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Abstract
Objectives. This study set out to develop approaches for creating new photodynamic agents that incorporate a tumor-targeting ligand 
and a photoactive photosensitizer component within their structure. The work continues a series of investigations into the influence of the 
chemical structure of photosensitizers and type of conjugation with the targeting moiety on  the antitumor efficacy of photodynamic 
therapy. The work proposed the design and synthesis of  a  new conjugate based on  meso-aryl-substituted porphyrin and erlotinib, 
a low-molecular-weight tyrosine kinase inhibitor, which ensures selective delivery of the photosensitizer to the tumor.
Methods. In order to obtain the target compound, erlotinib was modified, the porphyrin was synthesized, and the conjugate of these 
two components was prepared using a click reaction. The compounds were characterized by 1H and 13C nuclear magnetic resonance 
spectroscopy and high-resolution mass spectrometry.
Results. The target water-soluble conjugate of meso-arylporphyrin and erlotinib was obtained and characterized. Its biological activity 
was studied against conditionally normal (Normal Kidney Epithelial, NKE) and tumor (MCF-7, MDA-MB-231, A431) cell lines. The 
target conjugate demonstrated photoinduced activity in the submicromolar range and low dark toxicity. A relatively high dark-to-light 
toxicity ratio (~30 times) was shown for the conjugate.
Conclusions. The proposed design of a photodynamic agent based on the obtained conjugate of meso-arylporphyrin and erlotinib may 
facilitate progress in addressing the challenge of targeted photosensitizer delivery for use in photodynamic therapy.

Keywords
photodynamic therapy, synthesis, meso-arylporphyrins, erlotinib, antitumor activity

Submitted:�01.04.2026
Revised:� 13.05.2026
Accepted:� 17.07.2026

For citation
Bortnevskaya Yu.S., Notarova A.A., Bragina  N.A., Karpechenko  N.Yu., Zhdanova  K.A. Synthesis and biological activity of  new 
meso-arylporphyrin and erlotinib conjugate. Tonk. Khim. Tekhnol. = Fine Chem. Technol. 2026;21(4):372–385. https://doi.org/10.32362/2410-
6593-2026-21-4-372-385

Тонкие химические технологии = Fine Chemical Technologies. 
2026;21(4):372–385

ISSN 2410-6593 (Print)
ISSN 2686-7575 (Online)

Химия и технология лекарственных препаратов  
и биологически активных соединений

Chemistry and technology of medicinal compounds  
and biologically active substances

https://doi.org/10.32362/2410-6593-2026-21-4-372-385
https://elibrary.ru/OCLIQJ
mailto:zhdanova_k@mirea.ru
https://doi.org/10.32362/2410-6593-2026-21-4-372-385
https://doi.org/10.32362/2410-6593-2026-21-4-372-385


Синтез и биологическая активность нового конъюгата  
мезо-арилпорфирина и эрлотиниба

Ю.С. Бортневская 
и др.

Тонкие химические технологии = Fine Chemical Technologies. 2026;21(4):372–385� 373

НАУЧНАЯ СТАТЬЯ

Синтез и биологическая активность нового 
конъюгата мезо-арилпорфирина и эрлотиниба
Ю.С. Бортневская1, А.A. Нотарова1, Н.А. Брагина1, Н.Ю. Карпеченко1,2, К.А. Жданова1,

1 �МИРЭА – Российский технологический университет (Институт тонких химических технологий  
им. М.В. Ломоносова), Москва, 119454 Россия

2 �Национальный медицинский исследовательский центр онкологии имени Н.Н. Блохина  

Министерства здравоохранения Российской Федерации, Москва, 115522 Россия 
 Автор для переписки, e-mail: zhdanova_k@mirea.ru 

Аннотация
Цели. Данное исследование заключается в разработке подходов к созданию новых фотодинамических агентов, содержащих 
в своей структуре нацеливающие на опухоль лиганд и фотоактивный компонент — фотосенсибилизатор. Представленная рабо-
та является продолжением исследований по изучению влияния химической структуры фотосенсибилизатора и типа связывания 
с ним нацеливающего фрагмента на противоопухолевую эффективность фотодинамической терапии. В работе был предложен 
дизайн и осуществлен синтез нового конъюгата на основе мезо-арилзамещенного порфирина и низкомолекулярного ингибито-
ра тирозинкиназы, эрлотиниба, обеспечивающего селективную доставку фотосенсибилизатора в опухоль.
Методы. Для получения целевого соединения произведена модификация эрлотиниба, синтез порфирина и получен конъюгат 
из данных двух компонент на основе click-реакции. Соединения охарактеризованы 1Н и 13С спектроскопией ядерного магнит-
ного резонанса и масс-спектрометрией высокого разрешения.
Результаты. Получен и  охарактеризован целевой водорастворимый конъюгат мезо-арилпорфирина и  эрлотиниба. Изучена 
его биологическая активность по отношению к условно-нормальной (Normal Kidney Epithelial, NKE) и опухолевым (Michigan 
Cancer Foundation-7, MCF-7, MDA-MB-231, A431) клеточным линиям. Целевой конъюгат показал фотоиндуцированную актив-
ность в субмикромолярном диапазоне концентраций и низкую темновую токсичность. Показано достаточно высокое соотноше-
ние темной и световой токсичностей (~30 раз) для конъюгата.
Выводы. Таким образом, в работе получен конъюгат мезо-арилпорфирина и эрлотиниба. Предложенный дизайн может обе-
спечить прогресс в решении проблемы нацеленного транспорта фотосенсибилизатора для использования в фотодинамической 
терапии.
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INTRODUCTION

One of the most critical challenges in modern medicine 
consists in  developing means for enhancing the 
efficacy of  cancer treatment modalities. The primary 
limitation of  conventional therapeutic approaches, 
such as  chemotherapy and radiotherapy, lies in  their 
insufficient selectivity for malignant cells. Consequently, 
achieving a  positive clinical response necessitates the 
administration of  increased drug doses. Since such 
highly toxic therapeutic regimens tend to affect healthy 
cells within the human organism, severe adverse side 
effects are frequently encountered [1].

