fused 1,3-dioxayrthesized photoCORMs by RP-HPLC using a mobile phase, a
2-one moiety for the release of one equiv of CO, two equiv gfadient of ACN/water (water containing 0.1%idroacetic acid)
CO, and one equiv of CO and one equiv of the anticancer dryghase 1/phase 2). Methods were performed witvaate of 1.0
upon excitation, respectively. Next, we examined the detaif@4/™in- gompoundso/were dgtﬁcteldbailz (1254 nm, 'i‘/”d (tjarget »
photophysical and photochemical properties of all th§oMPounds were >95% pure. FITC-labeled annexin-V and propidium

o iodide (PI) were purchased from Sigma, St. Louis, USA.
photoCORMs  under one- and two-photon excitation. The Synt(hegis of Cgmpounds4, and6.gSynthetic procedure for the
photorelease mechanism for dual CO release of photoCORMmpoundg_’ 4, and6 was described in the literaftite.

5 proceed through a stepwise manner, it was suppottéd by  Synthesis of 4-(9-Ethyl-9H-carbazol-3-yl)-1,3-dioxol-2-8e (
NMR and RP-HPLC experiments. Interestingly, the duafo a solution ofl (0.200 g, 0.78 mmol) and;Ht(0.119 g, 1.18
photoCORM5 showed a good two-photon uncaging crossnmol, 1.5 equiv) in dry DCM (20 mL), a solution of 4-nitropheny!
section () for CO release in tHphototherapeutic windaw  chloroformate (0.190 g, 0.94 mmol, 1.2 equiv) in DCM (20 mL) was

Further, we commed that the dual photoCORSI could added dropwise at°@. After stirring at room temperature for 30
release’ the quantitative amount of CO at a lower dosa in, the reaction progress checked by the TLC and the solvent was

compared to sinale and combinatorial models usin oncentrated to give the prod2ets a yellow crystalline solid. Then,
P g 9 if} situ reaction a2 in the presence of DBU (0.36 g, 2.37 mmol, 3

uorescein-basetturn orf probe as well as standard gquiy) in dry DMF (2 mL) and then stirred at room temperature for
myoglobin assay. The unique feature of the designedh Upon completion of the reaction, it was extracted with EA and
photoCORMs was that they could show CO uncaging realashed with 1 M NaHGOwater, and saturated NaCl solution. The
time monitoring through the non-invasive approach obrganic layer was dried oves®@ and concentrated under reduced

uorescent color change from blue to green.ifmhtro pressure and then the crude product waseputby column
cellular uptake studies of photoCORMSs in cancerous B16Fgoromatography using 10% EtOAc in pet ether to give the product as

cells manifested that @ent cellular internalization and real- ag\;hiéelslol(igj(()_.?g %2811"}'%-'\‘7'\/'5'; Y(él%o(mHéﬁC):D?cleg ( 0?1338(2
time monitoring ability of CO release utilizing non-mvasw%< ,’2H), 234 (s, 1H), 2 59 é],: 7.4 Hz, 1}_’0] 4,39 (@=7.1 Hz,

uorescence collor 'change app_roach from blue to green a 11.46 (tJ= 7.3 Hz, 3H)C{H} NMR (151 MHz, CDCJ):
cellular level. The V|trqcyt0t0X|C|ty results baS'Gd on B16F10 153.3, 145.0, 140.6, 126.8, 123.4, 123.4, 123.1, 122.7, 121.7, 121.7,
melanoma cell line evident that photoCCiRWhich releases  120.9, 116.8, 115.3, 109.2, 109.1, 38.0, 14.0. HRN)Sa@&d for
two equiv of CO upon irradiation, was the most promising i, ;H,,;NO; [M + H] *, 280.0974; found, 280.0970. HPIG: 4.802
killing B16F10 melanoma cells compared to the single aman, purity > 95%.
combinatorial photoCORMs. The cytotoxicity of photo- Synthesis of 4:49-Ethyl-9H-carbazole-3,6-diyl)bis(1,3-dioxol-2-
CORM 5 was further supported by the apoptosis study. Oupne) 6). To a solution o (0.200 g, 0.64 mmol) and;8t(0.195 g,
results also reveal that CO can accelerateabtiveness of ~ 1:92 mmol, 3 equiv) in dry DCM (20 mL), solution of 4-nitropheny|

