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Abstract 
A one-pot «green» synthesis of silver nanocomposites (AgNPs) is proposed us-
ing carboxy-terminated hyperbranched polyester polyol (G2-estMA) as a re-
ducing, stabilizing, and templating nanoreactor. Two initiation routes at mo-
lar ratio ν(AgNO3):ν(estMA)=1:70–1:4 were investigated: thermal (90–100 °C) 
and photoinitiation (UV 365 nm, 40 min). Products were characterized by UV-
Vis, NTA, and TEM. Thermochemical synthesis yielded exclusively spheroidal 
AgNPs with efficiency governed by the competition between polymer reduction 
and stabilization. Optimal kinetics occurred at 1:50 (100 °C, 100 min), while 90 
°C preserved spheroids only for 1:12–1:30. Photoinitiation enabled morphology 

control at room temperature. TEM resolved spectral ambiguities: SPR broad-
ening for 𝑼𝑽𝟏:𝟕𝟎 and 𝑼𝑽𝟏:𝟓𝟎 was due to light scattering from polydisperse sphe-
roids, not true anisotropy. Anisotropic silver rod-like structures formed exclu-
sively at 𝑼𝑽𝟏:𝟑𝟎, where facet-selective stabilization matched the Ag⁺ supply. At 
𝑼𝑽𝟏:𝟏𝟐, a sharp drop in hydrodynamic diameter alongside increased particle 
concentration indicated «burst nucleation», returning morphology to small 
spheroids. This approach offers a versatile platform to switch between mono-
disperse spheroids and anisotropic nanoparticles. Such biocompatible nano-
composites based on biodegradable G2-estMA and silver nanoparticles with 
controlled morphology are promising materials for targeted drug delivery, 

theranostics, and as active SERS substrates for protein detection in future. 
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Key findings 
● Polyester polymaleate G2-estMA acts as reducing and stabilizing agent in the one-pot syn-
thesis of silver containing nanocomposites (AgNPs). 

● Thermal initiation exclusively yields spheroidal AgNPs, with size increasing alongside 
AgNO₃ concentration. 

● Photoinitiation (UV 365 nm) enables room-temperature synthesis, fulfilling «green» chem-
istry criteria. 

● Under photoinitiation, morphology switches between spheroids and anisotropic rod-like 
structures depending on the molar ratio. 
© 2026, the Authors. This article is published in open access under the terms and conditions of the Creative Com-
mons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/), which permits unrestricted re-

use of the work in any medium provided the original work is properly cited. 

1. Introduction 

Silver nanoparticles have remained the focus of chemical 

and biomedical research for many years [1–5], remaining 

relevant. This is due to a combination of several key factors. 

Firstly, their pronounced antiseptic and bactericidal prop-

erties ensure their demand in cosmetology, medicine, and 

targeted drug delivery, both in the form of stabilized indi-

vidual particles and as part of composite nanomaterials [6–

10]. Secondly, a wide range of practical applications is sup-

ported by the methodological accessibility of production, 
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high surface energy and unique spectral characteristics as-

sociated with localized surface plasmon resonance [11–15]. 

Thirdly, the functional activity of silver nanoparticles criti-

cally depends on the morphology, composition and proper-

ties of the local environment – parameters that are deter-

mined by the synthetic methods and the nature of the com-

pounds used in the synthesis [6,11]. 

Many different strategies have been developed for the 

synthesis of colloidal-sustainable and biocompatible silver 

nanoparticles and nanocomposites, of which traditional 

chemical synthetic methods should be noted [11,16]. The 

use of this approach, based on the reduction of metal salts 

with electron-donating reducing agents and additional sta-

bilization of the reaction products with compounds of vari-

ous natures, has both advantages and significant limita-

tions. On the one side, these methods are characterized by 

a high degree of reproducibility and control of nanophase 

morphology. On the other hand, the most common reducing 

agents - sodium tetrahydroborate and hydrazine hydrate - 

are highly toxic compounds. Their use can negatively im-

pact the biomedical potential of synthesized materials 

when produced in situ and conflicts with modern eco-ori-

ented synthetic approaches. 

