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с коллоидными наночастицами золота стабилизированными 
цитратом 
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При электростатическом взаимодействии коллоидных наночастиц Au30900/Cit с цинковым комплексом 
5,10,15,20-тетракис(4’-N-метилпиридил)порфина друг за другом образуются два различных наноконъюгата 
постоянного состава со спектрами поглощения, отличными от спектров исходных реагентов. Образование 
первого, более прочного, соединения сопровождается падением интенсивности и красным сдвигом полос Соре 
и полосы поверхностного плазмонного резонанса (ППР) конъюгированных реагентов, которые сохраняют 
свою спектральную идентичность. Образование второго коньюгата сопровождается ростом интенсивности 
полосы Соре, в то время как полоса ППР практически не меняется. Высказано предположение о том, что 
первым образуется наноконъюгат только с одним тетракатионом, который понижает способность 
наночастицы к дальнейшей конъюгации. 

Ключевые слова: Наночастицы золота, тетра(N-метилпиридил)порфин, цинковый комплекс, гибридные 
органо-неорганические конъюгаты.
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Due to electrostatic interaction of Au30900/Cit colloidal nanoparticles with 5,10,15,20-tetrakis(4’-N-methylpyridyl)
porphine complex with zinc two different nanoconjugates of constant composition are formed one after another, 
the UV-Vis spectra of which differ from those of initial reagents. The formation of the first, more stable, compound 
is accompanied by a decrease in intensity and a red shift of the Soret band and SPR band of the conjugated reagents, 
which retain their spectral identity. The formation of the second conjugate is accompanied by an increase in the intensity 
of the Soret band while the SPR band is not changed significantly. It has been suggested the nanoconjugate with only 
one tetracation to form first, which reduces the nanoparticle ability to further conjugation.

Keywords: Gold nanoparticles, tetra(N-methylpyridyl)porphine, zinc complex, organic-inorganic hybrid 
nanoconjugates. 
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Introduction 

Developing a theranostic platform that integrates the 
targeted drug delivery, diagnostic and therapeutic functions 
is a great challenge of modern personalized nanomedicine. 
At the drug delivery stage it is important, on the one hand, 
to temporarily suppress the drug activity, since it can 
lead to healthy tissues and blood cells damage, and on the 
other hand, to ensure the drug targeting with recovery 
of all necessary functions in the lesion.[1–5]. When develop-
ing such a system, the optimal solution would be to use 
a substance that would simultaneously provide suppression 
of therapeutic agent activity and its targeted delivery to the 
damaged tissue. The specific and essential functions that 
porphyrins and related compounds perform in nature have 
attracted the constant attention of researchers, with the aim 
to create effective molecular systems, demanded in various 
fields of diagnostic and therapeutic medicine, as well as the 
creation of new nanomaterials using bottom-up technology. 

Porphyrins and their derivatives are well-known 
photosensitizers (PS) of first and second generations 
used in photodynamic therapy (PDT) and antimicrobial 
therapy.[6–14] Moreover, porphyrin compounds possess the 
antimicrobial and antivirus activity and have been tested 
against HIV and coronavirus.[15–20] Currently, the construc-
tion and study of nano-sized organo-inorganic conjugates 
are the main tasks in the development of functional systems 
for chemosensorics, catalysis, molecular electronics, nano-
biomedicine.[21–28] Gold and silver nanoparticles are a type 
of inorganic nanoparticles that are currently being widely 
studied for biomedicine applications.[29–31] Such properties 
as tunable size and shape, possibility of surface modification, 
biocompatibility, and ability to interact with active ligands 
make it possible to consider noble metals nanoparticles 
as promising drug carriers in anticancer and antibacterial 
theranostics.[32–37] The reason for the increased attention to 
such objects is the unique photophysical property called 
localized surface plasmon resonance (LSPR). Nowadays 
LSPR phenomenon is widely used for chemical and biologi-
cal sensing applications. Contacting with biological objects, 
plasmon effects make it possible to increase the fluorescence 
intensity by more than an order of magnitude, greatly 
expands the possibilities of detection, identification, diag-
nosis and therapy. [38] Surface plasmon resonance induction 
leads not only to a significant increase in light absorption/
scattering, but can also result in nanoparticles heating. In 
PDT using such NPs as a part of composite PS can lead to 
combine PDT and PTT (photothermal therapy) effect and to 
broad the PDT scope in cancer treatment.[39] The ability to 
use nanoparticles as a link for PDT and PTT was discussed 
in [40,41] The area of developing therapeutic agents for PDT 
based on noble metals nanoparticles and macrocyclic PS, 
such as Zn-phthalocyanine derivatives,[42–45] Si-phthalocy-
anine,[46–48] hematoporphyrin,[49] meso-tetra(4-carboxyphe-
nyl)porphyrin,[50] chlorin e6,[51,52] is growing rapidly, some 
of obtained preparations are at the stage of clinical trials. 
Therefore, for the further successful development of such 
promising area as using conjugates of nanoparticles with 
macrocyclic PS, careful study of the effects caused by inter-
action of these objects in aqueous solutions is necessary. 
Modern trends indicate that the further research direction 

