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АНОТАЦІЯ 

Кобзев Д.В. Довгохвильові галогеновані флуоресцентні поліметинові 

барвники для медико-біологічних застосувань. – Кваліфікаційна наукова праця на 

правах рукопису. 

Дисертація на здобуття наукового ступеня доктора філософії за 

спеціальністю 102 Хімія. – Державна наукова установа "Науково-технологічний 

комплекс "Інститут монокристалів" Національної академії наук України", Харків, 

2023. 

На сьогоднішній день широкого розповсюдження набули флуоресцентні 

методи дослідження в біологічній і медичній областях, а також в клінічній 

діагностиці. Флуоресцентні сполуки використовуються як діагностичні засоби, 

оскільки вони є основними компонентами для впровадження будь-якого методу 

флуоресцентних досліджень. Проте, із розвитком персоналізованої медицини, що 

вимагає значних досліджень на живих клітинах та організмах in vivo, виникла ідея 

використання флуоресцентних барвників для отримання терапевтичного ефекту, 

що відкрило новий підхід у медицині – тераностику (одночасна діагностика та 

лікування окремих пацієнтів). Щоб отримати флуоресцентний сигнал або 

терапевтичний ефект від таких молекул, вони повинні поглинати світло. Слід 

зауважити, що лише довгохвильове світло (600–900 нм) в так званому 

«оптичному вікні» слабко поглинається біологічними макромолекулами, водою та 

іншими компонентами біооб’єктів і має незначний вплив на процеси, що 

відбуваються в організмі. Зрозуміло, що накладення таких обмежень на 

спектральну область флуоресцентних барвників істотно зменшує їх 

різноманітність. Крім того, будь-який флуоресцентний барвник повинен мати такі 

властивості: 

 високий коефіцієнт екстинкції та квантовий вихід флуоресценції; 

 достатня розчинність у воді та фізіологічних середовищах; 

 прийнятна фото- і хімічна стабільність.  
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З кожним роком вимоги до флуоресцентних барвників стають 

жорсткішими. Таким чином, одержання нових яскравих довгохвильових 

барвників, що можна використовувати як для діагностики, так і для лікування, є 

актуальним завданням сьогодення. Ціаніни є найбільш перспективним класом 

барвників завдяки значній гнучкості їх спектральних, фотофізичних і 

фотохімічних властивостей. Гептаметинціанінові барвники мають дуже низьку 

фототоксичність і добре підходять до «оптичного вікна» у ближньому 

інфрачервоному (БІЧ) діапазоні, тому вони широко використовуються як 

діагностичні інструменти. Наприклад, Indocyanine Green використовується в 

in vivo діагностиці та хірургії. Окрім використання як флуоресцентних маркерів, 

гептаметинціанінові барвники можна використовувати як сенсибілізатори для 

фотодинамічної терапії (ФДТ). Однак, низька фототоксичність ціанінів 

ускладнює їх застосування для лікування. Відомий спосіб підвищення 

фототоксичності барвника полягає у введенні важких атомів у його структуру. 

Проте, у літературі вплив важких атомів галогенів, таких як бром та йод, на 

спектральні та фотохімічні властивості гептаметинціанінів на цей час 

залишається недостатньо вивченим.  

Основною метою цього дослідження була розробка нових галогенованих 

флуоресцентних гептаметинціанінових барвників для вивчення впливу важких 

атомів на ці барвники з метою вдосконалення матеріалів для тераностики, 

фотодинамічної терапії (ФДТ) і фотоімунотерапії (ФІТ). 

Для досягнення цієї мети ми синтезували ряд БІЧ ціанінових барвників з 

атомами йоду, брому та хлору та визначили їх спектральні властивості. Цікаво, 

що ми спостерігали значне підвищення квантового виходу флуоресценції (ΦFl), до 

35%, і збільшення тривалості життя флуоресценції для галогенованих барвників. 

Загалом, атоми брому мають більший позитивний вплив на ΦFl барвників, аніж 

атоми йоду. Також, ми показали, що значення квантового виходу синглетного 

кисню (ΦΔ), генерація якого збільшується завдяки наявності атомів галогенів, не 

такі очевидні і залежать не тільки від кількості, але й від положення атомів 

галогенів у гептаметинових барвниках. Так, барвник 4,6I4-HITC, що містить 4 
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атоми йоду в положеннях 4,6 індоленінових фрагментів, мав у 1.5 рази нижчий ΦΔ 

порівняно з 5I2-HITC з 2 атомами йоду в положеннях 5. Ми встановили, що 

атоми йоду до 8.4 разів збільшують ΦΔ гептаметинціанінів, тоді як атоми брому 

незначним чином впливають на ΦΔ. Більш того, за допомогою введення атомів 

хлору можна отримати значення ΦΔ гептаметинціанінів навіть нижчі ніж у 

незаміщеного барвника, HITC. Ми припускаємо, що включення важких атомів 

приводить до обмеження обертання індоленінових фрагментів навколо 

поліметинового ланцюга, таким чином збільшуючи ΦFl, час життя флуоресценції 

та навіть ΦΔ для I6-HITC і 4,6I4-HITC порівняно з HITC. Таким чином, ми 

встановили спосіб регулювання ключових властивостей (ΦFl і ΦΔ) 

гептаметинціанінових барвників шляхом зміни кількості та положення атомів 

галогену.  

Ґрунтуючись на тому, що атоми йоду приводять до більш істотного 

зростання ΦΔ гептаметинціанінів, а підвищення ΦΔ позитивно корелює зі 

збільшенням фототоксичності барвників, синтезовано серію БІЧ 

гептаметинціанінових барвників, що містять до шести атомів йоду та аліфатичну 

карбоксильну групу, а також досліджено їх спектральні властивості та 

фотоцитотоксичність до патогенів S. aureus, E. coli та P. aeruginosa у 

антимікробній фотодинамічній терапії (АФДТ). Збільшення кількості атомів йоду 

має несподіваний і неоднозначний фотоцитотоксичний ефект на ці бактерії, що 

пов’язаний з двома протидіючими факторами: (1) збільшенням 

інтеркомбінаційної конверсії та, відповідно, кількості генерації реактивних форм, 

і (2) агрегацією барвника, що викликає зниження накопичення барвника 

бактеріями, що, ймовірно, супроводжується зниженням темпів утворення 

реактивних форм кисню. Так, встановлено, що збільшення кількості атомів йоду 

до двох у ряду цвітер-іонних ціанінів підвищує ефективність ерадикації S. aureus. 

Для барвників з 2–4 атомами йоду ефективність залишається майже незмінною, та 

зменшується у випадку гексайодованого ціаніну. При цьому монойодований 

гептаметинціаніновий барвник викликає найбільш виражений 

фотоцитотоксичний вплив на E. coli та P. aeruginosa. Додатковий позитивний 
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заряд, який вносить триетиламонієва група, знижує ефективність барвника щодо 

S. aureus, але покращує знищення E. coli та P. aeruginosa.  

Враховуючи найкращу яскравість, фотоцитотоксичність та агрегацію, що 

забезпечує введення двох атомів йоду, ми синтезували новий, добре розчинний у 

воді, дійодований БІЧ гептаметинціаніновий барвник, 2ICy7S, який містить 3 

сульфогрупи. Далі ми зв’язали цей барвник із моноклональним антитілом 

трастузумаб (Ab), що специфічне до раку молочної залози, та оцінили 

спектральні властивості та ΦΔ одержаному кон’югату, а також дослідили цей ФІТ 

кон’югат на моделі «голих» мишей in vivo, при внутрішньовенному введенні, для 

пригнічення росту пухлин порівняно з кон’югатом нейодованого барвника 

Cy7TM(Cy7TM−Ab). У той час як стимульований антитілами імунотерапевтичний 

ефект 2ICy7S−Ab можна оцінити як 1.4-кратне пригнічення росту пухлини, 

комбінована фотоімунотерапевтична дія приводить до 5.4-кратного пригнічення, 

що викликано некрозом пухлинних клітин. Йодований кон’югат 2ICy7S−Ab 

демонструє в 3 рази більший квантовий вихід генерації синглетного кисню у 

водному середовищі порівняно з нейодованим аналогом Cy7TM−Ab. Таким 

чином, атоми йоду в 2ICy7S відіграють ключову роль у підвищеній 

фотоцитотоксичності кон’югату 2ICy7S−Ab. Нейодований Cy7TM−Ab і вільні Ab 

не виявляють статистично значущої фотоцитотоксичності для ракових клітин і 

діють виключно як імунотерапевтичний засіб. За відсутності сенсибілізаторів, 

вплив ближнього інфрачервоного світла на ріст пухлини був незначним. Також, 

не спостерігався вплив вільних барвників 2ICy7S і Cy7TM, що вводилися 

внутрішньовенно, на ріст пухлини. Крім терапевтичного ефекту, кон’югат 

2ICy7S−Ab забезпечує яскравий флуоресцентний сигнал, що дозволяє в режимі 

реального часу відстежувати розподіл кон’югату в організмі та накопичення його 

в пухлині. Це важливо для визначення оптимального часу для світлового 

опромінення і, тим самим, підвищення якості лікування. Ми очікуємо, що 

кон’югація 2ICy7S або інших йодованих фотосенсибілізаторів на основі ціанінів 

подібної структури з широким спектром антитіл може значно розширити 
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різноманіття ефективних матеріалів для фотоімунотерапевтичного лікування, 

спрямованого на різні типи раку. 

При виконанні цієї роботи вперше: синтезовано систематичний ряд 

гептаметинціанінових барвників з різною кількістю (від 1 до 6) атомів йоду або 

брому в термінальних гетероциклічних фрагментах; вивчено зв’язок між 

структурою та властивостями галогенованих гептаметинціанінових барвників 

щодо кількості і положення атомів галогену; встановлено, як регулювати основні 

властивості (ΦFl і ΦΔ) для гептаметинціанінових барвників, змінюючи кількість і 

положення атомів галогенів; оцінено вплив кількості атомів йоду в 

гептаметинціанінових барвниках на фотоцитотоксичний ефект до бактерій; 

показано, що йодовані гептаметинціанінові барвники придатні для лікування і 

фотоінактивації грам-позитивних і грам-негативних бактерій; одержано кон’югат 

"ціаніновий барвник – моноклональне антитіло", який проявляє 

фотоімунотерапевтичну дію і придатний для тераностики раку. 

Практична цінність результатів дослідження полягає у встановленні 

закономірностей для одержання БІЧ ціанінових барвників з бажаними 

властивостями для флуоресцентної візуалізації, діагностики та, особливо, 

фотодинамічної терапії та тераностики. Розроблені барвники ефективні для 

фотоерадикації бактерій, що дозволяє обійти проблему резистентності бактерій 

до антибіотиків. Одержані барвники, що містять карбоксильну групу, придатні 

для подальшої функціоналізації шляхом їх кон’югації з різними носіями для 

підвищення афінності до бажаної цілі. Так, кон’югати на основі 

гептаметинціанінових барвників показали високу ефективність для in vivo 

діагностики та лікуванні раку при фотоімунотерапевтичному застосуванні. Таким 

чином, це дослідження розширює можливості використання БІЧ ціанінових 

барвників. 

Ключові слова: гептаметинціанінові барвники, ефект важкого атома, 

антибактеріальна активність, біологічна активність, гетероциклізація, 

флуоресценція, електронна спектроскопія, синтез, цитотоксичність, молекулярна 

будова, фотосенсибілізатори, антибактеріальна фотодинамічна терапія, квантовий 

вихід, фотоімунотерапія, флуоресцентна візуалізація. 
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ABSTRACT 

Kobzev D.V. Long-wavelength halogenated fluorescent polymethine dyes for 

biomedical applications. – Qualifying scientific work, the manuscript. 

Thesis for the degree of Doctor of Philosophy in programme subject area 102 

Chemistry. – State Scientific Institution "Institute for Single Crystals" of National 

Academy of Sciences of Ukraine, Kharkiv, 2023. 

Nowadays fluorescent research methods in the biological and medical fields and 

clinical diagnosis have become widespread. Being the main elements for the 

implementation of any fluorescent research method, fluorescent compounds have long 

been used as diagnostic tools. But with the development of personalized medicine 

requiring significant research on living cells and even organisms in vivo came the idea 

of using fluorescent dyes to provide a therapeutic effect raising a new approach in 

medicine – theranostics (simultaneous diagnosis and treatment of individual patients). 

To obtain a fluorescent signal or a therapeutic effect from such molecules, they must 

absorb light. It should be noted that only long-wavelength light (600–900 nm) in the 

so-called "optical window" is poorly absorbed by biological macromolecules, water, 

and other components of bioobjects and has little effect on the processes occurring in 

the body. It is clear that the imposition of such restrictions on the spectral region of 

fluorescent dyes significantly reduces their diversity. Moreover, any fluorescent dye 

must have the following properties: 

 high extinction coefficient and fluorescence quantum yield; 

 sufficient solubility in water and physiological issues; 

 reasonable photo- and chemical stability. 

Year after year above requirements for fluorescent dyes become stricter. Thus, 

obtaining new bright long-wavelength dyes that can be used for both diagnostic 

purposes and treatment is a pressing task today. 

Cyanines are the most promising dye class due to the considerable flexibility of 

their spectral, photophysical, and photochemical properties. Heptamethine cyanine dyes 

have very low phototoxicity and they fit well to the near-infrared (NIR) "optical 
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window", which is why they are widely used as diagnostic tools. For instance, 

Indocyanine green is used in in vivo diagnostics and surgery. In addition to their use as 

fluorescent markers, heptamethine cyanine dyes can be used as sensitizers for 

photodynamic therapy (PDT) applications. However, the low phototoxicity of cyanines 

hampers their treatment applications. For that purpose, a known way to increase the 

phototoxicity of a dye is to incorporate heavy atoms into the dye structure. In the 

literature, however, the influence of heavy halogen atoms such as bromine and iodine 

on the spectral and photochemical properties of heptamethine cyanines remains poorly 

studied. 

The main goal of this research was the development of novel halogenated 

fluorescent heptamethine cyanine dyes to explore heavy atom impact on these dyes to 

develop materials for theranostics, photodynamic therapy (PDT), and 

photoimmunotherapy (PIT) applications. 

To achieve the main goal of this work, we synthesized a set of NIR cyanine dyes 

with iodine, bromine, and chlorine atoms as well as evaluated their spectral properties. 

The most exceptional is the fluorescence quantum yield (ΦFl) and lifetime data, where 

we observe ΦFl significant enhancement (up to 35%) and the fluorescence lifetime 

increase caused by the halogenation of the dyes. In general, bromine atoms have a 

higher positive impact on ΦFl of the dyes than iodine atoms. Then, we demonstrate that 

the halogen-promoted singlet oxygen quantum yield ΦΔ enhancement is not that 

obvious and depends not only on the amount but also on the position where this halogen 

is present in the heptamethine cyanine dyes. Thus, 4,6I4-HITC dye containing 4 iodine 

atoms in positions 4,6 of indolenine moieties has 1.5 times lower ΦΔ compared to 

5I2-HITC with 2 iodine atoms. In particular, we observe that while iodine atoms 

strongly (up to 8.4 times) increase the singlet oxygen generation (ΦΔ) of the 

heptamethine cyanines, bromine atoms insignificantly affect ΦΔ. It is possible to reduce 

ΦΔ even below HITC with the incorporation of chlorine atoms. We make a hypothesis 

assuming that the incorporation of heavy atoms leads to the restriction of rotation of 

indolium moieties around the polymethine chain, thus increasing ΦFl, fluorescence 

lifetime, and even ΦΔ for I6-HITC and 4,6I4-HITC compare to HITC. In general, we 
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show a way to adjust the key properties (ΦFl and ΦΔ) for heptamethine cyanines 

changing the amount and positions of halogen atoms. 

Then, based on the fact that iodine atoms more significantly increase ΦΔ of 

heptamethine cyanines, a series of NIR heptamethine cyanine dyes containing up to six 

iodine atoms and an aliphatic carboxylic group is synthesized to investigate their 

spectral properties and ability for photocytotoxicity on S. aureus, E. coli and 

P. aeruginosa pathogens in APDT. The increasing of the number of iodine atoms has an 

unexpected and ambiguous photocytotoxic effect on these bacteria, which is connected 

with two opposing factors: (1) increase of the intersystem crossing and the rates of 

reactive species generation, and (2) dye aggregation causing the reduced dye uptake 

that, supposedly, is followed by the decreased rates of reactive species generation. As a 

result, the increase of the number of iodine atoms up to two in the series of zwitterionic 

cyanines increases the efficacy of S. aureus eradication; then the efficacy remains 

almost unchanged for the two-, three- and four-iodinated dyes and diminishes in the 

case of the hexa-iodinated cyanine. At the same time, the mono-iodinated heptamethine 

cyanine causes the most pronounced photocytotoxic effect on E. coli and P. aeruginosa. 

An additional positive charge contributed by a triethylammonium group decreases the 

efficacy of the dye towards S. aureus but improves the eradication of E. coli and 

P. aeruginosa.  

Considering the best brightness, photocytotoxicity and taking into account the 

aggregation facilitated by two iodine atoms, we synthesize novel, highly water soluble 

(containing 3 sulfo groups), NIR, diiodinated heptamethine cyanine dye, 2ICy7S, 

conjugate this dye with the breast cancer-specific monoclonal antibody trastuzumab, 

evaluate its spectral properties and ΦΔ, and investigate the obtained PIT conjugate in the 

mouse xenograft model to suppress tumor growth upon intravenous (IV) injection 

versus the parent, non-iodinated Cy7TM−Ab conjugate. While the antibody-stimulated 

immunotherapeutic effect of 2ICy7S−Ab can be estimated as 1.4-fold tumor growth 

suppression, the combined photoimmunotherapeutic action results in 5.4-fold 

suppression caused by tumor cell necrosis. The iodinated 2ICy7S−Ab conjugate 

demonstrates a 3-fold increased quantum yield of singlet oxygen generation in aqueous 
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media compared to the non-iodinated counterpart, Cy7TM−Ab. Thus, the iodine atoms 

in 2ICy7S play a key role in the augmented photocytotoxicity of the 2ICy7S−Ab 

conjugate. The non-iodinated Cy7TM−Ab and free Ab do not show statistically 

significant photocytotoxicity on cancer cells and act solely as an immunotherapeutic 

agent. In the absence of sensitizers, the impact of NIR light on the tumor growth is 

negligible and also no effect of IV administrated free 2ICy7S and Cy7TM dyes on the 

tumor growth is observed. The 2ICy7S−Ab conjugate provides a bright fluorescent 

signal enabling real-time monitoring of the conjugate distribution in the body and 

accumulation in the tumor. This is important for recognizing the optimal time for light 

irradiation and thus improving the quality of treatment. We anticipate that the 

conjugation of 2ICy7S or other iodinated cyanine-based photosensitizers of a similar 

structure with a wide range of antibodies can gradually expand the scope of efficient 

materials for photoimmunotherapeutic treatment aimed at different types of cancer. 

In this work for the first time we synthesized heptamethine cyanine dyes with 

different numbers (from 1 to 6) of iodine or bromine atoms in terminal heterocyclic 

moieties; studied the structure-properties relationships of halogenated heptamethine 

cyanine dyes with respect to the amount and positions of halogen atoms; set how to 

adjust the key properties (fluorescence quantum yield ΦFl and singlet oxygen quantum 

yield ΦΔ) for heptamethine cyanine dyes changing the amount and positions of halogen 

atoms; evaluated the influence of the number of iodine atoms in heptamethines on the 

photocytotoxic effect on bacteria; showed that iodinated heptamethine cyanine dyes are 

suitable for the treatment and photoinactivation of gram-positive and gram-negative 

bacteria; introduced the use of photoimmunotherapeutic "cyanine dye – monoclonal 

antibody" conjugate and demonstrated its efficacy for cancer theranostics. 

Practical significance of the obtained results. This study helps in the designing of 

NIR cyanine dyes with the desired properties for fluorescence imaging, diagnostics, 

and, especially, photodynamic therapies and theranostics. The developed dyes are 

effective for photoeradication of bacteria circumventing bacterial drug resistance. The 

presence of carboxylic function potentially enables further binding of these dyes to 

various carriers. It has been shown that conjugates based on heptamethine cyanine are 
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effective for in vivo diagnostics and cancer treatment in photoimmunotherapy 

applications. Thus, this study expands applications exploiting NIR cyanine dyes. 

Keywords: heptamethine cyanine dyes, heavy atom effect, antibacterial activity, 

biological activity, heterocyclization, fluorescence, electronic spectroscopy, synthesis, 

cytotoxicity, molecular structure, photosensitizers, antimicrobial photodynamic therapy, 

quantum yield, photoimmunotherapy, fluorescence imaging. 
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INTRODUCTION 

Nowadays fluorescent research methods in the biological and medical fields and 

clinical diagnosis have become widespread. Being the main elements for the 

implementation of any fluorescent research method, fluorescent compounds have long 

been used as diagnostic tools. But with the development of personalized medicine 

requiring significant research on living cells and even organisms in vivo came the idea 

of using fluorescent dyes to provide a therapeutic effect raising a new approach in 

medicine – theranostics (simultaneous diagnosis and treatment of individual patients). 

To obtain a fluorescent signal or a therapeutic effect from such molecules, they must 

absorb light. It should be noted that only long-wavelength light (600–900 nm) in the 

so-called "optical window" is poorly absorbed by biological macromolecules, water, 

and other components of bioobjects and has little effect on the processes occurring in 

the body. It is clear that the imposition of such restrictions on the spectral region of 

fluorescent dyes significantly reduces their diversity. Moreover, any fluorescent dye 

must have the following properties: 

 high extinction coefficient and fluorescence quantum yield; 

 sufficient solubility in water and physiological issues; 

 reasonable photostability and chemical stability. 

Year after year above requirements for fluorescent dyes become stricter. Thus, 

obtaining new bright long-wavelength dyes that can be used for both diagnostic 

purposes and treatment is a pressing task today. 

Cyanines are the most promising dye class due to the considerable flexibility of 

their spectral, photophysical, and photochemical properties. Heptamethine cyanine dyes 

have very low phototoxicity and they fit well to the near-infrared (NIR) "optical 

window", which is why they are widely used as diagnostic tools. For instance, 

Indocyanine green (ICG) is used in in vivo diagnostics and surgery. In addition to their 

use as fluorescent markers, heptamethine cyanine dyes can be used as sensitizers for 

photodynamic therapy (PDT) applications. However, the low cytotoxicity of cyanines 

hampers their treatment applications. For that purpose, a known way to increase the 
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cytotoxicity of a dye is to incorporate heavy atoms into the dye structure. In the 

literature, however, the influence of heavy halogen atoms such as bromine and iodine 

on the spectral and photochemical properties of heptamethine cyanines remains poorly 

studied. 

The main goal of this research is the development of novel halogenated 

fluorescent heptamethine cyanine dyes to explore heavy atom impact on these dyes 

to develop materials for theranostics, photodynamic therapy (PDT), and 

photoimmunotherapy (PIT) applications. 

To achieve the main goal of this work, we intend to carry out the following four 

tasks: 

1. To synthesize and investigate spectral properties of iodinat ed, brominated, and 

chlorinated heptamethine cyanine dyes for the determination of 

structure-properties relationships with respect to the amount and positions of 

halogen atoms incorporated into fluorophore structure. 

2. To obtain iodinated heptamethine cyani ne photosensitizers for antimicrobial 

photodynamic therapy (APDT) applicati ons: to synthesize a series of the new 

iodinated heptamethine cyanine photosensitizers (PS) with varying the amount 

and positions of iodine atoms; to investigate their spectral properties, efficacy to 

generate reactive oxygen species, cell uptake, and photocytotoxicity on 

gram-positive (S. aureus) and gram-negative (E. coli and P. aeruginosa) bacterial 

pathogens in APDT. 

3. To develop antibody-guided, iodinated heptamethine cyanine photosensitizer 

for photoimmunotherapy (PIT): to synthesize the new hydrophilic iodinated 

heptamethine cyanine sensitizer (PS), to conjugate it with trastuzumab antibody 

(Ab), and to investigate the obtained PS-Ab conjugate for photodynamic (PDT) 

and immunotherapy cancer treatment in the mouse xenograft model.  

The object of research is the determination of the influence of halogen atoms on 

spectral, photophysical, and photochemical properties and on the biological impact of 

heptamethine cyanine fluorescent dyes. 
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The subject of research is the halogenated organic fluorescent dyes, in 

particular, heptamethine cyanine dyes modified with chlorine, bromine, and iodine 

atoms, and their conjugates with monoclonal antibodies. 

Research methods utilized in the work include organic synthesis and 

bioconjugation; mass spectrometry, NMR spectroscopy for determination and 

confirmation of the structure of synthesized compound; thin-layer chromatography 

(TLC) and liquid chromatography (LC), including high-performance liquid and gel 

permeation chromatography (HPLC) for purification and determination of the purity of 

intermediates and the aimed dyes and conjugates of dyes with monoclonal antibodies; 

electron absorption and emission spectroscopy for all the dyes and conjugates; quantum 

chemical calculations; fluorescent microscopy, in vivo imaging and flow cytometry for 

in vivo experiments.  

Scientific novelty. For the first time we: 

 synthesized heptamethine cyanine dyes with different number (from 1 to 6) of 

iodine or bromine atoms in terminal heterocyclic moieties; 

 studied the structure-properties relationships of halogenated heptamethine 

cyanine dyes with respect to the amount and positions of halogen atoms;  

 set how to adjust the key properties (ΦFl and ΦΔ) for heptamethine cyanine dyes 

changing the amount and positions of halogen atoms; 

 evaluated the influence of the number of iodine atoms in heptamethines on the 

photocytotoxic effect on bacteria; 

 showed that iodinated heptamethine cyanine dyes are suitable for the treatment 

and photoinactivation of gram-positive and gram-negative bacteria;  

 introduced the use of photoimmunotherapeutic "cyanine dye – monoclonal 

antibody" conjugate and demonstrated its efficacy for cancer theranostics. 

The author's personal contribution lies in the systematization of literature data 

on the dissertation topic, the synthesis, purification, and structural identification of all 

dyes and their conjugates with monoclonal antibodies; conducting all spectral studies, 

including measuring electronic absorption and fluorescence spectra, determining 

quantum yields of fluorescence, extinction coefficients, quantum yields of singlet 
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oxygen, mathematical analysis, and processing of obtained results; working with mice, 

including in vivo tumor visualization, tumor measurements, and processing of flow 

cytometry results. Additionally, the author participated in the preparation of materials 

and drafts of publications. The formulation of tasks, discussion of research results, and 
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CHAPTER 1 

 HALOGENATED LONG-WAVELENGTH FLUORESCENT POLYMETHINE 

DYES: FUNDAMENTAL KNOWLEDGE AND THEIR APPLICATION 

(LITERATURE REVIEW) 

1.1 Overview of fluorescent dyes 

Fluorescent dyes are molecules that move into the electronically excited singlet 

state upon absorption of a quantum of light of a specific wavelength (usually ultraviolet 

and visible region), and then, during relaxation, rapidly (~10 ns) emit photons with 

lesser energy [1]. Molecules that absorb energy are not always able to emit it, as they 

lose energy through other pathways (bonds vibration between atoms, rotation of 

molecules, etc.). Triplet state population either leads to radiative (phosphorescence) or 

non-radiative processes. These mechanisms are depicted in Jablonski diagram 

(Fig. 1.1). 

 

Fig. 1.1. Jablonski diagram [1]. 

There are several classes of chemical compounds capable of fluorescence [2]. 

The most well-known among them are polyaromatic hydrocarbons (anthracene, 

pyrenes), arylindoles [3], coumarins [4], BODIPY (boron-dipyrromethene) derivatives 

[5], xanthenes (fluoresceins [6], rhodamines [7]), phthalocyanines [8], and 

polymethines (styryls [9], squaraines [10] and cyanines [11,12]). The introduction of 

different substituents into the structure of fluorescent dye allows tuning the desired 

properties of the dye such as shifting spectral maxima, varying solubility in water and 
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physiological issues, altering photo- and chemical stability, and increasing affinity to 

certain molecules or organelles. 

Nowadays, however, the ability of halogen substituents to affect the spectral and 

biophysical properties of fluorescent dyes is the least studied. In fact, only dyes from 

the fluorescein class containing halogen atoms – eosin, erythrosine, and Rose Bengal 

(Fig. 1.2) – are the most explored and being utilized in staining of cells and tissues [13]. 

