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Abstract

A new water-soluble conjugate, consisting of a thibased photosensitizing part, and a 4-
arylaminoquinazoline moiety with high potential iaffy to an epidermal growth factor
receptors (EGFR) and vascular endothelial growttofareceptors (VEGFR), suitable for
photodynamic therapy (PDT), was synthesized staftiom methylpheophorbida-in seven
steps. An increased accumulation of this compaomd431 cells with high level of EGFR
expression, in comparison with CHO and HelLa celithwow EGFR expression was
observed. The prepared conjugate exhibits darkpatbinduced cytotoxicity at micromolar

concentrations with 1¢gan/IC_jigh: ratio of 11-18. In tumor-bearing mice, the conjegat

preferentially accumulates in the tumor tissue.

1. Introduction

Photodynamic therapy (PDT) is a clinically approvkxnv-invasive procedure for the
treatment of oncological and dermatological dissaae well as an efficient method for
therapy of fungal, viral and bacterial infectiorisq]. The therapeutic effect of PDT in the
targeted tissue is based on photochemical converdiamxygen by a preactivated by light
photosensitizer (PS), leading to the generatiosinglet oxygen or active radical particles,
known as reactive oxygen species (ROS) [6,7]. Samdries, in turn, are able to induce
cellular damage in the areas proximal to the P8&likation. PDT method is well-established
in the treatment of superficial tumors, such ag,dkead and neck cancer, as well as tumors of
hollow viscera, in particular, oral tumors, esoplgstomach, colon, lung, breast, cervix,
prostate, and bladder cancer [1a, 1b]. Among tistacles for wider application of PDT is

the low selectivity of the PS accumulation in tumissues. The accumulation of a



photosensitizer in skin and mucous membranes leadmdesirable side effects such as
phototoxicity. A way to regulate the biodistributiof a photosensitizer and thus improve its
overall efficiency upon systemic administration tiee application of carrier-linked drug
delivery [8]. The conjugation of a biologically a& agent with macromolecules such as
antibodies, polysaccharides, lectins, serum preigoeptides, growth factors and synthetic
polymers, as well as its incorporation into micel® liposomes can dramatically change its
biodistribution and enhance its therapeutic poatif@].

The idea behind this work is the development oeptially therapeutically useful conjugates
which would (a) act as both PDT-photosensitizerd agtotoxic agents; (b) selectively
accumulate in tumor cells; (c) allow the fluoresmeimaging of their tissue distribution; (d)
possess acceptable physical properties such as sodidility (Figure 1). Theranostic agents
for the simultaneous imaging and targeted non-ineasgeatment of cancer have become of

increasing interest over the last decade [10].
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Figure 1. Structure of a proposed conjugate.
A number of synthetic or semi-synthetic chloring?@6, Foscan, Fotolon, Photoditasine, and
Tookad — a palladium bacteriopheophorbide PS, e@lad chlorins) are already used as

photosensitizers in clinics [11-15]. Chlomgderivatives (Figure 2), belonging to the natural



metabolites of chlorophyld, are prone to simple chemical functionalizatioxhibit strong
fluorescence in the red part of the visible spentand display good quantum yield of singlet
oxygen and ROS production [16]. Owing to the preseaf three carboxyl groups, these
compounds are relatively hydrophilic [17]. At thense time, chlorire; derivatives manifest
amphiphilic properties, since the carboxyl groupe placed on the same side of the
heterocyclic core. Due to their pronounced photmtoyicity, chlorines (Photolon) or its
derivatives (Radachlorin or Photoditasine) are usedhe treatment of sarcoma and brain
cancers [18]. A less hydrophilic benzochlorin Vpd#din (trade name Visudyne) is used in
UK for the treatment of ophthalmic, pancreatic akth cancer [18b]. The attachment of L-
aspartic acid moiety to the chlorin core increateshydrophilicity of the molecule giving
compound known as Talaporfin (or NPe6) — mono-Laasp chlorines. It is less
photocytotoxic than the parent compound, and has la@proved in USA for cure of liver,
colon and brain cancers [18b]. Completely synthaid highly hydrophilic Temoporfin
(Foscan) is also used for the treatment of thgsestpf cancer.

The incorporation of a non-transition metal inte tthlorin core can influence the balance
between the quantum vyields of singlet oxygen arel dbmpound fluorescence. So, the
complexation of chlorires with Sn(IV) increases the singlet oxygen yield.isThaffect was
used in the development of SpPwrlytin, the drug used for the treatment of tke sand
breast cancers [18]. The complexation with zincl$etp a drop of the singlet oxygen yield,
with a simultaneous increase in the fluorescencanyum yield. The incorporation of
paramagnetic metals completely inhit@ production [17].

The PS aggregation can profoundly influence thieieficy of a compound for PDT therapy.
Chlorine; itself is monomeric in the aqueous solutions. Heeve n— stacking and
hydrophobic interactions between the moleculeshdbrin-e; derivatives might cause their
self-aggregation and thus a harsh drop of the R@&emtionvia self-quenching [19].

Extensive aggregation along with poor accumulavérchlorins in the tumor tissues, and



long-lasting phototoxicity for healthy tissues @ne major problems preventing broader use

of chlorines PSs [20].
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Fig.2. Chlorintype photosensitizers and epidermal growth factoeceptor

(EGFR)/vascular endothelial growth factor receeGFR) ligands.

To improve the selectivity of PS accumulation ire tumor tissue, we performed the
conjugation of the chlorin core with 4-arylaminogazolines (Figure 2) belonging to a family
of high affinity ligands of epidermal growth factoand vascular endothelial growth factor
receptors ((EGFR and VEGFR). Such receptors aea diighly expressed by rapidly growing
tumor tissues, due to the necessity to develop then vasculature [21]. Substituted 4-
arylaminoquinazolines such as Vandetanib (Figureaghroved in 2011 by FDA for the
treatment of late-stage medullary thyroid cancémjilio these types of receptors, inhibiting
their tyrosine kinase activity [22].