Currently, alternative therapeutic approaches 
characterized by  enhanced safety, efficacy, and 
accessibility are being actively developed. Photodynamic 
therapy  (PDT) represents one such innovative 
modality  [2,  3]. Owing to  its unique properties, 
including spatiotemporal selectivity, low systemic 
toxicity, absence of  induced resistance, and minimal 
invasiveness, PDT has established itself as a successful 
method for treating a wide range of neoplasms of various 
types and localizations  [4,  5]. The therapeutic agents 
fundamental to PDT are photoactive compounds, known 
as photosensitizers, and laser irradiation. The interaction 
between these agents generates reactive oxygen species, 
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which can be  used to  destroy vital structures within 
tumor cells [6].

Due to  their photophysical characteristics, 
which satisfy the requirements of  PDT, synthetic 
porphyrins are widely employed as  photoactive 
agents  [7–9]. Among the advantages of  utilizing 
tetrapyrrole photosensitizers consists in the possibility 
of  modifying their hydrophilic-lipophilic balance 
by  varying the peripheral substituents. However, the 
application of  synthetic tetrapyrroles is  often limited 
by  the hydrophobicity of  the tetrapyrrole macrocycle, 
non-selectivity, and aggregation [10].

Nowadays, the advancement of  PDT is  associated 
with the development of  novel combined 
photosensitizers and the optimization of  methods 
for their selective delivery to  tumor tissues  [11,  12]. 
Literature sources indicate that one promising approach 
for regulating the biodistribution of  photodynamic 
agents and consequently enhancing their overall efficacy 
upon systemic administration involves modifying 
photosensitizers with ligands that specifically bind 
to  target molecules or  are recognized by  receptors 
overexpressed in tumor cells [13–15].

Among various receptor types, epidermal growth 
factor receptors (EGFRs) [16] and vascular endothelial 
growth factor receptors [17] are regarded as some of the 
most promising targets for active tumor targeting due 
to their overexpression in a broad range of malignancies 
and their involvement in  key processes within cancer 
cells. EGFRs, which belong to the receptor tyrosine kinase 
family, function as  key mediators in  cellular signaling 
pathways that regulate proliferation, angiogenesis, and 
metastatic dissemination of cancer cells [17–19].

One of  the main strategies for targeting tyrosine 
kinases involves the use of  their small-molecule 
inhibitors. Agents such as erlotinib, dasatinib, and other 
substances approved for clinical application in anticancer 

therapy can be  employed as  targeting vectors for the 
development of  conjugates to  enable the selective 
delivery of photosensitizers to tumors [20, 21]. Several 
recent studies have investigated the antitumor activity 
of  photosensitizers based on  phthalocyanines  [22], 
chlorins [23, 24], and porphyrins incorporating tyrosine 
kinase inhibitors into their structure [25, 26]. In each case, 
a  significant enhancement in  the efficacy of  antitumor 
PDT was achieved compared to  the use of  sensitizers 
lacking targeting moieties.

Despite significant advances in  the development 
of  targeted photosensitizers, numerous avenues remain 
insufficiently explored. These include investigations 
into the relationship between antitumor activity and the 
structure of  both the photosensitizer and the targeting 
vector, the method of their conjugation, as well as studies 
on  the effects and mechanisms of  action of  such 
compounds.

Previously, our research group reported on the design 
of  novel photosensitizers based on  EGFR-targeted 
meso-arylporphyrins through the incorporation of  the 
low-molecular-weight tyrosine kinase inhibitor erlotinib 
into their structure for application in  PDT  [25]. The 
erlotinib molecule is expected to serve a dual function: 
first, to selectively deliver the photosensitizer to cancer 
cells through preferential binding to  EGFRs, which 
are overexpressed in  many tumor types; and second, 
to exert a cytotoxic effect resulting from the inhibition 
of  the receptor tyrosine kinase domain activity. 
In  a  previous work, we  established that the presence 
of a spacer positively influenced the biological activity 
of  the resulting compound. The alternative design 
for a  porphyrin–erlotinib conjugate—UB-4  (Fig.  1) 
developed on  this basis in  the present study involves 
modifying the type of spacer and the distance between 
the photosensitizer fragment and the erlotinib moiety. 
Synthesis of the target compound a copper(I)-catalyzed 
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Fig. 1. Mechanism of action of the photosensitizer UB-4
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azide-alkyne cycloaddition (CuAAC, click) reaction 
was carried out. The antitumor activity of the obtained 
conjugate was investigated in vitro.

RESULTS AND DISCUSSION

The novel multifunctional phototherapeutic agent 
presented in  this study incorporates a  porphyrin-based 
photosensitizer and an  erlotinib vector molecule, which 
is  separated from the macrocycle by  an aliphatic spacer 
consisting of five methylene units. The synthesis strategy 
for the conjugate was based on the formation of an amide 
bond between a tetrapyrrole bearing an active amino group 
and an erlotinib derivative modified with a carboxylic acid.