. - hloroformate (0.310 g, 1.54 mmol, 2.4 equiv) in DCM (20 mL) was
the well-known anticancer drug (chlorambucil). Moreover, th dded a dropwise atG. After stirring at room temperature for 30

in vivoassessment of the photoCOBNN an established iy “the reaction progress was checked by the TLC and the solvent
murine melanoma tumor (C57BL/6J mice model) demonwas concentrated to give the product as a yellow crystalline solid.
strated that the mice injected with photoCORI(fotal 6 Then, in situ reaction &fin the presence of DBU (0.586 g, 0.642
doses), followed by irradiation at 730 nm, showed aaigni mmol, 6 equiv) in dry DMF (2 mL) and then stirred at room
regression in tumor volume, led to substantial (>50%temperature for 4 h. Upon completion of the reaction, it was extracted
enhancement in the overall survivability of the tumor-bearirth EA and washed with water and saturated NaCl solution. The
mice compared to that of the overall survivability of UT tumor@rganic layer was dried ovep3@ and it was concentrated under

; ; . : ; ; duced pressure and then the crude product wasdgayicolumn
bearing mice. In addition, timevivotoxicology studies based ¢ P , d€ p ,
. ' chromatography using 30% EtOAc in pet ether to gives the product as
on the H&E staining clearly show that photoCCRRiuld : . s
; ; = light-yellow solid (0.165 g, 71%)NMR (600 MHz, DMSGg,):
be considered as non-toxic. Therefore, we anticipate that tﬂg..ﬂ (s, 2H), 8.26 (s, 2H), 7.80 (& 8.6 Hz, 2H), 7.72 (d= 8.6

superior features of the developed dual photoC&XM be  Hz 2H), 4.52 (q)= 7.2 Hz, 2H), 1.34 (1= 7.1 Hz, 3H)3C{'H}
used in ongoing cancer, vascular disease research and helpMg (151 MHz, DMSQk):  153.1, 144.0, 140.7, 125.7, 122.6,
better understand the biological benef CO. 1225, 117.0, 116.4, 110.9, 37.9, 14.3. HRMY):(E&ltd for
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Co,H13NOg [M + H] ¥, 364.0821; found: 364.0820. HPtG: 4.257 incubated at 37C in a 5% CQ incubator for 72 h. Further, 0.4

min, purity > 95%. mg/mL MTT containing DMEM was added to the 96 well plates and
Synthesis of 2-(9-Ethyl-6-(2-0x0-1,3-dioxol-4-yl)-9H-carbazol-3-incubated for additional 4 h at®®in a 5% CQ@incubator. Formed

yl)-2-oxoethy! 4-(4-(bis(2-chloroethyl)amino)phenyl)butanod)e ( formazan crystals were solubilized in DMSO after removal of the

The reaction 06 (0.150 g, 0.40 mmol) and chlorambucil (0.121 g, existed media and the absorbance was measured at a wavelength of

0.40 mmol) in dry DMF in the presence ¢€®; (0.066 g, 0.48 595 nm. Cell viability was calculated as, viability (%)= AZA ,;

mmol), stirred at room temperature over a period of 30 min. Uporgwhere A = absorbance of the treated cgll=Absorbance of the

completion of the reaction, it was extracted with EA and then theontrol cells).

crude conjugate was ped by column chromatography using 30%  Cytotoxicity of photoCORMs with Photolyd3ike cytotoxicity of

EtOAc in pet ether to give the prodiiess a light-yellow solid (0.217  the designed photoCORMg; 6, and8) and free drug chlorambucil

0, 91%). To a solution 8{0.200 g, 0.335 mmol) and;E{0.050 g, was using the estimated with the MTT assay. The cancerous B16F10

0.502 mmol) in dry DCM (20 mL) at ©C, a solution of 4-  cells were treated with the etient concentrations such as UT and

nitrophenyl chloroformate (0.08 g, 0.402 mmol) in DCM (20 mL) 1.25, 2.5, 5, 10M of photoCORMs g, 5, and8) and chlorambucil

was added dropwise. After stirring at room temperature for 30 miim HEPES buer containing 0.5% DMSO were added and incubated

the solvent was concentrated to give the product as yellow crystats37°C in a 5% CQincubated for 6 h. Thereafter, we irradiated for

and then we carried out in situ reaction in the presence of DBB min using a medium pressure Hg lamp (125 W) &65 nm UV