A bio- and eco-compatible alternative is the strategy of 

synthesizing silver nanoparticles and composite nano-

materials based on them, based on the principles of "green" 

chemistry [17–19]. These principles include a one-pot reac-

tions, usage of non-toxic solvents, soft temperature condi-

tions and biodegradability of synthesized materials. How-

ever, a major disadvantage of this approach is the difficulty 

of reproducibility and control of morphological parameters 

in synthesis [20–22]. 

In connection with the above, the development of syn-

thetic methods using compounds of different classes capa-

ble of acting as both a reducing and a stabilizer agent is of 

current interest. The Turkevich method and its modifica-

tions, which are based on the use of sodium citrate as a re-

ducing agent and stabilizer in conditions of thermal initia-

tion, have gained widespread application [23]. The ad-

vantage of this method for obtaining nanoscale silver par-

ticles is that it can be synthesized in a two-component sys-

tem without introducing an additional compound into the 

reaction as a stabilizer and, as a result, reducing the num-

ber of reagents, that can be absorbed on the surface of 

forming nanoparticles. Despite its obvious advantages, Tur-

kevich's method has several fundamental limitations. Sig-

nificant disadvantages include the need to heat the reaction 

mixture to boiling point, which does not correspond to the 

principles of “green” chemistry, and the weak reducing 

ability of citrate [24]. Relying solely on the electrostatic sta-

bilization mechanism and the instability of the citrate coat-

ing leads to a deterioration in the dispersed characteristics 

of metal nanoparticles over time, preventing the achieve-

ment of a sufficient degree of colloidal stability in complex 

media [25,26]. 

One of the strategies for overcoming the limitations of 

the classical method is the use of polymeric functional plat-

forms based on dendrimers or hyperbranched (dendritic) 

polymers [27–29]. The branched three-dimensional archi-

tecture with a hydrophobic core and a functionally active 

shell positions such macromolecules as multifunctional 

nanoreactors. Their “work” is based on supramolecular in-

teractions that occur in the “bottom-up” process of nano-

particle formation sequentially at different stages of syn-

thesis or simultaneously, ensuring the stability of the final 

structure. Electrostatic and coordination interactions of 

metal ions with surface groups are realized at the pre-or-

ganization stage; nucleation during metal reduction can be 

polymer-mediated; dendrimer self-organization and the 

presence of "dendritic windows" provide protection, fixa-

tion, and passivation of the hydrophobic surface of the 

growing nanoparticle. Controlling the nature of the end 

groups or introducing redox-active fragments allows for 

control not only of the nanoparticle morphology but also of 

their local environment within the nanocomposite, and 

therefore the latter's functional activity. 

However, there is evidence in the literature that a num-

ber of properties of dendrimers, such as a non-polar inner 

sphere and a rigid, non-deformable molecular structure, 

lead to increased cytotoxicity, which may limit the possibil-

ities of their use in the synthesis of silver nanoparticles for 

biomedical applications [30,31]. At the same time, numer-

ous studies indicate that hyperbranched polymers (HBP) 

with flexible chains can combine improved biocompatibility 

[32] with the functions of an intelligent nanoreactor [33], 

which positions them as a promising alternative platform 

for the creation of safe metal-polymer nanocomposites. 

Unlike rigid dendrimers with a dense shell, HBPs have a 

flexible three-dimensional architecture with a high density 

of terminal functional groups, which allows for efficient en-

capsulation (DENs) and surface stabilization (DSNs) of na-

noparticles, while simultaneously minimizing cytotoxicity 

[34–37]. Therefore, hyperbranched polymers are most suc-

cessfully used as stabilizers in the synthesis of silver nano-

particles using active reducing agents N2H4 or NaBH4, 

which is presented in a sufficient number of reviews and 

monographs [35,38,39]. At the same time, examples of the 

use of HBPs as bifunctional reagents in the one-stage syn-

thesis of nanoparticles are extremely few. Only amine-ter-

minated hyperbranched polymers (e.g., HPAMAM) are 

known for their reducing activity [40], but they can also 

induce cytotoxicity [31]. 