Modification of erlotinib

At the initial stage, a  strategy was developed for 
conjugating erlotinib with ω-bromohexanoic acid via 
the formation of  a  bifunctional 1,2,3-triazole linker 
under CuAAC conditions (Scheme 1). The modification 
of  6-bromohexanoic acid  1  involved the preparation 
of its methyl ester 2, which was subsequently converted 
to  the primary azide  3  through a  substitution reaction 

in dimethylformamide (DMF) at 80°C to afford a near-
quantitative yield. The incorporation of  the hexanoic 
acid moiety into the structure of erlotinib, which contains 
a  terminal alkyne group, was achieved via CuAAC. 
The Cu(I) species was generated in  situ by  reduction 
of  CuSO4∙5H2O (5  equiv.) in  the presence of  sodium 
ascorbate (3 equiv.) in an aqueous-organic medium. The 
optimal solvent ratio was found to  be tetrahydrofuran 
(THF)/H2O = 3  :  1. The 1,3-dipolar cycloaddition 
product 4 was isolated by column chromatography using 
a  dichloromethane/methanol (20  :  1) eluent system. 
Subsequent saponification of the methoxycarbonyl group 
with potassium hydroxide in a THF/EtOH/H2O mixture 
afforded the corresponding carboxylic acid in  near-
quantitative yield. Compound 5 was isolated by extraction 
with ethyl acetate/water, followed by acidification of the 
aqueous phase with 1 M HCl to convert the potassium 
carboxylate salt into the free carboxylic acid. The 
signal at  a  chemical shift of  3.62  ppm corresponding 
to  the protons of  a  methyl group disappears in  the 1H 
nuclear magnetic resonance (NMR) spectrum. The ratio 
of the integral signal intensities in the 1H NMR spectra 
corresponds to  the number of  chemically equivalent 
protons in the structures of compounds 4 and 5. Data from 
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matrix-assisted laser desorption/ionization  (MALDI) 
mass-spectrometry of compound 4 confirm the presence 
of a molecular ion peak [M+H]+ at 565.484 Da, which 
corresponds to  the calculated molecular weight for the 
modified erlotinib molecule.

SYNTHESIS OF THE CATIONIC 
CONJUGATE

The zinc complex of aminoporphyrin 61 was synthesized 
according to  a  previously reported procedure  [25] 
employing the mixed-aldehyde monopyrrole 
condensation method. The choice of  Zn(II) as  the 
central metal ion for the tetrapyrrole macrocycle was 
guided by its ability to enhance the hydrophilicity of the 
photodynamic agent, as well as to increase the quantum 
yield of singlet oxygen (1O2) generation.

The key step in  the synthesis of  meso-arylporphyrin 
conjugates with the targeting ligand involved the N-acylation 
of  aminoporphyrin  6  using erlotinib functionalized with 
a  carboxylic acid group. Initial attempts to  synthesize 
the conjugate via the carbodiimide method with  
nucleophilic additives (1-ethyl-3-(3-dimethylaminopropyl)
carbodiimide  (EDC), 4-dimethylaminopyridine (DMAP), 
and 1-hydroxybenzotriazole (HOBt)) resulted in  only 
trace amounts of  the target compound. Consequently, 
an  optimized acyl chloride approach was employed, 
which entailed the initial activation of  the carboxylic 
acid group of  modified erlotinib  5, followed by  amide 
bond formation with the amino-substituted meso-
arylporphyrin 6  (Scheme 2). Activation of  the carboxylic 
acid moiety of compound 5 was achieved by refluxing with 
an  excess of  thionyl chloride (10  equiv.) under an  inert 
atmosphere for 3 h. The resulting acyl chloride was then 
subjected to  acylation with aminoporphyrin  6  in the 
presence of a weak nucleophilic base, Et3N, under an inert 
gas flow. The reaction medium comprised anhydrous THF 
dried over 5 Å molecular sieves. The target conjugate 7 was 
extracted using a  dichloromethane/water system, 
followed by  neutralization of  the aqueous phase with 
1 M acetic acid. Purification of the target compound was 

1	 Aminoporphyrin and meso-arylporphyrin are the names of the same compound. The name meso-arylporphyrin focuses on the heterocyclic 
structure of the compound. The name aminoporphyrin indicates the presence of a functional group that modifies the compound.

achieved by normal-phase column chromatography using 
a chloroform/ethanol/pyridine (10 : 1 : 0.05) eluent system.

Cationic derivatives of  the erlotinib–porphyrin 
conjugate-bearing terminal pyridinium groups separated 
from the macrocycle by  aliphatic spacers were 
synthesized according to a standard procedure for nitrogen 
quaternization. The bromine-substitute precursor 7 was 
refluxed in  pyridine for 8  h (Scheme  2). The target 
conjugate 8 (UB-4) precipitated during the reaction was 
subsequently recrystallized from an Et2O/MeOH solvent 
system. The obtained UB-4 conjugate was characterized 
by liquid chromatography–mass spectrometry (LC–MS)  
to  reveal a  peak corresponding to  the triply charged 
molecular ion [M−3Br]3+ at  m/z  567.3. In  the 
1H NMR  spectrum of  product  UB-4, signals from 
protons of the pyridine fragment were detected at 8.96, 
8.61, and 8.11 ppm. The ratio of  the integrated signals 
from erlotinib and the porphyrin fragment corresponds 
to the structure of the UB-4 conjugate.