However, the incorporation of halogens into these dyes significantly reduces the 

quantum yield of fluorescence (ΦFl) (from 92% for fluorescein to 68% for eosin 

(4 bromine atoms) and 14% for erythrosine (4 iodine atoms)) [14] and increases triplet 

state population resulting in the singlet oxygen quantum yield (ΦΔ) enhancement (from 

3% for fluorescein to 32% for eosin and 69% for erythrosine) [15]. It is known that the 

introduction of any heavy atom into the molecule leads to the fluorescence quenching of 

the dye due to a significant increase in spin-orbit coupling, which enhances intersystem 

crossing [16]. This process is called "heavy-atom effect" [17]. Not only fluoresceins but 

also other dye classes such as BODIPY [18], porphyrins [19,20], and anthracenes [21] 

behave accordingly to this phenomenon increasing ΦΔ and decreasing ΦFl of these dyes. 

It should be noted that the chlorine atom has the least effect on ΦΔ and ΦFl, while the 

iodine atom has the highest. Fluorine atoms, in general, slightly decrease ΦΔ and ΦFl 

[22,23], thus, the dyes containing fluorine atoms are not the scope of this work. 

 

Fig. 1.2. Structures of fluorescein, eosin, erythrosine, and Rose Bengal. 

At the expense of ΦFl reduction, the incorporation of "heavy" halogen increases 

the quantum yield of triplet states thus sensitizing the formation of reactive oxygen 

species, e.g. singlet oxygen, which are cytotoxic. Therefore, such dyes become suitable 

for the treatment of bacterial and cancer diseases [24]. 
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The main disadvantages of xanthene dyes are relatively short-wavelength 

absorption and low extinction coefficients. In contrast, polymethine fluorescent dyes 

(cyanines and squaraines) are more promising due to the considerable flexibility of their 

spectral, photophysical, and photochemical properties. Currently, polymethines are 

widely used in various fields: biomedical diagnostics [25,26], photonics [12], 

pharmacology, and medicine [27]. Nonetheless, the effect of halogen atoms on 

polymethine dyes has been poorly studied. 

1.2 Influence of halogen atoms on the spectral-luminescent characteristics of 

polymethine dyes 

There are several ways to introduce halogen atoms into polymethine dyes. It can 

be integrated into a polymethine chain, into substituents that do not contribute to the 

π-electron system of a dye, or into terminal heterocyclic moieties of a dye. Thereby, the 

impact of the halogen atom will be different depending on its position in a dye 

structure. 

Thus, the incorporation of heavy atoms exactly into the polymethine chain of the 

dyes (1.1−1.5) (Fig. 1.3) leads to a strong blue (1.3−1.4) or red (1.2 and 1.5) spectral 

shift and to a significant decrease of ΦFl for all the halogenated dyes. At the same time, 

ΦΔ of the dyes 1.3−1.4 increases in case of the presence of iodine or bromine atoms due 

to the heavy atom effect [28]. Fluorination in the polymethine chain (dye 1.2), though, 

caused a major decrease of ΦΔ, thus hampering the formation of reactive oxygen 

species, thereby they cannot be efficiently used for theranostics applications. 

  

Fig. 1.3. Reported polymethine dyes with halogen atoms incorporated into 

polymethine chain and data of their fluorescence quantum yield (ΦFl) and singlet 

oxygen quantum yield (ΦΔ) [28]. 
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On the other hand, the presence of a halogen atom in the substituent in the 

polymethine chain [29] leads to insignificant spectral changes and causes a decrease of 

ΦFl for halogenated heptamethines (compare 1.6 with 1.7-1.11) (Fig. 1.4). However, 

authors paid attention to the increase of fluorescence lifetime (τ) with increasing 

halogen atomic number and called this "anomalous heavy atom effect", explaining 

longer lifetimes with heavier atoms by restricting conformational changes through steric 

interactions (vibration and rotation) [29]. 

 
Fig. 1.4. Reported polymethine dyes with halogen atoms in the substituent in the 

polymethine chain and data of their ΦFl and ΦΔ [29]. 

It should be noted that the most controversial is the influence of halogen atoms 

incorporated into the terminal heterocyclic moieties of heptamethine cyanines. The 

halogen impact on spectral and photochemical properties of the polymethines has been 

briefly investigated and limited only with dihalogenated and tetrahalogenated dyes. 

In general, the appearance of halogen in terminal heterocycle has a minor effect on 

absorption and emission spectra (up to ~10 nm shift), while ΦFl and ΦΔ changes were 

much more dramatic (Fig. 1.5).  

 
Fig. 1.5. Reported polymethine dyes with halogen atoms incorporated into 

terminal heterocyclic moieties of cyanines and data of their ΦFl and ΦΔ [31−36].  
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Thus, some authors [30−32] stated that the ΦFl significantly decreased for 

iodinated heptamethines (1.12-1.14, Fig. 1.5) compared to common references (Cy7TM 

and Indocyanine green, ICG), while other authors [33] observed slight enhancement of 

ΦFl for halogenated heptamethines (1.16-1.17, Fig. 1.5) compared to non-halogenated 

dye (1.15). This corresponds with the study [34] of another class of polymethine dyes, 

squaraines (1.18-1.21, Fig. 1.5), that revealed a significant enhancement of ΦFl upon the 

increase of halogen substituent atomic number. The authors explained the anomalous 

effect of the heavy atom by the transfer of electron density from halogens to the 

chromophore nucleus (+M effect), which becomes more pronounced with increasing 

polarizability of halogen substituents (−I effect). Data on changes in ΦΔ are even less 

explored. Thus, it is noted that iodine atoms significantly increase ΦΔ (up to 7.9 times) 

for compounds 1.12-1.14 compared to non-halogenated analog (IR783) and ICG. But 

in our opinion these ΦΔ are confusing and overweighted, because it is not clear what is 

the real value of ΦΔ being used for standard (ICG) upon calculation [30,31]. Thus, it is 

stated that for compound 1.12 ΦΔ equals 66% in PBS, which is 7.9 times higher than 

ICG [30]. However, other sources state that ΦΔ equals only 0.2% in PBS [35] and 0.8% 

in methanol [36] for ICG, which clearly contradicts the above-mentioned data. 

Thus, the existing spectral-luminescent data concerning halogen influence on 

polymethine dyes are insufficient and vague. Therefore, a systematic study of the 

influence of halogen atoms present in th e terminal heterocyclic moieties of 

heptamethine dyes on their spectral properties is necessary. 

1.3 Halogenated polymethines for biomedical applications 

1.3.1 Halogenated polymethines for medical diagnostics and bioimaging 

Bioimaging has become an indispensable tool in modern biology and medicine, 

allowing researchers to visualize and study biological structures and processes at 

various scales, from the molecular to the whole organism. Among the various imaging 

modalities available, fluorescence-based imaging stands out for its non-invasive nature 

and high sensitivity. Due to their versatility, low toxicity, and high extinction 
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coefficients, NIR polymethines have found applications in a wide range of bioassays 

and bioimaging techniques, including fluorescence microscopy [26,37−39], flow 

cytometry [37], fluorescence resonance energy transfer (FRET) assays [25], and 

molecular imaging [25−27,37−40]. They are also used in tracking and monitoring 

cellular processes, such as receptor-ligand interactions, gene expression, and protein 

localization [41,42]. Many NIR polymethines, such as approved by Food and Drug 

Administration (FDA) ICG and Pafolacianine, are biocompatible and have low 

cytotoxicity, making them suitable for use in in vivo live-cell imaging studies and 

surgery (Fig. 1.6) [43−46].  
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Fig. 1.6. Reported FDA-approved polymethine dyes (ICG and Pafolacianine). 

Polymethine dyes can also be conjugated to various biomolecules (e.g., 

antibodies, peptides, or nucleic acids) insignificantly compromising the biological 

activity of the target molecule [42,47]. 

Halogenated polymethines offer the same benefits as their non-halogenated 

counterparts and exhibit potential for bioimaging applications, although they remain 

relatively underexplored. In particular, chlorine-containing NIR dyes of IR series are 

widely used in tumor imaging (Fig. 1.7) [36,40,37].  
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Fig. 1.7. Structures of IR780, IR783, IR808, and IR820 dyes. 

Brominated cyanine dye AlexaFluor680 (Fig. 1.8) is suggested to use for tissue 

distribution studies and protein pharmacokinetics [48], however, authors recommended 

using it with low dye-to-protein ratios (~0.3). 

 

Fig. 1.8. AlexaFluor680 structure. 

However, the main focus of current research on bromine- and iodine-containing 

NIR polymethines is on the use of such dyes as theranostic agents facilitating both 

in vivo imaging and photodynamic therapy [30,31,49]. This aspect will be discussed 

further in the next chapters 1.3.2 and 1.3.3. 

1.3.2 Halogenated polymethines as photosensitizers for photodynamic therapy and 

bacterial treatment 

The new treatment modality employing the heavy atom effect relates to so-called 

photodynamic therapy (PDT). This method is useful to treat cancer [50−54], bacterial 

infections (antimicrobial PDT termed APDT [55,56]), and viral diseases [56] among 

some others [57−59]. This approach is of great importance due to its non-invasiveness 

and minimal side effects on normal tissues. PDT consists in the administering of a 

photosensitizer to a required region of the body, followed by its light 
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irradiation [60−63] to generate reactive species that kill cells in the vicinity, in 

particular, cancer cells and bacteria (Fig. 1.9).  

 

Fig. 1.9. Mechanisms of apoptosis or necrosis induction in cancer cells by 

employing photosensitizers (photodynamic therapy, PDT) or their conjugates with 

immune agents, such as antibodies (photoimmunotherapy, PIT) [64]. 

Photosensitizers are, in general, organic dyes [65,66] or nanoparticles [61,62]. 

As a result of the light exposure, sensitizing molecules pass to the first excited singlet 

state and then due to intersystem crossing turn into the long-lived triplet state, which is 

responsible for the photochemical reactions yielding cytotoxic species such as singlet 

oxygen (1O2), superoxide anion (O2−•), hydroxyl radical (•OH), hydrogen peroxide 

(H2O2), and organic radicals among others [67]. Thus, the efficient population of the 

triplet state plays an important role in their cytotoxicity. The probability of intersystem 

crossing can be increased by the introduction of heavy atoms in the sensitizer molecule, 

which facilitates the generation of reactive oxygen species (ROSs) and other cytotoxic 

products (Fig. 1.10). 
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Fig. 1.10. Type I and type II PDT mechanisms [68]. 

Most of the PDT photosensitizers approved by the FDA are porphyrin-based dyes 

that predominantly absorb light in the short wavelength range but insufficiently absorb 

light in the biologically transparent and, thus, therapeutically important red and 

near-infrared (NIR) spectral region [69,70]. The extinction coefficients () of these PSs 

in the red region are, however, relatively low, (e.g. 3,500 M−1cm−1 for Photofrin [71], 

30,000 M−1cm−1 for Foscan, 42,000 M−1cm−1 for Lutrin [72], and 55,000 M−1cm−1 for 

Chlorin e6 [73], which is a serious limitation for their clinical applications, in particular, 

in deeper tumor and metastases treatment [72,74].  

In recent years, special attention was paid, therefore, to non-porphyrin-based PSs 

such as phthalocyanines [75−77] and cyanines [78−80]. Compared to porphyrins, 

heptamethine cyanine dyes such as Cy7 exhibit much stronger absorption in the 

longer-wavelength (NIR) region with extinction coefficients in the same order as 

phthalocyanines, i.e. about 200,000−250,000 M−1cm−1. Due to the bright fluorescence, 

low cytotoxicity, and minor phototoxicity, these dyes are widely used as reporters in 

numerous biomedical applications including in vivo imaging [40−39,50]. Although the 

phototoxicity of cyanines is relatively low, their ability for effective NIR light 

absorption makes them promising structures for the development of highly efficient 

PSs. A well-known example of heptamethine is ICG ( = 230,000 M−1cm−1) [81], 

which has been FDA-approved for both in vivo diagnostics and treatment of several 

types of cancer [43−45]. 
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To date, there is a growing interest in halogenated cyanines as favorable 

photosensitizers [30−32,82]. The incorporation of heavy atoms, such as iodine and 

bromine, is known to lead to an increase in the probability of intersystem crossing (ISC) 

from the singlet to the triplet state due to enhanced spin-orbit coupling (Fig. 3) resulting 

in the elevated rates of cytotoxic species generation [83], in particular, singlet oxygen 

(1O2). The singlet oxygen quantum yield (ΦΔ) serves as a preliminary indicator for an 

increase in dye phototoxicity. A series of publications have demonstrated that ΦΔ of the 

iodinated heptamethines is several times higher compared to their non-halogenated 

counterparts, Cy7 and ICG, making these dyes promising PSs [30−32]. For instance, 

the introduction of iodine atoms causes a noticeable increase in the ability of cyanine 

dyes for photo-killing gram-positive and gram-negative pathogenic bacteria [84,85].  

1.3.3 Halogenated polymethines for targeted drug delivery and theranostics 

In principle, halogenated polymethine photosensitizers can act simultaneously as 

the cytotoxic drug and as the fluorescent reporter for cancer diagnostics and treatment. 

However, current PSs suffer not only from insufficient efficacy, in particular, upon 

photoexcitation within the NIR spectral range (as we discussed above), but also from 

lack of specificity to targeted abnormal cells and side effects. Similar to the 

conventional drugs, this issue can be solved by the conjugation of PSs with 

target-specific carriers for targeted drug delivery, which improves the safety of 

treatment [86−88].  

Carriers are molecules, groups, or species facilitating effective transportation of 

drugs to the targeted site [89]. Ideally, carriers should be highly specific to the target, 

nontoxic, stable during circulation in the bloodstream to mitigate drug side effects until 

a carrier reaches the target, and biodegradable, i.e. decompose in the organism avoiding 

accumulation that may lead to cytotoxicity [89]. Also, carriers should not trigger 

immune response in the bloodstream [90]. 

Up to now, a number of different kinds of carriers have been developed to target 

these abnormal cells. As the cancer-specific carriers, antibodies [91], peptides [92], 

liposomes [93], dendrimers [94], hydrogels [95], nanoparticles (NPs such as quantum 
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dots [96], magnetic NP [97], inorganic NP [98]), and polymers [99] are used. 

Antibodies have certain advantages over other carriers due to their high affinity and 

specificity to many antigens of interest [91,100]. Antibodies are not recognizable as a 

threat by the immune system (e.g. humanized antibodies [101]), and have long 

circulatory half-life in the bloodstream [91]. In addition, antibodies are fully 

biodegradable [102]. Importantly, antibodies act not only as carriers but also as 

immunotherapeutic agents, which is due to their ability to block receptor-ligand 

interactions, involve proteins and cells of the innate immune system and, in doing so, 

mediate complement-dependent cytotoxicity, antibody-dependent cellular cytotoxicity, 

and antibody-dependent cellular phagocytosis [91]. Thus, antibodies work 

simultaneously as immunotherapeutic agents to stimulate the immune system to attack 

tumors [103−105] and as the carriers for targeted photosensitizer delivery to specific 

cancer cells [106−108]. 

Arming PSs with tumor-specific antibodies to yield PS−Ab conjugates ensures 

selective delivery of the PSs to cancer cells, which increases treatment efficacy and 

reduces side effects on normal organs [109,110].  

Importantly, the conjugation of PSs with immunotherapeutic agents such as 

antibodies expands PSs applications to photoimmunotherapy (PIT). PIT 

synergistically combines two different modalities: photodynamic therapy (PDT) [109] 

with immunotherapy, based on the modulation of the immune system with certain 

compounds (e.g. antibodies [111], antibody-drug conjugates [112], cytokines [113], and 

cells [114,115]).  

Some requirements for the targeting PSs used for PIT differ from those for the 

conventional, non-targeting, dyes. First, the targeting photosensitizers must be equipped 

with reactive groups enabling their conjugation with a carrier. Notably, mono-reactive 

dyes containing one reactive group are preferable to the bis- and poly-reactive dyes 

because they prevent cross-linking, where two or more molecules are connected with 

each other through the dye bridge. Second, the targeting PSs should be hydrophilic to 

reduce their aggregation on a carrier [116], while the conventional sensitizers are 

relatively lipophilic, which improves their uptake by malignant cells [72]. The reason is 



39 

that, in general, the dye aggregation in solutions or when bound to a carrier decreases 

the extinction coefficients, fluorescence quantum yields, and the yields of the cytotoxic 

species generation [11,117−119]. A known method for avoiding this issue consists in 

the introduction of hydrophilic moieties such as negatively charged sulfonic [116,119] 

or positively charged trialkylammonium groups [120]. 

The above requirements imply the synthesis of asymmetric dyes, which is 

possible but difficult to realize with porphyrins or phthalocyanines. This is likely the 

reason why IRdye700DX, the sole commercially accessible phthalocyanine derivative, 

has been extensively studied as the photosensitizer for photoimmunotherapy thus far. 

[121−125]. Despite the synthesis of appropriately functionalized cyanines is a more 

straightforward process, which is an additional advantage of these dyes, they have not 

been investigated for PIT applications yet.  

Importantly, as organic dyes, photosensitizers can provide fluorescent signal for 

visualization and monitoring of their distribution in the body, accumulation in the 

targeted tissue, and thus for diagnostics.  

To conclude the most challenging task for theranostics applications including PIT 

is to develop suitable photosensitizers simultaneously having a reactive group for 

binding to a target-specific carrier such as an antibody, high cytotoxicity upon light 

exposure, sufficient hydrophilicity to avoid aggregation, and reasonable brightness for 

bioimaging.  

1.4 Summary to chapter 1  

Polymethine dyes exhibiting high extinction coefficients, fluorescence quantum 

yields, and brightnesses within the NIR region are widely used as reporters in many 

biomedical assays, imaging applications, and as theranostics agents. The development 

of a novel class of fluorophores, halogenated polymethine dyes, potentially allows us to 

expand the variety of available fluorophores capable of either visualization and/or 

therapeutic effect. For that purpose, it is important to understand the impact of halogen 

atoms on the spectral-luminescent properties. However, the existing 

spectral-luminescent data on the effect of halogen atoms on polymethine dyes are scant 
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and vague. Therefore, a systematic study of the influence of halogen atoms on the 

spectral properties of polymethine dyes is crucial for the fine-tuning of such dyes. 

Due to intensive absorption in the NIR, these dyes are considered promising 

photosensitizers (PSs) for PDT and APDT. However, the low phototoxicity of cyanines 

is a major limitation for their photodynamic therapy utility. One of the ways to enhance 

the phototoxicity of polymethines is the incorporation of heavy atoms. Besides, 

increased phototoxicity of the dyes is only one of the requirements for more 

sophisticated applications, such as targeted drug delivery and theranostics. Thus, the 

most challenging task for photoimmunotherapy is to develop suitable PSs 

simultaneously bearing a reactive group for binding to a target-specific carrier such as 

an antibody and having high cytotoxicity upon light irradiation, sufficient 

hydrophilicity to avoid aggregation and reasonable brightness for bioimaging. Although 

the halogenated cyanines may expand the scope of current PSs, there is an explicit lack 

of research in this field. Thereby, there is a need for the development of new effective 

photosensitizers and antibody−PS conjugates for APDT, PIT, and theranostics 

applications. 



41 

CHAPTER 2 

SYNTHESIS OF HALOGENATED HEPTAMETHINE CYANINE DYES AND 

THEIR INTERMEDIATES 

This chapter focuses on the development of an efficient synthetic pathway 

towards the synthesis of heptamethine cyanine dyes containing halogen atoms in 

terminal heterocyclic moieties, including the synthesis and structure confirmation of all 

the intermediates. 

2.1 Synthesis of starting materials for heptamethine cyanine dyes 

Halogenated phenylhydrazines 2.3b-f were formed by a one-pot diazotization 

reaction of corresponding anilines 2.1b-f with NaNO2 in sulfuric acid (nitrosylsulfuric 

acid) or in 20% aqueous HCl followed by the reduction of obtained diazonium salts 

2.2b-f with tin(II) chloride in HCl (Scheme 2.1). Phenylhydrazinium salts (2.3b-f) 

precipitated out of the reaction mixture during the reaction. Precipitate was filtered off, 

washed with 1 M aqueous solution of HCl and water, dried, and then used without 

additional purification. 

 

Scheme 2.1. Synthetic route toward indolenines quaternized with iodomethane. 

 

It is worth mentioning that diazotization of 4-iodoaniline (2.1b) was carried out 

in aqueous HCl resulting in a high synthetic yield (90%). However, the attempt to 
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perform diazotization of less reactive 3,4,5-tribromoaniline (2.1e) in the same 

conditions resulted in a reduced yield (67%). Therefore, we employed stronger 

conditions, carrying out the diazotization reaction in anhydrous sulfuric acid instead of 

aqueous HCl for other halogenated anilines (2.1c, 2.1d, 2.1f), to obtain corresponding 

halogenated phenylhydrazines in good yields (87−97%). The structures of 

phenylhydrazines 2.3b-f were confirmed by 1H-NMR and ESI-MS analysis. Other 

halogenated phenylhydrazines (2.3a, 2.3g, and 2.3i) were commercially available and 

purchased from TCI chemicals. 

Heterocyclization of halogenated phenylhydrazines 2.3a-i with 

3-methyl-2-butanone was performed in acetic acid under reflux for 5 hours. To purify 

the product, acetic acid was evaporated, and the residue was treated with 5% aqueous 

Na2CO3 to get pH around 9, and then product was extracted with benzene. The organic 

layer was collected, evaporated, and dried to yield halogenated indolenines 2.4a-i in 

moderate to high synthetic yields (43−97%). It should be noted that indoles 2.4g and 

2.4h were obtained as the mixture upon heterocyclization of 3-bromophenylhydrazine 

2.3g. To isolate both products from the mixture, we performed preparative column 

chromatography on Silica gel 60 followed by chromatography on RP-18 resin. 

Silica gel 60 column (CHCl3−MeOH or ethyl acetate−hexane) and RP-18 column with 

commonly used solvents (ACN or MeOH−H2O + 0.1% acetic acid) did not allow us to 

separate these products. Therefore, we selected the appropriate solvent mixture for 

RP-18 column (ACN−water (+0.05% acetic acid)−ethyl acetate from 45:50:10 to 

65:25:20, v./v./v.) for the isolation of both 2.4g and 2.4h products in 18% and 65% 

synthetic yields, respectively.  

Structures of indoles 2.4a-i were confirmed by 1H-NMR analysis, where two new 

singlet signals from methyl groups at 2.25−2.18 ppm and 1.39−1.22 ppm appeared. 

Also, changes in aromatic protons positions were substantial due to cyclization. For 

instance, 5-iodo-2,3,3-trimethyl-3H-indole 2.4b had the singlet signals at 7.80 and 

doublets at 7.60 and 7.23 ppm of aromatic protons (Fig. 2.1) compared to doublet 

signals at 7.58 and 6.81 ppm for 4-iodophenylhydrazine (2.3b).  
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Fig. 2.1. 1H-NMR of 5-Iodo-2,3,3-trimethyl-3H-indole (2.4b) in DMSO-d6. 

 

Indoles 2.4g and 2.4h also can be clearly characterized by 1H-NMR. 

4-Bromo-2,3,3-trimethyl-3H-indole 2.4g has 2 doublets at 7.46, 7.36 ppm and triplet at 

7.25 ppm, while 6-bromo-2,3,3-trimethyl-3H-indole 2.4h has 2 doublets at 7.41, 7.38 

ppm and singlet at 7.61. 2,3,3-Trimethyl-3H-indole 2.4j was commercially available 

and purchased from TCI chemicals. 

N-alkylation of the indoles 2.4a-j was carried out over 48 h at room temperature 

(r.t.) with the excess of iodomethane (MeI), which was used as the reagent and the 

solvent. The reaction mixture, which solidified during this time, was triturated with 

diethyl ether and dried to provide quaternizated salts 2.5a-i in moderate yields 

(42−75%). Structures of indolenines 2.5a-j were confirmed by 1H-NMR spectrum, 

where a new singlet signal, corresponding to the NCH3 group appeared at 3.95-3.91 

ppm, as it is shown for 5-iodo-1,2,3,3-tetramethyl-3H-indol-1-ium iodide 2.5b 

(Fig. 2.2) [126]. 
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Fig. 2.2. 1H-NMR of 5-iodo-1,2,3,3-tetramethyl-3H-indol-1-ium iodide 2.5b in 

DMSO-d6. 

 

In order to receive indolenines containing carboxylic acid group, N-alkylation of 

the indolenines 2.4b, 2.4f, and 2.4j was carried out with the excess of 6-bromohexanoic 

acid (Scheme 2.2) in the absence of solvent. 

 

Scheme 2.2. Synthesis of the indolenines quaternized with 6-bromohexanoic acid. 

 

We found out that melting of indolenines with 6-bromohexanoic acid provided 

the best synthetic yields among other tested reaction conditions, such as heating in 

solvents (acetonitrile or benzene). Nonetheless, time and temperature were dependent 
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on the compound. Thus, non-halogenated compound 2.6j was obtained in moderate 

yield (60%) at 120 °C over 15 h. However, melting of iodinated indoles 2.4b or 2.4f 

with 6-bromohexanoic acid at that temperature (120 °C) resulted in partial elimination 

of iodine atom. To avoid this issue, we decreased the reaction temperature to 90 °C and 

increased time to 2−3 days to obtain 2.6b or 2.6f in 48% and 29% yields, respectively. 

Viscous products were washed 3 times with benzene, then with acetone, and dried to 

receive powder of 2.6b, 2.6f, 2.6j and used them as is for further synthesis. 

Similarly to previous alkylated indolenines, 2.6b, 2.6f, and 2.6j were confirmed 

by 1H-NMR spectrum, where a new triplet at 4.45-4.41 ppm, corresponding to the 

NCH2 group appeared, as well as other peaks corresponding to methylene protons 

(CH2-COOH) at 2.23-2.20 ppm. 

In order to receive indolenines containing triethylammonium moiety, 

N-alkylation of the indole 2.4b was carried out with the 3-bromo-N,N,N-triethylpropan-

1-aminium bromide in acetonitrile at reflux over 2 days to give desired product 2.7 

(Scheme 2.3).  

 

Scheme 2.3. Synthesis of the 5-iodo-2,3,3-trimethyl-1-(3-(triethylammonio)propyl)-

3H-indol-1-ium dibromide 2.7. 

 

Compound 2.7 was obtained in 29% yield by precipitation from the reaction 

mixture with benzene, washing with diethyl ether, and drying. 1H-NMR spectrum of 

compound 2.7 showed multiplet signal at 3.25 ppm and triplet at 1.18 ppm 

corresponding to triethylammonium group. 

In order to receive indolenines containing sulfo group, which imparts high 

water-solubility to an organic compound, N-alkylation of the indole 2.4d was carried 

out with the 1,3-propane sultone in toluene at reflux over 15 h (Scheme 2.4).  
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Scheme 2.4. Synthesis of the 3-(4,6-diiodo-2,3,3-trimethyl-3H-indol-1-ium-1-

yl)propane-1-sulfonate 2.8. 

 

The resulting viscous precipitate was filtered, dissolved in methanol, and 

precipitated with diethyl ether. Reprecipitation step was repeated several times till the 

product became powder. Then, the product was dried to obtain 3-(4,6-diiodo-2,3,3-

trimethyl-3H-indol-1-ium-1-yl)propane-1-sulfonate (2.8) in 41% yield. The structure 

was confirmed by 1H-NMR (Fig. 2.3) indicating characteristic signals: triplet at 4.59 

ppm of NCH2 and triplet at 2.62 ppm of CH2SO3
–.  

 

 

Fig. 2.3. 1H-NMR of compound 2.8 in DMSO-d6. 
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Additionally, we confirmed the structure of 2.8 by 13C-NMR, which was done in 

TFA-d due to insufficient compound solubility in other solvents. As expected, carbons 

conjugated with iodine atoms demonstrated chemical shifts at 95.44 ppm and 91.70 

ppm, while other aromatic carbons were in the range of 201.46–126.56 ppm. 

The molecular structures of 4,6-dibromo-2,3,3-trimethyl-3H-indole (2.4c) and 

4,6-dibromo-1,2,3,3-tetramethyl-3H-indol-1-ium iodide (2.5c) were also confirmed by 

X-ray diffraction analysis (Fig. 2.4) [127]. 

 

  
2.4c 2.5c 

Fig. 2.4. Molecular structure of compounds 2.4c and 2.5c by X-Ray diffraction 

analysis [127]. 