Hyperbranched polyester polyols have low toxicity or 

are completely non-toxic and are characterized by a 

branched 3D architecture, which makes them a promising 

platform for the synthesis of metal-polymer composite na-

nomaterials [41,42]. 

Previously, our research group showed that non-toxic 

hyperbranched polyesters with terminal hydroxyl groups 

successfully act as stabilizers of metal nanoparticles 
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[43,44]. However, under mild conditions, at room temper-

ature, they do not exhibit reducing activity in relation to 3d-

metal ions, and the formation of a nanophase in the poly-

mer-composite material occurs only with the introduction 

of an active reducing agent. 

We have previously demonstrated that specific modifi-

cation of the second-generation hyperbranched polyester 

polyol G2OH with maleic acid monoester fragments (G2-

estMA) allows obtaining polydentate ligands for efficient 

complexation with 3d metal ions [45–50]. 

This study aims to develop new approaches in the field 

of synthesis of metal-polymer nanocomposites using G2-

estMA as a polyfunctional reagent as a non-toxic and bio-

compatible “smart nanoreactor” for the synthesis of metal 

nanoparticles. The polyester “core” provides toxicity and 

biocompatibility control, and the carboxylate “shell” of ma-

leic acid monoester fragments provides amphiphilicity, re-

ducing and stabilizing activity of molecules, and allows im-

parting targeted biological activity [51,52]. This specific 

molecular architecture acts as a “smart nanoreactor” for 

silver ions. 

In this regard, we proposed and experimentally substan-

tiated the concept of using carboxylated hyperbranched 

polymers as multifunctional platforms for the one-pot syn-

thesis of silver nanocomposites, in which the macromole-

cule simultaneously functions as a reducing agent, stabi-

lizer, and template defining the morphology of the 

nanophase [53]. This approach can be rationally combined 

with the general principles of “green” synthesis of biocom-

patible metal-polymer silver-containing nanocomposites 

with high colloidal stability and morphology control. 

Thus, in this work, a one-pot “green” synthesis of silver 

nanocomposites is proposed based on the strategy of using 

a hyperbranched polyester polyol with terminal carboxyl 

groups as a self-assembling reducing nanoreactor and sta-

bilizing matrix. 

2. Experimental 

2.1. Materials 

For the synthesis of nanocomposites, containing silver na-

noparticles, AgNO3 (99%, Alfa Aesar) was used as precur-

sor. A second-generation hyperbranched polyester (pentae-

rythritol core, 2,2-dihydroxymethylpropanoic acid mono-

mer) containing maleic acid monoester fragments — poly-

ester polymaleate G2-estMA [45-48] (acid number 

245.4±13.6 mg/g KOH) - was used as a reducing agent and 

stabilizer for the silver nanoparticles. A detailed descrip-

tion of the methods of synthesis and determination of acid 

number is presented in the Supplementary. Distilled deion-

ized water (16.8 ohm×metre) was used as a solvent for the 

synthesis of the nanoparticles. 

2.2. Methods 

Electronic absorption spectra were recorded on a Lambda 

750 spectrophotometer (Perkin Elmer) in the range of 200–

800 nm at 25.00 ± 0.01°C using a thermostatic system con-

sisting of a thermostatted cuvette holder, a Julabo MB-5A 

flow-through thermostat, and a PTP-1 Peltier thermostat. 

Quartz cuvettes with a thickness of 1 cm were used for 

measurements. The accuracy of optical density (A) meas-

urements was ± 1%. 

For photoinduced nanoparticle synthesis, a Vilber VL-

6/LC UV lamp with a filter, operating at wavelengths of 254 

and 365 nm, was used, with an illuminance of 0.610 

mW/cm2 for 365 nm and 0.400 mW/cm2 for 254 nm. 