The electronic absorption spectra and two-band 
emission spectra of conjugate have a typical appearance for 
metalloporphyrins with a maximum of the Soret band near 
430 nm and two Q bands in the range of 560–610 nm (Table 1, 
Fig. 2). A comparison of the spectral and luminescent properties 

Table 1. Physicochemical properties of compound UB-4 in DMSO

Compound
Soret bands Q bands Emission

LogP
λ1 lgε λ1 lgε λ2 lgε λem1 λem2

UB-4 430 6.18 566 4.75 608 4.26 610 660 −1.59 ± 0.08

Note: λ  is an  absorption wavelength, nm; ε  is a molar extinction coefficient, L·mol−1·cm−1; λem  is an  еmission wavelength, nm; P  is 
an оctanol-water partition coefficient.
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Fig. 2. Electronic absorption spectra and electronic 
fluorescence spectra (λex = 430 nm) of UB-4 (concentration 
of UB-4 was 1.10 μM) in DMSO, in water and in aqueous 
solutions of solubilizers (FBS 10% and Pluronic® F-127)
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Scheme 2. Preparation of cationic conjugate of meso-arylporphyrin with erlotinib. (i) SOCl2, Ar, 76°С, 3 h;  
(ii) Et3N, THF, Ar, 64°С, 12 h; (iii) pyridine, 115°C, 8 h
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of metalloporphyrin in dimethyl sulfoxide  (DMSO), H2O, 
micellar solutions of Pluronic® F-127 and aqueous solution 
with 10%  fetal bovine serum  (FBS) reveals effective 
stabilization of the monomolecular fluorescently active forms 
of the target compound UB-4 in 1% Pluronic® F-127 solution.

Biological activity in vitro 

In order to  carry out a  preliminary assessment of  the 
biological activity of  the obtained UB-4  conjugate, its 
dark and photoinduced toxicity were evaluated using the 
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium 
bromide (MTT) assay on  a  human normal kidney 
epithelial  (NKE) cell line, as  well as  on the tumor 
cell lines MCF7  (breast ductal adenocarcinoma), 
MDA-MB-231  (human breast adenocarcinoma), 
and A431  (human epidermoid carcinoma) in  the 
absence and presence of  FBS. For the in  vitro 
experiments, a formulation of the target compound with 
Pluronic® F-127 (1%, v/v) was prepared. This approach 
yields the target compound in its monomolecular form, 
thus preventing compound aggregation. Such a strategy 
is  widely reported in  the literature, as  well as  having 
been successfully applied by us previously [25, 27–29].

First, cellular uptake of UB-4 was estimated by flow 
cytometry in A431 cells. Cells were accumulated during 
15 and 30 min, 1, 2, 4, 6, and 24 h. Figure 3 shows that 
cellular uptake of  UB-4  increased with the increasing 
of  incubation time. At  6  h of  incubation time almost 
complete accumulation was achieved for UB-4.

In the absence of  FBS it  was established that the 
cytotoxic effect of the UB-4 conjugate upon irradiation 
reveals in the submicromolar concentration range for all 
studied cell lines (Table 2 and Fig. 4). Specifically, the 
half-maximal inhibitory concentration (IC50) values for 
the EGFR overexpressing A431 and MDA-MB-231 cell 
lines were 0.20  and 0.36  µM, respectively. Notably, 
a  significant difference (27–33  fold) was observed 
between the dark toxicity and the photoinduced toxicity 
of  UB-4  for all four cell lines. It  is worth noting that 
the highest IC50dark/IC50light ratio was observed for the 
A431  cell line, which is  characterized by  the highest 
level of EGFR expression. We have previously reported 
the synthesis of  erlotinib-based photosensitizers, such 
as UB-3 [23]. However, for the photosensitizer UB-3 the 
ratio between dark and photoinduced toxicity was 
only 3–10  fold. For the newly synthesized conjugate 
UB-4, this parameter has been improved by more than 
5 times. Furthermore, UB-4 exhibits significantly better 
solubility in  biological media as  compared to  UB-3, 
which forms a  precipitate at  concentrations above 
1.4  µM. Accordingly, the 1-octanol/water partition 
coefficient (logP) [27] for UB-4  is −1.59 ± 0.07, while 
for UB-3 it is −1.10 ± 0.03.

Table 2. Dark and Light IC50 values for UB-4 in the absence 
of FBS

Cell lines
UB-4

IC50dark, µM *IC50light, µM IC50dark/IC50light

NKE 7.5 ± 0.7 0.28 ± 0.08 27

MCF7 6.9 ± 0.6 0.23 ± 0.03 30

А431 12.0 ± 1.5 0.36 ± 0.03 33

MDA-MB-231 5.6 ± 0.07 0.20 ± 0.02 28

* Irradiation was performed using а  Medical Therapy Philips 
TL  20W/52  lamp (total irradiation dose 8.1  J/cm2). NKE and 
MCF7  (rose) are EGFR-low-expressed cell lines; А431  and 
MDA-MB-231 (green) are EGFR-overexpressed cell lines.
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Next, we  evaluated the dark and photoinduced 
toxicity of  the micellar form of  the UB-4  conjugate 
in  the presence of  10%  FBS on  MDA-MB-231  and 
NKE  cell lines (Table  3, Fig.  5). For both cell lines, 
a  significant decrease in  IC50dark/IC50light ratio was 