In order to improve water solubility of the targminjugates [23], we attached hydrophilic

tetraalkylammonium moieties to the chlorin corehef molecule.



2. Results and discussion

Chemistry

The substituted 4-arylaminoquinazolibevas synthetized from vanillic acid according to the
known procedure [24], and was converted into agither2 via two-step sequence (Scheme
1).
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Scheme 1. Synthesis of azido-functionalized derivatie

The photoactive parts of the conjugates were peebafrom naturally occurring
methylpheophorbide-(3) (Scheme 2) [25]. At the first step, one of the tster groups i
was selectively cleaved under the acidic conditimnafford acid4 in 93% yield (Scheme 2).
Its amidation with propargylamine according to tBeeglich protocol [26] gave terminal
alkyne6, isolated in 81% yield. It was subjected to a aaphilic ring-opening [27] by the
treatment with an excess of amineZinc insertion in the next step afforded compo@nd

68% yield.
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Scheme 2. Synthesis of alkyne-functionalized chloegeerivative.

At the next step, alkyn® was subjected to the [3+2]-cycloaddition conjugatwith azide2

in the presence of CuQ@scNa/TBTA catalytic system itBuOH/CHCE/H,O mixture [28]



that afforded conjugat@ in 72% yield (Scheme 3). To increase its wateulsdty, chlorin9
was aminomethylated biis(dimethylamino)methandO via the in situ formation of the
Eschenmoser salt, that proceeded at the periphiemgl fragment of the chlorin core [29].
The target conjugatél, bearing three tertiary amino groups was isolateéb3% yield.
Finally, the quaternization of chloribl with methyl iodide afforded quantitatively water-

soluble and stable conjugdt® (Scheme 3).
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Scheme 3. Synthesis of conjugati.

In order to investigate the contribution of thergaaoline fragment to the antitumor activity
and photophysical properties of conjugal?, a water-soluble chlorinl5 without
EGFR/VEGFR ligand part was prepared in four stdpstisg from methylpheophorbide-

(Scheme 4).
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Scheme 4. Synthesis of water-soluble chlorggderivative without EGFR/VEGFR ligand.
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The nucleophilic ring opening of the five-membemdcycle in methylpheophorbide3
using amine7 followed by the zinc insertion gave chlorit8 in 72% vyield. Its further
aminomethylation withbis(dimethylamino)methan&0 afforded triaminel4 in 76% vyield,
which after quaternization gave water-soluble $alt

The tetraalkylammonium salt2 and 15 demonstrated desired solubility in water (~ 0.01
mol/L).

Photophysical properties

Compoundsl2 and 15 possess absorption spectra, characteristical forioh, with intense
Soret and Q-bands at ~410 nm and ~630 nm, respBctiVable 1, Figure 3). These bands
exhibit high molar absorptivities (laghigher than 4.3), with higher values for the stveatve
than for the long-wave region, also typical forarim dyes [30].

Table 1.Photophysical characterization of compoub@snd15 in water.

Compound Aapdnm) (Ioge)  Aen(nm)  &E’(%)

12 412 (4.80) 638 7.3
632 (4.39)

15 408 (4.96) 636 9.5
628 (4.44)

3xited at 410 nnPRelative to Rhodamine B in water.



1.0:10% 4 -1.0x10%

— 15abs ;i --- 151
4 . (] L 4

8.0:10 — 12 abe N2 8.0x10
o |
O 6.0x10%1 x L6.0x10% —
S =
E 4041041 L4.0x10% °
i

2.0:10% L 2.0<10¢

0

ﬂ T T T . L] T
300 400 500 600 700 800
Wavelength, nm

Fig. 3. Absorption and fluorescence spectrd®fndl15 (both at 5uM) in water.

Fluorescence was excited at 410 nm.

Both compounds manifested fluorescence in watdr thié maxima in red region (~640 nm)
with the relative quantum yields (Rhodamine 6G) 708% and 9.5% forl2 and 15,
respectively. Conjugaté2 demonstrated lower fluorescence than free phosisssr 15,

what can be attributed to the partial quenchingheyarylquinazoline part of the molecule.

Biology

Cellular uptake

The ability of the synthesized compounts and 15 to penetrate and accumulate in living
cells was studied on cell lines with various expi@s levels of epidermal growth factor
receptor (EGFR): EGFR-negative CHO (chinese hanwtary cells) [31], HeLa (human

cervical carcinoma) [32] and A431 (human epidermmadcinoma) [33]. All the chosen cell
lines have minimal or negligible expression of VEAF(FIt-1) and VEGFR2 (KDR/FIk-1)

[34].

To quantify the relative level of EGFR expressitime cells were stained by anti-EGFR

antibodies labeled with phycoerythrin (PE) and gred using flow cytometry (Figure 4).



Hela cells demonstrated low level of EGFR-expressiwith moderate staining by anti-
EGFR antibodies (ca. 7-fold increase in the fluoeese signal to CHO-cells). On the
contrary, A431 cells reveal high level of EGFR eegmion (fluorescence signal increased by

two orders of magnitude after the labeling).
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Fig. 4. Flow cytometry analysis of EGFR expression by cell€HO (a), HelLa (b) and A431

(c) lines. Cells were stained with PE-labeled &@®GiFR antibodies (red) or isotype control
(black) and their fluorescencé@c{ 488 nm,iem 564-606) was measured by FACS. The
distribution of 30 000 cells depending on PE flsmence intensity is shown. (d) Relative
level of EGFR expression was calculated from flosiometry data as the ratio of geometric

mean fluorescence intensities in EGFR-labeled soiype control cells.