The concentration (CNP, particles/ml) and hydrody-

namic parameters (dh
mean and dh

mode, nm) of nanocompo-

sites in solution were determined using nanoparticle track-

ing analysis (NTA) on a NanoSight LM-10 (Malvern Instru-

ments). A C11440-50B CMOS camera with an FL-280 image 

sensor (Hamamatsu Photonics, Japan) was used as a detec-

tor. Measurements were performed in a special cuvette for 

aqueous solutions equipped with a 405 nm laser (CD ver-

sion, S/N 2990491) and a Kalrez O-ring. The temperature 

in the chamber was determined using an OMEGA HH804 

contact thermometer (Engineering, Inc) for all measure-

ments. Sample solutions was previously diluted for meas-

urement. Dilution factor was 103. NTA measurements were 

performed with multiple runs for each sample (5 repeti-

tions). 

The surface morphology of the synthesized nanoparti-

cles was assessed using transmission electron microscopy 

(TEM) using equipment at the Interdisciplinary Center for 

Analytical Microscopy at Kazan Federal University. TEM 

images were recorded using a Hitachi HT7700 Exalens 

transmission electron microscope at an accelerating volt-

age of 100 kV, and the size and shape of the hybrid nano-

particles were assessed using an ImageJ. For each sample, 

we analyzed at least 5–7 representative images obtained 

from different sections of the carbon grid. Histograms were 

constructed using Origin software. 

2.3. Synthesis of silver containing nanocompo-

sites in the medium of functionalized hyper-

branched polyester polyol. 

Silver nanocomposite samples 𝑇100
1:4 , 𝑇100

1:12, 𝑇100
1:30, 𝑇100

1:50, 𝑇100
1:70 

were synthesized by chemical reduction in an aqueous me-

dium. Silver nitrate was used as the precursor salt. Hyper-

branched polyesther polymaleate G2-estMA used as a re-

ducing agent and stabilizer in the synthesis. To prepare an 

aqueous polymer solution, an accurately weighed sample of 

G2-estMA was dissolved in an aqueous NaOH solution of 

known concentration at an equimolar ratio of polymer car-

boxyl groups to sodium hydroxide. The pH of the reaction 

mixture for all experiments was maintained at pH = 

7.0±0.1. Neutral pH not only ensures the presence of car-

boxylate groups capable of reducing Ag⁺, but also avoids the 
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precipitation of Ag₂O (which begins under alkaline condi-

tions at pH = 8.2). A G2-estMA solution with a carboxyl 

group concentration of 0.01 M was added to an accurately 

weighed portion of AgNO3 at a molar ratio of Ag+:estMA = 

1:4 for 𝑇100
1:4 , 1:12 for 𝑇100

1:12, 1:30 for 𝑇100
1:30, 1:50 for 𝑇100

1:50 and 

1:70 for 𝑇100
1:70. Silver nanoparticles were synthesized by 

heating to 100°C with the registration of electronic absorp-

tion spectra to monitor the formation of silver nanoparti-

cles by the appearance of a surface plasmon resonance 

(SPR) signal. The synthesis procedure at temperatures of 

90, 85, 80°C for samples 𝑇90
1:4 – 𝑇90

1:70, 𝑇85
1:50, 𝑇80

1:12 is similar. 

To find the minimum initiation temperature, solutions with 

molar ratios of 1:12 and 1:50 were studied using a Peltier 

thermostat PTP-1 by heating from 25˚C to 90˚C in 5˚C in-

crements while recording electronic absorption spectra at 

each temperature point to monitor the formation of silver 

nanoparticles by the appearance of a plasmon resonance 

band (SPR). 