observed in  medium containing 10%  serum (1.7-fold 
for MDA-MB-231  and 3.3-fold for NKE) compared 
to  the parameters obtained in  serum-free medium. The 
main contribution to  this change in  the ratio comes 
from a two-fold increase in dark toxicity, which is most 
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Fig. 4. Effect of compounds UB-4 in the micellar form on the viability of cell lines NKE, MCF7, A431, MDA-MB-231. Cells were 
irradiated for 90 min using the Medical Therapy Philips TL 20W/52 lamp (total irradiation dose was 8.1 J/cm2). Incubation of cells 
with the compound 24 h. 
* Statistically significant differences in cell survival relative to the values with zero concentration of the compound (p (false-positive 
probability) < 0.05) were noted
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likely associated with more active cellular metabolism 
in  the presence of  10%  FBS. Photoinduced toxicity 
remained unchanged for the MDA-MB-231  tumor line 
but decreased 1.5-fold for the conditionally normal 
NKE line. Compared to the data in serum-free medium, 
where the IC50 values for all cell lines were similar, the 
photoinduced toxicity against the MDA-MB-231 tumor 
line in  the presence of  serum is  twice as  high as  the 
photoinduced toxicity against the conditionally normal 
NKE line.

Table 3. Dark and light IC50 values for UB-4 in the presence 
of FBS

Cell lines
UB-4

IC50dark, µM *IC50light, µM IC50dark/IC50light

NKE 3.40 ± 0.03 0.41 ± 0.09 8

MDA-MB-231 2.90 ± 0.06 0.20 ± 0.04 15

* Cells were irradiated for 90  min using the Medical Therapy 
Philips TL 20W/52 lamp (total irradiation dose was 8.1 J/cm2).

It can be additionally noted that IC50 of the cells 
under irradiation in  the experiments without FBS 
is practically the same for normal and malignant cells. 
Conversely, in  the presence of  FBS photoinduced 
toxicity of UB-4 was two times lower for the normal 
NKE cells comparing malignant MDA-MB-231 cells. 
It  is likely that the absence of  FBS and consequent 
reduction in  cellular exchange processes in  terms 
of  their ability to  divide leads to  a  decrease in  the 
differences between cell lines and to  the similar 
accumulation and effect of  the UB-4  compound. All 
these findings indicate the promise of further biological 
investigation of UB-4.

EXPERIMENTAL

Commercially available reagents: 6-bromhexanoic acid 
(≥98.0%, abcr GmbH, Germany), SOCl2  (≥99.5%, 
Acros Organics, USA), sodium azide (≥99.0%, 
Sigma-Aldrich, USA), erlotinib (≥99.6%, abcr GmbH, 
Germany), copper(II) sulfate pentahydrate (≥98.0%, 
Fisher Chemical, USA), sodium ascorbate (≥95.0%, 
Sigma-Aldrich, USA), KOH (≥98.0%, Aldosa, 
Russia) were used without further purification. 
The solvents were purified according to  standard 
procedures. The purity of  the obtained compounds 
was confirmed by  thin-layer chromatography  (TLC) 
on TLC Silicagel 60 F254 plates (Merck). Macherey-
Nagel Kieselgel 60 silica gel (230–400 mesh, 38–63 μm) 
was used for column chromatography. The electronic 

absorption spectra were recorded on a HACH DR-4000V 
instrument (Hach-Lange, USA) in  the wavelength 
range 320–800  nm in  1  nm increments in  quartz 
cuvettes with an optical path length of 10 mm at 25°C. 
Steady-state fluorescence spectra were recorded using 
a Cary Eclipse fluorescence spectrophotometer (Agilent 
Technologies, Malaysia) under similar conditions 
at a monochromator slit width of 10 nm and excitation 
wavelength corresponding to  the maximum of  the 
Soret band. Concentrations of  porphyrin solutions 
were 1.10 μM. NMR spectra were obtained on a high-
resolution AVANCE DPX NMR spectrometer (Bruker 
Analytik GmbH, Germany) with an operating frequency 
of  300  MHz, measurements were carried out on  the 
δ scale, the internal tetramethylsilane (TMS) standard, 
the solvent CDCl3, CD3OD and DMSO-d6. Matrix-
activated laser desorption/ionization spectrometry 
with a  time-of-flight analyzer (Bruker Daltonics Inc., 
Bremen, Germany), for which 3,5-dihydroxybenzoic 
acid was used to record mass spectra. The mass spectra 
were recorded using an  electrospray ionization  (ESI) 
mass spectrometer (Agilent Technologies, USA).

Syntheses

Synthesis of 6-bromоhexanoic acid methyl 
ester (2)

3.0  g (0.015  mol) of  6-bromhexanoic acid was 
dissolved in 20 mL of methanol. Then SOCl2  (5 mL) 
was added to the carboxylic acid solution. The reaction 
mass was stirred at  0°C under an  inert atmosphere 
for 2  h, then allowed warming to  20°C. After 8  h 
of stirring, the reaction mixture was concentrated and 
extracted with a methylene chloride/water system. The 
degree of reactions was controlled by TLC. Yield was 
3.12  g  (99%). Retention factor Rf  =  0.5  (methylene 
chloride).