 

Light-brown crystals of 2.4c were obtained after recrystallization from 

acetonitrile, while beige crystals of 2.5c were obtained as the result of the synthesis of 

2.4c with the excess of iodomethane in benzene solution. In the crystal, 4,6-dibromo-

2,3,3-trimethyl-3H-indole (2.4c) exists as one neutral molecule in the asymmetric unit 

(Fig. 2.8). The quaternized molecule 2.5c exists as a salt with an iodine anion in the 

crystal phase (Fig. 2.8). All atoms of the quaternized cation 2.5c, with exception of the 

C9 atom and the hydrogen atoms of the C10—H3 and C11—H3 methyl groups are 

located in a special position relative to the symmetry plane. In compound 2.5c, the 

positive charge is localized on the nitrogen atom, which is caused by its quaternization. 

The N1—C11 bond is shortened to 1.460 (10) Å in comparison with the mean value of 

1.485 Å for an N—Csp3 bond [128]. 
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For the synthesis of halogenated non-symmetrical hydrophilic and reactive 

cyanine dye, it was necessary to obtain corresponding non-halogenated indolenine 

containing sulfonic acid and carboxy group. We started from commercially available 

4-hydrazinobenzenesulfonic acid (2.3k), which was reacted with 7-methyl-8-

oxononanoic acid in acetic acid at reflux for 3 h to yield 6-(2,3-dimethyl-5-sulfo-3H-

indol-3-yl)hexanoic acid in a good yield (2.4k). After evaporation of acetic acid, the 

product was triturated with diethyl ether and filtered off. Obtained 2.4k was dissolved 

in methanol and alkalized with a methanolic solution of potassium hydroxide to get 

potassium salt of 2.4k, which further quaternized with 1,3-propane sultone in sulfolane 

at reflux for 5 h (Scheme 2.5). 

 

 

Scheme 2.5. Synthetic pathway of 3-(3-(5-carboxypentyl)-2,3-dimethyl-5-sulfo-3H-

indol-1-ium-1-yl)propane-1-sulfonate (2.9). 

 

We observed that during this reaction not only N-alkylation but also esterification 

of the carboxylic group during the reaction was occurred. Therefore, we performed 

acidic hydrolysis in 1 M aqueous HCl at reflux for 3 h to hydrolyze ester moiety. Then, 

the reaction mixture was neutralized with NaOH and purified on RP-18 column using 

water as eluent to obtain 3-(3-(5-carboxypentyl)-2,3-dimethyl-5-sulfo-3H-indol-1-ium-

1-yl)propane-1-sulfonate (2.9) in 37% synthetic yield. The structure of compound 2.9 

was confirmed by 1H-NMR (Fig. 2.5) and 13C-NMR, as described in chapter 5. 
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Fig. 2.5. 1H-NMR of compound 2.9 in DMSO-d6. 

 

2.2 Synthesis of halogenated heptamethine cyanine dyes  

We synthesized symmetrical cyanine dyes of xHaln-HITC series with various 

quantities of iodine, bromine, and chlorine atoms by the route outlined in Scheme 2.6.  

 

Scheme 2.6. Synthesis of halogenated symmetrical heptamethine cyanine dyes. 

 

The indolinium salts 2.5a-j were heated at 90−100 °C with glutaconaldehyde 

dianilide hydrochloride in acetic anhydride during 10 min. Then, the reaction mixture 

was cooled to 50 °C, following by the addition of pyridine (3 mL) and heating at 
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90-100 °C during 5 min, resulting in the formation of the product. The reaction mixture 

was precipitated with ether, filtered off, and washed with ether. The crude product was 

dissolved in chloroform and column-purified on Silica gel 60 using 1−20% methanol-

chloroform as eluent. Fractions from the column were monitored by LCMS. The 

fraction containing the dye was collected, evaporated, washed with ether, and 

vacuum-dried to yield target xHaln-HITC cyanine dyes in moderate yields (32−82%).  

To this end, we synthesized a series of novel halogenated heptamethine cyanine 

dyes xHaln-HITC containing bromine (4Br2-HITC, 5Br2-HITC, 6Br2-HITC, 

4,6Br4-HITC, Br6-HITC), iodine (5I2-HITC, 4,6I4-HITC, I6-HITC) or chlorine 

atoms (4,6Cl4-HITC) at both terminal indolenine moieties. All these dyes possess a 

methyl group attached to the nitrogen of both indolenine moieties.  

For the synthesis of unsymmetrical iodinated cyanines, we applied a one-pot 

sequential reaction of N-[5-(phenylamino)-2,4-pentadienylidene]aniline hydrochloride 

with the first and then the second quaternized indolenine (Scheme 2.7) [129].  

 

Scheme 2.7. Synthesis of heptamethine cyanine dyes. 

 

In the first step, the starting aniline was condensed in acetic anhydride with the 

first indolenine molecule 2.5b, 2.5f, 2.5j or 2.7 at 90 °C over 15 min to form a 

corresponding N-phenylacetamide derivative, which was further reacted with the 
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second molecule, N-carboxypentyl indolenine 2.6b, 2.6f or 2.6j in the presence of 

pyridine at 90 °C over 5 min, resulting in the formation of the product. Similarly to 

symmetrical dyes, reaction mixtures were precipitated and washed with ether, then the 

crude products were column-purified on Silica gel 60 using 1−10% methanol-

chloroform to give the dyes Cy7 and 1ICy7−6ICy7 in moderate yields (27−52%). We 

found that positively charged 2ICy7+ dye cannot be efficiently purified on Silica gel 60 

column, thereby it was purified on RP-18 column using acetonitrile−water + 0.05% 

TFA as eluent to give 2ICy7+ in 15% yield. We assume that the counterion for this dye 

changed from bromine to trifluoroacetate. 

Thus, we synthesized a series of indolenine-based heptamethine cyanine dyes of 

the asymmetric structure containing no iodine (Cy7) as well as one (1ICy7), two 

(2ICy7), three (3ICy7), four (4ICy7) and six (6ICy7) iodine atoms. These dyes possess 

a carboxypentyl group attached to the nitrogen of one indolenine moiety and the methyl 

group at the second indolenine nitrogen. When the carboxylic group is deprotonated, 

these dyes exist in zwitterionic form. Furthermore, one of the dyes (2ICy7+) bears an 

additional positive charge provided by the quaternized propyl triethylammonium group 

substituting N-methyl.  

Similarly to hydrophobic nonsymmetrical dyes, the hydrophilic iodinated 

2ICy7S dye was synthesized by a one-pot sequential reaction of N-[5-(phenylamino)-

2,4-pentadienylidene]aniline hydrochloride with the first and then the second 

quaternized indolenine (Scheme 2.8).  

 

Scheme 2.8. Synthesis of the 2ICy7S dye. 
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However, worse reactivity of N-[5-(phenylamino)-2,4-pentadienylidene]aniline 

with hydrophilic indolenine 2.8 compared to hydrophobic indolenines (2.5b, 2.5f, 2.5j 

or 2.7) required more harsh reaction conditions. Moreover, we observed the formation 

of a substantial amount of undesired symmetrical dye in acetic anhydride as the solvent 

even without pyridine addition. Thus, in the first step the condensation of 

N-[5-(phenylamino)-2,4-pentadienylidene]aniline with the carboxypentyl indolenine 2.9 

was performed in the mixture of acetic anhydride and acetic acid (1:1) at 120 °C over 

45 min to form the intermediate N-phenylacetamide derivative. The mixture of acetic 

anhydride and acetic acid (1:1) allowed us to significantly slow down the formation of 

symmetrical dye. Then, the N-phenylacetamide derivative reacted with iodinated 

indolenine 2.8 in the presence of pyridine at 100 °C for 10 min. Then reaction mixture 

was precipitated with ether, filtered off, washed with ether, dissolved in water, and 

column-purified on RP-18 using 0−30% acetonitrile−water+0.05% acetic acid as eluent 

to yield 2ICy7S in moderate yield (26% after column purification). 

Thereby, we synthesized a highly hydrophilic unsymmetrical indolenine-based 

heptamethine cyanine dye 2ICy7S comprising 1) two iodine atoms in terminal 

indolenine moiety; 2) two sulfo groups attached to the nitrogen of both indolenine 

moieties and one sulfo group in terminal indolenine moiety; 3) carboxypentyl group 

attached to position 3 of indolenine moiety, which was further used for activation with 

N-hydroxysuccinimide and subsequent bioconjugation.  

Molecular structure and purity for all the cyanines were confirmed by 1H-NMR, 
13C-NMR, LCMS, and HRMS, and detailly presented in chapter 5, and it was done in a 

similar way for all the cyanines. For instance, 1H-NMR chemical shifts for cyanine 5I2-

HITC (Fig. 2.6) at 7.96, 7.73, 7.19 ppm related to aromatic ring protons and at 7.86, 

7.76, 6.54, 6.30 ppm to polymethine chain protons. To discern these protons, we paid 

attention to spin-spin coupling, where aromatic protons had typically 7.4−8.5 Hz and 

polymethine chain protons had typically 12.1−13.8 Hz. 
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Fig. 2.6. 1H-NMR of cyanine 5I2-HITC in DMSO-d6. 

 

Chemical shifts of aliphatic protons were found in typical regions. Thus, singlets 

of NCH3 and C3(CH3)2 protons for 5I2-HITC were present at 3.54 ppm and 1.62 ppm, 

respectively (Fig. 2.6). For Cy7, 1ICy7−6ICy7, and 2ICy7+ dyes, NCH2 triplet was 

observed at 4.08-3.86 ppm, and other peaks corresponding to the pentacarboxylic acid 

moiety, such as CH2-COOH at 2.30-2.22 ppm or methylene groups -CH2- at 

1.80-1.40 ppm (e.g., 2ICy7, Fig. 2.7) were detected in 1H-NMR spectra. 

I

N
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N
5I2-HITC
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Fig. 2.7. 1H-NMR spectrum of 2ICy7 in CDCl3−CD3OD. 

 
1H-NMR spectrum of 2ICy7S shown in Fig. 2.8 does not contradict the proposed 

structure. The characteristic signal of C3(CH3)2 is revealed at 1.71 ppm, while C3(CH3) 

of the other indolenine appears at 1.64 ppm.  

The spectral purity of all synthesized dyes was determined by LCMS analysis, 

where only one peak on the chromatogram at 254 nm was detected. The mass spectrum 

of this peak corresponded to the theoretically calculated mass-to-charge (m/z) value of 

the dye. As an example, LCMS for 5I2-HITC dye (Fig. 2.9) showed one peak at 

7.757 min and m/z of the compound in this peak was 661.1, which is in good agreement 

with the theoretical value (661.1). 

 

N N
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COO2ICy7

I I
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Fig. 2.8. 1H-NMR of cyanine 2ICy7S in DMSO-d6. 

 

 

 

Fig. 2.9. LCMS spectrum of 5I2-HITC. 
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To more precisely estimate the exact mass of the dyes we performed HRMS 

analysis, which allowed us to register the m/z value with the high accuracy (till four 

decimals), and thereby, to predict the chemical formula of the compound. For instance, 

the HRMS analysis for 2ICy7S showed m/z = 1057.0464 (Fig. 2.10), which is in good 

agreement with the theoretical value (1057.0426). 

 

Fig. 2.10. HRMS spectrum of 2ICy7S. 

 

All intermediates and heptamethine cyanine dyes synthetical procedures and their 

full characterization by 1H-NMR, 13C-NMR, MS, LCMS, HRMS, and UV-VIS 

spectroscopy are thoroughly described in chapter 5. 

2.3 Conclusions to chapter 2 

The initial quaternized 2,3,3-trimethylindoleninium salts for halogenated 

heptamethine cyanine dyes synthesis can be obtained by multistep reaction starting 

from the diazotization of corresponding halogenated anilines followed by reduction 

with tin(II) chloride, and then heterocyclization with 3-methyl-2-butanone in acetic 

acid, with further N-alkylation by iodomethane, 6-bromohexanoic acid or 

3-bromo-N,N,N-triethylpropan-1-aminium bromide. Better yields in the reaction of 

diazotization can be achieved by the use of nitrosylsulfuric acid and precise temperature 

control. 
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An efficient synthetic pathway towards the synthesis of symmetrical and 

unsymmetrical heptamethine cyanine dyes containing a number of different halogen 

atoms in terminal heterocyclic moieties is as follows: respective quaternized 

indoleninium salts, containing halogen substituents, are introduced into one-pot 

sequential reaction with N-[5-(phenylamino)-2,4-pentadienylidene]aniline 

hydrochloride with the first and then with the second quaternized indolenine. In the first 

step, the formation of an intermediate phenylacetamide derivative is carried out in 

acetic anhydride, while in the second step, the formation of heptamethine cyanine dye is 

initiated by the addition of pyridine. In the case of symmetrical heptamethinecyanines, 

the first and the second quaternized indolenine is the same compound. The synthesis of 

the phenylacetamide derivative in acetic anhydride is accompanied by undesired at this 

step symmetrical dye byproduct formation. The formation of heptamethine cyanine dye 

speeds up with the addition of pyridine and slows down with acetic acid addition to 

acetic anhydride 

However, in the case of the synthesis of unsymmetrical cyanines, this side 

reaction is undesired since it reduces the yield of the target product. Therefore, to 

hamper this side reaction, acetic acid is suggested to be used on the first step to increase 

overall yield. 
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CHAPTER 3 

INFLUENCE OF HALOGEN ATOMS IN TERMINAL HETEROCYCLE ON 

SPECTRAL PROPERTIES OF HEPTAMETHINE CYANINE DYES 

This chapter focuses on the thorough investigation of the effect of the 

introduction of heavy halogen atoms in terminal indolenine heterocycle on 

spectral-luminescent properties of long-wavelength heptamethine cyanine dyes, as well 

as the relationship between structure and spectral properties, and, especially, with the 

fluorescence quantum yield ΦFl and the singlet oxygen quantum yield ΦΔ. 

For the determination of structure-properties relationships with respect to the 

amount and position of halogen atom substituent incorporated into fluorophore 

structure, we investigated spectral properties of iodinated, brominated, and chlorinated 

heptamethine cyanine dyes of xHaln-HITC series, which contain methyl substituents 

on positions 1 and 3 of indolenine moieties.  

 

 

 

3.1 Spectral properties of xHaln-HITC 

The absorption and emission maxima (max), extinction coefficients (), 

fluorescence quantum yields (ΦFl), fluorescence lifetimes (τ), and the quantum yields of 

the singlet oxygen generation (ΦΔ) of the investigated dyes measured in methanol, and 

calculated radiative (kr) and nonradiative (knr) rate constants are summarized in 

Table 3.1, while the absorption and emission spectra are shown in Fig. 3.1. 
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Table 3.1. Spectral characteristics of the dyes in methanol at 25 °C (λex = 700 nm). 

Dye maxAb  
nm 

maxEm  
nm 

,  
M−1ꞏcm−1

ΦFl
(1), % τ, 

ns 
kr

(2)ꞏ10−8, 
s−1 

knr
(3)ꞏ10−8, 
s−1 

ΦΔ
(4), % 

HITC 740 770 212,000 28.0 
[130] 

1.01 2.77 7.13 0.89 [28] 

5Br2-HITC 748 779 233,000 27.2±0.2 1.01 2.75 7.22 1.18±0.02 
5I2-HITC 753 783 242,000 25.6±0.1 0.96 2.67 7.75 3.43±0.03 

4,6Br4-HITC 740 770 216,000 37.8±0.4 1.2 3.15 5.18 0.89±0.04 

4,6I4-HITC 745 774 216,000 36.8±0.1 1.17 3.01 5.40 2.25±0.04 

Br6-HITC 748 778 247,000 36.7±0.8 1.17 3.14 5.41 1.45±0.02 

I6-HITC 756 788 270,000 32.1±0.5 1.07 3.00 6.35 7.51±0.14 

4Br2-HITC 738 767 279,000 34.0±0.4 1.15 2.96 5.74 0.85±0.02 
6Br2-HITC 740 770 266,000 34.8±0.5 1.10 3.16 5.93 0.92±0.06 

4,6Cl4-HITC 737 766 268,000 37.9±0.8 1.21 3.13 5.13 0.70±0.01 

(1) HITC was used as reference, ΦFl = 28% in methanol [130] 
(2) kr was calculated as ΦFl / τ  
(3) knr was calculated as (1-ΦFl) / τ  
(4) HITC was used as a reference, ΦΔ = 0.89% in methanol [28] 
 

600 625 650 675 700 725 750 775 800
0

50000

100000

150000

200000

250000

a

6Br2-HITC
4Br2-HITC

HITC

4,6Br4-HITC
5Br2-HITC

Br6-HITC

  

 

,
 M

-1
cm

-1

Wavelength, nm  
600 625 650 675 700 725 750 775 800
0

50000

100000

150000

200000

250000

300000

Cl4-HITC

b

HITC

  

 

,
 M

-1
cm

-1

Wavelength, nm

4,6I4-HITC
5I2-HITC

I6-HITC

 

720 740 760 780 800 820 840
0.0

0.2

0.4

0.6

0.8

1.0

c

  

 

N
o

rm
al

iz
e

d
 e

m
is

si
on

Wavelength, nm

6Br2-HITC
4Br2-HITC

HITC

4,6Br4-HITC
5Br2-HITC

Br6-HITC

 

720 740 760 780 800 820 840
0.0

0.2

0.4

0.6

0.8

1.0

d

  

 

N
o

rm
a

liz
e

d 
e

m
is

si
on

Wavelength, nm

Cl4-HITC

HITC

4,6I4-HITC
5I2-HITC

I6-HITC

 

Fig. 3.1. Absorption a, b) and emission c, d) spectra of HITC and xHaln-HITC 

dyes in methanol (cDye ~ 0.5 M). 
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All the dyes absorb and emit in the NIR region with high extinction coefficients 

ranging from 212,000 to 279,000 M−1ꞏcm−1. No signs of aggregation are found in the 

absorption spectra measured in methanol at dye concentration up to at least 5 µM. The 

introduction of bromine (5Br2-HITC) or iodine (5I2-HITC) atoms at position 5 of 

indolenine rings causes a slight bathochromic shift of about 8–9 and 13 nm, 

respectively, both in the absorption and emission spectra compared to the unsubstituted 

dye, HITC. The absorption maxima of the dyes with halogen atoms at positions 4 

and/or 6 (6Br2-HITC, 4,6Br4-HITC,) are either similar to that of HITC, or slightly 

red- (4,6I4-HITC) or blueshifted (4,6Cl4-HITC, 4Br2-HITC). At the same time, the 

changes in the position of emission maxima for these dyes are negligible. The 

absorption and emission maxima of hexabromo- (Br6-HITC) and hexaiodo- (I6-HITC) 

cyanines are redshifted by 8 nm and up to 18 nm, respectively, compared to HITC. In 

general, spectra of cyanine dyes comprising iodine atoms are more redshifted compared 

to those for bromine-containing cyanines.  

The extinction coefficients (ε) of 4Br2-HITC, 6Br2-HITC, 4,6Cl4-HITC and 

I6-HITC are approximately 1.25-fold higher compared to HITC, while ε for 

5Br2-HITC, 5I2-HITC, and Br6-HITC are higher only in 1.10-1.16 times. As for 

4,6Br4-HITC and 4,6I4-HITC, ε are similar to HITC.  

3.3 Fluorescence quantum yield and lifetime 

It is well known that the incorporation of heavy atoms into a dye structure leads 

to a significant decrease in its fluorescence quantum yield due to the increased 

probability of spin-orbit coupling [1,16]. However, the incorporation of halogen atoms 

into the structure of heptamethine cyanine dyes led to unexpected results. Thus, 

dihalogenated dyes (5Br2-HITC and 5I2-HITC) exhibited only an insignificant ΦFl 

decrease compared to HITC. Meanwhile, tetrahalogenated dyes (4,6Br4-HITC and 

4,6I4-HITC) demonstrated a pronounced increase in ΦFl by 1.35 and 1.31 times, 

respectively. The further increasing number of bromines (Br6-HITC) or iodines 

(I6-HITC) showed the least ΦFl increase by 1.31 and 1.16-folds, respectively. 

Nonetheless, ΦFl of Br6-HITC and I6-HITC remained higher compared to that value 
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for HITC. It is also seen that fluorescence quantum yields for dyes with bromine atoms 

(5Br2-HITC, 4,6Br4-HITC, Br6-HITC) generally exceed those for their analogs with 

iodine atoms (5I2-HITC, 4,6I4-HITC, I6-HITC). To further expand our comprehension 

of structure-properties relationships, we compared the dyes with bromine substituents in 

positions 4 (4Br2-HITC) and 6 (6Br2-HITC) in terminal indolenine moieties. The 

values of fluorescence quantum yield seem almost the same for 4Br2-HITC and 

6Br2-HITC, thus the proximity of bromine atom to 3,3-dimethyl groups of indolenine 

moiety in 4Br2-HITC does not affect the ΦFl and both dyes show a noticeable increase 

in ΦFl of about 1.2 times compared to HITC. It seems that ΦFl of the tetrahalogenated 

dye with two bromine substituents in positions 4 and 6 (4,6Br4-HITC, 1.35-fold ΦFl 

increase) lays in a superposition of that effect for both 4Br2-HITC and 6Br2-HITC 

dyes. Dye containing more light-weighted halogen atoms like chlorine in positions 

4 and 6 (4,6Cl4-HITC), also demonstrates 1.35-fold higher ΦFl as for 4,6Br4-HITC 

compared to HITC, indicating the insignificant influence of the heavy atom 

incorporation in positions 4 and 6 on dye ΦFl.  

The introduction of the heavy atom into a dye promotes not only the intersystem 

crossing but also shortens the fluorescence lifetime (τ) [131]. However, τ for 

dihalogenated dyes (5Br2-HITC and 5I2-HITC) are almost the same as for the 

non-halogenated dye (HITC), as shown in Table 3.1. Surprisingly, τ became even 

longer for tetra- (4,6Br4-HITC, 4,6I4-HITC, 4,6Cl4-HITC) and hexahalogenated 

(Br6-HITC, I6-HITC) dyes. 

3.4 Singlet oxygen quantum yield 

The quantum yields of the singlet oxygen generation (ΦΔ) (Table 3.1) for all the 

dyes were measured in methanol using 1,3-diphenylisobenzofuran (DPBF) [28] as a 

singlet oxygen scavenger. The DPBF absorbance at 410 nm was monitored over time 

and compared with that of HITC. Then, a plot of the absorbance at 410 nm against 

irradiation time was built and the ΦΔ value was calculated using the slope of the graph. 

Since heavy atoms are known to enhance spin-orbit coupling, we anticipated that 

the ΦΔ will increase with an increasing number of bromine and iodine atoms. As 



62 

expected, hexaiodinated dye I6-HITC showed the most pronounced 8.4-fold ΦΔ 

increase compared to HITC. Surprisingly, ΦΔ depends not only on the number of heavy 

atoms incorporated into the dye but also on the position(s) of these atoms. Thus, two 

iodine atoms in positions 5 of indolenine moieties (5I2-HITC) affected ΦΔ 1.5 times 

stronger than four iodines in positions 4,6 (4,6I4-HITC) (3.43% vs. 2.25%). At the 

same time, six iodines in positions 4,5,6 (I6-HITC) had a synergistic effect with 

ΦΔ = 7.51%, which is overall higher compared to 5I2-HITC or 4,6I4-HITC (3.3 and 

2.2 times respectively). 

Having the same trend with iodinated dyes, Br6-HITC with six bromines in 

positions 4,5,6 had ΦΔ = 1.45%, which is the highest value for investigated brominated 

dyes, 1.6 times higher than for HITC. Also, two bromines in position 5 (5Br2-HITC) 

demonstrated 1.3 times increase compared to HITC. All the other brominated dyes with 

substituents in position 4 and/or 6 (4Br2-HITC, 6Br2-HITC, 4,6Br4-HITC) did not 

facilitate any ΦΔ increase. We consider that bromine-promoted ΦΔ increase interferes 

with high ΦFl for these dyes, which reduces the probability of intersystem crossing. 

Then, we assumed that the incorporation of chlorine atoms, which do not substantially 

affect intersystem crossing [14,15], would increase ΦFl at the expense of ΦΔ. Indeed, we 

observed 1.35 times ΦFl increase and 1.27 times ΦΔ decrease for 4,6Cl4-HITC dye 

containing 4 chlorine atoms in positions 4,6, compared to HITC.  

To sum up, iodine atoms strongly (up to 8.4 times) increase the ΦΔ of the 

heptamethine cyanine dyes, while bromine atoms are insignificantly affected ΦΔ. And 

for the reduction of ΦΔ of cyanine dyes, it is reasonable to incorporate chlorine atoms in 

positions 4 and/or 6 of indolenine moiety. 

3.5 Evaluation of anomalous heavy atom effect phenomenon 

The obtained results on fluorescence and singlet oxygen quantum yields 

contradict the common point of view concerning so-called "heavy atom effect" [1,16]. 

So, we imply an explanation for this phenomenon. After molecule excitation, there are 

two major relaxation pathways: radiative with its decay rate constant kr and 

non-radiative decay characterized by a rate constant knr. Radiative decay rate constant 
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(kr) solely depends on fluorescence lifetime τ and ΦFl, while knr comprises several 

non-radiative mechanisms. Equation 3.1 defines knr as the sum of the corresponding 

rates associated with non-radiative relaxation pathways [18,29]. 

knr = kisc + kic + kp + ksd      (3.1), 

where kisc is the constant of intersystem crossing rate, kic is the constant of 

internal conversion rate, kp is the constant of rate of photoisomerization and ksd is the 

solvent-dependent rate constant, characterizing the interaction of excited dye molecules 

with the solvent. 

Fluorescence decays of all investigated dyes corresponded with a 

monoexponential function, indicating that fluorescence decay appears to originate from 

a single emitting species and the probability of photoisomerization is negligible. 

Interaction of dye with the solvent (ksd) is supposed to be negligible compared to kic [29] 

since internal conversion is the main deactivation pathway for polymethine dyes in 

organic solvents because of twisting of the terminal heterocyclic rings around the 

polymethine chain, whereby energy is dissipated mainly due to intramolecular vibration 

and rotation [29]. Hence, the major non-radiative energy relaxation pathways are the 

intersystem crossing with its rate constant kisc and the internal conversion, characterized 

by rate constant kic. Intersystem crossing rate constant (kisc) can be evaluated by two 

parameters: triplet lifetime (phosphorescence decay) and singlet oxygen quantum yield 

ΦΔ. Due to the absence or very low level of phosphorescence, we were unable to detect 

phosphorescence for any of the dyes studied at room temperature to calculate precise 

kisc values, thereby we attributed the kisc increase solely with ΦΔ increase. 

In accordance with the common "heavy atom effect" incorporation of a heavy 

atom should decrease the radiative decay rate constant expressed by (kr = ΦFl / τ) due to 

an increase in the non-radiative decay constant. As can be seen from the Table 3.1, the 

kr slightly increases in the row 5I2-HITC < 5Br2-HITC ≈ HITC < 4Br2-HITC < 

I6-HITC ≈ 4,6I4-HITC < 4,6Cl4-HITC ≈ Br6-HITC ≈ 4,6Br4-HITC ≈ 6Br2-HITC, 

while knr significantly decreases in the in the row 5I2-HITC > 5Br2-HITC > HITC > 

I6-HITC > 6Br2-HITC > 4Br2-HITC > Br6-HITC ≈ 4,6I4-HITC > 4,6Br4-HITC > 
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4,6Cl4-HITC. Wherein the intersystem crossing rate (kisc), which we attribute to the ΦΔ 

changes, decreases in a row I6-HITC > 5I2-HITC > 4,6I4-HITC > 5Br2-HITC > 

HITC ≈ 6Br2-HITC ≈ 4Br2-HITC ≈ Br6-HITC ≈ 4,6Br4-HITC > 4,6Cl4-HITC, 

which does not coincide with the row for knr decreasing.  

Thereby, in accordance with the common "heavy atom effect", knr increases for 

the dyes with bromine or iodine at position 5 of terminal indolenine fragment 

(5I2-HITC, 5Br2-HITC) due to ΦΔ (e.g. kisc) increase compared to HITC. If the 

incorporation of halogen atoms leads to a decrease of knr while maintaining the high 

level of ΦΔ compared to HITC (I6-HITC, 4,6I4-HITC, Br6-HITC) it corresponds to 

the anomalous heavy atom effect. In this case, a decrease in the of non-radiative decay 

rate can occur only due to a decrease in the rate of internal conversion kic. When knr 

decreases due to both kisc and kic decrease it is consistent with the absence of heavy 

atom effect (for 4,6Cl4-HITC) (Fig. 3.2).  
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Fig. 3.2. Non-radiative decay rate knr vs. singlet oxygen quantum yields (ΦΔ) of 

all the dyes. Region a) knr and ΦΔ decrease consistently with known heavy atom effect, 

region b) knr decrease and ΦΔ increase correspond to anomalous heavy atom effect, 

region c) knr and ΦΔ decrease indicates no heavy atom effect, knr decreases due to kic 

decrease. 