When conjugatel2 was incubated with CHO, HelLa and A431 cells durihdpours, an
increased accumulation of this compound in A43Isagas observed-{gure5). The cellular
uptake of12 in CHO and HelLa cells was significantly lower. Bhuhe conjugatel2,
containing arylaminoquinazoline vector to EGFR fe@rentially accumulates in the cells with

high expression of such receptors. We presume, vewehat both non-specific and EGFR-



facilitated mechanisms contribute comparably to ¢bajugatel? internalization in HelLa
cells. Interestingly, compountb accumulates in the cells of all three lines (CH{gLa and

A431) at a significantly lower level.
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b 1500+

a _ CHO
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_ 1000
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Fig. 5. (a) Confocal images on CHO, HeLa and A431 cellsraficubation with uM for 4h,

CHO HelLa Ad3

conjugatel? (bottom line), compound5 (top line).Aex 405 NmM e, 600740 Nm. Images size
143 pm x 143 um. (b) Comparison of the correspanditracellular fluorescence intensity
for 12 and15. At least ten cells in two-three fields of view n@eanalyzed; mean = SEM are

presented.

Dark and photoinduced cytotoxicity

A standard MTT-assay was used to determine theetration of12 and 15 required to
inhibit cell viability by 50 % after the incubatidn the culture medium for 24 h. Along with
the dark cytotoxicity, we determined the light dgtacity of these compounds under
irradiation with a dose of 20 J/én{i. = 615-635 nm, power 20 mW/d@n(Figure 6). The 16
values are summarized in Table 2. Despite thetfadt A431 cells accumulatE in higher
amounts than HelLa or CHO, their dark sensitivityhiis compound seems to be lower. The
differences in the cell lines sensitivity to thitbagents are associated with their different
metabolic activity and genes expression, and ealbpeainutations in oncogenes that are
specific for certain cancer cell lines. Also, whihe accumulation df5 is 5-10 folds lower in
the investigated cell lines, its d6gak Values are 1.5-3 folds higher. Thus, this compoignd

several times more toxic for cells thia



Conjugatel?2 demonstrates photoinduced cytotoxicity in low-raraplar concentrations (2.0
— 3.0 uM), while its dark toxicity was 11-18 times lowéWe observed slightly higher

photoactivity of12 against A431 (about two-fold increase in Jan/IC jighy). CompoundLs,

lacking the molecular fragment responsible forE@&FR affinity was found to be less active,

both in the dark and light conditions, with simitatio between ICganand IG jignt-

a

g g, 1. ] Light (20 J/cm?)
T 100 T 1004

8 g

E T ]

* ;E_ 1

E £ 504

E 3]

3 ol 8 ol , i -

107 104 10+ 10+ L 10+ 10+ 10+
Concentration, mol/l Concentration, mol/l
b_ Dark
£ B Light (20 J/cm?)
5 100+ E 1004
3 :
# 2
£ 504 2 50| = cHO
o] = - Hela
2 = - A431
= e
gu. r e : Sn .
10" 104 10* 104 107 10+ 10 104
Concentration, mol/| Concentration, mol/l

Fig. 6. Relative viability of CHO, HeLa and A431 cells afteeatment withl2 (a) or15 (b).
Cells were incubated with the compound for 4 hnttlee medium was exchanged with full
fresh growth medium, and the cells were irradiatedose 20 J/cfm(i = 615-635 nm, power
40 mW/cnf) or stayed in dark. After the additional incubatifor 24 h, cell viability was
measured by MTT-assay and expressed as the pagedntantreated cells. Mean + SEM are
presented; the experimental data are fitted usog fparameters model for lognormal
distribution.

Table 2. In vitro light and dark cytotoxic activity df2 and15.

12 15

IC,,, uM
[95% confidence

Cells IC,, kM
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intervals] intervals]

light dark light dark
CHO [2.421;'37.0] [25?;?6] 12 [5.2;%.4] >100 -
Hel.a [2.(2);'22.3] [212;39] 1 [5.?;'?.3] [61;?%0] 1
A4l [2.?5.7] [43?;2'355] 18 [4.3;?.2] [637331] 13

Ratio of I1GogadICsoiignt for compoundl2 in A431 cells is the highest of all the combinatio
tested. It correlates well with the increased uptak12 by A431 cells, expressing more
EGFR than the other cell types (Fig. 5). We assuina the conjugate photoactivity is
resulted from the same photochemical processel theacells, and its primary intracellular
targets are also the same. In this case, the esaimemt of A431 response to compourdcan
be a consequence of EGFR blockade.

Although IG, gar/ ICjignt is only 1.5-1.7 fold higher for this combinatiorathfor the others

(excluding compound5/CHO cells, where the cells seem to be resistatttéalark toxicity
of 15), this demonstrate the efficiency of the agentscfambined photodynamic treatment
and the inhibition of growth factors receptors. \Attribute the moderate increase to the

comparably high non-specific binding of both comipdsiin the cells.

Animal study

After intravenous administration into the tumor-tieg@ Balb/c mice, compoundl2 quickly
disappears from the normal tissues, but showsivelgtprolonged retention in the tumor
(Figure 7). Its tumor-to-tissue ratio reaches 4t8ra24 h. The behavior of compoudd is
similar to well-studied chlorin photosensitizer mH@, characterized by the tumor-to-skin
ratio of ca. 4 [35], and a rather long period betwéhe administration and the optimal PDT

treatment time [36].
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Fig. 7. Biodistribution of conjugaté?2 in vivo.

(a) Dynamics of fluorescence intensity in tumodjrand normal tissue (black) of the animals
injected with conjugaté2. Mean + SEM are presented (n=b}= 615 nmA,=660—740 nm.
(b) Fluorescent image of a mouse, injected WRN24 h post-injection). Tumor is indicated
by arrow. (c) Tumor-to-normal tissue fluorescenator at different time points, indicating
selective accumulation dR in tumor.