Synthesis of 6-azidohexanoic acid methyl 
ester (3)

1.0  g (7.68  mmol) of  6-bromohexanoic acid methyl 
ester 2 and 1.40 g (23.05 mmol) of sodium azide were 
dissolved in  DMF (15  mL). The reaction mixture 
was stirred at  80°C under an  inert atmosphere for 
5  h. Then the reaction mass was concentrated under 
reduced pressure and extracted with a  methylene 
chloride/water system. Yield was 0.706  g  (95%). 
Rf  =  0.5  (methylene chloride). 1Н  NMR 
(CDСl3,  δ,  ppm): 3.65  (3H, s,  –COOCH3, 3.38  (2H, 
t, J  =  3.10  Hz, N3CH2(CH2)4COOCH3), 2.31  (2H, 
t, J  =  3.20  Hz, N3(CH2)4CH2COOCH3), 1.85  (2H, 
m, N3CH2CH2(CH2)3COOCH3), 1.63  (2H, m,  
N3(CH2)3CH2CH2COOCH3), 1.45 (2H, m, 
N3(CH2)2CH2(CH2)2COOCH3).
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Synthesis of 6-(4-(3-(6,7-bis(2-methoxyethoxy)
quinazoline-4-ylamino)phenyl)- 
1H-1,2,3-triazol-1-yl)hexanoic acid methyl ether (4)

0.543 g (1.81 mmol) of erlotinib was added to a solution 
of 0.200 g (2.17 mmol) of compound 3 in THF (10 mL). 
The resulting mixture was treated with a  solution 
of 1.637 g (6.52 mmol) of copper(II) sulfate pentahydrate 
and 2.120 g (10.87 mmol) of sodium ascorbate in water 
(5 mL). The reaction mixture was refluxed for 8 h. Then 
the mixture was extracted with methylene chloride/water.  
The collected organic layer was dried over sodium 
sulfate and evaporated on a rotary evaporator. A viscous 
yellow liquid was purified by  column chromatography 
on G60 silica gel. Elution of compounds 4 was carried out 
by methylene chloride/methanol (20 : 1, v/v). Yield was 
0.781 g (82%). Rf = 0.3 (methylene chloride/methanol = 
=  20  :  1). 1Н  NMR (CDСl3,  δ,  ppm): 8.58  (1Н, s, 
H-pyrimidine), 8.23  (1Н, br.  s,  –NH), 8.07  (1H, s, 
H-triazole), 7.80 (1H, s, 8-H-quinazoline), 7.71 (1H, s, 
5-H-quinazoline), 7.44  (2H, m, 4,6-H-Ph), 7.32  (1H, 
m, 5-H-Ph), 7.15  (1H, s, 2-H-Ph), 4.30  (2H, t, 
J  =  3.10  Hz,  –NCH2(CH2)4COOСH3), 4.18  (4H, m,  
–OCH2CH2OСH3), 3.76  (2H, m,  –OCH2CH2OСH3), 
3.71 (2H, m, –OCH2CH2OСH3), 3.62 (3H, s, –COOCH3),  
3.38  (3H, s,  –OCH3), 3.36  (3H, s, –OCH3),  
2.26  (2H, t, J  =  2.90  Hz,  –N(CH2)4CH2COOСH3),  
1.87 (2H, m, –NCH2CH2(CH2)3COOСH3, 1.61 (2H, m,  
–N(CH2)3CH2CH2COOСH3), 1.26–1.36  (2H, m, 
N(CH2)2CH2(CH2)2COOСH3).

 13C  NMR (DMSO-d6/CDСl3,  
(20/1,  v/v), δ,  ppm): 171.59, 155.76, 149.49, 148.89, 
145.73, 137.36, 131.64, 129.55, 123.80, 123.06, 121.52, 
120.99, 114.77, 107.20, 104.43, 69.78, 68.80, 68.71, 
67.27, 58.38, 51.43, 49.24, 48.84, 39.52, 33.97, 30.27, 
26.33, 25.50. MALDI-TOF-MS, m/z: calculated for 
С29Н36N6O6 564.27 [M]+, found 565.484 [M+H]+.

Synthesis of 6-(4-(3-(6,7-bis(2-methoxyethoxy)
quinazolin-4-ylamino)phenyl)- 
1H-1,2,3-triazol-1-yl)hexanoic acid (5)

Intermediate compound 4  (0.250  g, 0.044  mmol) was 
dissolved in  THF (12  mL). Subsequently, an  excess 
of  KOH (17  equiv.) dissolved in  ethanol (6  mL) and 
water (3  mL) was added. The reaction mixture was 
stirred at 64°C for 3 h. The cooled reaction mixture was 
concentrated under reduced pressure and extracted using 
an  ethyl acetate/water system; a  1  M hydrochloric acid 
solution was used to neutralize the alkali. The product was 
recrystallized from ethyl acetate. Yield was 0.242 g (98%). 
Rf = 0.4 (methylene chloride/methanol = 10 : 1). 1Н NMR 
(CDСl3, δ, ppm): 9.19 (1H, br. s, –СООН), 8.52 (1Н, s,  
H-pyrimidine), 8.02  (1H, s, H-triazole), 7.87  (1H, s,  
8-H-quinazoline), 7.67  (1H, s, 5-H-quinazoline), 7.44 

(2H, m, 4,6-H-Ph), 7.10  (1H, t, J  =  5.70  Hz, 5-H-Ph),  
7.01  (1H, s, 2-H-Ph), 4.32  (2H, t, J  =  3.55  Hz, 
NCH2(CH2)4COOСH3), 4.18 (2H, m, –OCH2CH2OСH3), 
4.08  (2H, m,  –OCH2CH2OСH3), 3.75–3.71  (4H, m,  
–OCH2CH2OСH3), 3.40  (3H, s,  –OCH3), 3.38  (3H, s,  
–OCH3), 2.32  (2H, m, N(CH2)4CH2COOСH3),  
1.88 (2H, m, NCH2CH2(CH2)3COOСH3, 1.64  (2H, 
m, N(CH2)3CH2CH2COOСH3), 1.31  (2H, m,  
N(CH2)2CH2(CH2)2COOСH3). 13C  NMR (CDСl3, 
δ, ppm): 173.87, 154.47, 148.91, 147.49, 139.58, 131.26, 
129.41, 121.74, 121.19, 120.05, 119.05, 108.32, 102.82, 
70.85, 70.49, 69.03, 68.37, 59.23, 51.60, 50.16, 33.67, 
29.96, 25.97, 24.22.