It is known that cyanine dyes exhibit significant energy dissipation through 

non-radiative pathways [29,132,133] due to the rotation of indolenine moieties around 

the polymethine chain (significant contribution of the kic). We suppose that the 
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incorporation of halogen atoms in positions 4 and/or 6 (4,6Br4-HITC, 4,6I4-HITC, 

4Br2-HITC, 6Br2-HITC, 4,6Cl4-HITC), leads to the decrease of non-radiative rate 

(knr) at the expense of internal conversion rate (kic) decrease due to the limitation of 

rotation of indolium moieties in the dyes. This also explains the increase in fluorescence 

quantum yield and lifetime for the 4,6Br4-HITC, 4,6I4-HITC, 4Br2-HITC, 

6Br2-HITC, 4,6Cl4-HITC simultaneously with an increase in ΦΔ for I6-HITC, 

4,6I4-HITC and Br6-HITC. 

3.6 Quantum chemical calculations 

Quantum chemical calculations of the brominated dyes were carried out to 

explain structure-related possibilities leading to ΦFl increase concerning energy 

relaxation on a quantum chemical level like reversed intersystem crossing, when singlet 

energy level (S1) and triplet energy level (T) are close by to each other [134] or 

competition in deactivation channels when a number of triplet states have lower energy 

than S1 [135]. The calculation of energy levels of the brominated dyes (5Br2-HITC, 

4,6Br4-HITC, Br6-HITC) showed that triplet energy levels T2 are too far from the 

lowest excited singlet energy level S1 to interfere with its vibrational levels, and energy 

relaxation pathways (fluorescence, ISC, phosphorescence) should have maintained 

similar trend for all the dyes (Fig. 3.3).  
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Fig. 3.3. Energy levels of the dyes 5Br2-HITC, 4,6Br4-HITC, and Br6-HITC 

calculated with TD LC-ωB97XD/6-31G**, PCM (Ethanol). 
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3.7 Conclusions to chapter 3  

The incorporation of halogen atoms, such as chlorine, bromine, and iodine in the 

terminal indolenine moieties of heptamethine dyes does not have a significant effect on 

absorption and fluorescence maxima, although the introduction of iodine substituents 

leads to a slightly greater red shift in the spectra, as compared to brominated or 

unsubstituted dyes. At the same time, a fluorescence quantum yield (ΦFl) and lifetime 

are strongly affected by the type of halogen atom, their quantity, and position. Thus, 

halogenation of the dyes leads to the significant ΦFl enhancement (up to 1.35 times). 

In general, bromine and even chlorine atoms have a higher positive impact on ΦFl of the 

dyes than iodine atoms. The incorporation of halogen atoms in position 5 of terminal 

indolenine moieties causes a decrease of ΦFl, while, in contrast, halogen atoms in 

positions 4 and/or 6 facilitate strong increase of ΦFl. The combination of these positions 

(4,5,6) shows only a moderate ΦFl increase seemingly at the expense of halogens in 

position 5. At the same time, the level of ΦFl increasing is almost independent of the 

type of incorporated halogen (more light-weighted, chlorine, or heavier, bromine or 

iodine, atoms).  

The halogen atom-promoted singlet oxygen quantum yield ΦΔ depends not only 

on a number but also on the position of the halogen substituents in the heptamethine 

cyanine dyes. Thus, 4,6I4-HITC dye containing 4 iodine atoms in positions 4,6 of 

indolenine moieties have 1.5 lower ΦΔ as compared to 5I2-HITC with 2 iodine atoms. 

Importantly, while iodine atoms strongly (up to 8.4 times) increase the ΦΔ of the 

heptamethine cyanine dyes, bromine atoms insignificantly affect it. The incorporation 

of chlorine atoms reduces ΦΔ even below this value for HITC.  

We hypothesize that the incorporation of heavy atoms leads to the restriction of 

rotation of indolium moieties around the polymethine chain, thus increasing ΦFl, 

fluorescence lifetime, and even ΦΔ for I6-HITC and 4,6I4-HITC compared to HITC.  

We show a way to adjust the key properties (ΦFl and ΦΔ) for heptamethine 

cyanine dyes changing the amount and positions of halogen atoms. 
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CHAPTER 4 

PHOTODYNAMIC THERAPY AND THERANOSTICS APPLICATIONS 

This chapter focuses on the application of halogenated heptamethinecyanine dyes 

for photodynamic therapy and theranostics. One of the main characteristics of 

dye-sensitizers for photodynamic therapy (PDT) applications is the high singlet oxygen 

generation efficiency because singlet oxygen and reactive oxygen species (ROS) are 

responsible for the phototoxicity of the dye. Since iodine-containing 

heptamethinecyanine dyes indicate the highest singlet oxygen generation among other 

halogenated dyes (see Section 3.3), for testing in PDT we used only iodinated dyes. So, 

the first part of the chapter describes the investigation of the photocytotoxicity of 

promising iodinated heptamethine cyanine dyes in the examples of gram-positive 

(S. aureus) and gram-negative (E. coli and P. aeruginosa) photoeradication; and the 

second part is devoted to the development of the antibody-photosensitizer conjugate, 

which is exploited for theranostics (photoimmunotherapy) of human breast cancer. 

4.1 Iodinated heptamethine cyanine photosensitizers for antimicrobial 

photodynamic therapy applications 

The introduction of heavy atoms such as iodine into organic dye molecules is 

known to improve the efficacy of photodynamic therapy (PDT) in general and 

antimicrobial photodynamic therapy (APDT) in particular. As we discussed in 

chapter 1, such a phenomenon is attributed to the increasing probability of intersystem 

crossing resulting in the elevated rates of reactive species generation. To study the 

photodynamic effect of dyes on the eradication of bacteria, we chose iodinated 

heptamethine cyanine sensitizers (PS) with varying amount (up to six) and positions of 

iodine atoms. 
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 We investigated their spectral properties, efficacy to generate reactive oxygen 

species, cell uptake, and photocytotoxicity on gram-positive Staphylococcus aureus 

(S. aureus) and gram-negative Escherichia coli (E. coli) and Pseudomonas aeruginosa 

(P. aeruginosa) bacterial pathogens [129]. 

4.1.1 Spectral properties and quantum yields of singlet oxygen formation 

The absorption and emission spectra and the extinction coefficients () of the 

studied heptamethine cyanines were measured at the dye concentration cDye ~ 1 µM in 

DMSO (Fig. 4.1), aqueous saline (Fig. 4.2) and MeOH (Fig. 4.3) and the corresponding 

characteristics are given in Table 4.1. 
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Fig. 4.1. Absorption a) and emission b) spectra of the dyes in DMSO 

(cDye ~ 1 µM). * = 680 nm. 
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Fig. 4.2. Absorption a) and emission b) spectra of the dyes in 0.9% aqueous 

saline containing 0.7% DMSO (cDye ~ 1 µM). * = 680 nm. 
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Fig. 4.3. Absorption spectra of the dyes in MeOH (cDye ~ 5–7 µM). 

Table 4.1. Spectral characteristics of cyanine dyes measured at cDye ~ 1 µM.  

DMSO 0.7% DMSO in saline MeOH 
Dye Structure maxAb, 

nm 
,  

M−1cm−1 
maxFl, nm ΦFl, % maxAb,  

nm 
maxFl, nm ΦFl, % ΦΔ,  

% 
Cy7 

 

753 143,300 786 55 739 768 13 1.1 

1ICy7 

 

759 168,000 792 53 746 776 12 1.9 

2ICy7 

 

766 173,000 801 55 754 783 4 2.3 

2ICy7+ 

 

766 176,000 801 48 752 785 10 2.3 

3ICy7 

 

760 148,000 794 49 677*, 744 774 0.8 2.4 

4ICy7 

 

768 144,000 803 48 688* 779 0.1 3.7 

6ICy7 

 

771 166,000 804 52 718*, 
777* 

779 0.02 7.8 

* Aggregation band 

These dyes absorb in the NIR, a biologically transparent spectral region with high 

extinction coefficients ( ~144,000–176,000 M−1cm−1), which is beneficial for 

applications in the body. The difference in the extinction coefficients between the dyes 

does not exceed ~20%. There is a tendency that the iodination of the parent dye Cy7 

results in a moderate red-shift in the absorption (up to 18 nm for hexa-iodinated 6ICy7 

in DMSO) and a slight increase in the extinction coefficients.  
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The fluorescence quantum yield (ΦFl) of the dyes measured in DMSO (~48−55%) 

is substantially reduced in aqueous saline (0.02−13%), which can be attributed to the 

dye aggregation [136,137,138]. The aggregation bands are well recognized in the 

absorption spectra (Fig. 4.2). In the saline solutions, a drastic (up to ~650-fold) decrease 

of the quantum yield with increasing the number of iodine atoms is observed. In 

general, such an effect is known to be connected with the increasing probability of 

intersystem crossing caused by heavy atoms, which results in the growing population of 

the triplet state and the fluorescence quenching. However, for the investigated cyanine 

dyes, the decrease of the quantum yield is observed only in aqueous solutions but not in 

DMSO. That is, the decrease is associated with the dye aggregation rather than with the 

heavy atom effect.  

All the dyes except 2ICy7+ contain a delocalized positive charge and a localized 

negative charge on the deprotonated carboxylic group. Therefore, due to the slightly 

polar structure, these dyes are only a little soluble in saline. The introduction of iodine 

atoms in organic compounds is known to reduce their solubility in aqueous media. 

Thus, the solubility of dimethylaniline in water at 25 C is 1 g/L [139] while for 

4-iodo-dimethylaniline it is only 0.03464 g/L [140]. The solubility of benzoic acid in 

water is 3.44 g/L [141] while for 4-iodobenzoic acid it is 0.04 g/L [142] and only 

0.036 mg/L for 2,3,5-triiodobenzoic acid [143]. Hereby, the solubility of the 

investigated dyes decreases with the increasing the number of iodine atoms and the 

aggregation accordingly increases (Fig. 4.2). At the same time, due to the presence of 

an additional positive charge, dye 2ICy7+ is less aggregative compared to 2ICy7 

containing the same number of iodines.  

The quantum yields of the singlet oxygen formation (ΦΔ) were measured in 

methanol solutions by the decrease of the DPBF dye, as described in [28], under the 

light exposure (747 nm, 1 W LED). As anticipated, the ΦΔ were found to increase with 

increasing the number of iodine atoms (Table 4.1). Dyes 2ICy7 and 2ICy7+ both 

containing two iodines exhibited about the same ΦΔ. In the dark, no pronounced 

generation of singlet oxygen was detected: the decrease in the DPBF absorbance did 

not exceed 2% during 15 h. According to the absorption spectra (Fig. 4.3), almost no 
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aggregation was noted in methanol at the investigated dye concentrations 

(c ~ 5−10 × 10−6 M).  

4.1.2 Toxicity and photocytotoxicity of the dyes  

All experiments with bacteria were carried out in aqueous saline solution. 

Commercial 0.9% saline solution, used in this work, is known to be acidic (pH ~ 5.5), 

which is mostly due to the presence of CO2 [144]. On the other side, the carboxypentyl 

group existing in all the investigated dye molecules is more acidic (e.g. the pKa for 

pentanoic and hexanoic acids are 4.84 [145] and 4.88 [146], respectively). It means that 

the carboxylic group is basically deprotonated and the dyes Cy7, 1ICy7, 2ICy7, 3ICy7, 

4ICy7, and 6ICy7 exist in saline solution in the non-charged zwitterion form. 

In contrast, 2ICy7+ has a charge of +1 that is localized on the quaternized 

triethylammonium group.  

To investigate the effect of the dyes on bacteria, stock solutions of the dyes were 

prepared in DMSO and added to the bacterial suspension in saline in such a way that 

the concentration of DMSO in the sample was 0.7%. Then the bacterial suspensions 

were incubated with each dye in the dark for 30 min (pre-irradiation incubation), 

exposed to light and grown in the dark for 24 h at 37 ºC followed by the calculation of 

the number of bacterial colonies. The dye concentrations and the exposure time were 

varied for each dye. To verify the dark toxicity of the dyes, the same experiments were 

carried out in parallel without light exposure.  

As the control, the bacterial suspensions containing no dye were utilized. These 

controls were kept (i) in the dark without DMSO, (ii) in the dark in the presence of 

DMSO, (iii) exposed to light without DMSO, and (iv) exposed to light in the presence 

of DMSO. The amount of DMSO in these control samples was the same as for the 

dye-stained bacteria. The number of bacterial colonies in each experiment was utilized 

to calculate the survival percentage as compared to the control. Importantly, no 

detectable bacteria inhibition was registered for all the above controls (i–iv) and the 

survival for these samples was taken as 100%. 
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Then, we found that the investigated dyes have no detectable dark toxicity to 

gram-positive (S. aureus) and gram-negative (E. coli and P. aeruginosa) bacteria at 

least up to the 1 µM and 50 µM dye concentrations, respectively. The dark toxicities at 

higher dye concentrations were not studied. In the next step, the experiments were 

performed with light irradiation at different exposure times using a 730-nm 30 W LED 

(power density 55 mW/cm2).  

 

4.1.2.1 Photodynamic eradication of S. aureus  

In our study, the effect on photocytotoxicity of the three following parameters 

was investigated: the number of iodine atoms in the dye molecules, the concentration of 

the dyes, and the light doses. The methodological approach was as follows: The effect 

of the number of iodine atoms in the dyes was first investigated on gram-positive 

bacteria S. aureus: (i) at the "medium" (100 J/cm2) and (ii) "low" (3 J/cm2) light dose 

vs. the dye concentrations, and (iii) at the constant dye concentrations vs. the light dose. 

The "high" light dose (400 J/cm2) was not applied in the initial research stage because it 

caused the complete killing of S. aureus by all the investigated dyes and, therefore, it 

was not possible to compare the efficacies of these dyes.  

Following this approach, the impact of the number of iodine atoms and the dye 

concentration (cDye = 0.01–1 µM) on the S. aureus survival was first investigated at the 

constant light dose of 100 J/cm2. The most pronounced and nearly equal 

photocytotoxicity was observed for 2ICy7, 3ICy7, and 4ICy7 which contained 2–4 

iodine atoms, while Cy7, 1ICy7, 2ICy7+, and, surprisingly, 6ICy7 were less effective 

(Fig. 4.4). These results allow us to draw several conclusions. 
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Fig. 4.4. Survival of S. aureus in 0.7% DMSO in saline, when exposed to 

100 J/cm2 light dose (56 mW/cm2, 30 min) vs. the dye concentrations.  

First, the introduction of iodine atoms in the Cy7 molecule, which is the parent 

structure for all the iodinated dyes, elevates photocytotoxicity, which is an anticipated 

result: one iodine atom in 1ICy7 causes a distinct increase of the photocytotoxicity but 

this increase is less pronounced as for the 2–4 iodinated dyes (Fig. 4.4). Thus, the dyes 

with 2–4 iodines were the most photocytotoxic affording almost total bacteria killing 

(survival 0–2.1%) at 0.01–1 µM, while 1ICy7 at 0.01 µM is much less photocytotoxic 

exhibiting the percentage of survival of 60.8%. Obviously, this result is connected with 

increasing the number of heavy atoms. 

The second conclusion is that increasing the number of iodines from 2 to 4 has 

almost no effect on the photokilling while the hexa-iodinated dye 6ICy7 surprisingly 

exhibits a reduced photocytotoxicity (the percentage of survival is 35.6% at 0.01 µM) 

compared to the 2−4 iodinated dyes (survival 0–2.1%).  

Third, the non-delocalized positive charge produced by the triethylammonium 

group (2ICy7+ vs. 2ICy7) noticeably decreases the photocytotoxicity (Fig. 4.4).  

We assume that the above phenomena, i.e. "saturation" and reduction of the 

bacteria photo-eradication with increasing the number of iodine atoms from 2 to 6, can 
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be attributed to the increasing dye aggregation in aqueous media (Fig. 4.2) resulting in 

the decreasing dye uptake (the aggregation reduces both the photocytotoxicity 

[136, 147] and the above-mentioned fluorescence quantum yields [136−138]). This 

conclusion contradicts, however, recently reported findings that iodination of small 

organic molecules such as 4-amino naphthalimides causes vice versa the increase of the 

dye uptake by several mammalian cells [148].  

To check our assumption that increasing the number of iodine atoms (as well as 

the positive charge) in the series of the investigated cyanines reduces the dye uptake by 

S. aureus and thus decreases the photokilling effect, we measured the dye uptake and 

correlated it with the photocytotoxicity percentage. For this purpose, S. aureus 

suspensions in saline (103–104 cells/mL) were incubated with the dyes (1 µM) for 

30 min and the fluorescence intensities of these suspensions were measured. Then, the 

bacteria were separated from the solvent by centrifugation (10 min, 4,000 rpm), 

resuspended in saline and the fluorescence intensities were again measured. In these 

experiments, the effect of light scattering on the relative fluorescence intensities was 

minimized because the samples contained the same number of cells before and after 

staining. The dye uptakes quantified as the ratios between the fluorescence intensities 

for the resuspended bacteria and for the initial suspensions were as follows: Cy7 (0.85), 

1ICy7 (0.28), 2ICy7 (0.98), 2ICy7+ (0.21), 3ICy7 (0.99), 4ICy7 (0.97), and 6ICy7 

(0.73). These data indicate that 2ICy7, 3ICy7, and 4ICy7 exhibited the most 

pronounced uptake while uptake for 6ICy7 and especially for 2ICy7+ was noticeably 

reduced. The uptake of Cy7 is lower compared to 2ICy7 but much higher than for 

1ICy7. The obtained uptake values are in good agreement with the photocytotoxicities 

(Fig. 4.5).  

Thus, for the iodinated dyes, there is a clear correlation between the uptake and 

the photocytotoxicity (r = 0.98). At the same time, the non-iodinated dye Cy7 exhibits a 

substantially reduced antimicrobial photocytotoxicity (elevated survival) compared to 

the value anticipated from the correlation curve (Fig. 4.5). More likely, this is due to the 

fact that the correlation curve takes into account also the contribution of the heavy atom 

effect.  
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Fig. 4.5. Dye photocytotoxicity on S. aureus vs. the dye uptake. The uptake was 

estimated as the ratio between the fluorescence intensities of the stained bacteria after 

and before washing.  

Furthermore, we studied the effect of the light dose on the dyes' photocytotoxicity 

towards S. aureus at a constant dye concentration of 0.05 µM (Fig. 4.6).  
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Fig. 4.6. Survival of S. aureus at 0.05 µM dye concentrations in 0.7% DMSO in 

saline, when exposed to 3 J/cm2 (1 min), 17 J/cm2 (5 min), 50 J/cm2 (15 min), 100 J/cm2 

(30 min), 200 J/cm2 (60 min), and 400 J/cm2 (120 min) light doses. 
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The photocytotoxicity increases with increasing the light dose from 3 J/cm2 

(1 min) to 400 J/cm2 (120 min). However, the dyes with two (2ICy7) and three (3ICy7) 

iodines almost totally eradicate bacteria even at 3 J/cm2 and 4ICy7 at 17 J/cm2. The 

data presented in Fig. 4.6 confirm also that the dyes with 2–4 iodines bearing a 

delocalized positive charge cause the more pronounced bacteria eradication while 

1ICy7, 6ICy7, 2ICy7+, and especially Cy7 are less photocytotoxic. It can be seen from 

Fig. 4.6 that dyes 2ICy7 and 3ICy7 entirely eradicate S. aureus even at a low dye 

concentration (0.05 µM) and at a very low light dose of 3 J/cm2. Therefore, we 

investigated the impact of the dye concentrations on the photocytotoxicity at this low 

light dose (Fig. 4.7).  
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Fig. 4.7. Survival of S. aureus in 0.7% DMSO in saline, when exposed to 3 J/cm2 

light dose (56 mW/cm2, 1 min) vs. the dye concentrations.  

Thus, 0.05 µM is, actually, the minimal concentration at which 2ICy7 and 3ICy7 

almost completely eradicate S. aureus while the dyes with fewer or more iodine atoms 

are less photocytotoxic. Thus, the non-charged (zwitterionic) dyes with two and three 

iodine atoms (2ICy7 and 3ICy7) were found to be the most effective against S. aureus. 
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They are more effective against this pathogen compared to other dyes at low 

concentrations and low light doses. 

4.1.2.2 Photodynamic eradication of E. coli and P. aeruginosa 

In the next step, we studied the photocytotoxicity of the dyes towards 

gram-negative pathogens E. coli and P. aeruginosa. The obtained data show that these 

bacteria are much more resistant to photodynamic treatment compared to the 

gram-positive S. aureus. Thus, all the investigated dyes do not cause a sufficient 

photocytotoxic effect on E. coli even at 50 µM and a light dose of 100 J/cm2 (Fig. 4.8).  
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Fig. 4.8. Survival of E. coli in 0.7% DMSO in saline, when exposed to 100 J/cm2 

light dose (56 mW/cm2, 30 min) vs. the dye concentrations. 

There is a trend, however, that the mono-iodinated 1ICy7 is more active 

compared to other dyes at 100 J/cm2 and this tendency is even more pronounced at 

200−400 J/cm2 (Fig. 4.9).  

Surprisingly, the dyes containing four and six iodines are less photocytotoxic 

than Cy7. The increase of the positive charge (2ICy7+ vs. 2ICy7) has almost no effect 

on the dye photocytotoxicity at 100 J/cm2 (Fig. 4.8) but noticeably improves the toxic 

effect at higher light dose of 200−400 J/cm2 (Fig. 4.9). Therefore, the mono-iodinated 
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1ICy7 and positively charged 2ICy7+ are considered more effective against E. coli 

compared to other cyanines. 
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Fig. 4.9. Survival of E. coli at 50 µM dye concentrations in 0.7% DMSO in 

saline, when exposed to 100 J/cm2 (30 min), 200 J/cm2 (60 min), and 400 J/cm2 

(120 min) light doses. 

Similar to S. aureus, the decrease in the photocytotoxicity towards gram-negative 

bacteria with increasing the number of iodine atoms between 2 and 6 is supposedly 

connected with the increasing dye aggregation (Fig. 4.2) and decreasing dye uptake. 

The aggregation effect is, however, even more pronounced for gram-negative bacteria 

because the dyes are used at much higher concentrations. To diminish the aggregation, 

we increased the content of DMSO in saline 10 times, from 0.7% (as in all the above 

experiments) to 7%. The obtained data in Fig. 4.10 show that the efficacy of Cy7, 

1ICy7, and 2ICy7 to eradicate E. coli was noticeably improved.  

Thus, the survival percentage for these three dyes at 50 µM and 400 J/cm2 

decreased from 27.6%, 15.4%, and 50.0%, respectively, to zero. Nevertheless, the 

addition of even 7% DMSO to the saline solutions was insufficient to overcome the 

aggregation and improve the photocytotoxicity of 3ICy7, 4ICy7, and 6ICy7.  
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Fig. 4.10. Survival of E. coli in 7% DMSO in saline, when exposed to 400 J/cm2 

light dose (56 mW/cm2, 120 min) vs. the dye concentrations.  

P. aeruginosa was found to be even more resistant towards the investigated dyes 

(Figs. 4.11 and 4.12) than E. coli. 
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Fig. 4.11. Survival of P. aeruginosa in 0.7% DMSO in saline, when exposed to 

100 J/cm2 light dose (56 mW/cm2, 30 min) vs. the dye concentrations. 
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Fig. 4.12. Survival of P. aeruginosa at 50 µM dye concentrations in 0.7% DMSO 

in saline, when exposed to 100 J/cm2 (30 min), 200 J/cm2 (60 min), and 400 J/cm2 

(120 min) light doses.  

Having the same tendency as for E. coli, the most photocytotoxic dyes for 

P. aeruginosa are mono-iodinated 1ICy7 and positively charged 2ICy7+, which is 

different from S. aureus, where the most photocytotoxic are the diiodinated (2ICy7) 

and triiodinated (3ICy7) cyanines.  

Thus, a studied series of novel, NIR, iodinated heptamethine cyanine dyes 

containing carboxylic function revealed the unexpected effect of the increasing number 

of iodine atoms (up to six) on the photodynamic eradication of gram-positive 

(S. aureus) and gram-negative (E. coli and P. aeruginosa) microbial pathogens. The 

efficacy of S. aureus photo-eradication by non-charged, zwitterionic cyanines increases 

with increasing the number of iodine atoms up to two, remains almost unchanged for 

the two-, three- and four-iodinated dyes, and reduces in the case of the hexa-iodinated 

cyanine. However, the mono-iodinated dye exhibits the most pronounced 

photocytotoxic effect on E. coli and P. aeruginosa. An additional positive charge 

provided by a triethylammonium group decreases the photokilling of S. aureus but 

improves the inactivation of E. coli and P. aeruginosa. 
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4.2 Antibody-guided, iodinated heptamethine cyanine photosensitizer for 

photoimmunotherapy (PIT) 

Photoimmunotherapy (PIT) is a cancer treatment modality that synergistically 

combines immunotherapy and photodynamic (PDT) treatment. Besides being the main 

active agent in immunotherapy modulating the immune response on cancer cells, 

antibodies can be used as a carrier for target delivery. Among other carriers, antibodies 

have certain advantages over other carriers due to their high specificity, 

biodegradability, long blood circulatory half-life, and therapeutic effect. One of the 

well-known antibodies for immunotherapy of breast cancer is the FDA-approved 

humanized monoclonal antibody trastuzumab (Herceptin™) [149]. Trastuzumab 

targeting a human epidermal growth factor receptor 2 (HER2+) was launched in the late 

1990s. It was the first immunotherapeutic agent to improve survival in women with 

metastatic HER2+ breast cancer, which tends to be aggressive driving the tumor’s 

progression [149,150]. Trastuzumab also was used for the production of antibody-drug 

conjugates [150]. So, we used trastuzumab (Ab) to develop an antibody-guided 

photosensitizer for photoimmunotherapy with highly water-soluble diiodinated 

heptamethine cyanine dye, 2ICy7 (Scheme 4.1). We conjugate 2ICy7S with 

Ab(trastuzumab), and investigate the obtained PIT conjugate in the mouse xenograft 

model to suppress tumor growth versus the parent, non-iodinated Cy7−Ab 

conjugate [151]. 

4.2.1 Bioconjugation 

The carboxylic group of 2ICy7S was activated with N-hydroxysuccinimidyl 

(NHS) group using N,N,N’,N’-tetramethyl-O-(N-succinimidyl) uronium 

tetrafluoroborate (TSTU) in the presence of DIPEA in DMF. Then, the NHS-activated 

dye 2ICy7S was bound to trastuzumab (Ab) in PBS by the straightforward, 

well-established, and commonly used procedure [152] to yield the 2ICy7S−Ab 

conjugate which was then separated from the unbound dye on a Sephadex G50 column 

(Scheme 4.1). 
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Scheme 4.1. Synthesis of 2ICy7S−Ab conjugate (A) and the structure of the  

Cy7TM−Ab conjugate (B). 

For comparison, starting from the commercially available dye Cy7TM, the 

Cy7TM−Ab conjugate containing no iodine atoms was synthesized. Noteworthy, the 

attempts to link non-activated dyes (containing carboxylic acid group) with antibodies 

by using the above-mentioned conjugation procedure give the negligible level of 

binding, the obtained products contain only about 0.01 mol of dye per 1 mol of 

antibody (Fig. 4.13). 
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Fig. 4.13. Absorption spectra of the products isolated after purification on 

Sephadex G50 column when interacting of non-activated carboxylic acids of 2ICy7S 

with Ab (P1) and Cy7TM with Ab (P2) in 0.1 M PBS pH 7.4 at 25 C. 
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4.2.2 Spectral properties of 2ICy7S and Cy7TM dyes and their conjugates 

The absorption and fluorescence maxima (λmaxAbs and λmaxFl), extinction 

coefficients (), and the fluorescence quantum yield (ΦFl), for Cy7TM and 2ICy7S dyes 

and, additionally, Dye-to-Antibody ratio (DAR) and brightnesses for the 2ICy7S−Ab 

and Cy7TM−Ab conjugates measured in 0.1 M PBS pH 7.4 are given in Table 4.2, while 

the absorption and emission spectra, dye-to-antibody ratios are shown in (Fig. 4.14). 