Samples of silver nanoparticles 𝑈𝑉1:4, 𝑈𝑉1:12, 𝑈𝑉1:30, 

𝑈𝑉1:50, 𝑈𝑉1:70 were synthesized by chemical reduction in an 

aqueous medium. Silver nitrate was used as a precursor 

salt. Hyperbranched polyester polymaleate served as a re-

ducing agent-stabilizer in the synthesis. To prepare an 

aqueous polymer solution, an accurately weighed portion of 

G2-estMA was dissolved in an aqueous NaOH solution with 

a known concentration at an equimolar ratio of polymer 

carboxyl groups and sodium hydroxide. A G2-estMA solu-

tion with a carboxyl group concentration of 0.01 M at a mo-

lar ratio of Ag+:estMA = 1:4 for 𝑈𝑉1:4, 1:12 for 𝑈𝑉1:12, 1:30 

for 𝑈𝑉1:30, 1:50 for 𝑈𝑉1:50 and 1:70 for 𝑈𝑉1:70 was added to 

an accurately weighed portion of AgNO3. The synthesis of 

silver nanoparticles was carried out using a UV lamp with 

a VL-6/LC filter as a photoinitiator at wavelengths of 254 

or 365 nm for each molar ratio with the registration of elec-

tronic absorption spectra in the UV range to monitor the 

formation of silver nanoparticles by the appearance of a 

surface plasmon resonance (SPR) signal. 

All experiments on the synthesis of nanocomposites, deter-

mination of optimal synthesis conditions, establishment of 

hydrodynamic parameters of nanosystems and morphology 

parameters (UV-Vis spectroscopy, NTA analysis and TEM) 

were performed in at least three independent replicates. 

Table 1 Parameters of the synthesis of silver nanoparticles in the 
G2-estMA matrix. 

Sample νAg+:νCOOH CAgNO3, M Initiation conditions 

𝑇
𝑦

1:4  / 𝑈𝑉
1:4

 1:4 2.5×10-4 Heating for samples 
𝑇𝑦

𝜈:𝜈 (y, ˚C) / Photoin-

itiation  

at 254 nm/365 nm 
for samples 𝑈𝑉𝜈:𝜈 

𝑇
𝑦

1:12 / 𝑈𝑉
1:12

 1:12 8.3×10-4 

𝑇
𝑦

1:30 / 𝑈𝑉
1:30

 1:30 3.6×10-4 

𝑇
𝑦

1:50 / 𝑈𝑉
1:50

 1:50 2.0×10-4 

𝑇
𝑦

1:70 / 𝑈𝑉
1:70

 1:70 1.4×10-4 

3. Results and discussion 

Silver nanoparticles were synthesized by chemical reduc-

tion of the precursor salt AgNO3 in the presence of the 

deprotonated form of G2-estMA in an aqueous medium with 

varying molar ratios of Ag+:estMA (Figure 1). A hyper-

branched polyester polyol, containing maleic acid monoes-

ter fragments, G2-estMA, was used as a stabilizer and re-

ducing agent.In the first stage, the ability of hyperbranched 

polyester polymaleate to act as a reducing agent and stabi-

lizer for silver nanoparticles under standard conditions was 

assessed (Figure S3). The electronic absorption spectra of 

solutions containing silver nitrate and G2-estMA did not 

show any changes during storage. The bands corresponding 

to the n-π* electron transitions in the polymer (300 and 370 

nm) remained unchanged. Surface resonance bands in the 

region of 390–500 nm corresponding to the formation of 

silver nanoparticles as a result of the reduction reaction are 

not observed. This finding indicates the need for initiating 

the reduction reaction. 

3.1. Synthesis of silver nanoparticles in the G2-

estMA matrix under thermal initiation conditions 

The Turkevich method involves the synthesis of nanoparti-

cles under conditions of boiling aqueous solutions contain-

ing silver nitrate and sodium citrate [23]. In this regard, the 

thermal initiation method at 100˚C was chosen. An addi-

tional factor was the variation of the molar ratio 

ν(AgNO3):ν(estMA). 

 
Figure 1 One-pot synthesis of silver containing nanocomposites.
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Figure 2 UV-Vis data for samples 𝑇100

1:4 - 𝑇100
1:70. 

Under these conditions, five samples of silver nanopar-

ticles were synthesized, which were bright yellow sols (Ta-

ble S1). To confirm the formation of silver nanoparticles, 

data from electron absorption spectroscopy were used (Fig-

ure 2). The presence of a surface plasmon resonance (SPR) 

band of spherical silver nanoparticles (AgNPs) at wave-

lengths in the range from 390 to 500 nm indicates the suc-

cess of the proposed approach. 