will focus on the creation the next generation of theranostic 
agents based on porphyrins and metal nanoparticles (AuNP). 
The concept of a theranostic platform developing based on 
multifunctional porphyrin nanostructures will enhance the 
abilities of modern medicine and allow for a shift to modern 
personalized nanomedicine. [53]

This work is devoted to water-soluble hybrid 
nanoconjugates, which are formed during the interaction 
of readily available reagents: colloidal gold nanoparticles 
and zinc complex of tetramethylpyridylporphyrin

Experimental 

Chemicals and materials 
All commercially available solvents and reagents were used 

without further purification: 4-Pyridinecarboxaldehyde (98  %, 
Acros Organics); 2,3-Dichloro-5,6-dicyano-p-benzoquinone 
(98  %, Sigma-Aldrich), pyrrole (reagent grade, 98  %, Sigma-
Aldrich), methyl iodide (≥  99.0  %, Sigma-Aldrich); perchloric 
acid (70  %, ASC reagent, Aldrich), hydrogen tetrachloroaurate 
(III) (HAuCl4·3H2O, >  99.99  %, Sigma-Aldrich), sodium citrate 
(Na3C6H5O7·2H2O, ≥ 99 %, Sigma-Aldrich), zinc iodide (reagent 
grade, LLC “Himmed”), distilled water (ISC RAS), N,N-
Dimethylformamide (max. 0.01 % water, Panreac).

Water-soluble meso-tetra(N-methyl-4-pyridyl)por-
phine tetraiodide salt H2P(PyMe+)4(J-)4 was obtained from 
5,10,15,20-tetra(4-pyridyl)porphine by quaternization of the 
pyridyl N-atoms with methyl iodide in DMF.[54] Initial H2P(Py)4 
was obtained by condensation of pyrrole with benzaldehyde in 
propionic acid.[55]

Zinc complex of porphyrin ZnP(PyMe+)4(J-)4, was prepared 
from H2P(PyMe+)4(J-)4 and zinc iodide in DMF.[56,57]

A colloidal aqueous solution of gold nanoparticles stabilized 
by citrate anions (Au/Сit) with a SPR band maximum at 520 nm 
was obtained from tetrachloroauric(III) acid and sodium citrate by 
Frens method.[58,59]

Methods
Interaction between Au/Cit colloidal nanoparticles 

and ZnP(PyMe+)4 tetracations was investigated by 
spectropotentiometric titration at 25 °C in 1 cm ×1 cm optical 
quartz cells using a two-channel spectrometer (Avantes AvaSpec 
2048-2, Netherlands) equipped with a qpod© (Temperature-
Controlled Sample Compartment for Fiber Optic Spectroscopy), 
pH-150MI pH meter (Izmeritelnaya Technika, Russia) with InLab 
Micro pH electrode (Mettler-Toledo Inc.) and micropipette with 
scale division value 6.3·10–6 ml.[5,60]

Results and discussion

Characterization of colloidal nanoparticles Au/Сit

In this work pH-neutral aqueous solutions of colloidal 
Au/Сit nanoparticles with optical density up to 0.48 
at SPR band maximum (520  nm) were used (Figure  1a). 
In this absorbance range the solution obey the linear Beer 
law A  =  εlC (Supporting Materials, Figure SI 1b), which 
indicate the absence of Au/Сit association and validity 
of optical density for determining the molar concentration 
of nanoparticles solutions. 

The extinction coefficient ε520 of a Au/Cit nanoparticles 
colloidal solution, as well as the particle diameter, were 
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Figure 1. Absorption spectra of colloidal aqueous solutions of Au/Cit nanoparticles at different concentrations and Beer-Lambert law 
plots. (рН 7, 25 °С).

determined from the ratio of the absorbance at the SPR 
peak to the absorbance at 450 nm.[61,62] The experimental 
value A520/A450 = 1.56 (blue line, Figure 1c) corresponds 
to pseudospherical Au/Cit nanoparticles with a core 
diameter of 12 nm (Figure 2) and the extinction coefficient 
of the colloidal solution ε520 = 1.70·108. In this case, the 
thermodynamically stable crystalline form of a gold core 
having a diameter of 12nm is a cuboctahedron[59,63] with 
a face-centered cubic lattice. The closest to this value is 
the Au30900 cuboctahedron with a diameter of 12.12 nm 
(Figure 2), which surface consists of eight triangular Au{111} 
and six square Au{100} faces with a side of 6.06 nm.