These preliminary results demonstrate the abilityid to selectively accumulate in tumor
cells and support the further development of thgetof compounds as possible leads for

tumor treatment.
3. Conclusions

In conclusion, we have synthesized a new water$®laonjugate consisting of a chlorin-

based photosensitizer and an EGFR/VEGFR ligand néldy prepared hybrid molecules are
of interest as a new class of theranostic agemsngreased accumulation of this compound
in A431 cells with high EGFR expression was obsgrue comparison with the uptake by the
CHO and Hela cells with low EGFR expression. Theppred conjugate exhibits dark and

photoinduced cytotoxicity at low micromolar conaetibns with pronounced [CandIC_ jignt

ratio of 11-18. After intravenous administrationtantumor-bearing mice, the conjugate

preferentially accumulates in the tumor tissue aswas detected by fluorescence



measurements. The replacement of EGFR/VEGFR-bingag by another high affinity

receptor ligand might be a simple way to changes#tectivity of the conjugate action.

4. Experimental

4.1. Materials.

'H NMR and *C NMR spectra were recorded on Agilent DD2 400 Msfeectrometer.
Chemical shiftsqd) are reported in ppm for the solution of compoim@€DCl, DMSO-g; or
CDsOD, with the residual peak of solvent as an interaterenceJ values in Hertz. Mass
spectra were recorded using the MALDI method ormee-of-flight Bruker Microflex LT
mass-spectrometer. TLC analyses were carried oMeayok TLC Silica gel 60 f55. Column
chromatography separation was performed using Maghkdagel Kieselgel 60 (70-230
mesh). Commercially available reagents (AldrichfaA\esar) were used without additional
purification. Solvents were purified according tee tstandard procedures. Petroleum ether

used was of bp 40-70 °C.

4.2. Preparation of compounds.

Synthesis of 4-(amino-4'-bromo-2'-fluorophenyl)-étnoxy-7-(3"-azidopropyloxy)-
quinazoline2 [CigH16BrFNgO,]. An argon-filled Schlenk flask was charged with cuaalinol

1 (0.250 g, 0.68 mmol), 1-bromo-3-chloropropane (8.420.81 mmol) and ¥COs (0.283 g,
2.05 mmol). Anhydrous DMF (6 mL) was added, andrtheture was stirred for 24 h at 60
°C, cooled and concentrated under reduced pressueerésidue was dissolved in CHCI
(100 mL), washed with ¥0 (3 x 50 mL), dried (N&0O,), and concentrated in a Schlenk
flask. NaN (0.165 g, 2.54 mmol), and anhydrous DMF (3 mL)evadded, and the mixture
was stirred for another 24 h at 50. °The solvent was removed under reduced pressure an
the residue was dissolved in CHCLO0 mL), washed with $0 (3 x 50 mL), dried (N&5Oy),

and concentrated. The product was purified by caluhromatography (EtOAc/petroleum



ether 90:10) to obtain a white solid. Yield 0.21%76%): mp 142 °CH NMR: (400 MHz,
DMSO-ds) 5 9.54(s, 1H, NH), 8.36 (s, 1H, CH), 7.80 (s, 1H,)CH66 (d,J = 10 Hz, 1H,
CH), 7.58-7.43 (m, 2H, 2CH), 7.21 (s, 1H, CH), 4(22) = 6.1 Hz, 2H, CH), 3.95 (s, 3H,
CH30), 3.55 (tJ = 6.7 Hz, 2H, CH)), 2.12-2.00 (m, 2H, CH. **C NMR: (101 MHz, DMSO-
d6) 6 157.90, 156.88, 155.40, 153.44, 152.93, 149.05.8B4 129.55, 127.47, 126.44,
126.32, 119.43, 119.20, 117.99, 117.90, 108.72,.8P07102.01, 65.55, 56.15, 47.64,
27.91.MS (MALDI): m/z 447.1 [M+H] ("Br), 449.1 [M+H] (¢'Br).

Synthesis of pheophorbidedq CssH3sN4Os]. Conc. HCI (1 mL) was added dropwise to the
solution of methylpheophorbide{0.300 g, 0.49 mmol) in acetone (15 mL). The ntetwas
stirred for 48 h at rt, diluted with CHE(200 mL), washed with $#0 (3 x 100 mL), dried
(N&SQy), and concentrated. The product was purified lmyuran chromatography
(CHCI3/MeOH 95:5) to obtain a deep-green solid. Yield7Q.2) (93%). The physical and
spectroscopic data obtained for the compound weaglieement with the published data [37].
Synthesis of chlorié [CssH39Ns04]. A Schlenk flask was filled with argon and chargéth
EDC-HCI (0.138 g, 0.72 mmol) and pheophorbadét, 0.213 g, 0.36 mmol). Anhydrous
CHCI; (4 mL) was added, and the mixture was stirred3fomin at 0 €. Another flask was
charged with propargyl aminé,(0.04 g, 0.73 mmol), DMAP (0.022 g, 0.18 mmol) and
anhydrous CHGI(4 mL). The mixture from the second flask was $farred by a syringe into
the first flask. The reaction mixture was stirre&C for 1 h, at rt for 18 h, and concentrated
under reduced pressure. The residue was dissoiveHICk (100 mL), washed with $#D (3 x
100 mL), dried (NgSO,), and concentrated. The product was purified byurma
chromatography (CH@MeOH 98:2) to obtain a deep-green solid. Yield38.3 (81%); mp
139 °C.'"H NMR: (400 MHz, CDCJ) & 9.49 (br.s, 2H), 8.63 (s, 1H), 7.98 (dds 17.5, 11.5
Hz, 1H), 6.30 (d,) = 18.2 Hz, 1H), 6.27 (s, 1H), 6.20 @= 19.9 Hz), 5.36 (br.s, 1H), 4.53
(br.s, 1H), 4.27 (br.s, 1H), 3.87 (s, 3H), 3.7853(f, 7H), 3.41 (s, 3H), 3.25 (s, 3H), 2.70

(br.s, 1H), 2.46 (br.s, 1H), 2.33-2.15 (m, 2H),4L(8, 1H), 1.83 (dJ = 6.6 Hz, 3H), 1.68 (1)



=7.6 Hz), -1.66 (br.s, 2H)1.3C NMR: (101 MHz, CD{J) 6 189.36, 172.27, 171.76, 169.56,
137.93, 128.86, 104.64, 104.26, 97.59, 79.16, 64ZB7, 51.52, 50.25, 29.69, 28.83, 23.31,
19.55, 17.19, 12.16, 11.26. MS (MALDI): m/z 630M][.