The zinc complex of  meso-arylporphyrin 
arylporphyrin 6 was synthesized according to a previously 
reported procedure [25] employing the mixed-aldehyde 
monopyrrole condensation method.

Synthesis of conjugate  
of meso-arylporphyrin with erlotinib (7)

At the first stage, 0.050  g (0.091  mmol) 
of  compounds  5  and SOCl2  (2  mL) were dissolved 
in methylene chloride (10 mL). The reaction mixture was 
stirred at 75°C for 3 h under an inert atmosphere. Next, 
the reaction mass was concentrated under a  reduced 
pressure. At the second stage, the formed acyl chloride 
of  compound  4  was dissolved in  THF  (7  mL). Then 
0.065  g (0.059  mmol) of  aminoporphyrin  6, dissolved 
in THF (7 mL), and 150 µL of Et3N were added to the 
resulting solution. The reaction mass was stirred at 64°C 
for 12 h under an inert atmosphere. The cooled reaction 
mass was concentrated under a  reduced pressure and 
extracted using a  methylene chloride/water, followed 
by pH adjustment to a neutral medium with 1 M acetic 
acid solution. The purple solid was purified by column 
chromatography on  G60  silica  gel. Compound  7  was 
eluted by  the chloroform/pyridine (100  :  0.05) with 
a  further increase in  the polarity of  the system to  the 
chloroform/ethanol/pyridine ratio (10  : 1  : 0.05). Yield 
was 0.040 g (42%). Rf = 0.4 (chloroform/ethanol = 5 : 1). 
Electronic absorption spectrum (EAS) (λmax,  nm, 
CH2Cl2 (lgε)): 423.9 (6.11), 556.1 (4.19), 595.2 (4.06). 
1Н NMR (CDСl3, δ, ppm): 8.84 (8H, m, β-CH-pyrrole),  
8.63  (1H, s, H-pyrimidine), 8.41  (1H, s, H-triazole), 
8.09  (8H, 2,6-ArH and α-ArNH), 7.83  (1Н, s, 
8-H-quinazoline), 7.71  (1Н, s, 5-H-quinazoline),  
7.26–7.15  (11H, m, 3,5-ArH, β-ArNН, and 4,5,6-H-Ph), 
6.64 (1H, s, 2-H-Ph), 4.51 (2H, m, –NCH2(CH2)4C(O)NH–),  
4.20  (10H, m, 2×–OCH2CH2OСH3  and  
3×–OCH2(CH2)2CH2Br), 3.74 (10H, m, 2×–OCH2CH2OСH3  
and 3×–OCH2(CH2)2CH2Br), 3.45 (3H, s, –OCH3), 3.39 
(3H, s, –OCH3), 2.47 (2H, m, –N(CH2)4CH2C(O)NH–),  
2.17–2.06  (12H, m, 3×–OCH2(CH2)2CH2Br), 1.77  
(4H, m,  –NСH2CH2CH2CH2CH2C(O)NH–), 1.61  (2H, m, 
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–N(СH2)2CH2(СH2)2C(O)NH–). MALDI-TOF-MS, 
m/z: calculated for С84Н82Br3N11O8Zn  1676.31  [M]+, 
found 1677.874 [M+H]+.

Synthesis of the cationic conjugate  
of meso-arylporphyrin with erlotinib UB-4 (8)

0.042  g (0.024  mmol) of  compound  7  was dissolved 
in anhydrous pyridine (15 mL). The reaction mixture was 
refluxed for 8  h. The resulting precipitate was washed 
with diethyl ether and filtered. The target compound was 
recrystallized from the diethyl ether/methanol. Yield 
was 0.032 g (91%). Rf = 0.15 (CH3OH). EAS (λmax, nm, 
CH3OH (lgε)): 431.8 (6.18), 559.0 (4.75), 599.9 (4.26). 
1Н  NMR (CD3OD, δ,  ppm): 8.96  (7H, m, 3×2,6-H-Py 
and H-pyrimidine), 8.92–8.77  (8H, m, β-CH-pyrrole), 
8.61  (3H, t, 3×4-H-Py), 8.32  (1H, s, H-triazole), 
8.11 (6H, m, 3×3,5-H-Py), 8.03 (1Н, s, 8-H-quinazoline), 
7.91  (9H, m, 2,6-ArH; α-ArNH and 5-H-quinazoline), 
7.10  (8H, dd, 3,5-ArH and β-ArNН), 7.02  (3Н, 
m, 4,5,6-H-Ph), 6.75  (1H, s, 2-H-Ph) 4.58  (8H, m,  
–NCH2(CH2)4C(O)NH– and 3×–OCH2(CH2)2CH2Py+), 
4.26  (8H, m, 2×–OCH2CH2OСH3), 4.07  (6H, m,  
3×–OCH2(CH2)2CH2Py+), 3.43 (3H, s, –OCH3), 3.41 (3H, 
s,  –OCH3), 2.46  (2H, m,  –N(CH2)4CH2C(O)NH–),  
2.10–1.99  (8H, m, 3×–O(CH2)2CH2CH2Py+ and  
–NСH2CH2CH2CH2CH2C(O)NH–), 1.93–1.80  (8H, m,  
3×–OCH2CH2(CH2)2Py+ and –NСH2CH2CH2CH2CH2C(O)NH–),  
1.60 (2H, m, –N(СH2)2CH2(СH2)2C(O)NH–). 13C NMR 
(CD3OD3,  δ,  ppm): 157.88, 155.51, 153.41, 149.95, 
146.62, 145.64, 140.25, 136.62, 135.12, 130.81, 129.50, 
129.25, 128.29, 126.61, 123.87, 123.68, 113.73, 110.12, 
107.85, 103.84, 84.09, 83.49, 79.46, 78.53, 73.21, 71.58, 
71.35, 69.79, 69.30, 68.16, 62.56, 61.94, 59.16, 49.00, 
30.34, 30.00, 29.30, 26.66, 26.24. ESI-HRMS, m/z: 
calculated for C99H93N14O8Zn3+ 577.89 [M-3Br]3+, 
found 577.9 [M-3Br]3+.