The singlet oxygen quantum yields (ΦΔ) were measured in methanol and PBS and also 

presented in Table 4.2. 

Table 4.2. Spectral characteristics of the dyes and conjugates (λmaxAbs, λmaxFl, ΦFl, ΦΔ, 

). DAR and brightnesses (B =   ΦFl  DAR) were calculated only for the conjugates. 

Dye λmaxAbs, nm λmaxFl, nm , M−1cm−1 ΦFl, % 
ΦΔ

1, % 

Methanol 

ΦΔ
2, % 

PBS 

Cy7TM 747 774 200,000 13 [153] 0.78±0.02 1.9±0.2 

2ICy7S 749 779 262,000 14±1 1.10±0.03 5.8±0.3 

Conjugate λmaxAbs, nm λmaxFl, nm B, M−1cm−1 ΦFl, % DAR ΦΔ, %(PBS)

Cy7−Ab 752 777 21,400 6.3±0.5 1.7 1.1±0.1 

2ICy7S−Ab 754 779 16,500 3.5±0.4 1.8 3.5±0.3 

1 HITC was used as the reference, ΦΔ = 0.89% in methanol [28]. 

2 ICG was used as the reference, ΦΔ = 0.2% in PBS pH 7.4 [35]. 
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Fig. 4.14. Absorption and emission spectra of the dyes 2ICy7S (dashed line) and 

Cy7TM (solid line) a), as well as conjugates 2ICy7S−Ab (dashed line) and Cy7TM−Ab 

(solid line) b) in 0.1 M PBS pH 7.4. The dyes do not aggregate while Cy7TM−Ab and 

especially 2ICy7S−Ab exhibit aggregation bands at around 695 nm. 
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The modification of Cy7TM with iodine atoms and additional sulfo groups 

yielding the 2ICy7S dye leads to the negligible spectral red-shift of about 2−5 nm and a 

1.3-fold increase in the extinction coefficient () while the fluorescence quantum yield 

(ΦFl) remains almost the same. Both dyes exhibit no signs of aggregation in the 

phosphate buffer. In the absorption spectra, there is only a low-intensity shoulder at 

about 685 nm originating from the vibronic transition (Fig. 4.14a) [154]. 

Binding Cy7TM and 2ICy7S to the antibody has a minor effect on the absorption 

and emission maxima while the fluorescence quantum yields noticeably decrease in 

about 2 and 4 times, respectively (Table 4.2). This is more likely due to the dye 

aggregation on the antibody, which can be seen as an additional band at around 695 nm 

(Fig. 4.14b). Although the iodinated dye 2ICy7S contains three sulfonic groups (one 

aromatic and two aliphatic), it is more aggregative on the antibody compared to Cy7TM 

containing two aromatic sulfonic groups. As a result, the fluorescence quantum yield of 

2ICy7S−Ab is about twice as reduced compared to Cy7TM−Ab. Both conjugates had 

very similar dye-to-antibody (DAR) ratios of 1.8 and 1.7, respectively, and the 

calculated brightness for 2ICy7S−Ab is 1.3-fold smaller. Nonetheless, the brightnesses 

of these two conjugates are close. 

4.2.3 Singlet oxygen generation 

The quantum yields of the singlet oxygen generation (ΦΔ) for Cy7TM and 2ICy7S 

were measured in methanol using known singlet oxygen scavenger 

1,3-diphenylisobenzofuran (DPBF) [28]. Upon NIR light irradiation (30 W LED, 

730 nm) of a mixture containing the dye and DPBF, the absorbance of DPBF reduced 

due to the reaction of DPBF with singlet oxygen formed caused by the dye sensitization 

of oxygen dissolved in the solvent. The corresponding plot (the example is presented in 

Fig. 4.15) representing the change in absorbance of DPBF at 410 nm vs. time was 

drawn and fitted by a first-order reaction rate function. Other plots can be found in 

[151].  

The reaction rate (r), which is the key parameter for ΦΔ calculation, was 

calculated as r = 1 / t1, where t1 was taken from the fitting 
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equation: y = y0 + A1exp(−(x−x0)/t1 (Table 4.3). Then, ΦΔ was calculated relative to the 

reference dye (HITC) (see Section 5.4.3) [28]. 
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Fig. 4.15. The changes in absorbance of DPBF at 410 nm vs. time of irradiation 

of the mixture of HITC and DPBF in methanol with 730 nm LED, as well as fitting 

first-order decay function. 

Table 4.3. The absorbances at 730 nm and reaction rate values of oxygen 

sensitization by the Cy7TM and 2ICy7S dyes and their conjugates were measured with 

DPBF in methanol and SOSG in 0.1 M PBS pH 7.4. 

DPBF  
methanol 

SOSG 
0.1 M PBS pH 7.4 

 

A730 r, min-1 cDye, µM ΦΔ, % A730 r, min-1 cDye, µM ΦΔ, % 
HITC 0.815 0.0863 4.0 0.89 − − − − 
ICG − − − − 0.184 

0.317 
0.629 

64.2 
84.3 

142.3 

1.26 
2.17 
4.30 

 
0.2 

 
Cy7TM 0.802 0.0739 6.0 0.78 0.183 

0.315 
0.624 

611.6 
797.4 
1326.6 

1.26 
2.17 
4.30 

1.91 
1.90 
1.88 

2ICy7S 0.810 0.1074 5.0 1.10 0.336 2544.4 1.7 5.8 
Cy7TM−Ab − − − − 0.263 428.4 1.9 1.1 
2ICy7S−Ab − − − − 0.341 1575.3 1.9 3.5 

As shown in Table 4.2, The ΦΔ for 2ICy7S in methanol was only 1.41 times 

higher than for Cy7TM. Essentially, we anticipated a much higher increase of ΦΔ upon 

iodination, so we assumed that the conjugation of the dyes with antibodies may affect 
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the singlet oxygen generation value. However, conjugates should be measured in 

aqueous solutions to maintain the native conformation of antibodies. Moreover, 

applications of conjugates for in vivo targeted delivery of dye-sensitizer involve the use 

of aqueous buffers, so the values of ΦΔ for aqueous solutions are more practically 

significant. Unfortunately, DPBF is insoluble in water and should be used for 

determination of singlet oxygen only in methanol or some other organic solvents [155]. 

Thus, we utilized another singlet oxygen scavenger, singlet oxygen sensor green 

(SOSG), which is water-soluble and designed for the determination of singlet oxygen in 

aqueous solutions [156]. So, the quantum yields of the singlet oxygen generation (ΦΔ) 

were measured using SOSG in 0.1 M PBS pH 7.4 for Cy7TM, 2ICy7S, Cy7TM−Ab, and 

2ICy7S−Ab. Upon NIR light irradiation (30 W LED, 5.7 mW/cm2, 730 nm) the 

emission of SOSG gradually increased, over up to 125 min. The corresponding plots 

representing the emission of SOSG at 530 nm vs. time were drawn and fitted by a 

zero-order reaction rate function (Fig. 4.16). Then, ΦΔ was calculated relative to the 

reference dye (ICG).  

Because the SOSG emission rate increase upon ΦΔ measurements was very 

different with respect of the investigated dye, we used various concentrations of studied 

dyes (Cy7TM and 2ICy7S) and their conjugates (2ICy7S−Ab and Cy7TM−Ab) ranged 

between cDye = 1.2−4.3 µM. We studied dependence of the SOSG reaction rate (r) from 

the dye concentration within the cDye = 1.2−4.3 µM on the example of Cy7TM 

(Fig. 4.17), which demonstrated a positive linear correlation indicating that the 

calculated  is not dependent on the cDye within this range. 
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Fig. 4.16. The changes in SOSG fluorescence intensity over time at 530 nm due 

to singlet oxygen scavenging by SOSG upon irradiation of the mixture ICG and SOSG 

in 0.1 M PBS pH 7.4. A solution of SOSG (c ~ 6 µM) containing ICG (cDye ~ 4.3 µM) 

was light-irradiated with a 730 nm, 30 W LED, and the emission spectra were measured 

over time. The experimental emission values were fitted by a zero-order reaction rate 

function. The reaction rate (r) was calculated as r = b (slope of the line), where b was 

taken from the fitting equation: y = a + b  x. 
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Fig. 4.17. The reaction rate of SOSG (6 μM) vs. different concentrations of 

Cy7TM.  
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As shown in Table 4.2, the ΦΔ for 2ICy7S in PBS was 3-fold higher than for 

Cy7TM. A similar effect (a 3-fold increase of ΦΔ) was observed for 2ICy7S−Ab 

compared to Cy7TM−Ab. In addition, ΦΔ for the 2ICy7S−Ab and Cy7TM−Ab 

conjugates were 1.7 times lower than those for the respective unconjugated dyes 

(2ICy7S and Cy7TM), which could be attributed to the aggregation of these dyes on the 

antibody (Fig. 4.14).  

Thus, the iodine atoms play a key role in the potency of the dyes to generate 

singlet oxygen and this effect is more pronounced in aqueous media compared to 

methanol. As will be shown below, the increase in the ΦΔ correlates with the increase of 

the photodynamic effect in the tumor-bearing mice model. 

4.2.4 Photoimmunotherapy 

The photoimmunotherapeutic effect of the Cy7TM−Ab and 2ICy7S−Ab 

conjugates was investigated in the mouse xenograft model. Fifteen six-week-old 

athymic Balb/c female nude mice were subcutaneously inoculated in the dorsal right 

side with human breast cancer cell line BT-474 (1106 cells in PBS into nu/nu mice, 

100 µL per mouse) and tumors were allowed to establish over 10 days. After that, 

fifteen mice were randomly separated into five groups (3 mice per group). Group 1 was 

used as a control for tumor growth and background autofluorescence upon imaging. The 

rest of the mice were intravenously (IV) administered (tail vein) with Cy7−Ab (groups 

2 and 3) and 2ICy7S−Ab (groups 4 and 5). The administered dose of conjugate was 

0.67 nmol (100 μg) (4 mg/kg) in 200 μL PBS. After 24 h post-injection, groups 3 and 5 

were exposed to NIR light for 15 min (730 nm LED, 63 J/cm2) and the tumor volumes 

for all the groups were monitored during 28 days (Fig. 4.18). 
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Fig. 4.18. Methodology of mice experiment to evaluate the 

photoimmunotherapeutic effect of dye conjugates on tumor growth. 

To verify the impacts of NIR light on IV administrated free Ab, 2ICy7S, and 

Cy7TM on tumor growth, we performed an additional in vivo experiment (groups 6−10). 

After injection of BT-474 cells and tumor establishing over 10 days, fifteen mice were 

randomly separated into five groups (3 mice per group). Group 6 was used as the 

control for tumor growth and background autofluorescence upon imaging. After 10 

days, group 7 was exposed to NIR light for 15 min (730 nm LED, 63 J/cm2) and other 

mice groups were IV administered (tail) with Cy7TM (group 8), 2ICy7S (group 9) and 

Ab (group 10). The administered doses were 1.14 nmol (0.774 μg) of Cy7, 1.20 nmol 

(1.27 μg) of 2ICy7S, and 0.67 nmol (100 μg) of Ab in 200 μL PBS (Fig. 4.19).  



90 

15 mice

BT-474 Tumor ~25 mm3

10 days

Imaging at 24 h for Group 8 and Group 9

3 mice
No irradiation

3 mice

No irradiation
3 mice

Control
Group 6

No irradiation

3 mice

No irradiation

3 mice

NIR light irradiation

3 mice 3 mice

Light only
Group 7

3 mice

Control
Group 6

2ICy7

3 mice

Group 10
Ab

3 mice

Cy7
Group 8 Group 9

(i) Monitoring tumor volume during 28 days. (ii) Tumor resection.

IV administered mice

Light only
Group 7

2ICy7
Group 10

AbCy7
Group 8 Group 9

IV administered mice

NIR light irradiationNo irradiation

Control
Group 6

No irradiation No irradiationNo irradiation

Light only
Group 7

2ICy7
Group 10

AbCy7
Group 8 Group 9

Result

No effect
Immuno-

therapeutic effect

Analysis

Negligible effect

 

Fig. 4.19. Methodology of mice experiment to evaluate the effect of Ab, 2ICy7S, 

and Cy7TM on tumor growth.  

4.2.4.1 Imaging 

The distribution of the conjugates in mice whole body was monitored by an 

in vivo imaging system, CRi Maestro II. The images were captured in white light and 

NIR channel after 5 h, 10 h, and 24 h post-injection. After 5 h, an intense fluorescence 

signal originated from the photosensitizer was observed in the lungs while at 10 h the 

conjugates started to accumulate in the tumor sites (dorsal right side) followed by 

complete accumulation at 24 h (Fig. 4.20). At this time point (24 h), groups 3 and 5 

administered with Cy7TM−Ab and 2ICy7S−Ab, respectively, were exposed to NIR 

light for 15 min (730 nm LED, 63 J/cm2). 
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Fig. 4.20. In vivo whole body images of tumor-bearing mice (groups 2−5) 

captured at 5 h, 10 h, and 24 h after IV injection of the Cy7TM−Ab and 2ICy7S−Ab 

conjugates. 1st row − white-light, 2nd row − fluorescence channel, 3rd row − their merge. 

The unconjugated dyes Cy7TM and 2ICy7S were almost equally distributed and 

remained over time in whole mouse body and organs (Fig. 4.21).  

 

Fig. 4.21. In vivo whole body images of tumor-bearing mice from control group 

6; and groups 9 and 10 captured at 24 h after IV injection of the Cy7TM and 2ICy7S 

dyes. 1st row − white-light channel, 2nd row − fluorescence channel, 3rd row − their 

merge. 
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Thus, to avoid healthy organs damage, these mice had not been light-irradiated 

(groups 8 and 9). The tumor size was monitored during 28 days by the hands-on digital 

caliper method [157]. On the 28th day, all the tumors were resected for further imaging 

and flow cytometry analysis.  

4.2.4.2 Tumor development 

Tumor growth curves of BT-474 tumor-bearing mice shown in Fig. 4.22 

represent the impacts Cy7TM−Ab and 2ICy7S−Ab conjugates on tumor development. 
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Fig. 4.22. Tumor growth curves of BT-474 tumor-bearing mice for Groups 1−5: 

control (group 1), monitored after a single IV administering of 100 µg (0.5 mg/mL) of 

Cy7TM−Ab, when kept in the dark (group 2) or exposed to NIR light (730 nm LED, 

63 J/cm2) for 15 min (group 3), and 2ICy7S−Ab, when kept in the dark (group 4) or 

exposed to the same NIR light dose (group 5). The tumor volumes were measured 

in vivo by the caliper method and calculated as V = Length  Width2 / 2. The volumes 

of the resected tumors are shown by stars. The tumor volume at each time point is 

represented by the mean ± standard error for three mice in each group. 

It was found that the tumors in control group 1 started to gradually develop on 

the 6th day of observation. Meanwhile, the tumors of four other mice groups showed 

modest growth during 16 days. After that, the tumors of groups 2 and 3 began to grow 

while the tumors for groups 4 and 5 showed a notable increase only on the 24th day. By 
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the 28th day, the tumors of the control group 1 reached 95755 mm3, demonstrating a 

34-fold volume increase compared to the initial volume (~28.5 mm3) while the tumors 

of groups 2−4 exhibited almost an equal increase by the factor of about 24 (the final 

tumor volumes were 67369 mm3), which corresponded to the 1.4-fold tumor growth 

suppression compared to group 1. Importantly, the light-irradiated group 3 administered 

with the non-iodinated Cy7TM−Ab conjugate had very similar final tumor volumes, as 

the groups 2 and 4 were kept in the dark (Fig. 4.22). On the other hand, the tumors in 

group 5 reached only 17640 mm3 (~6-fold increase), which corresponded to the 

~5.4-fold tumor growth suppression compared to control and ~4-fold suppression 

compared to non-irradiated groups 2 and 4. The noticeably increased tumor suppression 

(5.4 vs. 1.4) we explain by combined immuno- and photodynamic effects.  

The tumors resected on the 28th day were captured in white light (Fig. 4.23) and 

their volumes were calculated from the caliper measurements.  

 

Fig. 4.23. Representative photographs of the tumors resected on the 28th day after 

IV injection of the conjugates. 

The volumes of the tumors were similar to those determined in vivo by the same 

caliper method (Fig. 4.22). Thus, the tumors of groups 2−4 were 75643 mm3, 

804117 mm3, and 816128 mm3, respectively, which was about 1.4-fold lower 

compared to group 1 (1,12665 mm3), while for group 5 tumors were 5.2 times lower, 

21669 mm3.  

Tumor growth curves of BT-474 tumor-bearing mice shown in Fig. 4.24 

represent the impacts of NIR light (group 7), Cy7TM (group 8), 2ICy7S (group 9) and 

Ab (group 10) on the tumor development. 
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Fig. 4.24. Tumor growth curves of BT474 tumor-bearing mice for Groups 6−10: 

(i) control (group 6), (ii) mice monitored after NIR light exposure (730 nm LED, 

63 J/cm2) for 15 min (group 7) or (iii) mice IV administered (tail) with Cy7TM (group 

8), 2ICy7S (group 9) and Ab (group 10). The administered doses were 1.14 nmol 

(0.774 μg) of Cy7TM, 1.20 nmol (1.27 μg) of 2ICy7S, and 0.67 nmol (100 μg) of Ab in 

200 μL PBS. The tumor volumes were measured in vivo by the caliper method and 

calculated as V = Length × Width2 / 2. The volumes of the resected tumors are shown 

by stars. The tumor volume at each time point is represented by the mean ± standard 

error for three mice in each group. 

The results depicted in Fig. 4.24 evidenced that the light exposure of 

non-administered mice (group 7) had negligible effect on the tumor growth and IV 

administering of free Cy7TM (group 8) and 2ICy7S (group 9) had no effect on the tumor 

growth. To estimate the contribution of the "pure" immunotherapeutic effect in mice 

treatment, the mice of group 10 were IV injected with the same amount of Ab not 

conjugated to dye (group 10). The tumor suppression was found to be only ~1.5-fold 

more pronounced compared to the control (group 6). The effectiveness of 

immunotherapy for the Ab-administered mice (group 10) was found to be almost the 

same as for groups 2, 3, and 4. Therefore, we can conclude that the 1.4-fold tumor 

growth suppression was associated only with the immunotherapeutic effect, and the 

Cy7TM dye exhibited no detectable photocytotoxicity. 
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Thus, the major contribution in PIT treatment of xenograft mice model comes 

from the PDT effect of dye (2ICy7S) in the conjugate, while the immunotherapeutic 

effect is less significant. 

4.2.4.3 Flow cytometry 

The tumors resected on the 28th day were dissociated into the single cell 

suspensions, as described in the procedure [158], and the isolated cells were stained 

with Annexin V-FITC and propidium iodide (PI) to identify the dead apoptotic and 

necrotic cells, respectively. Cells that remained unstained were considered alive. As 

anticipated, for the control group 1 only survived cancer cells (99.2±0.1%) were 

detected. Flow cytometry analysis of the stained cancer cells in all other groups (groups 

2−5) indicated almost no early apoptosis (no more than 1.2%), and, in fact, only an 

insignificant (up to ~3%) late apoptosis for groups 3 and 5 (Fig. 4.25). 

 

Fig. 4.25. Flow cytometry analysis of cancer cells taken from the BT-474 tumors 

resected on the 28th day without treatment (control group 1), after the IV administering 

with Cy7−Ab and kept in the dark (group 2) or exposed to NIR light for 15 min (730 

nm LED, 63 J/cm2) (group 3), and IV administered with Cy7TM−Ab when kept in the 

dark (group 4) or exposed to the same NIR light dose (group 5). Q1 (top left section) − 

necrosis, Q2 (top right section) − late apoptosis, Q3 (bottom right section) − early 

apoptosis, Q4 (bottom left section) − live cells. 

Groups 2 and 4, which were subjected to immunotherapeutic treatment without 

light exposure, and the light-irradiated group 3 were characterized by insignificant 

necrotic processes of 5.2±1%, 4.9±0.7%, and 5.9±1.2%, respectively. However, the 

percentage of the necrotic cells for the light-irradiated (PIT-treated) group 5 was much 
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more pronounced, 58.1±0.2%. Thus, necrosis is the main mechanism of cancer cell 

death upon PIT treatment.  

Hence, the combination of the immuno- and photodynamic therapies has resulted 

in the noticeably enhanced cancer cell death. 

4.3 Conclusions to chapter 4  

Investigation of the spectral properties and ability for photodynamic eradication 

of S. aureus, E. coli, and P. aeruginosa pathogens of the developed new NIR 

heptamethine cyanine dyes containing up to six iodine atoms and an aliphatic 

carboxylic group demonstrate that the increasing the number of iodine atoms has an 

unexpected and ambiguous photocytotoxic effect on these bacteria, which is connected 

with two opposite factors: (i) increasing the intersystem crossing and the rates of 

reactive species generation and (ii) dye aggregation causing the reduced dye uptake 

that, supposedly, is followed by decreased rates of reactive species generation. As a 

result, the increase of the number of iodine atoms up to two in the series of zwitterionic 

cyanines increases the efficacy of S. aureus eradication; then the efficacy remains 

almost unchanged for the two-, three- and four-iodinated dyes and diminishes in the 

case of the hexa-iodinated cyanine. At the same time, the mono-iodinated heptamethine 

cyanine causes the most pronounced photocytotoxic effect on E. coli and P. aeruginosa. 

An additional positive charge contributed by a triethylammonium group decreases the 

efficacy of the dye towards S. aureus but improves the eradication of E. coli and 

P. aeruginosa. We believe that the developed dyes will be effective for the treatment of 

other bacteria, viruses, and cancer cells. The presence of carboxylic function potentially 

enables further binding of these dyes to various carriers. 

The photoimmunotherapeutic agent, 2ICy7S−Ab, based on the water soluble 

diiodinated heptamethine cyanine NIR dye 2ICy7S conjugated with the trastuzumab 

antibody facilitates significant breast cancer tumor growth suppression in the mouse 

xenograft model. While the antibody-stimulated immunotherapeutic effect of 

2ICy7S−Ab can be estimated as 1.4-fold tumor growth suppression, the combined 

photoimmunotherapeutic action results in 5.4-fold suppression caused by necrosis. The 
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iodinated 2ICy7S−Ab conjugate demonstrates a 3-fold increased quantum yield of 

singlet oxygen generation in aqueous media compared to its non-iodinated analog, 

Cy7TM−Ab. Thus, the iodine atoms in 2ICy7S play a key role in the augmented 

photocytotoxicity of the 2ICy7S−Ab conjugate. The non-iodinated Cy7TM−Ab does not 

show statistically significant photocytotoxicity on cancer cells and acts solely as an 

immunotherapeutic agent.  

Importantly, 2ICy7S−Ab provides a bright fluorescent signal enabling real-time 

monitoring of the conjugate distribution in the body and accumulation in the tumor, 

which is important for recognizing the optimal time for light irradiation and thus 

improving the precision and safety of treatment. We anticipate that the conjugation of 

2ICy7S or other cyanine-based photosensitizers of a similar structure with a wide range 

of antibodies can gradually expand the scope of efficient tools for 

photoimmunotherapeutic treatment aimed at different types of cancer. 
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CHAPTER 5 

EXPERIMENTAL PART 

5.1 Materials and methods  

Starting materials were purchased from Acros, Aldrich, Alfa Aesar Israel. Silica 

gel 60 for column chromatography, and other materials were from Merck and used as is. 

Solvents were purchased from Bio-Lab Israel and used as is. 4-Iodoaniline was 

purchased from Aldrich. 3,5-Dibromoaniline, 3,5-dichlorophenylhydrazine 

hydrochloride, 3- and 4-bromophenylhydrazines hydrochlorides, 2,3,3-Trimethyl-3H-

indole were purchased from TCI. HITC as the reference dye was purchased from 

Sigma-Aldrich and additionally purified by column chromatography (Silica gel 60, 

5−10% methanol-chloroform). Cy7TM NHS Ester (Cy7TM-NHS) was purchased from 

Cytiva Amersham™, and trastuzumab from F. Hoffmann-La Roche Ltd (Basel, 

Switzerland). All other chemicals were supplied by Sigma-Aldrich. Chemical reactions 

were monitored by TLC (Silica gel 60 F-254, Merck) and LC/MS. 

LC/MS analysis was performed using an Agilent Technologies 1260 Infinity 

(LC) 6120 quadrupole (MS), column Agilent Zorbax SB-C18, 1.8 mm, 2.1 × 50 mm, 

column temperature 50 °C, eluent water−acetonitrile (ACN) + 0.1% formic acid. 

HRMS spectra were obtained using a Xevo G2-XS QTOF device. Data was 

acquired using resolution mode under positive electrospray ionization. Acquisition 

range was 50-1200 m/z. Capillary voltage was 2.0 kV. Cone voltage was 40 V. Scan 

times were 0.5 s. The samples were injected direct to MS. In all cases, MeOH was used 

as eluent.  

1H-NMR and 13C-NMR spectra were recorded on a Bruker Avance III HD 

(1H at 400 MHz and 13C at 100 MHz) spectrometer and a BBO probe equipped with a 

Z-gradient coil. 1H-NMR spectra of quaternized indolenines 2.2 and 2.4 were measured 

in DMSO-d6 at 300 K. 13C-NMR spectra of quaternized indolenines 2.2, 2.4, 2.1a-d and 

2.3a-c were measured at 300 K in DMSO-d6 and TFA-d, respectively. 1H-NMR 

and 13C-NMR spectra of xHaln-HITC heptamethine cyanine dyes were measured 
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in DMSO-d6 at 300 K; for 2ICy7S were measured in DMSO-d6 at 275 K; for Cy7, 

1ICy7−6ICy7 were measured in a CDCl3 (80%) − CD3OD (20%) mixture at 275K.  

5.2 Synthesis procedures 

5.2.1 Synthesis of phenylhydrazines 

General procedure for synthesis of phenylhydrazines 2.3b−f: 

A solution of aniline 1b−1i (1 equiv.) in 25 mL of conc. H2SO4 was cooled to 

about −10 °C and the solution of NaNO2 (1-1.3 equiv.) in 5 mL of conc. H2SO4 was 

added dropwise with continuous stirring. The suspension was stirred for 40 min 

at −10 °C. Then, the cooled solution of SnCl2ꞏ2H2O (3.2 equiv.) in conc. HCl was 

added dropwise at −10 °C to the obtained suspension of diazocompound (2.2b−i). 

The reaction mixture was kept at 0 °C for 1 h and at 5−10 °C overnight. The obtained 

precipitate was filtered off, washed with 1 M aqueous solution of HCl and water to give 

target compound 2.3b−i. These phenylhydrazines were used for further synthesis of 

indoles without additional purification. 

(4-Iodophenyl)hydrazine hydrochloride (2.3b) was obtained according to the 

general procedure starting from 4-iodoaniline (10 g, 45.6 mmol) suspended in 10 mL of 

conc. HCl and 8 mL of water (instead of conc. H2SO4), 14 mL of 20% aqueous solution 

of NaNO2 (3.18 g, 46 mmol) and SnCl2ꞏ2H2O (33 g, 146 mmol): beige powder, yield: 

90%, 1H-NMR (400 MHz, DMSO-d6), δ, ppm: 10.32 (2H, bs, NH2), 7.58 (2H, d, 

J = 8.1 Hz, CH), 6.81 (2H, d, J = 8.2 Hz, CH). Exchangeable NH proton was not 

recorded in 1H-NMR spectrum. ESI-MS m/z found: [M−Cl]+ 234.9; C6H8IN2
+ 

requires 235.0. 

(3,5-Dibromophenyl)hydrazine hydrochloride (2.3c) was obtained according 

to the general procedure starting from 3,5-dibromoaniline (4.1 g, 16.3 mmol), NaNO2 

(1.13 g, 16.3 mmol) and SnCl2ꞏ2H2O (11.8 g, 52.3 mmol): beige powder, yield: 97%, 
1H-NMR (400 MHz, DMSO-d6), δ, ppm: 10.13 (2H, bs, NH2), 7.33 (1H, s, CH), 7.11 

(2H, s, CH). Exchangeable NH proton was not recorded in 1H-NMR spectrum. ESI-MS 

m/z found: [M−Cl]+ 266.9; C6H7Br2N2
+ requires 266.9. 
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(3,5-Diiodophenyl)hydrazine hydrochloride (2.3d) was obtained according to 

the general procedure starting from 3,5-diiodoaniline (5 g, 14.5 mmol), NaNO2 (1.3 g, 

18.8 mmol) and SnCl2ꞏ2H2O (10.5 g, 46.4 mmol): beige powder, yield: 87%, 1H-NMR 

(400 MHz, DMSO-d6), δ, ppm: 10.33 (2H, bs, NH2), 8.62 (1H, bs, NH), 7.59 (1H, s, 

CH), 7.34 (2H, s, CH). ESI-MS m/z found: [M−Cl]+ 360.8; C6H7I2N2
+ requires 360.9. 