Synthesis of chlorir8 [CsoHi9N;O4ZNn]. Amine 7 (0.640 g, 7.34 mmol) was added to a
solution of chloriné (0.180 g, 0.29 mmol) in CHE(7 mL), and the mixture was stirred at rt,
until 6 was completely consumed (TLC). Solution of Zn(OA®.360 g, 1.97 mmol) in
MeOH (3 mL) was added, the mixture was stirreddr, then diluted with CHGI(100 mL)
and washed with $0 (3 x 50 mL). The organic phase was dried,@@) and concentrated
under reduced pressure. The product was purifiecbhymn chromatography (CHZMeOH
95:5 to 85:15) to obtain a deep-green solid. Y&RD5 g (92%); mp 145 °CH NMR: (400
MHz, DMSO-d) § 9.51 (s, 2H), 8.96 (br.s, 1H), 8.66 (s, 1H), 884 = 5.4 Hz, 1H), 8.22
(dd,J = 17.8, 11.6 Hz, 1H), 6.22 (d,= 17.9 Hz, 1H), 6.00 (d] = 11.6 Hz, 1H), 5.41 (d] =
19.1 Hz, 1H), 5.07 (dJ = 18.9 Hz, 1H), 4.42 (q] = 7.0 Hz, 1H), 4.20 (d) = 9.9 Hz, 1H),
3.91- 3.75 (m, 6H), 3.69 (br.s, 4H), 3.37 (s, 3BIB5 (s, 3H), 3.26-3.16 (m, 3H), 3.05Jt
2.3 Hz, 1H), 2.73 (br.s, 6H), 2.47-2.38 (m, 1HP72(d,J = 8.8 Hz, 2H), 1.67 (t) = 7.5 Hz,
3H), 1.61 (dJ = 7.0 Hz).*C NMR: (101 MHz, DMSO-g) 5 173.24, 171.72, 170.35, 165.14,
162.77, 151.66, 147.96, 146.14, 144.07, 143.10,2041140.74, 138.58, 137.23, 133.04,
132.29, 130.66, 119.20, 101.79, 101.75, 99.87,0331.19, 72.81, 52.24, 51.65, 46.26,
43.88, 37.46, 32.02, 29.99, 27.78, 22.80, 18.8789712.30, 11.76, 10.93. MS (MALDI):
m/z 779.0 [M]+.

Synthesis of conjugat® [CeHesBrFN130sZn]. Chlorin 8 (0.060 g, 0.08 mmol) and
compound2 (0.045, 0.09 mmol) were placed in a flask with nanet of t-BuOH/CHCR/H,0
(2:1:2) (9 mL). In another flask, Cug@BHO (0.005 g, 0.02 mmol), TBTA (0.008 g, 0.01
mmol) and sodium ascorbate (0.006 g, 0.03 mmolewssolved in 6 mL O, and this
solution was immediately added into the first flaBke mixture was stirred for 1.5 h at 50, °

cooled, diluted with CHGI(100 mL), washed with #D (3 x 50 mL), dried (N&Oy), and



concentrated. The product was purified by columroctatography (CHGIMeOH 95:5 to
80:20) to obtain a deep-green solid. Yield 0.06F2); mp 175 °C'H NMR: (400 MHz,
DMSO-d) § 10.81 (s, 1H), 9.50 (s, 1H), 9,47 (s, 1H), 9.16s(hlH), 8.57 (s, 1H), 8.51 (br.s,
1H), 8.20 (dd,) = 17.8, 11.7 Hz, 1H), 8.04 (s, 1H), 7.80 (br.s),IH61 (d,J = 9.9 Hz, 7.55-
7.26 (m, 3H), 6.20 (d] = 18.2 Hz, 1H), 5.99 (d] = 11.8 Hz, 1H), 5.23 (br.s, 2H), 4.53 (br.s,
2H), 4.44-4.33 (m, 2H), 4.26 (d,= 5.1 Hz, 1H), 4.18-4.09 (m, 1H), 4.07-4.01 (m, 1#D0-
3.88 (m, 3H), 3.86 (s, 3H), 3.83-3.73 (m, 2H), 3(6,73H), 3.56- 3.48 (m, 2H), 3.25-3.16 (m,
4H), 2.98 (s, 6H), 2.44-2.26 (m, 4H), 2.07 Jd; 8.2 Hz, 2H), 1.65 (t) = 7.4 Hz, 3H), 1.45
(d, J = 6.0 Hz, 3H)."*C NMR: (101 MHz, DMSO-¢) & 173.52, 171.94, 170.28, 165.09,
162.46, 157.82, 156.65, 155.32, 153.18, 152.15,6851148.70, 148.03, 146.21, 145.13,
144.15, 143.13, 141.18, 140.84, 139.00, 137.20,3¥33133.03, 132.39, 130.59, 129.59,
127.46, 125.97, 125.85, 122.73, 119.39, 119.22,1619117.89, 117.81, 113.79, 108.03,
102.31, 101.99, 101.96, 99.95, 93.19, 65.21, 5ABA4, 52.80, 52.17, 51.62, 46.27, 46.10,
43.90, 37.19, 34.06, 32.08, 29.56, 22.71, 18.86351712.28, 11.82, 10.92. MS (MALDI):
m/z 1226.6 [M+H].