According to UV-Vis data with an increase in the initial 

concentration of silver nitrate in the synthesis from sample 

𝑇100
1:70 to 𝑇100

1:50, the size and concentration of the resulting sil-

ver nanoparticles increase as indicated by a bathochromic 

shift of the SPR maximum from 402 to 409 nm and an in-

crease in the optical density at the SPR maximum, respec-

tively. The presence of a single absorption maximum indi-

cates the formation of spherical particles. A further in-

crease in the salt concentration in the synthesis for sample 

𝑇100
1:30 is accompanied by a slight bathochromic shift of the 

SPR maximum to 410 nm and a broadening of the SPR signal 

as a result of the appearance of the shoulder at 465 nm. At 

the same time, a decrease in optical density is observed at 

the maximum SPR, as well as the preservation of the bright 

yellow color of the solution. Taken together, the data indi-

cates an increase in the size of silver particles and a signif-

icant increase in polydispersity, while the absence of a 

change in the color of the solution may indicate the for-

mation of spheroidal particles in this system. 

A further increase in the concentration of AgNO3 in the 

synthesis for sample 𝑇100
1:12 is accompanied by a batho-

chromic shift of the SPR maximum from 410 to 425 nm (Fig-

ure 2) with the preservation of one absorption maximum. 

Silver nanoparticles continue to increase in size while re-

maining spheroidal during thermal initiation in this sys-

tem. At the same time, an increase in optical density is ob-

served at the maximum SPR, relative to the 𝑇100
1:30 sample. 

The totality of the data allows us to assume that the ob-

served changes are caused by both an increase in the con-

centration of silver nanoparticles and a decrease in the pol-

ydispersity of metal nanoparticles in the system. In the 

electronic absorption spectra of sample 𝑇100
1:4  (Figure 2), a 

broadening of the SPR signal is observed, accompanied by a 

decrease in the optical density at the maximum SPR, and a 

hypsochromic shift of the maximum from 425 to 414 nm. It 

is likely that in this system, spheroidal silver nanoparticles 

with a wide size distribution are stabilized during the re-

duction reaction as a result of an increase in the initial con-

centration of silver nitrate in the synthesis. 

Experimental data indicates a nonmonotonic depend-

ence of the intensity and width of the surface plasmon res-

onance (SPR) peak in the UV-visible absorption spectrum of 

a colloidal solution of silver nanoparticles on the precursor 

concentration. This dependence is determined by a complex 

balance between the reducing and stabilizing properties of 

the polymer, which control the processes of nucleation, 

growth, and stabilization of AgNPs in the G2-estMA matrix, 

and therefore their concentration, size, shape, and degree 

of aggregation. 

Three concentration ranges of the AgNO3 precursor can 

be distinguished in the synthesis: low concentration (sam-

ples 𝑇100
1:70 and 𝑇100

1:50), medium concentration (sample 𝑇100
1:30), 

high concentration (samples 𝑇100
1:12 and 𝑇100

1:4). With this divi-

sion, it can be assumed that at the initial stage 𝑇100
1:70 → 𝑇100

1:50, 

an increase in the concentration of Ag⁺ ions in the solution 

with an excess of polymer naturally leads to the formation 

of a greater number of nanoparticle seed under conditions 

of a high reduction rate and an excess of stabilizer. This 

leads to an increase in the numerical concentration of 

AgNPs and manifested in a primary increase in the SPR in-

tensity with an increase in the average particle size (bato-

chromic shift) for 𝑇100
1:50. 

The transition to the intermediate concentration region 

is accompanied by a decrease in the SPR intensity 𝑇100
1:50 → 

𝑇100
1:30. One can assume competition between two key prop-

erties of the polymer: reducing vs stabilizing. In the higher 

the salt concentration the more silver ions will be reduced 

under conditions of excess polymer. However, not all 

formed silver nanoparticles can be effectively stabilized. It 

is possible that under these conditions the effect of « stabi-

lizer depletion» starts [54]. This leads to incomplete cover-

age of the surface of many formed AgNPs. Aggregation de-

voted to broadening and a decrease in the intensity of the 

SPR band. 