(0.152 g, 1.004 mmol, 3 equiv) in dry DMF (2 mL) and then stirredlight source and 1 M Cug€blution as a UV cut-olter and further

at room temperature overnight. After completion of the reaction, ihcubated for 72 h. Further, 0.4 mg/mL MTT containing DMEM was

was extracted with EA and washed with water and saturated Ne#Zlded to the 96 well plates and incubated for additional 4 tCat 37

solution and dried over }EO,. The solvent was concentrated by in a 5% CQ@ incubator. The formazan crystals formed were

rotary evaporation and then the crude product wasghbyi column solubilized in DMSO after removal of the existed media and the

chromatography using 30% EtOAc in pet ether to give the product absorbance was measured at a wavelength of 595 nm. Cell viability

a light-yellow solid (0.162 g, 78%).NMR (600 MHz, CDG): was calculated as, viability (%) = 2000,/A;; (where A =
8.67 (s, 1H), 8.22 (s, 1H), 8.11 (&5 9.9 Hz, 1H), 7.61 (dl= 8.5 absorbance of the treated cellz=Absorbance of the control cells).
Hz, 1H), 7.47 (dd)= 18.2, 8.6 Hz, 2H), 7.37 (s, 1H), 7.11)d 8.5 Apoptosis Detection AssayEK 293 and B16F10 cellsi(x 10P

Hz, 2H), 6.63 (dJ= 8.6 Hz, 2H), 5.49 (s, 2H), 4.40 (5 7.2 Hz, cells/well) were plated in a 6-well plate overnight and thereafter,
2H), 3.70 (tJ= 7.1 Hz, 4H), 3.62 (1= 7.0 Hz, 4H), 2.65 (1= 7.5 incubated with photoCORM(5 M containing 1 mL DMEM) with
Hz, 2H), 2.55 (tJ= 7.4 Hz, 2H), 2.101.95 (m, 2H), 1.47 (§=7.3 and without light irradiation. Further, the cells were trypsinized,
Hz, 3H).*%C{*H} NMR (151 MHz, CDCJ): 191.5, 173.4, 153.0, washed (¥ 1 mL) with PBS, and centrifuged at 3000 rpm for 5 min.
1445, 144.4, 143.6, 141.3, 130.0, 126.6, 126.5, 123.7, 123.5, 1Fhan, the cell pellet was incubated with Annexin-V FITC ()25
122.5,121.6, 116.9, 116.8, 112.4, 110.0, 109.1, 66.1, 53.8, 40.7, 88r8aining binding ber (500 L) and 1 g of propidium iodide in a
34.1, 33.5, 27.0, 14.0. HRMS {E&cd for GH3.CLN,Og [M + dark place. Thereafter, the samples were analyzed awing
H]*, 623.1716; found, 623.1713. HPLC= 6.415 min, purity > cytometry (BD FACS Canto |l software, USA).
95%. Biodistribution Studies of photoCORVB16F10 cells (2 10)
Synthesis of 36 -Bis(allyloxy)-3H-spiro[isobenzofuran-1,9 in 100 L HBSS was injected in the rightik of six to eight weeks
xanthen]-3-one (Prob8). Synthetic procedure for the pr&eas old female C57BL/6 micen (= 3). 18 days after the post tumor
described in the literatue. inoculation, when tumor volume reach@é800 mrm, mice were
Experimental Procedure for In Vitro and In Vivo Applica- intravenously administered with one dosage of photoGQBRK!
tions. Cellular Uptake Study of the Designed photoCORMs Using mg/kg BW of mice) after 24 h of post injection, Aeitlisopropanol
Confocal MiCt‘OSCOpyThe degrees Of Ce”ular internalizatlon and (05 mL) was added to the tissue and tumor samples and

real-time monitoring ability of the designed photoCOBMs4nd homogenized with a mechanical homogenizer for 60 s at 5000
8) in cancer cells were studied qualitatively by confocal microscojyeats/minute. All tissue samples were maintained at ice-cold
Brie y, the cancerous B16F10 cells were seedef{tells/mL) in conditions before and after the homogenization in the dark.

a 35 mm cover glass with 1 mL of growth medium content compleigomogenized samples were incubated overnight inedcidi
Dulbeccts modied eagls medium (DMEM) with 10% of fetal jsopropanol (90 percentage isopropanol, 75 mM Hydrochloric acid,
bovine serum (FBS) incubated for overnight 4C37 a 5% CQ 10 percentage water) at@. Then, the samples were vortexed and
incubator, then cells were rinsed BmL) with Ix PBS. One setof  centrifuged (14 000 rpm) for 10 min &G4 further, the supernatant
cells was incubated with the photoCORMSs {&pfor 4 h at 37°C (100 L per well) was plated onto a 96-well plate in triplicate.
in a 5% CQincubator. Further, cells were rinsed {3nL) with 1x Intravenously injected photoCORBNMoncentrations in various tissue
PBS thenxed with 4 percentage of paraformaldehyde, and cell nuclgktracts were measured bgrescent measurement of tissues extracts
were stained with propidium iodide areld with 4% paraformalde- at 370 nm excitation and 410 nm emissigg, 6f CO molecule)
hyde. Mount on coverslip onto a glass slide and images were recordethg a CO molecule concentration versusescence standard
by confocal microscopy (Nikon Ti Eclipse). curve. The uorescence of tissue extracts from UT control mice was
Another set of cells were incubated with the photoCORMs (2Qised to rectify the backgrountrescence of tissue extracts.