(3,4,5-Tribromophenyl)hydrazine hydrochloride (2.3e) was obtained 

according to the general procedure starting from 3,4,5-tribromoaniline (7.9 g, 

24 mmol), suspended in 10 mL of conc. HCl and 8 mL of water (instead of conc. 

H2SO4), 10.7 mL of 20% aqueous solution of NaNO2 (2.15 g, 31 mmol) and 

SnCl2ꞏ2H2O (17.3 g, 76.6 mmol): beige powder, yield: 67%, 1H-NMR (400 MHz, 

DMSO-d6), δ, ppm: 10.51 (2H, bs, NH2), 8.88 (1H, bs, NH), 7.40 (2H, s, CH). ESI-MS 

m/z found: [M−Cl]+ 344.7; C6H6Br3N2
+ requires 344.8. 

(3,4,5-Triiodophenyl)hydrazine hydrochloride (2.3f) was obtained according 

to the general procedure starting from 3,4,5-triiodoaniline (5 g, 10.6 mmol), NaNO2 

(0.95 g, 13.8 mmol) and SnCl2ꞏ2H2O (7.7 g, 34 mmol): beige powder, yield: 95% 
1H-NMR (400 MHz, DMSO-d6), δ, ppm: 9.96 (2H, bs, NH2) 7.47 (2H, s, CH). 

Exchangeable NH proton was not recorded in 1H-NMR spectrum. ESI-MS m/z found: 

[M−Cl]+ 486.7; C6H6I3N2
+ requires 486.8. 

5.2.2 Synthesis of 3H-indoles  

General procedure for synthesis of indoles 2.4a-i 

Phenylhydrazine 3a−3i (1 equiv.) and 3-methyl-2-butanone (1.5 equiv.) were 

refluxed in 15 mL of acetic acid for 5 h. The acetic acid was evaporated, the residue 

was washed with 20 mL of 5% aqueous solution of Na2CO3. Residue was dissolved in 

benzene and extracted with 5% aqueous solution of Na2CO3 and water. The organic 

layer was collected, concentrated and dried in a desiccator over NaOH to yield product 

4a−4i. These indoles were used for further synthesis of indolenines without additional 

purification. 

5-Bromo-2,3,3-trimethyl-3H-indole (2.4a) was obtained according to the 

general procedure starting from (4-bromophenyl)hydrazine hydrochloride (2 g, 
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8.9 mmol) and 3-methyl-2-butanone (1.15 g, 13.4 mmol): brown oil, yield: 85%, 1H-

NMR (400 MHz, DMSO-d6), δ, ppm: 7.66 (1H, s, CH), 7.44 (1H, d, J = 8.2 Hz, CH), 

7.36 (1H, d, J = 8.1 Hz, CH), 2.19 (3H, s, CH3), 1.24 (6H, s, C(CH3)2). ESI-MS m/z 

found: [M+H]+ 238.0; C11H13BrN+ requires 238.0. 

5-Iodo-2,3,3-trimethyl-3H-indole (2.4b) was obtained according to the general 

procedure starting from (4-iodophenyl)hydrazine hydrochloride (6 g, 22.2 mmol) and 

3-methyl-2-butanone (2.86 g, 33.3 mmol): brown oil, yield: 57%, 1H-NMR (400 MHz, 

DMSO-d6), δ, ppm: 7.80 (1H, s, CH), 7.60 (1H, d, J = 8.1 Hz, CH), 7.23 (1H, d, 

J = 8.0 Hz, CH), 2.18 (3H, s, CH3), 1.22 (6H, s, C(CH3)2). ESI-MS m/z found: [M+H]+ 

286.0; C11H13IN
+ requires 286.0. 

4,6-Dibromo-2,3,3-trimethyl-3H-indole (2.4c) was obtained according to the 

general procedure starting from (3,5-dibromophenyl)hydrazine hydrochloride (3.3 g, 

11 mmol) and 3-methyl-2-butanone (1.42 g, 16.5 mmol): light brown crystals, yield: 

57%, 1H-NMR (400 MHz, DMSO-d6), δ, ppm: 7.66 (1H, s, CH), 7.58 (1H, s, CH), 2.24 

(3H, s, CH3), 1.36 (6H, s, C(CH3)2). ESI-MS m/z found: [M+H]+ 317.9; C11H12Br2N
+ 

requires 317.9. 

4,6-Diiodo-2,3,3-trimethyl-3H-indole (2.4d) was obtained according to the 

general procedure starting from (3,5-diiodophenyl)hydrazine hydrochloride (3 g, 

7.6 mmol) and 3-methyl-2-butanone (0.98 g, 11.4 mmol): off-white powder, yield: 

43%, 1H-NMR (400 MHz, DMSO-d6), δ, ppm: 7.92 (1H, s, CH), 7.79 (1H, s, CH), 2.22 

(3H, s, CH3), 1.32 (6H, s, C(CH3)2). ESI-MS m/z found: [M+H]+ 412.0; C11H12I2N
+ 

requires 411.9. 

4,5,6-Tribromo-2,3,3-trimethyl-3H-indole (2.4e) was obtained according to the 

general procedure starting from (3,4,5-tribromophenyl)hydrazine hydrochloride 

(0.457 g, 5 mmol) and 3-methyl-2-butanone (0.155 g, 1.8 mmol): off-white powder, 

yield: 59%, 1H-NMR (400 MHz, DMSO-d6), δ, ppm: 7.86 (1H, s, CH), 2.24 (3H, s, 

CH3), 1.37 (6H, s, C(CH3)2). ESI-MS m/z found: [M+H]+ 395.9; C11H11Br3N
+ 

requires 395.8. 

4,5,6-Triiodo-2,3,3-trimethyl-3H-indole (2.4f) was obtained according to the 

general procedure starting from (3,4,5-triiodophenyl)hydrazine hydrochloride (1 g, 
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1.9 mmol) and 3-methyl-2-butanone (0.25 g, 2.9 mmol): off-white powder, yield: 97%, 
1H-NMR (400 MHz, DMSO-d6), δ, ppm: 8.03 (1H, s, CH), 2.19 (3H, s, CH3), 1.29 (6H, 

s, C(CH3)2). ESI-MS m/z found: [M+H]+ 537.8; C11H11I3N
+ requires 537.8. 

4-Bromo-2,3,3-trimethyl-3H-indole (2.4g) and 6-bromo-2,3,3-trimethyl-3H-

indole (2.4h) were obtained according to the general procedure starting from 

(3-bromophenyl)hydrazine hydrochloride (1 g, 4.5 mmol) and 3-methyl-2-butanone 

(0.58 g, 6.7 mmol). The mixture of 2.4g and 2.4h was separated on RP-18 column using 

as eluent ACN−water (+0.05% acetic acid)−ethyl acetate from 45:50:10 to 

65:25:20 v.v.%.  

4-Bromo-2,3,3-trimethyl-3H-indole (2.4g): yellow oily liquid, yield: 18%, 1H-NMR 

(400 MHz, DMSO-d6), δ, ppm: 7.46 (1H, d, J = 7.4 Hz, CH), 7.36 (1H, d, J = 7.8 Hz, 

CH), 7.25 (1H, t, J = 7.6 Hz, CH), 2.25 (3H, s, CH3), 1.39 (6H, s, C(CH3)2). ESI-MS 

m/z found: [M+H]+ 237.9; C11H13BrN+ requires 238.0.  

6-Bromo-2,3,3-trimethyl-3H-indole (2.4h): light-yellow oily liquid, yield: 65%, 
1H-NMR (400 MHz, DMSO-d6), δ, ppm: 7.61 (1H, s, CH), 7.41 (1H, d, J = 7.9 Hz, 

CH), 7.38 (1H, d, J = 8.2 Hz, CH), 2.25 (3H, s, CH3), 1.25 (6H, s, C(CH3)2). ESI-MS 

m/z found: [M+H]+ 238.0; C11H13BrN+ requires 238.0. 

4,6-chloro-2,3,3-trimethyl-3H-indole (2.4i) was obtained according to the 

general procedure starting from (3,5-dichlorophenyl)hydrazine hydrochloride (1.5 g, 

7.0 mmol) and 3-methyl-2-butanone (0.9 g, 10.4 mmol): off-white powder, yield: 69%, 
1H-NMR (400 MHz, DMSO-d6), δ, ppm: 7.50 (1H, s, CH), 7.32 (1H, s, CH), 2.23 (3H, 

s, CH3), 1.36 (6H, s, (CH3)2). ESI-MS m/z found: [M+H]+ 228.1; C11H12Cl2N
+ requires 

228.0. 

5.2.3 Procedures for the synthesis of indolenines 

Indole 2.4a−j (1 equiv.) was dissolved in 2 mL of iodomethane and left at r.t. for 

48 h in a sealed tube. The formed precipitate 2.5a−j was filtered, washed with diethyl 

ether and dried. These indolenines were used for further synthesis of dyes without 

additional purification. 
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5-Bromo-1,2,3,3-tetramethyl-3H-indol-1-ium iodide (2.5a) was obtained 

according to the general procedure starting from 5-bromo-2,3,3-trimethyl-3H-indole 

(1.8 g, 7.6 mmol): off-white powder, yield: 42%, 1H-NMR (400 MHz, DMSO-d6), 

δ, ppm: 8.15 (1H, s, CH), 7.87 (1H, d, J = 8.5 Hz, CH), 7.83 (1H, J = d, 8.4 Hz, CH), 

3.94 (3H, s, CH3), 2.75 (3H, s, CH3), 1.53 (6H, s, C(CH3)2). ESI-MS m/z found: 

[M−I]+ 252.1; C12H15BrN+ requires 252.0. 

5-Iodo-1,2,3,3-tetramethyl-3H-indol-1-ium iodide (2.5b) was obtained 

according to the general procedure starting from 5-iodo-2,3,3-trimethyl-3H-indole 

(2.03 g, 7.1 mmol): off-white powder, yield: 69%, 1H-NMR (400 MHz, DMSO-d6), 

δ, ppm: 8.27 (1H, s, CH), 7.99 (1H, d, J = 8.2 Hz, CH), 7.71 (1H, d, J = 8.4 Hz, CH), 

3.93 (3H, s, CH3), 2.73 (3H, s, CH3), 1.51 (6H, s, (CH3)2). ESI-MS m/z found: [M−I]+ 

300.0; C12H15IN
+ requires 300.0. 

4,6-Dibromo-1,2,3,3-tetramethyl-3H-indol-1-ium iodide (2.5c) was obtained 

according to the general procedure starting from 4,6-dibromo-2,3,3-trimethyl-3H-indole 

(0.3 g, 0.95 mmol): off-white powder, yield: 69%, 1H-NMR (400 MHz, DMSO-d6), 

δ, ppm: 8.34 (1H, s, CH), 8.11 (1H, s, CH), 3.94 (3H, s, CH3), 2.81 (3H, s, CH3), 1.63 

(6H, s, C(CH3)2). ESI-MS m/z found: [M−I]+ 332.0; C12H14Br2N
+ requires 332.0. 

4,6-Diiodo-1,2,3,3-tetramethyl-3H-indol-1-ium iodide (2.5d) was obtained 

according to the general procedure starting from 4,6-diiodo-2,3,3-trimethyl-3H-indole 

(0.34 g, 0.83 mmol): off-white powder, yield: 63%, 1H-NMR (400 MHz, DMSO-d6), 

δ, ppm: 8.37 (2H, s, CH), 3.91 (3H, s, CH3), 2.78 (3H, s, CH3), 1.60 (6H, s, C(CH3)2). 

ESI-MS m/z found: [M−I]+ 425.9; C12H14I2N
+ requires 425.9. 

4,5,6-Tribromo-1,2,3,3-tetramethyl-3H-indol-1-ium iodide (2.5e) was 

obtained according to the general procedure starting from 4,5,6-tribromo-2,3,3-

trimethyl-3H-indole (1.12 g, 2.8 mmol): beige powder, yield: 60%, 1H-NMR 

(400 MHz, DMSO-d6), δ, ppm: 8.48 (1H, s, CH), 3.92 (3H, s, CH3), 2.78 (3H, s, CH3), 

1.61 (6H, s, C(CH3)2). ESI-MS m/z found: [M−I]+ 409.9; C12H13Br3N
+ requires 409.9. 

4,5,6-Triiodo-1,2,3,3-tetramethyl-3H-indol-1-ium iodide (2.5f) was obtained 

according to the general procedure starting from 4,5,6-triiodo-2,3,3-trimethyl-3H-indole 

(1.0 g, 1.9 mmol): off-white powder, yield: 48%, 1H-NMR (400 MHz, DMSO-d6), 
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δ, ppm: 8.52 (1H, s, CH), 3.92 (3H, s, CH3), 2.76 (3H, s, CH3), 1.59 (6H, s, C(CH3)2). 

ESI-MS m/z found: [M−I]+ 551.8; C12H13I3N
+ requires 551.8. 

4-Bromo-1,2,3,3-tetramethyl-3H-indol-1-ium iodide (2.5g) was obtained 

according to the general procedure starting from 4-bromo-2,3,3-trimethyl-3H-indole 

(0.18 g, 0.76 mmol): off-white powder with reddish hue, yield: 51%, 1H-NMR 

(400 MHz, DMSO-d6), δ, ppm: 7.96 (1H, d, J = 8.1 Hz, CH), 7.81 (1H, d, J = 8.2 Hz, 

CH), 7.60 (1H, J = d, 8.0 Hz, CH), 3.95 (3H, s, CH3), 2.79 (3H, s, CH3), 1.64 (6H, s, 

C(CH3)2). ESI-MS m/z found: [M−I]+ 252.1; C12H15BrN+ requires 252.0. 

6-Bromo-1,2,3,3-tetramethyl-3H-indol-1-ium iodide (2.5h) was obtained 

according to the general procedure starting from 6-bromo-2,3,3-trimethyl-3H-indole 

(0.69 g, 2.9 mmol): off-white powder with reddish hue, yield: 42%, 
1H-NMR (400 MHz, DMSO-d6), δ, ppm: 8.25 (1H, s, CH), 7.80 (2H, d, J = 8.2 Hz, 

CH), 3.95 (3H, s, CH3), 2.77 (3H, s, CH3), 1.51 (6H, s, C(CH3)2). ESI-MS m/z found: 

[M−I]+ 252.1; C12H15BrN+ requires 252.0. 

4,6-dichloro-1,2,3,3-tetramethyl-3H-indol-1-ium iodide (2.5i) was obtained 

according to the general procedure starting from 4,6-dichloro-2,3,3-trimethyl-3H-indole 

(0.9 g, 3.94 mmol): off-white powder, yield: 75%, 1H-NMR (400 MHz, DMSO-d6), 

δ, ppm: 1H-NMR (400 MHz, DMSO-d6), δ, ppm: 8.21 (1H, s, CH), 7.88 (1H, s, CH), 

3.95 (3H, s, CH3), 2.81 (3H, s, CH3), 1.63 (6H, s, (CH3)2). ESI-MS m/z found: [M−I]+ 

242.0; C12H14Cl2N
+ requires 242.1. 

1,2,3,3-tetramethyl-3H-indol-1-ium iodide (2.5j) (was obtained according to 

the general procedure starting from 2,3,3-trimethyl-3H-indole (1.0 g, 6.3 mmol): 

off-white powder with reddish hue, yield: 74%, 1H-NMR (400 MHz, DMSO-d6), 

δ, ppm: 7.91 (d, J = 5.2 Hz, 1H, CH), 7.83 (d, J = 5.4 Hz, 1H, CH), 7.62 (t, J = 3.6 Hz, 

2H, CH), 3.98 (s, 3H, CH3), 2.77 (s, 3H, CH3), 1.53 (s, 6H, (CH3)2). ESI-MS m/z found: 

[M−I]+ 174.1; C12H16N
+ requires 174.13. 

 

Indolenines 2.4b, 2.4f or 2.4j (1 equiv.) was mixed with 6-bromohexanoic acid 

(1.5-2 equiv.) and heated at 90−120 °C for 15 h−3 d in a sealed tube. The reaction 

mixture was cooled to r.t., diluted with benzene (5 mL), the solvent was decanted, and 
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the residue was triturated with benzene (3×5 mL), and filtered. The obtained precipitate 

was washed with acetone (1 mL) and dried to yield 2.6b, 2.6f or 2.6j. 

1-(5-Carboxypentyl)-5-iodo-2,3,3-trimethyl-3H-indol-1-ium bromide (2.6b) 

was obtained starting from 5-iodo-2,3,3-trimethyl-3H-indole (2.4b) (1.0 g, 3.5 mmol) 

and 6-bromohexanoic acid (1.37 g, 7.0 mmol) by heating at 90 °C for 2 days in a sealed 

tube. Yield: 0.81 g (48%). 1H-NMR (400 MHz, DMSO-d6), δ, ppm: 8.31 (s, 1H), 7.99 

(d, J = 8.4 Hz, 1H), 7.81 (d, J = 8.5 Hz, 1H), 4.43 (t, J = 7.7 Hz, 2H), 2.82 (s, 3H), 2.20 

(t, J = 6.7 Hz, 2H), 1.82 (m, 2H), 1.53 (s, 6H), 1.42 (m, 2H), 1.34 (m, 2H). 

MS m/z (ESI+) C17H23BrINO2
 calculated [M−Br]+ 400.08, found m/z 400.12. 

1-(5-Carboxypentyl)-4,5,6-triiodo-2,3,3-trimethyl-3H-indol-1-ium bromide 

(2.6f) was obtained starting from 4,5,6-triiodo-2,3,3-trimethyl-3H-indole (2.4f) (1.0 g, 

1.9 mmol) and 6-bromohexanoic acid (0.73 g, 3.7 mmol) by heating at 90 °C for 3 days 

in a sealed tube. Yield 0.4 g (29%). 1H-NMR (400 MHz, DMSO-d6), δ, ppm: 8.60 (s, 

1H), 4.41 (t, J = 7.7 Hz, 2H), 2.83 (s, 3H), 2.20 (t, J = 6.7 Hz, 2H), 1.79 (m, 2H), 1.60 

(s, 6H), 1.51 (m, 2H), 1.44 (m, 2H). MS m/z (ESI+) C17H21BrI3NO2 calculated 

[M−Br]+ 651.87, found m/z 651.90.  

1-(5-Carboxypentyl)-2,3,3-trimethyl-3H-indol-1-ium bromide (2.6j) was 

obtained starting from 2,3,3-trimethyl-3H-indole (2.4j) (1.0 g, 6.3 mmol) and 

6-bromohexanoic acid (1.84 g, 9.4 mmol) by heating at 120 °C for 15 h in a sealed tube. 

Yield 1.33 g, 60%. 1H-NMR (400 MHz, DMSO-d6), δ, ppm: 7.97 (d, J = 5.1 Hz, 1H), 

7.84 (d, J = 3.4 Hz, 1H), 7.62 (t, J = 4.1 Hz, 2H), 4.45 (t, J = 7.8 Hz, 2H), 2.84 (s, 3H), 

2.23 (t, J = 7.2 Hz, 2H), 1.85 (m, 2H), 1.56 (m, 2H), 1.54 (s, 6H), 1.43 (m, 2H). 

MS m/z (ESI+) C17H24BrNO2
 calculated [M−Br]+ 274.18, found m/z 274.20. 

5-Iodo-2,3,3-trimethyl-1-(3-(triethylammonio)propyl)-3H-indol-1-ium 

dibromide (2.7): 5-Iodo-2,3,3-trimethyl-3H-indole (2.4b) (1.0 g, 3.5 mmol) and 

3-bromo-N,N,N-triethylpropan-1-aminium bromide (1.23 g, 3.9 mmol) were stirred in 

acetonitrile (14 mL) at reflux for 2 days. Reaction mixture was diluted with benzene 

(50 mL). In 1 h the solvent was decanted and the viscous solid was triturated with 

diethyl ether, filtered, washed with ether, and dried to yield 7 (0.6 g, 29%). 1H-NMR 

(400 MHz, DMSO-d6), δ, ppm: 8.33 (s, 1H), 8.04 (d, J = 7.8 Hz, 1H), 7.95 (d, 
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J = 7.6 Hz, 1H), 4.56 (t, J = 7.7 Hz, 2H), 3.25 (m, 8H), 2.91 (s, 3H), 2.18 (m, 2H), 1.56 

(s, 6H), 1.18 (t, J = 7.3 Hz, 9H). MS m/z (ESI+) C20H33Br2IN2 calculated 

[M−2Br]+ 428.17, found m/z 428.20. 

3-(4,6-Diiodo-2,3,3-trimethyl-3H-indol-1-ium-1-yl)propane-1-sulfonate (2.8). 

4,6-diiodo-2,3,3-trimethyl-3H-indole 2.4d (1 g, 2.43 mmol) was refluxed with 

1,3-propane sultone (0.44 g, 3.64 mmol) in toluene (4 mL) for 15 h and cooled to r.t. 

The obtained brown residue was filtered, washed with acetone, dissolved in methanol, 

and precipitated with diethyl ether. The product was collected and vacuum-dried to 

yield the quaternized indolenine 2.8 (0.53 g, 41%). 1H-NMR (400 MHz, DMSO-d6), δ, 

ppm: 8.52 (s, 1H, CH), 8.37 (s, 1H, CH), 4.59 (t, J = 6.9 Hz, 2H, NCH2), 2.85 (s, 3H, 

CH3), 2.62 (t, J = 6.7 Hz, 2H, CH2SO3H), 2.06 (t, J = 6.9 Hz, 2H, CH2SO3H), 1.61 (s, 

6H, (CH3)2). 
13C-NMR (100 MHz, TFA-d), δ, ppm: 201.46, 151.98, 144.66, 143.69, 

126.56, 95.44, 91.70, 60.04, 50.37, 49.05, 24.82, 20.10, 15.53. HRMS: m/z (ESI+) 

C14H17I2NO3S calculated [M+H]+ 533.9092, found m/z: 533.9122.  

3-(3-(5-Carboxypentyl)-2,3-dimethyl-5-sulfo-3H-indol-1-ium-1-yl)propane-1-

sulfonate (2.9). A solution of potassium hydroxide (0.33 g, 5.91 mmol) in methanol 

(5 mL) was added to a solution of 6-(2,3-dimethyl-5-sulfo-3H-indol-3-yl)hexanoic acid 

(2.4k) (1 g, 2.95 mmol) obtained according to [159] in 5 mL methanol, the mixture was 

stirred at r.t. for 30 min, methanol was evaporated and the product vacuum-dried. The 

residue (1.22 g, 2.95 mmol) was heated with 1,3-propanesultone (0.72 g, 5.9 mmol) in 

sulfolane (5 mL) at 130 °C for 5 h. After cooling to r.t., the solid product was dissolved 

in methanol, precipitated with diethyl ether, filtered and dried. Crude product was 

dissolved in 1 M HCl, refluxed for 3 h, cooled, alkalized with sodium hydroxide, and 

column-purified (LiChroprep RP-18, water) resulting in the quaternized indolenine 2.9 

as a pale-yellow solid. Yield 0.5 g (37%). 1H-NMR (400 MHz, DMSO-d6), δ, ppm: 

8.00 (d, J = 8.4 Hz, 1H, CH), 7.97 (s, 1H, CH), 7.83 (d, J = 9.6 Hz, 1H, CH), 4.68 (t, 

J = 7.0 Hz, 2H, NCH2), 2.86 (s, 3H, CH3), 2.63 (t, J = 6.6 Hz, 2H, CH2SO3H), 

2.34−1.97 (m, 6H, CH2), 1.54 (s, 3H, CH3) 1.42−1.27 (m, 2H, CH2), 1.20−1.05 (m, 2H, 

CH2), 0.78−0.45 (m, 2H, CH2). 
13C-NMR (100 MHz, DMSO-d6), δ, ppm: 174.41, 

158.61, 146.49, 138.65, 133.93, 125.46, 119.47, 103.67, 74.65, 48.71, 47.38, 42.43, 
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40.66, 33.75, 29.40, 28.75, 24.30, 23.86, 21.95. HRMS: m/z (ESI+) C19H27NO8S2 

calculated [M+H]+ 462.1251, found m/z: 462.1259. 

5.2.4 General procedure for the synthesis of symmetrical xHaln-HITC cyanine dyes 

Indolenine 2.5a−i (1 equiv.) and N-[5-(phenylamino)-2,4-

pentadienylidene]aniline hydrochloride (0.45−0.5 equiv.) were dissolved in 4 mL of 

acetic anhydride and heated at 90−100 °C during 10 min. Then, the reaction mixture 

was cooled to 50 °C, following by the addition of pyridine (3 mL) and heating at 

90-100 °C during 5 min, resulting in the formation of the product. Then, the reaction 

mass was cooled to r.t. during 5−10 min. The desired dye was precipitated with ether, 

filtered off and washed with ether. The crude product was column purified on Silica gel 

60 using 1−20% methanol-chloroform as eluent. Fraction with the dye was collected, 

evaporated, washed with ether and vacuum-dried. 

5-Bromo-2-((1,3,5,7)-7-(5-bromo-1,3,3-trimethylindolin-2-ylidene)hepta-

1,3,5-trien-1-yl)-1,3,3-trimethyl-3H-indol-1-ium iodide (5Br2-HITC) was obtained 

according to the general procedure starting from 5-bromo-1,2,3,3-tetramethyl-3H-indol-

1-ium iodide (100 mg, 0.26 mmol) and N-[5-(phenylamino)-2,4-

pentadienylidene]aniline hydrochloride (33.7 mg, 0.118 mmol): dark blue metallic 

powder, yield: 58%, 1H-NMR (400 MHz, DMSO-d6), δ, ppm: 7.86 (2H, t, J = 13.1 Hz, 

CH), 7.84 (2H, s, CH, arom.), 7.78 (1H, t, J = 12.8 Hz, CH), 7.58 (2H, d, J = 8.1 Hz, 

CH, arom.), 7.32 (2H, d, J = 8.5 Hz, CH, arom.), 6.54 (2H, t, J = 12.6 Hz, CH), 6.31 

(2H, d, J = 13.7 Hz, CH), 3.56 (6H, s, N-CH3), 1.63 (12H, s, (CH3)2). 
13C-NMR 

(100 MHz, DMSO-d6), δ, ppm: 171.35, 156.23, 150.93, 143.17, 142.27, 131.07, 125.79, 

125.50, 116.73, 112.70, 104.28, 48.71, 31.24, 26.79. HRMS: m/z (ESI+) 

C29H31Br2N2
+ calculated [M]+ 567.0836, found m/z: 567.0858.  

5-Iodo-2-((1,3,5,7)-7-(5-iodo-1,3,3-trimethylindolin-2-ylidene)hepta-1,3,5-

trien-1-yl)-1,3,3-trimethyl-3H-indol-1-ium iodide (5I2-HITC) was obtained 

according to the general procedure starting from 5-iodo-1,2,3,3-tetramethyl-3H-indol-1-

ium iodide (150 mg, 0.35 mmol) and N-[5-(phenylamino)-2,4-pentadienylidene]aniline 

hydrochloride (50.0 mg, 0.175 mmol): dark blue metallic powder, yield: 50%, 1H-NMR 
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(400 MHz, DMSO-d6), δ, ppm: 7.96 (2H, s, CH, arom.), 7.86 (2H, t, J = 13.2 Hz, CH), 

7.76 (1H, t, J = 12.6 Hz, CH), 7.73 (2H, d, J = 8.2 Hz, CH, arom.), 7.19 (2H, d, 

J = 8.3 Hz, CH, arom.), 6.54 (2H, t, J = 12.6 Hz, CH), 6.30 (2H, d, J = 13.7 Hz, CH), 

3.54 (6H, s, N-CH3), 1.62 (12H, s, (CH3)2). 
13C-NMR (100 MHz, DMSO-d6), δ, ppm: 

171.05, 156.28, 150.93, 143.33, 142.80, 136.90, 130.99, 125.79, 113.12, 104.22, 88.72, 

48.60, 31.18, 26.83. HRMS: m/z (ESI+) C29H31I2N2
+ calculated [M]+ 661.0577, 

found m/z: 661.0566. 