A further increase in the Ag+ concentration in the syn-

thesis to a molar ratio of 1:12 (sample 𝑇100
1:12) may lead to 

«burst nucleation» followed by diffusion-controlled growth 
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[55] in the organized environment of the polymer nanore-

actor. This results in the formation of particles with im-

proved morphology and a narrower size distribution (shift 

and increase in the SPR signal). It can be assumed, that the 

Ag⁺/G2-estMA molar ratio of 1:12 is optimal for rapid nu-

cleation (reducing capacity) when the passivation of the 

AgNPs surface (stabilizing ability) is still quite effective. 

At the maximum Ag+ ion loading (sample 𝑇100
1:4) a signifi-

cant decrease in intensity and broadening of the SPR are 

observed. It can be assumed that under these conditions the 

number of reducing terminal carboxyl groups becomes a 

limiting factor, and the stabilizing function of the polymer 

is suppressed. A continuous «supply» of Ag⁺ ions into the 

polymer nanoreactor occurs, leading to uncontrolled 

growth and repeated nucleation [56] with the formation of 

polydisperse spherical nanoparticles. The system loses col-

loidal stability, since both the reducing and stabilizing ca-

pacities of the polymer are exhausted. 

For an in-depth analysis of the non-monotonic change in 

the SPR intensity and the transition to a dynamic descrip-

tion of the processes of nucleation and growth of AgNPs in 

the G2-estMA nanoreactor, kinetic studies were carried out. 

The figure 3 shows the dependences of the optical density 

values at the SPR maxima and the position of the SPR max-

ima on time for 𝑇100
1:70 - 𝑇100

1:4 . The raw UV-Vis spectroscopy 

data are shown in Figure S4. 

 

 

 

Figure 3 Dependences of the values of A at λmax
SPR and the position of λmax

SPR on the synthesis time of samples 𝑇100
1:70 - 𝑇100

1:4.
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For samples 𝑇100
1:70 and 𝑇100

1:30, after 120 and 180 minutes, 

respectively, a significant bathochromic shift of the SPR 

maximum is observed. For samples 𝑇100
1:12 and 𝑇100

1:4  after 180 

minutes of thermal initiation, the SPR maximum reaches a 

plateau; with further heating, an increase in the batho-

chromic shift is observed. Thus, data analysis revealed that 

the synthesis time was 180 minutes for these samples. 

For samples 𝑇100
1:70, 𝑇100

1:30 , 𝑇100
1:12 and 𝑇100

1:4  a «drift» in SPR is 

observed after reaching a plateau in intensity (the batho-

chromic shift continues). This indicates that the process did 

not stop at the stage of primary particle formation and the 

balance of polymer functions is disrupted. Under the condi-

tions of the stabilization-limited mode (low concentration 

of Ag+ ions with an excess of stabilizer - 𝑇100
1:70, 𝑇100

1:30 ) and the 

reduction-limited mode (high concentration of silver ions 

with a deficiency of stabilizer - 𝑇100
1:12, 𝑇100

1:4) the process of 

Ostwald ripening or uncontrolled growth of the nanoparti-

cles (batochromic shift) continues, but there is no increase 

in their total number (plateau in intensity). This is com-

pletely consistent with our previous conclusion. 

At the same time, for sample 𝑇100
1:50, after 100 minutes, 

the optical density at the SPR maximum reaches a plateau, 

which is accompanied by the absence of further changes in 

the position of the SPR maximum. The kinetics demonstrate 

the shortest synthesis time (100 min) and a rapid plateau 

in both intensity and SPR peak position. It can be argued 

that under these conditions the system is maximally bal-

anced with recovery and stabilization rates closely aligned. 

This ensures rapid and controlled particle growth with min-

imal secondary processes. 