1-n-Octanol/phosphate-buffered 
saline (PBS) partition coefficients

The partition coefficient (logP) of compound UB-4 under 
study were assessed using a  previously reported 
protocol  [27]. Briefly, 1.0–1.5  mg of  each porphyrin 
was dissolved in 1-n-octanol pre-equilibrated with PBS. 
An equal volume of PBS pre-saturated with 1-n-octanol 
was subsequently introduced. The biphasic mixture 
was subjected to  ultrasonication for 30  min followed 
by mechanical agitation at 25°C. Phase separation was 
achieved by  centrifugation. The partition coefficients 
were calculated from electronic absorption spectra 
by  measuring the absorbance ratio of  the Soret band 
in  the organic and aqueous phases, taking into account 
the respective dilution factors as analogously determined. 
Final values are expressed as logP.

Biological activity in vitro 

This experiment was performed using four cell lines: NKE 
(human renal tubule epithelium), MCF-7 (human breast 
adenocarcinoma), A431 (human epidermoid carcinoma), 
and MDA-MB-231  (human breast adenocarcinoma). 
For the in  vitro experiments, a  formulation of  the 
target compound with Pluronic®  F-127  (1%,  v/v) was 
prepared. During the experiment, cells were seeded 
in  96-well plates (SPL Lifesciences, Korea) at  density 
of 7 · 103 cells/well in 180 μL of culture medium and 
incubated for 24 h at +37°C in a humidified atmosphere 
containing 5% CO2. On the day of the experiment, the 
medium was replaced with a similar serum-free medium 
to  avoid interaction of  the tested compounds with it. 
Serial dilutions of the compounds were made in Milli-Q 
water and added to the cell culture by 20 μL. The cell 
culture was irradiated for 90  min using a  Medical 
Therapy Philips TL  20W/52  lamp (400–500  nm 
wavelength) with 2.3 mW of power. Subsequently the 
plates were placed in  an incubator and left for 24  h 
at +37°C in 5% CO2. Parallel incubation of cell culture 
with compounds without irradiation was performed 
in a similar manner. After 24 h, 10 μL of MTT reagent 
solution (5 mg/mL) was added to the cell medium and 
incubated for another 3.5  h. The formazan formed 
in  the cells was dissolved in  100  μL of  DMSO. 
MultiScan MCC 340  (Thermo Fisher Scientific, USA) 
spectrophotometer was used to  determine the optical 
density of  the solution at  540  nm. Experiments were 
repeated at least 3 times. The titration curves were used 
to  calculate the concentration of  the compound that 
induced 50% of the maximum toxicity effect (IC50). The 
Excel program package (Microsoft Corporation, USA) 
was utilized for statistical processing of  the obtained 
data.

Flow cytometry

For the experiment, A431  cells were seeded into 
6-well plates (SPL  Lifesciences, Korea) at  a  rate 
of 2.5 · 105 cells/well in Dulbecco’s Modified Eagle 
Medium (DMEM) nutrient medium (PanEco, Russia) 
and incubated for 24 h at 37°C in 5% CO2. After this, 
the cell medium was changed to  a  similar medium 
that did not contain fetal bovine serum and the test 
compound were added to  a  final concentration 
of  1  μM. Incubation was carried out for 15  and 
30  min, 1, 2, 4, 6, and 24  h at  37°C in  5%  CO2  in 
the absence of  light. Cells were removed from the 
substrate using 0.02% Versene (PanEco, Russia) 
and 0.25% trypsin solutions (PanEco, Russia) and 
washed twice with phosphate-salt buffer (PanEco, 
Russia). Fluorescence intensity was measured using 
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a  LongCyte flow cytometer (Challenbio, China) 
equipped with a λex = 635 nm laser and a 665/20 nm 
bandpass filter. Statistical processing of the obtained 
data was performed using the FlowJo software 
(Becton Dickinson, USA).

CONCLUSIONS

In this study, а  novel EGFR-targeted photosensitizer 
was designed and synthesized based on  a  cationic 
porphyrin-erlotinib conjugate. After efficiently 
assembling the conjugate via CuAAC click chemistry, 
its structure, along with those of  all intermediates, 
was confirmed by  comprehensive physicochemical 
analysis. The compound exhibited submicromolar 
cytotoxicity against tumor cell lines and a  high 
photodynamic index due to  a  significant differential 
between photoinduced and dark toxicity. These results 
identify this conjugate as a promising antitumor agent 
for further development.
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