4,6-Dibromo-2-((1,3,5,7)-7-(4,6-dibromo-1,3,3-trimethylindolin-2-ylidene) 

hepta-1,3,5-trien-1-yl)-1,3,3-trimethyl-3H-indol-1-ium iodide (4,6Br4-HITC) was 

obtained according to the general procedure starting from 4,6-dibromo-1,2,3,3-

tetramethyl-3H-indol-1-ium iodide (100 mg, 0.218 mmol) and N-[5-(phenylamino)-2,4-

pentadienylidene]aniline hydrochloride (27.9 mg, 0.098 mmol): dark green metallic 

powder, yield: 48%, 1H-NMR (400 MHz, DMSO-d6), δ, ppm: 7.93 (2H, t, J = 13.1 Hz, 

CH), 7.81 (1H, t, J = 12.9 Hz, CH), 7.72 (2H, s, CH, arom.), 7.60 (2H, s, CH, arom.), 

6.62 (2H, t, J = 12.7 Hz, CH), 6.36 (2H, d, J = 13.8 Hz, CH), 3.56 (6H, s, N-CH3), 1.75 

(12H, s, (CH3)2). 
13C-NMR (100 MHz, DMSO-d6), δ, ppm: 171.72, 156.94, 151.66, 

146.42, 136.12, 129.88, 126.84, 122.16, 117.57, 113.89, 104.46, 50.27, 31.63, 23.28. 

HRMS: m/z (ESI+) C29H29Br4N2
+ calculated [M]+ 724.9026, found m/z: 724.9028.  

4,6-Diiodo-2-((1,3,5,7)-7-(4,6-diiodo-1,3,3-trimethylindolin-2-ylidene)hepta-

1,3,5-trien-1-yl)-1,3,3-trimethyl-3H-indol-1-ium iodide (4,6I4-HITC) was obtained 

according to the general procedure starting from 4,6-diiodo-1,2,3,3-tetramethyl-3H-

indol-1-ium iodide (110 mg, 0.20 mmol) and N-[5-(phenylamino)-2,4-

pentadienylidene]aniline hydrochloride (28.3 mg, 0.1 mmol): dark blue metallic 

powder, yield: 55%, 1H-NMR (400 MHz, DMSO-d6), δ, ppm: 7.94 (2H, s, CH, arom.), 

7.91 (2H, t, J = 13.3 Hz, CH), 7.80 (2H, s, CH, arom.), 7.76 (1H, t, J = 13.5 Hz, CH), 

6.59 (2H, t, J = 12.6 Hz, CH), 6.33 (2H, d, J = 13.8 Hz, CH), 3.53 (6H, s, N-CH3), 1.72 

(12H, s, (CH3)2). 
13C-NMR (100 MHz, DMSO-d6), δ, ppm: 171.34, 156.51, 150.92, 

143.17, 142.28, 131.07, 125.50, 116.73, 112.70, 104.28, 91.60, 48.71, 31.24, 26.79. 

HRMS: m/z (ESI+) C29H29I4N2
+ calculated [M]+ 912.8510, found m/z: 912.8514. 
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4,5,6-Tribromo-2-((1,3,5,7)-7-(4,5,6-tribromo-1,3,3-trimethylindolin-2-

ylidene)hepta-1,3,5-trien-1-yl)-1,3,3-trimethyl-3H-indol-1-ium iodide (Br6-HITC) 

was obtained according to the general procedure starting from 4,5,6-tribromo-1,2,3,3-

tetramethyl-3H-indol-1-ium iodide (49 mg, 0.09 mmol) and N-[5-(phenylamino)-2,4-

pentadienylidene]aniline hydrochloride (13.0 mg, 0.045 mmol): dark green metallic 

powder, yield: 82%, 1H-NMR (400 MHz, DMSO-d6), δ, ppm: 7.95 (2H, t, J = 13.1 Hz, 

CH), 7.93 (2H, s, CH, arom.), 7.81 (1H, t, J = 12.8 Hz, CH), 6.63 (2H, t, J = 12.7 Hz, 

CH), 6.35 (2H, d, J = 13.8 Hz, CH), 3.56 (6H, s, N-CH3), 1.77 (12H, s, C(CH3)2). 
13C-NMR (100 MHz, DMSO-d6), δ, ppm: 171.50, 157.12, 151.73, 144.83, 138.58, 

127.11, 125.17, 122.57, 120.57, 115.46, 104.49, 51.26, 31.68, 23.09. HRMS: 

m/z (ESI+) C29H27Br6N2
+ calculated [M]+ 882.7216, found m/z: 882.7212.  

4,5,6-Triiodo-2-((1,3,5,7)-7-(4,5,6-triiodo-1,3,3-trimethylindolin-2-

ylidene)hepta-1,3,5-trien-1-yl)-1,3,3-trimethyl-3H-indol-1-ium iodide (I6-HITC) 

was obtained according to the general procedure starting from 4,5,6-triiodo-1,2,3,3-

tetramethyl-3H-indol-1-ium iodide (150 mg, 0.22 mmol) and N-[5-(phenylamino)-2,4-

pentadienylidene]aniline hydrochloride (31.5 mg, 0.11 mmol): dark green metallic 

powder, yield: 32%, 1H-NMR (400 MHz, DMSO-d6), δ, ppm: 8.01 (2H, s, CH, arom.), 

7.90 (2H, t, J = 13.7 Hz, CH), 7.76 (1H, t, J = 12.5 Hz, CH), 6.58 (2H, t, J = 12.7 Hz, 

CH), 6.31 (2H, d, J = 13.8 Hz, CH), 3.53 (6H, s, N-CH3), 1.72 (12H, s, C(CH3)2). 
13C-NMR (100 MHz, DMSO-d6), δ, ppm: 171.52, 156.57, 151.39, 145.18, 142.44, 

126.61, 121.35, 120.38, 108.30, 104.33, 104.03, 51.86, 31.38, 23.18. HRMS: 

m/z (ESI+) C29H27Br6N2
+ calculated [M]+ 1164.6443, found m/z: 1164.6423. 

4-Bromo-2-((1,3,5,7)-7-(4-bromo-1,3,3-trimethylindolin-2-ylidene)hepta-

1,3,5-trien-1-yl)-1,3,3-trimethyl-3H-indol-1-ium iodide (4Br2-HITC) was obtained 

according to the general procedure starting from 4-bromo-1,2,3,3-tetramethyl-3H-indol-

1-ium iodide (100 mg, 0.263 mmol) and N-[5-(phenylamino)-2,4-

pentadienylidene]aniline hydrochloride (36.0 mg, 0.126 mmol): dark blue metallic 

powder, yield: 33%, 1H-NMR (400 MHz, DMSO-d6), δ, ppm: 7.92 (2H, t, J = 13.0 Hz, 

CH), 7.78 (1H, t, J = 12.8 Hz, CH), 7.43 (2H, dd, J = 6.7 Hz, J = 2.3 Hz, CH, arom.), 

7.40-7.33 (4H, m, CH, arom.), 6.58 (2H, t, J = 12.6 Hz, CH), 6.34 (2H, d, J = 13.8 Hz, 



110 

CH), 3.58 (6H, s, N-CH3), 1.77 (12H, s, C(CH3)2). 
13C-NMR (100 MHz, DMSO-d6), 

δ, ppm: 171.37, 156.28, 151.14, 145.26, 136.63, 130.43, 128.63, 126.07, 116.92, 

110.74, 103.85, 50.42, 31.43, 23.39. HRMS: m/z (ESI+) C29H31Br2N2
+ calculated [M]+ 

567.0836, found m/z: 567.0845.  

6-Bromo-2-((1,3,5,7)-7-(6-bromo-1,3,3-trimethylindolin-2-ylidene)hepta-

1,3,5-trien-1-yl)-1,3,3-trimethyl-3H-indol-1-ium iodide (6Br2-HITC) was obtained 

according to the general procedure starting from 6-bromo-1,2,3,3-tetramethyl-3H-indol-

1-ium iodide (100 mg, 0.263 mmol) and N-[5-(phenylamino)-2,4-

pentadienylidene]aniline hydrochloride (36.0 mg, 0.126 mmol): dark blue metallic 

powder, yield: 64%, 1H-NMR (400 MHz, DMSO-d6), δ, ppm: 7.88 (2H, t, J = 13.1 Hz, 

CH), 7.79 (1H, t, J = 12.8 Hz, CH), 7.64 (2H, s, CH, arom.), 7.52 (2H, d, J = 7.9 Hz, 

CH, arom.), 7.38 (2H, d, J = 8.0 Hz, CH, arom.), 6.56 (2H, t, J = 12.4 Hz, CH), 6.34 

(2H, d, J = 13.7 Hz, CH), 3.56 (6H, s, N-CH3), 1.61 (12H, s, C(CH3)2). 
13C-NMR 

(100 MHz, DMSO-d6), δ, ppm: 171.97, 156.52, 151.20, 144.51, 140.12, 126.84, 125.98, 

123.96, 121.03, 113.95, 104.49, 48.36, 31.28, 26.78. HRMS: m/z (ESI+) C29H31Br2N2
+ 

calculated [M]+ 567.0836, found m/z: 567.0840. 

4,6-Dichloro-2-((1,3,5,7)-7-(4,6-dichloro-1,3,3-trimethylindolin-2-ylidene) 

hepta-1,3,5-trien-1-yl)-1,3,3-trimethyl-3H-indol-1-ium iodide (4,6Cl4-HITC) was 

obtained according to the general procedure starting from 4,6-dichloro-1,2,3,3-

tetramethyl-3H-indol-1-ium iodide (150 mg, 0.405 mmol) and N-[5-(phenylamino)-2,4-

pentadienylidene]aniline hydrochloride (55.4 mg, 0.195 mmol): dark blue metallic 

powder, yield: 48%, 1H-NMR (400 MHz, DMSO-d6), δ, ppm: 7.94 (2H, t, J = 13.1 Hz, 

CH), 7.83 (1H, t, J = 12.8 Hz, CH), 7.59 (2H, d, J = 1.7 Hz, CH, arom.), 7.36 (2H, d, 

J = 1.7 Hz, CH, arom.), 6.62 (2H, t, J = 12.6 Hz, CH), 6.37 (2H, d, J = 13.8 Hz, CH), 

3.57 (6H,s, N-CH3), 1.75 (12H s, C(CH3)2). 
13C-NMR (100 MHz, DMSO-d6), δ, ppm: 

171.74, 157.12, 151.73, 146.13, 134.25, 134.09, 129.08, 126.89, 124.26, 110.79, 

104.55, 79.17, 49.71, 31.71, 23.48. HRMS: m/z (ESI+) C29H29Cl4N2
+ calculated [M]+ 

547.1059, found m/z: 547.1068.  
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5.2.4 General procedure for the synthesis of the unsymmetrical dyes Cy7, 

1ICy7−6ICy7 

A solution of indolenine 2.5b, 2.5f, 2.5j or 2.7 (0.25 mmol, 1.1 equiv.) and 

N-[5-(phenylamino)-2,4-pentadienylidene]aniline hydrochloride (0.23 mmol, 

1.0 equiv.) in acetic anhydride (2 mL) was heated at 90 °C for 15 min to form the 

corresponding N-phenylacetamide intermediate product. Then, the second indolenine 

2.6b, 2.6f or 2.6j (0.25 mmol, 1.1 equiv.) was added and dissolved in the reaction 

mixture at 90 °C. The reaction mixture was then cooled to 50 °C, pyridine (1 mL) was 

added, heated at 90 C for 5 min, and the obtained dye was precipitated with ether, 

filtered, and washed with ether. The raw product was column purified on Silica gel 60 

using 5−10% methanol−chloroform as eluent. 

6-(3,3-Dimethyl-2-(7-(1,3,3-trimethylindolin-2-ylidene)hepta-1,3,5-trien-1-

yl)-3H-indol-1-ium-1-yl)hexanoate (Cy7). 

Dye Cy7 was synthesized from 1,2,3,3-tetramethyl-3H-indol-1-ium iodide (2.5j) 

(75 mg, 0.25 mmol), N-[5-(phenylamino)-2,4-pentadienylidene]aniline hydrochloride 

(64 mg, 0.23 mmol), and 1-(5-carboxypentyl)-2,3,3-trimethyl-3H-indol-1-ium bromide 

(2.6j) (88.5 mg, 0.25 mmol). Yield: 119 mg (52%). 1H-NMR (400 MHz, 

CDCl3−CD3OD), δ, ppm: 7.71 (t, J = 13.1 Hz, 2H), 7.42 (t, J = 12.7 Hz, 1H), 7.40−7.34 

(m, 2H), 7.32 (d, J = 7.5 Hz, 2H), 7.18 (t, J = 7.4 Hz, 2H), 7.08 (d, J = 8.4 Hz, 1H), 

7.06 (d, J = 8.4 Hz, 1H), 6.47 (t, J = 12.5 Hz, 2H), 6.08 (d, J = 13.4 Hz, 1H), 6.05 (d, 

J = 13.6 Hz, 1H), 3.92 (t, J = 7.4 Hz, 2H), 3.53 (s, 3H), 2.27 (t, J = 7.2 Hz, 2H), 

1.84−1.67 (m, 2H), 1.62 (s, 12H), 1.67− 1.53 (m, 2H), 1.50−1.35 (m, 2H). 13C-NMR 

(100 MHz, CDCl3−CD3OD), δ, ppm: 175.63 (COOH), 171.14 (CN Ind), 170.56 

(CN Ind) 155.75 (CH), 150.53 (2CH), 141.67 (Ar), 141.00 (Ar), 139.80 (Ar), 139.63 

(Ar), 127.84 (2CH Ar), 124.76 (2CH), 124.26 (2CH Ar), 121.36 (CH Ar), 121.23 

(CH Ar), 109.50 (CH Ar), 109.40 (CH Ar), 102.68 (CH), 102.42 (CH), 48.47 

(2C(CH3)2), 43.09 (CH2), 32.98 (CH2), 30.23 (CH3), 26.83 (4CH3), 26.19 (CH2), 25.45 

(CH2), 23.58 (CH2). HRMS m/z (ESI+) C34H40N2O2 calculated [M+H]+ 509.3090 

(509.3163), found m/z: 509.3168. 
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6-(2-(7-(5-iodo-1,3,3-trimethylindolin-2-ylidene)hepta-1,3,5-trien-1-yl)-3,3-

dimethyl-3H-indol-1-ium-1-yl)hexanoate (1ICy7). 

Dye 1ICy7 was synthesized from 5-iodo-1,2,3,3-tetramethyl-3H-indol-1-ium 

iodide (2.5b) (106.75 mg, 0.25 mmol), N-[5-(phenylamino)-2,4-

pentadienylidene]aniline hydrochloride (64 mg, 0.23 mmol), and 1-(5-carboxypentyl)-

2,3,3-trimethyl-3H-indol-1-ium bromide (2.6j) (88.5 mg, 0.25 mmol). Yield: 74 mg 

(45%). 1H-NMR (400 MHz, CDCl3−CD3OD), δ, ppm: 7.76 (t, J = 13.1 Hz, 1H), 7.61 

(t, J = 13.1 Hz, 1H), 7.59 (d, J = 8.5 Hz, 1H), 7.54 (s, 1H), 7.40 (t, J = 12.7 Hz, 1H), 

7.37 (t, J = 7.9 Hz, 1H), 7.36 (d, J = 7.8 Hz, 1H), 7.25 (t, J = 7.4 Hz, 1H), 7.15 (d, 

J = 7.9 Hz, 1H), 6.77 (d, J = 8.4 Hz, 1H), 6.53 (t, J = 13.3 Hz, 1H), 6.44 (t, J = 13.3 Hz, 

1H), 6.20 (d, J = 13.5 Hz, 1H), 5.92 (d, J = 13.3 Hz, 1H), 3.99 (t, J = 7.4 Hz, 2H), 3.42 

(s, 3H), 2.24 (t, J = 7.2 Hz, 2H), 1.77 (m, 2H), 1.64 (m, 2H), 1.63 (s, 6H), 1.58 (s, 6H), 

1.44 (m, 2H). 13C-NMR (100 MHz, CDCl3−CD3OD), δ, ppm: 176.41 (COOH), 172.48 

(CN Ind), 168.14 (CN Ind), 155.64 (CH), 152.05 (2CH), 148.66 (CH), 141.83 (Ar), 

141.46 (Ar), 140.63 (Ar), 140.16 (Ar), 136.45 (CH Ar), 130.15 (CH Ar), 128.06 (CH 

Ar), 125.46 (CH Ar), 125.20 (CH), 122.42 (CH Ar), 110.53 (CH Ar), 110.27 (CH Ar), 

104.14 (CH), 101.49 (CH), 86.19 (CI Ar), 48.73 (C(CH3)2), 47.05 (C(CH3)2), 43.54 

(CH2), 33.74 (CH2), 29.95 (CH3), 26.86 (2CH3), 26.67 (2CH3), 26.35 (CH2), 25.42 

(CH2), 23.80 (CH2). HRMS m/z (ESI+) C34H39IN2O2 calculated [M+H]+ 635.2056 

(635.2129), found m/z: 635.2134. 

6-(5-Iodo-2-(7-(5-iodo-1,3,3-trimethylindolin-2-ylidene)hepta-1,3,5-trien-1-

yl)-3,3-dimethyl-3H-indol-1-ium-1-yl)hexanoate (2ICy7). 

Dye 2ICy7 was synthesized from 5-iodo-1,2,3,3-tetramethyl-3H-indol-1-ium 

iodide (2.5b) (106.5 mg, 0.25 mmol), N-[5-(phenylamino)-2,4-pentadienylidene]aniline 

hydrochloride (64 mg, 0.23 mmol), and 1-(5-carboxypentyl)-5-iodo-2,3,3-trimethyl-3H-

indol-1-ium bromide (2.6b) (120 mg, 0.25 mmol). Yield: 65 mg (38%). 1H-NMR 

(400 MHz, CDCl3−CD3OD), δ, ppm: 7.71 (t, J = 13.0 Hz, 2H), 7.63 (d, J = 8.3 Hz, 2H), 

7.60 (s, 2H), 7.45 (t, J = 12.7 Hz, 1H), 6.87 (d, J = 8.2 Hz, 1H), 6.85 (d, J = 8.1 Hz, 

1H), 6.51 (t, J = 12.1 Hz, 2H), 6.08 (d, J = 12.7 Hz, 1H), 6.06 (d, J = 13.5 Hz, 1H), 3.90 

(t, J = 7.2 Hz, 2H), 3.49 (s, 3H), 2.23 (t, J = 7.2 Hz, 2H), 1.72 (m, 2H), 1.64 (m, 2H), 
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1.60 (s, 12H), 1.42 (m, 2H). 13C-NMR (100 MHz, CDCl3−CD3OD), δ, ppm: 176.74 

(COOH), 170.26 (CN Ind), 169.74 (CN Ind), 156.26 (CH), 150.81 (CH), 150.69 (CH), 

142.00 (Ar), 141.75 (Ar), 141.53 (Ar), 140.86 (Ar), 136.73 (2CH Ar), 130.45 (CH Ar), 

130.31 (CH Ar), 125.65 (2CH), 111.38 (CH Ar), 111.25 (CH Ar), 103.08 (CH), 102.86 

(CH), 87.63 (CI Ar), 88.52 (CI Ar), 48.2 (2C(CH3)2), 43.18 (CH2), 33.48 (CH2), 30.34 

(CH3), 26.78 (4CH3), 26.12 (CH2), 25.43 (CH2), 23.73 (CH2). HRMS m/z (ESI+) 

C34H38I2N2O2 calculated [M+H]+ 761.1023 (761.1095), found m/z: 761.1101. 

6-(5-Iodo-2-(7-(5-iodo-3,3-dimethyl-1-(3-(triethylammonio)propyl)indolin-2-

ylidene)hepta-1,3,5-trien-1-yl)-3,3-dimethyl-3H-indol-1-ium-1-yl)hexanoate 

trifluoroacetate (2ICy7+). 

Dye 2ICy7+ was synthesized from 5-iodo-2,3,3-trimethyl-1-(3-

(triethylammonio)propyl)-3H-indol-1-ium dibromide (2.7) (147 mg, 0.25 mmol), 

N-[5-(phenylamino)-2,4-pentadienylidene]aniline hydrochloride (65 mg, 0.23 mmol), 

and 1-(5-carboxypentyl)-5-iodo-2,3,3-trimethyl-3H-indol-1-ium bromide (2.5b) 

(120 mg, 0.25 mmol). The product was purified on a RP-18 column (acetonitrile−water 

+ 0.05% TFA). Yield: 34 mg (15%). 1H-NMR (400 MHz, CDCl3−CD3OD), δ, ppm: 

7.74 (t, J = 13.0 Hz, 1H), 7.70 (d, J = 8.3 Hz, 1H), 7.68 (t, J = 13.0 Hz, 1H), 7.66 (s, 

1H), 7.64 (d, J = 8.1 Hz, 1H), 7.59 (s, 1H), 7.40 (t, J = 12.8 Hz, 1H), 7.01 (d, 

J = 8.3 Hz, 1H), 6.91 (d, J = 8.3 Hz, 1H), 6.60 (t, J = 12.7 Hz, 1H), 6.55 (t, J = 12.8 Hz, 

1H), 6.28 (d, J = 13.2 Hz, 1H), 6.15 (d, J = 13.5 Hz, 1H), 4.08 (t, J = 7.0 Hz, 2H), 3.95 

(t, J = 6.8 Hz, 2H), 3.43 (t, J = 7.9, 2H), 3.26 (m, 6H) 2.30 (t, J = 7.2 Hz, 2H,), 2.04 (m, 

2H), 1.77 (m, 2H), 1.66 (m, 2H), 1.64 (s, 6H), 1.61 (s, 6H), 1.45 (m, 2H), 1.27 (t, 

J = 7.1 Hz, 9H). HRMS m/z (ESI+) C44H56F3I2N3O4 

calculated [M−CF3COO]+ 888.2451, found m/z: 888.2462. 

6-(3,3-Dimethyl-2-(7-(4,5,6-triiodo-1,3,3-trimethylindolin-2-ylidene)hepta-

1,3,5-trien-1-yl)-3H-indol-1-ium-1-yl)hexanoate (3ICy7). 

Dye 3ICy7 was synthesized from 4,5,6-triiodo-1,2,3,3-tetramethyl-3H-indol-1-

ium iodide (2.5f) (170 mg, 0.25 mmol), N-[5-(phenylamino)-2,4-

pentadienylidene]aniline hydrochloride (65 mg, 0.23 mmol), and 1-(5-carboxypentyl)-

2,3,3-trimethyl-3H-indol-1-ium bromide (2.6j) (88.0 mg, 0.25 mmol). Yield: 75 mg 
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(37%). 1H-NMR (400 MHz, CDCl3−CD3OD), δ, ppm: 7.82 (t, J = 12.4 Hz, 1H), 7.54 

(t, J = 13.0 Hz, 1H), 7.50 (s, 1H), 7.40 (d, J = 7.7 Hz, 2H), 7.40 (t, J = 12.6 Hz, 1H), 

7.31 (t, J = 7.6 Hz, 1H), 7.25 (d, J = 7.8 Hz, 1H), 6.59 (t, J = 12.6 Hz, 1H), 6.43 (t, 

J = 12.5 Hz, 1H), 6.36 (d, J = 13.5 Hz, 1H), 5.77 (d, J = 13.1 Hz, 1H), 4.07 (t, J = 

7.2 Hz, 2H), 3.31 (s, 3H), 2.22 (t, J = 7.2 Hz, 2H), 1.79 (m, 2H), 1.69 (s, 6H), 1.65 (s, 

6H), 1.64 (m, 2H), 1.45 (m, 2H). 13C-NMR (100 MHz, CDCl3−CD3OD), δ, ppm: 

177.20 (COOH), 174.33 (CN Ind), 166.58 (CN Ind), 155.22 (CH), 153.27 (CH), 146.81 

(CH), 144.47 (Ar), 141.28 (Ar), 140.59 (Ar), 140.34 (Ar), 128.28 (CH Ar), 126.34 

(CH), 126.11 (CH), 125.57 (CH Ar), 121.54 (CH Ar), 118.83 (2CH Ar), 116.77 (CI 

Ar), 111.04 (2CI Ar), 105.96 (CH), 101.98 (CH), 50.51 (C(CH3)2), 49.30 (C(CH3)2), 

44.03 (CH2), 34.28 (CH2), 28.73 (CH3), 26.58 (CH2), 26.50 (2CH3), 25.42 (CH2), 23.98 

(CH2), 23.29 (2CH3). HRMS m/z (ESI+) C34H37I3N2O2 calculated [M+H]+ 886.9989 

(887.0062), found m/z: 887.0067. 

6-(5-Iodo-3,3-dimethyl-2-(7-(4,5,6-triiodo-1,3,3-trimethylindolin-2-ylidene)-

hepta-1,3,5-trien-1-yl)-3H-indol-1-ium-1-yl)hexanoate (4ICy7). 

Dye 4ICy7 was synthesized from 4,5,6-triiodo-1,2,3,3-tetramethyl-3H-indol-1-

ium iodide (2.5f) (170 mg, 0.25 mmol), N-[5-(phenylamino)-2,4-

pentadienylidene]aniline hydrochloride (65 mg, 0.23 mmol), and 1-(5-carboxypentyl)-

5-iodo-2,3,3-trimethyl-3H-indol-1-ium bromide (2.6b) (120 mg, 0.25 mmol). Yield: 

116 mg (50%). 1H-NMR (400 MHz, CDCl3−CD3OD), δ, ppm: 7.78 (t, J = 12.8 Hz, 

1H), 7.68 (d, J = 8.3 Hz, 1H), 7.66 (s, 1H), 7.63 (t, J = 13.0 Hz, 1H), 7.57 (s, 1H), 7.43 

(t, J = 12.7 Hz, 1H), 6.96 (d, J = 8.4 Hz, 1H), 6.58 (t, J = 12.6 Hz, 1H), 6.48 (t, 

J = 12.6 Hz, 1H), 5.23 (d, J = 13.4 Hz, 1H), 5.88 (d, J = 13.3 Hz, 1H), 3.98 (t, J = 7.8 

Hz, 2H), 3.37 (s, 3H), 2.24 (t, J = 7.2 Hz, 2H), 1.74 (m, 2H), 1.70 (s, 6H), 1.62 (s, 6H), 

1.52 (m, 2H), 1.42 (m, 2H). 13C-NMR (100 MHz, CDCl3−CD3OD), δ, ppm: 177.01 

(COOH), 172.11 (CN Ind), 168.49 (CN Ind), 156.17 (CH), 152.62 (CH), 148.84 (CH), 

144.13 (Ar), 142.34 (Ar), 141.45 (Ar), 140.42 (Ar), 137.03 (CH Ar), 130.63 (CH Ar), 

126.44 (2CH), 119.32 (CH Ar), 118.06 (CI Ar), 112.19 (CH Ar), 105.56 (CI Ar), 

104.78 (CH), 102.10 (CI Ar), 101.18 (CH), 89.21 (CI Ar), 50.99 (C(CH3)2), 48.72 

(C(CH3)2), 43.70 (CH2), 33.48 (CH2), 28.42 (CH3), 26.60 (2CH3), 26.38 (CH2), 25.32 
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(CH2), 23.66 (CH2), 23.16 (2CH3). HRMS m/z (ESI+) C34H36I4N2O2 calculated 

[M+H]+ 1012.8956 (1012.9028), found m/z: 1012.9034.  

6-(4,5,6-Triiodo-3,3-dimethyl-2-(7-(4,5,6-triiodo-1,3,3-trimethylindolin-2-

ylidene)hepta-1,3,5-trien-1-yl)-3H-indol-1-ium-1-yl)hexanoate (6ICy7). 

Dye 6ICy7 was synthesized from 4,5,6-triiodo-1,2,3,3-tetramethyl-3H-indol-1-

ium iodide (2.5f) (170 mg, 0.25 mmol), N-[5-(phenylamino)-2,4-

pentadienylidene]aniline hydrochloride (65 mg, 0.23 mmol), and 1-(5-carboxypentyl)-

4,5,6-triiodo-2,3,3-trimethyl-3H-indol-1-ium bromide (2.6f) (183 mg, 0.25 mmol). 