Synthesis of conjugatEl [CgsH79BrFN1s0sZn]. Bis(dimethylamino)methanel@, 0.524 g,
5.14 mmol) was added to a solution of conjudga(6.070 g, 0.06 mmol) in AcCOH/THF (1:1,
8 mL), and the mixture was stirred for 1 h at trtwéas diluted with CHGI(100 mL), washed
with 2% NaOH (3 x 100 mL) and @ (1 x 100 mL), dried (N&QOy), and concentrated. The
product was purified by column chromatography (Ci#H@¢€OH-EEN 97:2:1 to 95:5:1) to
obtain a deep-green solid. Yield 0.048 g (63%);1vp °C. 1H NMR: (400 MHz, DMSOg)
§9.61 (s, 1H), 9.46 (s, 1H), 9.43 (br.s, 1H), 33LH), 8.57 (br.s, 1H), 8.51 (s, 1H), 8.10 (s,
1H), 7.61-7.50 (m, 3H), 7.43-7.24 (m, 2H), 7.2367(in, 1H), 5.26 (br.s, 2H), 4.59-4.51 (m,
2H), 4.51-4.41 (m, 2H), 4.34 (d,= 6.8 Hz, 1H), 4.27-4.19 (m, 1H), 4.16-4.11 (m,)2405-
3.89 (m, 3H), 3.82 (br.s, 8H), 3.64 (br.s, 5H),133%49 (m, 3H), 3.26-3.13 (m, 4H), 2.71-2.66

(m, 3H), 2.35 (br.s, 10H), 2.22-2.13 (m, 10H), 21199 (m, 3H), 1.66 (t) = 7.4 Hz, 3H),



1.39 (d,J=6.8 Hz, 3H).13C NMR: (101 MHz, CROD) 6 179.04, 176.43, 175.30, 174.12,
166.97, 163.45, 159.21, 158.25, 156.70, 155.14,6153152.90, 150.88, 149.13, 148.65,
146.57, 145.76, 145.58, 145.30, 142.98, 142.78,9640139.51, 136.20, 134.63, 133.32,
130.09, 128.29, 126.38, 124.64, 120.41, 120.17,6519109.34, 103.96, 103.01, 102.16,
102.02, 94.19, 66.10, 58.99, 57.43, 56.70, 53.2/6% 48.16, 47.67, 45.35, 44.24, 39.18,
38.71, 35.35, 33.49, 30.68, 23.43, 23.32, 20.29,51814.20, 13.20, 12.13, 11.37, 11.21. MS
(MALDI): m/z 1343.9 [M+HT.

Synthesis of conjugafe [(CgoHgsBrFN150sZN)13]. CHsl (0.228 g, 1.60 mmol) was added to
a solution of conjugat#l (0.025 g, 0.02 mmol) in THF (5 mL), and the mixtwas stirred at

rt until a precipitate formed. It was collected afilter, washed with a small amount of THF
and dried under reduced pressure to obtain a desmgolid. Yield 0.032 g (quantitative);
mp 168 °C!H NMR: (400 MHz, DMSO-g) § 9.59 (d,J = 10.6 Hz, 1H), 9.50 (br.s, 2H), 9.19
(s, 1H), 8.57 (br.s, 2H), 8.07 (s, 1H), 7.95 (s),1H68-7.51 (M, 2H), 7.45-7.32 (m, 2H), 7.23-
7.05 (m, 1H), 5.23 (br.s, 2H), 4.55 (br.s, 2H),8%#434 (m, 2H), 4.32-4.19 (m, 2H), 4.12
(br.s, 2H), 4.04-3.89 (m, 3H), 3.86-3.78 (m, 118159 (s, 5H), 3.10 (br.s, 12H), 2.89 (s, 9H),
2.73 (s, 9H), 2.45-2.29 (m, 3H), 2.18 (= 6.5 Hz, 3H), 2.13-1.94 (m, 3H), 1.65 Jt= 6.8
Hz, 3H), 1.43 (dJ) = 5.8 Hz, 3H).*C NMR: (101 MHz, DMSO-¢) § 173.42, 171.93, 169.85,
162.71, 157.86, 156.92, 156.70, 155.36, 153.21,7648147.87, 146.10, 145.09, 143.33,
141.15, 140.98, 133.18, 132.82, 129.59, 127.50,7822119.41, 119.19, 117.85, 102.06,
99.55, 93.27, 65.24, 63.65, 56.16, 54.91, 52.783&%251.77, 46.28, 37.30, 34.04, 32.10,
31.28, 30.39, 29.51, 29.00, 27.88, 22.70, 21.085187.88, 13.96, 11.91, 11.06.

Synthesis of chlorid3 [C4H4sNsOsZn]. Compound? (0.807 g, 9.17 mmol) was added to a
solution of methylpheophorbide{3, 0.200 g, 0.33 mmol) in CHE(8 mL), and the mixture
was stirred at rt untl was completely consumed (TLC). Solution of Zn(OA06)300 g, 1.64
mmol) in MeOH (3 mL) was added, the mixture wagetl for 2 h, diluted with CHGI(100