Colloidal Au/Cit nanoparticles consist of a metal core 
and a solubilizing citrate ligands shell. Carboxylate groups 
provide the anchoring bond of ligands with Au0 atoms on 
the core surface, as well as the solubility and aggregation 
stability of Au/Cit nanoparticles in water. There is no 
quantitative information on the stoichiometry, structure, 
and ligands shell charge of colloidal Au/Cit nanoparticles 
in situ. It is known that the basicity of the carboxylate groups 
of citric acid increases in the series (1):[64,65]

This fact suggests that the strength of ligands bonding 
with the surface of the gold nanoparticle changes in the 
same order, and the central carboxylate is the key anchor 
group.[66–69]

As an illustration, Figure 3a, b shows a fragment of the 
Au{100} surface with a population density of 0.67 Cit/nm2, 
where each ligand is linked through a central carboxylate 
anchor group, while two side groups remain free and act as 
anionic solvation centers.

In this case total amount of ligands on the surface 
of spherical nanoparticle Au/Cit is 303 units, which 
corresponds to negative charge is –909. Surface charge 
is in great dependence of ligands population degree. 
(Figure  3c). However, in any case the charge of citrate 
shell will be significantly lower if some of the ligands are 
bound to the nucleus surface by two and three carboxylate 
groups or protonated Ionization degree of citrate ligands 
is pH-dependent value. Calculation using citric acid 
protonation constants predicts that of the Au/Cit citrate 
shell protonation begins below pH 8 (Figure 4a) and 
finishes around pH 1. Titration of Au/Cit with perchloric 
acid (Figure 4b) has shown that protonation of the obtained 
nanoparticles begins at pH < 7, but still remain aggregation 
stability up to pH 2, despite the visible protolytic changes 
in the ligand shell, which can be checked by the SPR band 
response. The sensitivity of the Au/Cit nanoparticles SPR 
band to physicochemical processes involving the ligand 
shell [70] was used to study the interaction between anionic 
Au/Cit nanoparticles and ZnP(PyMe+)4 tetracation. 
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Diameter: 12.12 nm
Edge: 6.06 nm (Au21)
Facet Au{100}: square 36.68 nm2(Au441)
Facet Au {111}: square 15.88 nm2(Au231)
Surface square: 347.14 nm2

Volume = 523.61 nm3

Figure 2. Parameters of ideal cuboctahedral nanocrystal Au30900. The size of ZnP(PyMe+)4  tetracation is shown in green for comparison. 

(a) (b) (c)

Figure 3. (a),(b) – MM + optimized fragment of Au(100) surface of spherical nanoparticle AuNP/Cit (see Figure 2b). The thickness 
of citrate shell is about 0.65 nm. (с) – Variants of equitable cold core surface population in Сit/nm2: 1, 2 – 0.33, 3, (1 + 2) – 0.67, 
(1 + 3) – 1, (1 + 2 + 3) – 1.34.

(a) (b) 

pH

Figure 4. pH effect on the concentration of conjugated ionic forms of citric acid (a) and on the UV-Vis spectrum of a colloidal Au/Cit 
aqueous solution at 25 °C (b). The green line shows the absorption spectrum for the pH range 7-8, the magenta color shows the change 
in the absorption spectra in the pH range 2-7.
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Figure 5. Molecular geometry of (H2О)ZnP(PyMe+)4 tetracation optimized by DFT/B3LYP/631G/(d,p).

Characterization of ZnP(PyMe+)4 tetracation

Tetracation exists in aqueous solution as axial aqua-
comples (H2О)ZnP(PyMe+)4 (Figure 5), stable at pH range 
рН<10. At pH> 10, such aqua-complex undergo the acidic 
dissociation with the hydroxo-complex (ОH-)ZnP(PyMe+)4 
formation[71].  

Tetracation consists of slightly distorted porphyrin 
plain and four positively charged meso-substituents, which 
free rotation is limited by van der Waals repulsion between 
ortho and beta-protons. Geometrically, tetracation (H2О)
ZnP(PyMe+)4 can be inscribed in a square with an area 
of 1.72 нм2, a side of 1.31 nm and a diagonal of 1.85 nm 
between methyl groups. 