M) for 4 h at 37°C in a 5% C@incubator. After incubation, the  Tumor Growth Inhibition and Survivability Studies of the Dual
cells were light irradiated for 5 min with a medium pressure Hg lamghotoCORM. Tumor growth inhibition and survivability are studied
(125W)as 365 nm UV light source and 1 M CySOlutionasa  with six to eight weeks of old female C57BL/6J mice (weights of each
UV cut-o lter and further incubated for 4 h. Then, the cells weregroup 22 25 g) with an aggressive B16F10 Melanoma mice model
washed (% 1 mL) with X PBS then and cell nuclei were stained (produced by subcutaneous injections of B16F10 &ks1() in
with propidium iodide andked with 4% paraformaldehyde. Mount HBSS (250 L) into the right anks on day 0) were arbitrarily
on coverslip onto a glass slide and images were recorded by Nikordtributed into three groups £ 5), one group was intravenously
Eclipse confocal microscopy. injected with: 5 percent aqueous glucose (UT mic&), and other

Cytotoxicity of photoCORMSs without Photoly3ise cytotoxicity two groups were administered intravenously [0.4 mg/kg body weight
of the designed photoCORMS, (5, and 8) and free drug of mice (each group = 5)] with photoCORM5 was given dose
chlorambucil was estimated with an MTT assay. B16F10 cells wedéernate days from the 14, 16, 18, 20, 22, and 24th days and we
plated (5000 cells per well) in 96 well plate, after 24 h of postirradiate a 730 nm laser for 10 min for one gnoeb] by alternate
incubation, cells were incubated with thereit concentrations day on 15, 17, 19, 21, 23, and 25th day. Tumor volumes (A& 1/2
such as UT and 1.25, 2.5, 5, andM®f photoCORMSs (3, 5, and 8)  wherea= maximum length of the tumor dw minimum length of
and chlorambucil in N-(2-hydroxyethyl)piperaziretidinesulfonic  the tumor measured perpendicular to each other) were measured with
acid (HEPES) bier containing 0.5% DMSO was added and a slide caliper for up to 24 days. On day 24, tumors of treated mice
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groups were isolated and their photographs were recorded, andAmrita Chaudhuri Department of Chemistry, Indian
remaining animals left for survivability where UT mice and dual |nstitute of Technology Kharagpur, West Bengal 721302,
photoCORMS treated mice were died around 43 days of post tumor  |ndia

inoculation and photoCORBAwith irradiation treated mice survived Sayantan BhattacharyaDepartment of Physics, Indian

more than the remaining group mice. .
In Vivo Toxicity Study (H&E Stainingpur to six weeks old :EZEQUte of Technology Kharagpur, West Bengal 721302,

C57BL/6J mice (weights of each grou®0 g) subcutaneously . .
injected with B16F10 cells 21 cells) were IV administered (6 Prasanta Kumar Datta Department of Physics, Indian
times, every alternative day from day 14th of post cells implantation) Institute of Technology Kharagpur, West Bengal 721302,
with photoCORMS5 (as described irFigure 1R During the India; @ orcid.org/0000-0001-9476-7656

treatment period of 24 h, there is no major variations in weights and Rajkumar Banerjee Department of Applied Biology, CSIR-
no signs of distress in the mice were observed (data not shown). The |ndian Institute of Chemical Technology (CSIR-IICT),
photoCORMb treated mice group organs and tumors were harvested Hyderabad 500007, India; Academy of Scieti

and performed the H & E staining as previously reported. ; ; in-
Cells and Culture MedidMurine melanoma (B16F10) and HEK Ing?ggtleg&s)g%’ggég%%?ézgzaz|abad 201002, India;

293 cells (received from the National Centre for Cell Science
(NCCS), Pune, India) were cultured in DMEM containing 10% FBSComplete contact information is available at:
with the addition of pen-strep antibiotic solution. The cells wergyttps://pubs.acs.org/10.1021/acs.jmedchem.1c00750
maintained in a humidid 5% CQ@incubator at 37C.

Animals.6 8 weeks old female C57BL/6J mice (weighing eaChAuthor Contributions
20 25 g) were selected for the study. All animal experiments we v d V.V tributed IV to thi k. Th
organized in accordance with the generally accepted protocolS” - an -V, contributed equally 1o this work. e
approved gpproval no. IICT/IAEC/44/2019 by the Institutional ~ manuscript was written through the contributions of all

Biosafety and Animal Ethical Committee. authors. All authors have approved tted version of the
manuscript.
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