mL) and washed with # (3 x 50 mL). The organic phase was dried ,@@) and



concentrated under reduced pressure. The productpufied by column chromatography
(CHCIls/MeOH 98:2 to 90:10) to obtain a deep-green sidld: 0.180 g (72%); mp 138 °C.
'H NMR: (400 MHz, DMSO-g) § 9.53 (s, 1H), 9.51 (s, 1H), 8.71 Jt= 5.3 Hz, 1H), 8.66 (s,
1H), 8.23 (ddJ = 17.8, 11.6 Hz, 1H), 6.22 (d,= 17.9 Hz, 1H), 6.01 (d] = 11.6 Hz, 1H),
5.43 (d,J = 19.1 Hz, 1H), 5.13 (d] = 19.1 Hz, 1H), 4.43 (4] = 6.9 Hz, 1H), 4.28 (d] = 9.2
Hz, 1H), 3.82 (gJ = 7.5 Hz, 2H), 3.67 (s, 3H), 3.54 (s, 3H), 3.373(d), 3.27-3.16 (m, 1H),
2.67 (t,J= 6.9 Hz, 2H), 2.61-2.54 (m, 1H), 2.33 (s, 6H),2(dl,J = 10.1 Hz, 2H), 1.68 (] =
7.5 Hz, 3H), 1.60 (dJ = 7.0 Hz, 3H).}*C NMR: (101 MHz, DMSO-g) § 173.34, 173.28,
169.91, 164.97, 162.11, 151.62, 148.15, 146.06,0044143.15, 141.40, 140.73, 138.56,
137.23, 134.06, 133.05, 132.24, 130.69, 119.20,980101.75, 99.95, 93.04, 58.11, 51.98,
51.59, 51.26, 46.11, 45.36, 37.68, 37.35, 30.0119922.84, 18.90, 17.92, 12.31, 11.68,
10.95. MS (MALDI): m/z 755.9 [M].

Synthesis of chlorirl4 [CsHeNgOsZn]. Bis(dimethylamino)methanel@, 0.749 g, 7.34
mmol) was added to a solution of chlofi@ (0.150 g, 0.20 mmol) in mixture of ACOH/THF
(1:1) (10 mL), and the mixture was stirred for athrt. It was diluted with CHGI(100 mL),
washed with 2% NaOH (3 x 100 mL) ang@H(100 mL), dried (Ng50Oy), and concentrated.
The product was purified by column chromatograp@&HCls/MeOH/EgN from 98:1:1 to
96:3:1) to obtain a deep-green solid. Yield 0.13ZP6); mp 155 °C*H NMR: (400 MHz,
DMSO-d) § 9.63 (s, 1H), 9.52 (s, 1H), 8.71 (br.s, 1H), 8621H), 7.21-7.12 (m, 1H), 5.44
(d, J = 18.6 Hz, 1H), 5.13 (d] = 19.1 Hz, 1H), 4.43 (d] = 7.0 Hz, 1H), 4.28 (d] = 9.3 Hz,
1H), 3.82 (dJ = 7.3 Hz, 2H), 3.67 (br.s, 5H), 3.55 (br.s, 5HY622.70 (m, 1H), 2.66 (1] =
6.9 Hz, 2H), 2.62-2.53 (m, 1H), 2.32 (br.s, 9HLE(br.s, 11H), 1.68 (1 = 7.3 Hz, 3H), 1.59
(br.s, 3H).*C NMR: (101 MHz, DMSO-¢g) & 173.33, 173.27, 170.02, 164.97, 162.09,
151.14, 148.12, 145.70, 143.17, 142.88, 142.82,3V741140.71, 138.59, 138.49, 134.10,

133.55, 133.39, 132.81, 102.01, 101.76, 100.5M7M%9.55, 58.14, 55.50, 51.98, 51.59,



51.27, 46.11, 45.40, 45.17, 37.73, 37.34, 30.09162922.82, 18.90, 17.91, 11.67, 11.29,
10.89. MS (MALDI): m/z 872.9 [M].

Synthesis of chlorirl5 [(Cs9H71NgOsZn)l3]. CHsl (0.228 g, 1.60 mmol) was added to a
solution of chlorin14 (0.03 g, 0.03 mmol) in THF (5 mL), and the mixtuvas stirred at rt
until a precipitate formed. It was collected onilge, washed with a small amount of THF
and dried under reduced pressure to give a degm@aid. Yield 0.032 g (quantitative); mp
151 °C.*H NMR: (400 MHz, DMSO-g) § 9.62 (d,J = 15.2 Hz, 1H), 9.56 (s, 1H), 9.19 (br.s,
1H), 8.66 (s, 1H), 7.23-7.10 (m, 1H), 5.37 Jc& 19.0 Hz, 1H), 5.13 (dJ = 19.1 Hz, 1H),
4.45 (d,J = 6.9 Hz, 1H), 4.32 (d) = 8.2 Hz, 1H), 4.03-3.77 (m, 6H), 3.72 (s, 3H),43(5,
3H), 3.16 (br.s, 9H), 2.86 (br.s, 1H), 2.65-2.55 (iH), 2.22 (dJ = 14.7 Hz, 2H), 2.17-2.08
(m, 2H), 1.71-1.65 (m, 3H), 1.60 (br.s, 3H}C NMR: (101 MHz, DMSO-¢) & 173.30,
173.23, 170.71, 165.32, 162.21, 151.07, 147.77,1146143.33, 142.61, 142.47, 141.14,
141.02, 138.87, 137.15, 134.05, 133.24, 132.82,080201.89, 97.17, 93.18, 75.19, 68.76,
68.28, 65.71, 63.64, 62.72, 52.80, 52.42, 51.843((137.53, 34.00, 29.94, 29.14, 22.76,
18.86, 17.92, 11.88, 11.45, 11.07.

4.3. Photophysical measurements

Photophysical properties @2 and15 were measured in deionized water aiVbsolutions.
Absorption and fluorescence spectra were registese®) a Synergy MX spectrophotometer-
spectrofluorometer (BioTek, USA). Fluorescence ewasted at 410 nm.

The molar extinction coefficientwas determined using the following equation:

SZD/CI ’

whereD — optical densityt — path length¢ — concentration.

The fluorescence quantum yielgd was calculated using the equation:

@ — P2F1D;
YN

where F; and D; — integral fluorescence intensity and optical dgnsf 12 (or 15),

respectively;



@2 — quantum yield of Rhodamine B (Sigma, USA) in evat0.31);F, and D, — integral
fluorescence intensity and optical density of rirogtee B, respectively.

The fluorescence was excited at 410 nm, the opteaisity was measured at the same
wavelength. The fluorescence signal was detect88@&t850 nm.