Yield: 78 mg (27%). 1H-NMR (400 MHz, CDCl3−CD3OD), δ, ppm: 7.73 (t, 

J = 13.0 Hz, 2H), 7.65 (s, 1H), 7.62 (s, 1H), 7.45 (t, J = 12.6 Hz, 1H), 6.57 (m, 2H), 

6.06 (d, J = 13.5 Hz, 2H), 3.86 (t, J = 7.6 Hz, 2H), 3.47 (s, 3H), 2.26 (t, J = 7.1 Hz, 2H), 

1.72 (s, 12H), 1.68 (m, 2H), 1.63 (m, 2H), 1.42 (m, 2H). 13C-NMR (100 MHz, 

CDCl3−CD3OD), δ, ppm: 177.05 (COOH), 170.80 (2CN Ind), 156.82 (CH), 151.90 

(CH), 151.50 (CH), 143.68 (Ar), 142.93 (Ar), 141.94 (Ar), 141.70 (Ar), 120.03 (2CH), 

119.95 (2CH Ar), 119.54 (2CI Ar), 105.95 (CI Ar), 105.75 (CI Ar), 102.86 (2CI Ar), 

102.45 (CH), 102.22 (CH), 51.72 (C(CH3)2), 51.57 (C(CH3)2), 43.08 (CH2), 33.57 

(CH2), 28.72 (CH3), 25.81 (CH2), 25.22 (CH2), 23.68 (CH2), 23.01 (4CH3). HRMS m/z 

(ESI+) C34H34I6N2O2 calculated [M+H]+ 1264.6888 (1264.6961), found m/z: 1264.6967. 

5.2.5 Procedure for the synthesis of 2ICy7S dye 

3-(5-carboxypentyl)-2-(7-(4,6-diiodo-3,3-dimethyl-1-(3-sulfopropyl)indolin-2-

ylidene)hepta-1,3,5-trien-1-yl)-3-methyl-1-(3-sulfopropyl)-3H-indol-1-ium-5-

sulfonate (2ICy7S). N-[5-(Phenylamino)-2,4-pentadienylidene]aniline hydrochloride 

(71 mg, 0.25 mmol) and indolenine 2.9 (115 mg, 0.25 mmol) were heated in a mixture 

of acetic anhydride (2 mL) and acetic acid (2 mL) at 120 °C for 45 min to form the 

intermediate N-phenylacetamide derivative. After cooling to r.t., a solution of 

indolenine 2.8 (138 mg, 0.26 mmol) in dry pyridine (1 mL) was added, stirred at 100 °C 

for 10 min, the obtained dye was precipitated with ether, filtered off, washed with ether, 

and column-purified on LiChroprep RP-18 using 0−30% acetonitrile−water+0.05% 

acetic acid as eluent. Yield: 69 mg (26%). 1H-NMR (400 MHz, DMSO-d6), δ, ppm: 
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8.02 (t, J = 13.0 Hz, 1H, CH), 7.84−7.72 (m, 5H, CH), 7.67 (d, J = 8.1 Hz, 1H, CH), 

7.53 (d, J = 8.4 Hz, 1H, CH), 6.74 (d, J = 14.1 Hz, 1H, CH), 6.66−6.44 (m, 2H, CH), 

6.26 (d, J = 13.6 Hz, 1H, CH), 4.35 (t, J = 6.3 Hz, 2H, NCH2), 4.05 (t, J = 7.0 Hz, 2H, 

NCH2), 2.66−2.54 (m, 4H CH2SO3H), 2.30−2.16 (m, 2H, CH2COOH), 2.09−1.96 (m, 

4H, CH2), 1.95−1.86 (m, 2H, CH2), 1.71 (s, 6H, s, (CH3)2), 1.64 (s, 3H, CH3), 

1.36−1.26 (m, 2H, CH2), 1.17−1.05 (m, 2H, CH2), 0.80−0.67 (m, 1H, CH2), 0.51−0.38 

(m, 1H, CH2). 
13C-NMR (100 MHz, DMSO-d6), δ, ppm: 174.64 (COOH), 173.80 

(CN Ind), 168.27 (CN Ind), 156.75 (CSO3 Ar), 147.02 (CH), 146.63 (Ar), 146.16 (Ar), 

143.02 (Ar), 142.59 (2CH), 141.26 (Ar), 139.83 (CH Ar), 139.29 (CH Ar), 127.78 

(2CH), 126.86 (CH Ar), 120.19 (CH Ar), 118.98 (CH Ar), 111.64 (CH), 102.38 (CH), 

95.97 (C-I), 92.03 (C-I), 54.45 (C(CH3)), 50.15 (C(CH3)2), 48.39 (CH2SO3), 48.28 

(CH2SO3), 43.90 (NCH2), 42.39 (NCH2), 33.88 (CH2COOH), 28.87 (2CH2), 27.14 

(2CH2), 24.48 (CH3), 24.21 (2CH3), 23.33 (2CH2). HRMS: m/z (ESI+) C38H46I2N2O11S3 

calculated [M+H]+ 1057.0426, found m/z: 1057.0464. 

5.2.6 Synthesis of the Dye−Antibody (Dye−Ab) conjugates 

Synthesis of 2ICy7S-NHS. 2ICy7S (0.82 mg, 0.78 µmol) and N,N,N′,N′-

tetramethyl-O-(N-succinimidyl)uronium tetrafluoroborate (TSTU) (0.35 mg, 1.2 µmol) 

were dissolved in DMF (100 µL), and N,N-diisopropylethylamine (DIPEA) (0.8 µL, 

4.68 µmol) was added. The mixture was stirred at r.t. for 20 min to give 2ICy7S-NHS. 

The obtained solution was used as is for conjugation with antibody. 

Conjugation of 2ICy7S with monoclonal antibody to get 2ICy7S−Ab. A stock 

solution of trastuzumab (1.34 mg, 8.66 nmol, 62 μL) was diluted with 0.1 M PBS 

pH 7.4 (588 μL) to the final concentration of 2.1 mg/mL. The stock solution of 

2ICy7S-NHS (1 mg) in DMF (763 μL) was prepared; the aliquot (38.9 μg, 30.3 nmol, 

29.6 μL) was added dropwise to the trastuzumab solution and stirred 1 h at 25 ºC. The 

obtained conjugate was separated from the unbound dye by using a gel-permeation 

chromatography (Sephadex G50, 0.1 M PBS pH 7.4). The first blue fraction was 

collected to yield 2ICy7S−Ab conjugate (1.09 mg) with DAR ~1.8 (the amount of the 

conjugate and DAR were determined spectrophotometrically). The second blue fraction 
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consisted of the unbound dye. The obtained solution was diluted with PBS to the final 

concentration of 0.5 mg/mL, kept at 4 C overnight, and used next day for 

IV administering. 

Conjugation of Cy7TM with monoclonal antibody to get Cy7TM−Ab. 

Cy7TM−Ab was obtained by the same procedure as for 2ICy7S−Ab starting from the 

stock solution of trastuzumab (1.78 mg, 11.9 nmol, 85 μL) diluted in 0.1 M PBS pH 7.4 

(765 μL) and Cy7TM-NHS (37.8 μg, 41.6 nmol, 17.5 μL). Separation on Sephadex G50 

resulted in Cy7TM−Ab conjugate (1.7 mg, DAR ~ 1.7). Conjugate was diluted with PBS 

to 0.5 mg/mL concentration and used as is for IV administering. 

5.3 Spectral-luminescent measurement procedures 

5.3.1 Spectral measurements 

The absorption spectra were recorded on a Jasco V-730 UV-Vis 

spectrophotometer and the fluorescence spectra were taken on an Edinburgh 

Instruments FS5 spectrofluorometer. The absorption and fluorescence spectra were 

measured at 25 ºC in standard 1-cm quartz cells at ~0.5 µM dye concentrations in 

MeOH and 0.1 M PBS pH 7.4. The excitation wavelength (*) was 700 nm. 

5.3.2 Molar absorptivities 

To determine extinction coefficient, the dye (~5 mg) was dissolved in the 

selected solvent (50 mL), the stock solution was diluted to the dye concentration 

cDye ~ 0.5-5 M and the absorbance (A) at the absorption band maximum was measured 

in a 1-cm standard quartz cell. The extinction coefficients were calculated according to 

the Beer−Lambert law. The extinction coefficient of each dye was independently 

measured three times and the average value was taken. The reproducibility for 

determining the extinction coefficients was within ±5,000 M−1cm−1. 
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5.3.3 Fluorescence quantum yield 

To determine the fluorescence quantum yield (F), the integrated relative 

intensities of the dye or dye-antibody conjugates were measured in the appropriate 

solvent vs. the Cy7TM (F = 13%) [153] or HITC in MeOH as the reference 

(ΦFl = 28%) [130]; and the fluorescence quantum yields were calculated according to 

Equation 5.1 [160]. 

ΦF = ΦFRef  (F / FRef)  (ARef / A)  (nD(media)
2 / nD(mediaRef)

2),  (5.1) 

where ΦFRef is the quantum yield of the reference, FRef and F are the areas 

(integral intensities) of the emission spectra (F =  I()d) of the reference dye and the 

dye under examination, ARef and A, are the absorbances at the * of the reference dye 

and the dye under examination, nD(mediaRef), nD(media) are the refractive indices of the 

solvent, where the reference dye and dye under examination are dissolved respectively.  

The quantum yield for each dye was independently measured three times and the 

average value was taken.  

5.3.4 Quantum yield of singlet oxygen generation 

The quantum yields of the singlet oxygen generation (ΦΔ) were measured in methanol 

and PBS. ΦΔ in methanol were measured according to the known procedure [28]. 

Solutions containing (i) the singlet oxygen scavenger, 1,3-diphenylisobenzofuran 

(DPBF, A ~ 0.3, c ~ 14 µM) and (ii) a dye under investigation or reference dye 

(A ~ 1.0, c ~ 4−6 µM) in methanol were prepared. 1,1′,3,3,3′,3′-Hexamethylindo-

tricarbocyanine iodide (HITC) was used as the reference dye. The obtained solutions 

(3.0 mL) were light irradiated from the distance of 46 cm in a standard 1-cm quartz 

cells by using a 730-nm, 30 W LED equipped with a 60° lens and the absorption spectra 

were recorded over time. The total irradiation time was up to 30 min. During this time 

the absorbance of DPBF reduced to about 10% of its initial value. The corresponding 

plot representing the absorbance of DPBF at 410 nm vs. time was drawn and fitted by a 

first-order reaction rate function (Fig. 4.15). Then, ΦΔ was calculated relative to the 

reference dye (HITC) (ΦΔRef = 0.89% in methanol [28]) according to Equation 5.2.  
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ΦΔ = ΦΔRef  (r / rRef)  (ARef / A),    (5.2) 

where ΦΔRef is the quantum yield of the singlet oxygen generation for the reference dye, 

rRef and r are the rates of singlet oxygen scavenger degradation obtained from the 

corresponding fitting curves of the reference dye and the dye under examination, and 

ARef and A are the absorbances at * = 730 nm of the reference dye and the dye under 

examination.  

The quantum yields of the singlet oxygen generation (ΦΔ) in 0.1 M PBS 

pH 7.4 were measured according to the known procedure [156]. The solutions of 

Singlet Oxygen Sensor Green (SOSG, c ~ 6 µM) [161] and a dye under investigation or 

reference dye (c = 1.2−4.3 µM) in PBS were prepared in standard 1-cm quartz cells. 

ICG was used as the reference dye. The obtained solutions (3 mL) were light irradiated 

from the distances of 26.5 cm by a 730-nm, 30 W LED equipped with a 60° lens and 

the emission spectra were recorded over time. The total irradiation time was up to 

125 min. During this time the emission of SOSG gradually increased. The 

corresponding plots representing the emission of SOSG at 530 nm vs. time were drawn 

and fitted by a zero-order reaction rate function (Fig. 4.16) [156]. Then, the singlet 

oxygen quantum yield ΦΔ was calculated relative to the reference dye (ICG, 

ΦΔRef = 0.2% in PBS [35]) according to Equation 5.2 [156]. Because the emission rate 

increase of SOSG upon ΦΔ measurements was very different in respect of the 

investigated dye, we used various concentrations of these dyes ranged between 

cDye = 1.2−4.3 µM. To confirm that ΦΔRef is not dependent of the dye concentration, we 

demonstrated a positive linear correlation between the SOSG reaction rate (r) and the 

dye concentration within the cDye = 1.2−4.3 µM (see example of Cy7TM, Fig. 4.17). 

Each experiment of ΦΔ measurements in methanol and PBS was carried out in 

triplicate and the average ΦΔ was calculated. The reproducibility in the determination of 

ΦΔ was not more than 5%.  
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5.3.5 Fluorescence lifetimes 

Fluorescence lifetimes () were acquired with ChronosFD (ISS, Champaign, IL) 

a frequency domain lifetime spectrofluorometer using a 695-nm laser diode as the 

excitation light source, a 705-nm excitation bandpass filter and a 720-nm long-pass 

emission filter. The measurements were done against Cy7TM in PBS as a reference 

(τ = 0.57 ns) [153] at 25 ºC. Two synthesizers (Model IFR2023) provided modulation 

frequencies in the range from 9 KHz to 1.2 GHz; one synthesizer drove the LEDs 

directly at a frequency f'. The second synthesizer drove the gain of the light detector at a 

frequency (f' + f'), where the quantity f', called the cross-correlation frequency, was 

of the order of 1 KHz. The signals of the sum (that is 2f' + f') and the difference (that 

is f') of the two frequencies were recorded and the low frequency component f' was 

taken to determine DC (direct current), AC (alternating current) and the phase 

components of the signal. In all lifetime measurements the dye concentrations were 

c ~ 0.5 M. Instrument control, data acquisition and data analysis were performed using 

Vinci – Multidimensional Fluorescence Spectroscopy software (ISS, Champaign, IL). 

The analysis of the time-resolved fluorescence data was carried out using the traditional 

non-linear least squares method. This method evaluates how close a model selected by 

the user matches the data acquired with the instrument. The Marquardt–Levenberg 

algorithm was utilized for the minimization routine of the 2-function that compares the 

selected model with the experimental data. Frequency-domain data were used to 

determine the lifetimes using the multi-exponential model expressed by 

Equation 5.3 [1]. 
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where i is the pre-exponential factor, i the lifetime, and n = 1 or 2 for the single 

or double exponential fits, respectively. The fractional contribution of each component 

in the intensity decay I(t) is given by Equation 5.4 [1]. 
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The average lifetime (mean) for a two-exponential decay was determined 

according to the Equation 5.5 [1] 

mean = f11 + f22,      (5.5) 

where f1 and f2 are the fractional intensities, 1 and 2 are the lifetimes. 

5.3.6 Determination of Dye-to-Antibody Ratio (DAR) 

DAR was measured by the spectrophotometric method and calculated according 

to Equation 5.6 [162]. 

,  (5.6) 

where Amax(conjugate) is the absorbance of dye−Ab conjugate at the dye 

absorption maximum; A278 is the absorbance of dye−Ab conjugate at 278 nm 

(absorption maximum of Ab); εAb and εd are the extinction coefficient of the Ab and 

dye, respectively; x is the correction factor (the ratio of the A278 to Amax(dye) for the dye 

alone). A correction factor of 0.042 was applied for 2ICy7S−Ab and 0.031 

for Cy7TM−Ab. Anorm(conjugate) is the normalized absorbance spectra of Ab−dye 

conjugate and Anorm (free dye) is the normalized absorbance spectra of the 

corresponding unconjugated dye. 

5.4 Biological procedures 

5.4.1 Antimicrobial studies 

Cultures of S. aureus (ATCC 25923), E. coli (ATCC 25922) and P. aeruginosa 

(ATCC 25668) were grown on Brain Heart agar plates (BHA, Acumedia, Lansing, MI, 

USA) for 24 h, transferred into Brain Heart broth (BH, Acumedia, Lansing, MI, USA), 

grown at 37±1°C with shaking at 170 rpm until reaching the absorbance A = 0.10±0.02 

at 660 nm, which corresponded to a final concentration of 108 cells/mL, and diluted 
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with commercially available sterile 0.9% saline solution to the final concentration of 

103−104 cells/mL.  

All preparatory operations with photosensitizers were carried out in the dark to 

avoid their activation and photobleaching. The stock solutions of the dyes in DMSO 

(3−8 mM, spectrophotometrical control by known dilutions) were prepared and the 

desirable final concentrations were prepared in up to three dilutions. Then, each dye 

solution in DMSO (7 µL) was added to bacterial suspensions (1 mL) in 0.9% saline 

(Falcon® 24-well polystyrene clear flat bottom plate was used). Thus, the amount of 

DMSO added to the bacterial suspensions was always 0.7% (7% was used in several 

experiments, as noted below). The bacterial suspensions were then incubated in the dark 

at r.t. for 30 min and then exposed to light with shaking (or kept in the dark for the 

control) for certain periods of time according to the experimental conditions. The light 

exposure was carried out by a 730-nm, 30 W LED equipped with a 60° lens from the 

distance of 8 cm (light power density 56 mW/cm2).  

After the light exposure, aliquots of each sample (100 µL) were spread over BHA 

plates with a Drigalsky spreader, incubated at 37 ºC for 24 h, and the colony forming 

units (CFU) were counted using a colony counter Scan 500 (Interscience, 

Saint-Nom-la-Bretèche, France).  

To verify the dark toxicity of the dyes, the same experiments were carried out in 

parallel without light exposure. As the control we utilized the samples of bacteria 

without dye: (i) in the dark and without DMSO, (ii) in the dark in the presence of 

DMSO, (iii) exposed to light without DMSO, and (iv) exposed to light in the presence 

of DMSO. 

All the experiments with bacteria were carried out in triplicate 4-5 times in 

different days and the average values were taken. 
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5.4.2 Animal studies  

5.4.2.1 Animal preparation 

All animal experiments were carried out in compliance with the Israel Council on 

Animal Care regulations and were approved by the Animal Care Committee of Ariel 

University (Authorization number IL-179-06-19).  

Six-week-old athymic Balb/c female nude mice (Harlan Labs, Nes Ziona, Israel) 

were subcutaneously inoculated on the dorsal left side with human breast cancer cell 

line BT-474 (1106 cells in PBS into nu/nu mice, 100 µL per mouse) and tumors 

allowed to establish over 10 days. For that time tumor volumes reached around 

28.5 mm3. 

Before imaging and/or photodynamic treatment, the mice were anesthetized by 

an intraperitoneal injection of a combination of ketamine and xylazine (0.5 mL of 

ketamine + 0.25 mL of xylazine + 4.25 mL of water). The injection dose was 

0.1 mL/10 g mouse, total: 0.25 mL/mouse. 

5.4.2.2 Animal imaging 

Imaging was carried out using multispectral fluorescence in vivo imaging system 

CRi Maestro II. For imaging acquisition mice were anesthetized, and imaging was 

performed after the conjugate administering at certain time intervals from 5, 10, 24 h 

post-injection. The images were obtained in the white light and in the fluorescence 

channel: excitation wavelength 705 nm, excitation filter 740 nm, registration scan 

740−950 nm. The data processing was performed by Maestro 3.0 and ImageJ 

software [163]. 

5.4.2.3 PDT experiment 

After 10 days of tumor development, thirty mice were randomly separated into 

the ten groups (3 mice per group). Groups 1 and 6 were taken as the control for tumor 

growth and background autofluorescence in imaging experiments. Groups 2 and 3 were 

administered in the tail vein (IV) with Cy7TM−Ab and groups 4 and 5 with 2ICy7S−Ab 
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(100 µg of the conjugate in 200 μL PBS). Accumulation of the conjugates was 

monitored by fluorescence imaging at 5 h, 10 h and 24 h. After complete accumulation 

(24 h) monitored by fluorescence imaging, mice from groups 3 and 5 were anesthetized 

and subjected to 730 nm light irradiation (30 W LED, 70 mW/cm2, 15 min) at the 

irradiance of 63 J/cm2. Group 7 was exposed to NIR light for 15 min (730 nm LED, 

63 J/cm2). Mice were IV administered (tail) with Cy7TM (group 8), 2ICy7S (group 9) 

and Ab (group 10). The administered doses were 1.14 nmol (0.774 μg) of Cy7, 

1.20 nmol (1.27 μg) of 2ICy7, and 0.67 nmol (100 μg) of Ab in 200 μL PBS. 

The amount of the administered dye was calculated as 

m(dye) = n(Ab) × D/P(conjugate) × MW(dye) to receive the same amount of the dye as 

it was in the corresponding conjugates. The tumor sizes were measured in vivo over 

time by using the hands-on digital caliper method and the tumor volumes were 

calculated according to the Equation 5.7 [157]. Tumor volumes for all the groups were 

monitored during 28 days:  

Tumor volume (mm3) = 0.5 × Tumor Length × Tumor Width2  (5.7) 

5.4.2.4 Flow cytometry  

Tumor-bearing mice were sacrificed, the tumors were resected, and single-cell 

suspensions (0.5−1.0 × 106 cells) were prepared from mice tumors according to the 

procedure [158]. Isolated cells were washed and then fixed by using paraformaldehyde 

in order to prevent further degradation. Then, the cells were stained with MEBCYTO® 

Annexin V-FITC/PI Apoptosis Detection Kit according to the manufacturer's suggested 

protocol. The data were acquired by a CytoFLEX (Beckman Coulter) flow cytometer 

and analyzed using FlowJo software. 
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CONCLUSIONS 

We developed novel halogenated fluorescent heptamethine cyanine dyes 

containing different quantities of iodine, bromine, and chlorine atoms in various 

positions of terminal indoleninium moieties and explored heavy atom effect on dyes 

spectral, photophysical and photochemical properties. In order to use the developed 

iodinated heptamethine cyanines as the materials for theranostics, photodynamic 

therapy (PDT), and photoimmunotherapy (PIT) applications, we studied their 

photocytotoxicity against gram-positive and gram-negative bacterial pathogens, as well 

as against breast cancer. 

1. The initial quaternized 2,3,3-trimethylindoleninium salts for halogenated 

heptamethine cyanine dyes synthesis can be obtained by multistep reaction starting 

from the diazotization of corresponding halogenated anilines followed by reduction 

with tin(II) chloride, and then heterocyclization with 3-methyl-2-butanone in acetic 

acid, with further N-alkylation by iodomethane, 6-bromohexanoic acid or 

3-bromo-N,N,N-triethylpropan-1-aminium bromide. Better yields in the reaction of 

diazotization can be achieved by the use of nitrosylsulfuric acid and precise temperature 

control. 

2. An efficient synthetic pathway towards the synthesis of symmetrical and 

unsymmetrical heptamethine cyanine dyes containing a number of different halogen 

atoms in terminal heterocyclic moieties is as follows: respective quaternized 

indoleninium salts, containing halogen substituents, are introduced into one-pot 

sequential reaction with N-[5-(phenylamino)-2,4-pentadienylidene]aniline 

hydrochloride with the first and then with the second quaternized indolenine. In the first 

step, the formation of an intermediate phenylacetamide derivative is carried out in 

acetic anhydride, while in the second step, the formation of heptamethine cyanine dye is 

initiated by the addition of pyridine. In the case of symmetrical heptamethinecyanines, 

the first and the second quaternized indolenine is the same compound. The synthesis of 

the phenylacetamide derivative in acetic anhydride is accompanied by undesired at this 

step symmetrical dye byproduct formation. The formation of heptamethine cyanine dye 
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speeds up with the addition of pyridine and slows down with acetic acid addition to 

acetic anhydride.  

3. Incorporation of halogen atoms, such as chlorine, bromine, and iodine in the 

terminal indolenine moieties of heptamethinecyanines does not have a significant effect 

on absorption and fluorescence maxima, although the introduction of iodine substituents 

leads to a slightly greater red shift in the spectra, as compared to brominated or 

unsubstituted dyes. At the same time, the fluorescence quantum yield (ΦFl) and lifetime 

are strongly affected by the type of halogen atom, their quantity, and position. Thus, 

halogenation of the dyes leads to significant ΦFl enhancement (up to 1.35 times). 

In general, bromine and even chlorine atoms incorporation leads to a higher increase in 

ΦFl of the dyes than iodine atoms. Halogen atoms in position 5 of terminal indolenine 

moieties result in a slight decrease of ΦFl, while, in contrast, halogen atoms in positions 

4 or 6 facilitate strong increase of ΦFl, and the introduction of two halogen atoms in 

positions 4 and 6 at once enhances this effect. The combination of these positions 

(4,5,6) shows only a moderate ΦFl increase seemingly at the expense of halogens in 

position 5. At the same time, the level of ΦFl increasing is almost independent of the 

type of incorporated halogen (more light-weighted, chlorine, or heavier, bromine or 

iodine, atoms).  

4. The halogen atom-promoted singlet oxygen quantum yield ΦΔ depends not 

only on a number but also on the position of the halogen substituents in the 

heptamethine cyanine dyes. Thus, 4,6I4-HITC dye containing 4 iodine atoms in 

positions 4,6 of indolenine moieties have 1.5 lower ΦΔ as compared to 5I2-HITC with 

2 iodine atoms. Importantly, while iodine atoms strongly (up to 8.4 times) increase the 

ΦΔ of the heptamethine cyanine dyes, bromine atoms insignificantly affect it. The 

incorporation of chlorine atoms reduces ΦΔ even below this value for HITC.  

5. The inclusion of halogen atoms in terminal heterocycles of heptamethine 

cyanine dye leads to a decrease of internal conversion in the excited state specifically 

the restriction of rotation of indolium moieties around the polymethine chain, thus 

increasing ΦFl, fluorescence lifetime, and, in some cases, even ΦΔ for halogenated dyes 

compared to unsubstituted one.  
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6. The developed new NIR heptamethine cyanine dyes containing up to six 

iodine atoms and an aliphatic carboxylic group demonstrate the ability for 

photodynamic eradication of S. aureus, E. coli, and P. aeruginosa pathogens, wherein 

the increasing the number of iodine atoms in the dye has an unexpected and ambiguous 

photocytotoxic effect on these bacteria, which is connected with two opposing factors: 

(1) increase of the intersystem crossing and the rates of reactive species generation, and 

(2) dye aggregation causing the reduced dye uptake that, supposedly, is followed by the 

decreased rates of reactive species generation. As a result, the increase of the number of 

iodine atoms up to two in the series of zwitterionic cyanines increases the efficacy of 

S. aureus eradication; then the efficacy remains almost unchanged for the two-, three- 

and four-iodinated dyes and diminishes in the case of the hexa-iodinated cyanine. At the 

same time, the mono-iodinated heptamethine cyanine causes the most pronounced 

photocytotoxic effect on E. coli and P. aeruginosa. An additional positive charge 

contributed by a triethylammonium group decreases the efficacy of the dye towards 

S. aureus but improves the eradication of E. coli and P. aeruginosa. 

7. Water-soluble NIR diiodinated heptamethine cyanine dye 2ICy7S conjugated 

with the trastuzumab antibody (Ab) is considered the most promising agent for 

photoimmunotherapy (PIT) due to its high brightness and photocytotoxicity, while the 

aggregation issue caused by iodine substituents is handled by the introduction of 

sulfogroups. The iodine atoms in 2ICy7S play a key role in the enhanced 

photocytotoxicity of the 2ICy7S–Ab conjugate. Thus, 2ICy7S–Ab conjugate promotes 

significant breast cancer tumor growth suppression in the mouse xenograft model: when 

irradiated with light, the combined photoimmunotherapeutic action results in 5.4-fold 

suppression caused by necrosis, while the antibody-stimulated immunotherapeutic 

effect of 2ICy7S–Ab can be estimated as 1.4-fold tumor growth suppression, the 

similar result as for conjugate with non-iodinated analog Cy7TM–Ab with and without 

light irradiation. The iodinated 2ICy7S–Ab conjugate demonstrates a 3-fold increased 

quantum yield of singlet oxygen generation in aqueous media compared to its 

non-iodinated analog, Cy7TM–Ab. 
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8. Antibody conjugate with iodinated dye 2ICy7S–Ab provides a bright 

fluorescent signal allowing real-time monitoring of the conjugate distribution in the 

body and accumulation in the tumor, which is crucial for diagnostics purposes and for 

recognizing the optimal time for light irradiation and thus improving the precision and 

safety of treatment. The conjugation of 2ICy7S with a wide range of antibodies should 

significantly expand the scope of efficient tools for photoimmunotherapeutic treatment 

and theranostics targeting various types of cancer.  

Thus, variation of quantity and position of halogen atoms allows adjusting the 

key properties (ΦFl, ΦΔ, and phototocytoxicity) of heptamethine cyanine dyes and gives 

an opportunity to design NIR cyanines with the desired properties in order to develop 

effective materials for fluorescence imaging, diagnostics, and, especially, for 

photodynamic therapy and theranostics.  
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