Aqueous solutions of ZnP(PyMe+)4 are characterized 
by an intense Soret band with an absorption maximum at 
435 nm and a double fluorescence band with a maximum 

and shoulder at 635 and 663 nm, respectively (Figure 6a). 
Due to the high like charges, tetracations form stable 
molecular-dispersed solutions, which strictly obey the 
Beer-Lambert law in the working concentrations range 
up to 6∙10–6 mol/l (Figure 6b). An important fact is that 
the extinction coefficient of (H2О)ZnP(PyMe+)4 aqueous 
solution, equal to 206000 [72], is an exact tabular value 
in contrast to colloidal Au/Cit nanoparticles. 

Interaction of AuNC/Cit  
with (H2O)ZnP(PyMe+)4 

During the titration of colloidal aqueous solutions 
of Au/Cit nanoparticles with (H2O)ZnP(PyMe+)4 tetraca-
tions, two different types of conjugates were stepwise 
obtained, and their UV-Vis spectra are differ from the 
spectra of initial compounds (Figure 7a).  

(a) (b) 

Figure 6. UV-Vis spectra of pH-neutral aqueous solution of (H2O)ZnP(PyMe+)4 tetracation at different concentrations, 25 °С (a) 
and the Beer-Lambert law plot (b), extinction ε435 = 206000.[72]
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The first compound formation, highlighted in blue, 
is accompanied by an increase in intensity (ε = 164916) 
and a red shift of the conjugated tetracation Soret band 
from 435nm to 439 nm, and the SPR band of the Au/Cit 
nanoparticle shifts to the red region from 520 to 529 nm. 
Spectral changes during the sequential formation of two 
conjugates are checked clearly in the difference absorption 
spectra obtained by subtracting the initial spectrum of the 
Au/Cit nanoparticle (Figure 7b). In contrast to the first, 
the formation of the second conjugate is accompanied only 
by an increase in the Soret band intensity, while the SPR 

band has remained about the same, which indicates the 
lower strength of this product.

The Soret band extinction coefficient of the second 
conjugate approaches the free tetracation and reaches the 
value 202115. We did not find any evidence of the revers-
ibility of both conjugates formation, which are formed at a 
high rate already at the moment of reagents mixing. Both 
compounds correspond to rectilinear portions on the plots 
of absorbance dependence at the Soret band maximum from 
tetracation concentration (Figure 7c), which indicates a con-
stant stoichiometric composition. The stoichiometry of the 

 

(a)

 

 
(b) (c)

Figure 7 . (a) - Spectral changes in UV-Vis absorption spectra of Au/Cit nanoparticles solution (magenta line) when titration 
with (H2O)ZnP(PyMe+)4 tetracations, concentration range is up to 5.86∙10-6 mol/l. (b),(c) - corresponding difference spectra obtained 
by subtracting the initial spectrum of Au/Cit nanoparticles and the nanoparticles absorption at 439 nm in dependence of the tetracation 
concentration. The formation of the first and second nanoconjugates is highlighted in blue and gray. Free tetracation spectrum with 
a concentration of 5.86∙10-6 mol/L and the absorption changes at 435 nm in dependence of tetracation concentration are shown in green 
for comparison.
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first conjugate, calculated at the equivalence point using the 
Au/Cit nanoparticles extinction coefficient ε520 = 1.70·108,[59,63] 
is 1 : 454, which appears to have been mistaken. In our 
opinion, the reason for this error is the overestimated value 
of the molar extinction coefficient of Au/Cit nanoparticles 
colloidal solution with a large Au30900 nucleus, calculated 
as for a molecular solution.[73] The geometric sizes ratio 
of the nanoparticle and the tetracation is shown in Figure 2. 
Theoretically, the formation of electrostatic conjugates 
of a colloidal Au/Cit nanoparticle with a sufficiently large 
number of (H2O)ZnP(PyMe+)4 tetracations is possible, but 
we assumed the nanoconjugates with only one tetracation 
to form first, which reduces nanoparticle ability to further 
conjugation. The problem of the obtained nanoconjugates 
stoichiometric composition requires additional studies 
to determine the extinction coefficients analytical values 
of AuNC/Cit nanoparticles with an Au30900 core, including 
use of optical porphyrin probes.[74]

Conclusion

Formation of hybrid nanoconjugates of constant 
composition as a result of interaction between colloidal 
gold nanoparticles (Au30900) stabilized with citrate and 
the zinc complex of tetramethylpyridylporphyrin has 
been established. The molar extinction coefficient 
of a colloidal solution of large core Au/Cit nanoparticles, 
calculated for a true molecular solution is unlikely to be 
a suitable for determining the real stoichiometry of these 
nanoconjugates. Determining the analytical values 
of large Au/Cit nanoparticles extinction coefficients requires 
a new approach. Optical porphyrin probes are seems to be 
promising analytical reagents for solving this problem.
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