4.4 Céell linesand culturing conditions

Cell lines of human epidermoid carcinoma A431, hamarvival carcinoma Hela, chinese
hamster ovary CHO were obtained from the Russidircgkure collection of vertebrates. The
cells were cultured in Eagle MEM medium (PanEcosd$®a) with 10% (v/v) fetal calf serum
(HyClone, USA) and 2 mM L-glutamine in 5% g@t 37 °C. At each passaging stage the
cells were treated with Versene solution (PanEcsshy).

Cells of mouse colon adenocarcinoma CT-26 (ATCCrem®RL-2638) were cultured in
RPMI medium (HyClone, USA) with the same supplermad treated with 0.25% tripsin-
EDTA solution (PanEco, Russia) at passaging stages.

4.5. EGFR analysis

Cells (0.3x16) were detached from culturing flask and resuspenide500 pl 3% (w/v)
solution of bovine serum albumin (BSA) in phospHatéfered saline (PBS). Anti-EGFR
antibodies conjugated with phycoerythrin (Abcam,)Were added (0.1 pg/m, 3 pl), the cells
were incubated for 30 min under rotation at 15 rang then washed twice with 1% BSA in
PBS.

Fluorescence of the stained cells was immediatelglyaed using FACSCalibur flow
cytometer (BD Biosciences, USA) using 488 nm laset registration of phycoerythrin (PE)
emission at 585/42 nm. 30 000 cells were analyaedvfery cell line.

To assess nonspecific antibodies adherence onsoelhce, the cells were stained by
antibodies of the same isotype conjugated with pagghrin (Abcam, UK) having no
specific target on cell surfaces and undergo thmeesHow cytometry procedure (isotypic

control).



Ratio of geometric mean fluorescence intensitiecE@FR-labeled and isotype control cells
was calculated to express the relative level of E@kpression.

4.6. Study of cellular uptake

Cells were seeded in glass bottom 96-well platescth, Germany) at the density of 4210
cells per well and allowed to attach overnight. Thedium was then exchanged with fresh
serum-free growth medium containing 5 UM of testechpound. Cells were incubated for 4
hours, washed thrice with PBS, fixed with 4% fordeddyde for 30 min and washed again.
Cells were imaged using laser scanning confocalasgope Axio Observer Z1 LSM 710
NLO/Duo (Carl Zeiss, Germany) equipped with C-Apmchat 63xwater immersion
objective lens with numerical aperture 1.2. Fluoesge was excited at 405 nm and registered
in the range of 600-740 nm.

The fluorescence intensity of the cytoplasmic regod the cells was measured using ZEN
2012 program; at least 10 cells in two-three fi@tigiew were analyzed.

4.7. Cytotoxicity study

The effect of tested compounds on cell viabilityswastimated using the microculture
tetrazoline test (MTT) [38].

Cells were seeded in 96-well plates at the dersfitgx1CG cells per well and allowed to
attach overnight. The medium was then exchangeld fsétsh serum-free growth medium
containing tested compound in different concerdratiAfter 4 h of incubation, the medium
was exchanged with full fresh growth medium.

To estimate the photoinduced toxicity of the testechpound, the cells were exposed to light
irradiation (615-635 nm, 20 mW/ém20 J/cri) using LED light source providing a
homogeneous light distribution in 96-well plateS][3rradiated cells were then incubated for
24 h before cell viability was measured. To thim aihe cells were incubated with serum-free
medium containing 0.5 mg/mL MTT-reagent (3-(4,5-dthyl-2-thiazolyl)-2,5-diphenyl-2H-

tetrazole bromide, Alfa Aesar, USA) for 4 hourbeTformazan formed from the reduction of



MTT by cells” dehydrogenases was dissolved in DM&@] the absorbance was measured at
570 nm with a Synergy MX plate reader (BioTeck, JSA

A similar procedure was used for the estimationthed dark toxicity. The cells, grown
overnight, were incubated in the medium with thenxpound being tested, washed with full
fresh growth medium, then incubated for 24 h andeugo MTT assay.

Cell viability was expressed as the ratio of theagh density of treated and untreated cells (in
percentage). Three independent experiments (atiphcate) were performed. Experimental
data were fitted using four parameters model fgnéymal distribution to obtain dose-effect

relationship and calculate inhibition concentratiGgy:

_ Ymax—Ymin
Y= Ymin + 1+10080C50)—X)-SF !

where Ynaxand Ymin — maximal and minimal Y values, respectively; Skope factor.

Data analysis was performed using the GraphPathRisoftware.

4.8. Animal study

Balb/c female mice (age 8 weeks; 17 g, n=5) weoeulated subcutaneously in the left leg
with 10° CT-26 cells in 0.2 mL PBS. Nine days after thecirlation, when tumors reached
~100 mmi, the mice were injected with conjugat@ solved in PBS, in dose 25 pg/kg
intravenously into the tail vein.

Whole-bodyin vivo fluorescence imaging was performed using a flumese imaging
system (Institute of Applied Physics RAS, Russiiorescence was excited using narrow-
band LED with central wavelength 615 nm and codldatith cooled CCD-camera (ORCA |l
BT-512G, Hamamatsu Photonics K.K., Japan) in thegea660-740 nm. Images were
obtained before and at different time points pagdtion.

All experimental procedures were approved by tlwll@ommittee on Bioethics (protocol
No. 7 of 06 July 2017).

The mean signal was calculated using ImageJ sadtimamwo regions of interest (ROI): tumor

area and a region of the same area and posititimeonther leg (‘normal tissue’).
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Highlights:

A novel water-soluble chlorin-(arylamino)quinazoline conjugate was synthesized.

* The conjugate exhibited selective accumulation in cells with high level of EGFR
expression.

» A pronounced |Csogar/I Csaiight ratio has been achieved.

* The conjugate preferably accumulated in the tumor tissue of tumor-bearing mice.