To achieve green chemistry criteria, the possibility of 

lowering the synthesis temperature was studied in the 

work. For this purpose, 5 samples were synthesized at a 

temperature of 90°C while maintaining the molar ratios in 

the synthesis similar to the experiments at 100°C. The elec-

tronic absorption spectroscopy data and the kinetic depend-

encies are presented in Figure S5 and in Figure 4 respec-

tively. A decrease in synthesis temperature is proportional 

to a decrease in the rate of silver ion diffusion into the pol-

ymer nanoreactor zone. This affects the balance of G2-

estMA functions. 

For sample 𝑇90
1:70 reduction and nucleation processes are 

virtually inhibited as the synthesis temperature decreases. 

A significant increase in opalescence is observed over time, 

indicating that aggregation and agglomeration processes 

predominate over silver nanoparticle formation. 

   

 
Figure 4 Dependences of the values of A at λmax

SPR and the position of λmax
SPR on the time of samples 𝑇90

1:50 - 𝑇90
1:4. 
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Table 2 Synthesis time of silver nanoparticles in the G2-estMA ma-
trix at 100 and 90°C. 

Sample / 
νAgNO3:νestMA 

Tsynth. 

at 
100°С, 

min 

Sample / 
νAgNO3:νCOOH 

Tsynth. 

at 
90°С, 

min 

mg AgNO3: 

g G2-estMA 

𝑇
100

1:4
 / 1:4 120 𝑇

90

1:4
 / 1:4 270 186.4 

𝑇
100

1:12
 / 1:12 100 𝑇

90

1:12
 / 1:12 270 62.2 

𝑇
100

1:30
 / 1:30 180 𝑇

90

1:30
 / 1:30 270 26.6 

𝑇
100

1:50
 / 1:50 180 𝑇

90

1:50
 / 1:50 295 14.9 

𝑇
100

1:70
 / 1:70 180 𝑇

90

1:70
 / 1:70 - 10.7 

For sample 𝑇90
1:50 (Figure 4) a hypsochromic shift of the 

absorption maximum to 401 nm is observed with decreas-

ing temperature to 90°C. Аt the same time a significant de-

crease in the absorption intensity and broadening of the 

SPR signal indicate a decrease in the concentration of silver 

nanoparticles and an increase in polydispersity. The syn-

thesis time increased and amounted to 295 minutes (Figure 

4). At this molar ratio the decrease in diffusion rate at 90°C 

has a dramatic impact on the polymer's functional balance. 

With a decrease in reducing function secondary aggregation 

processes prevail over nucleation, leading to a significant 

deterioration in the final morphological characteristics of 

the synthesized silver nanoparticles.  

In this case, samples 𝑇90
1:30 and 𝑇90

1:12 (Figure 4) are of in-

terest. Lowering the synthesis temperature to 90°C re-

sulted in an increase in the synthesis time to 270 minutes 

with an improvement in the final characteristics of these 

samples. For sample 𝑇90
1:30, one SPR maximum is observed at 

422 nm and an increase in optical density at the SPR maxi-

mum, which indicates an increase in the concentration of 

silver nanoparticles and a decrease in polydispersity. Sam-

ple 𝑇90
1:12 is characterized by the presence of a hypsochromic 

shift up to 415 nm, which is also accompanied by an in-

crease in the absorption intensity at the SPR maximum, 

probably due to the formation of a larger number of smaller 

metallic silver nanoparticles.  

With a further increase in the content of silver nitrate 

during the synthesis process (𝑇90
1:4) a deterioration in the 

morphology of the synthesized silver nanoparticles is again 

observed. A decrease in the synthesis temperature to 90°C 

results in a significant increase in opalescence, a batho-

chromic shift to 421 nm (from 414 nm at 100°C), and a 

broadening of the SPR signal. These factors make lowering 

the synthesis temperature impractical for this molar ratio. 

Analysis of the time dependence of the SPR maximum posi-

tion revealed that the synthesis time at this temperature 

was 270 minutes (Figure 4). 

Thus, it was established that for molar ratios of 

νAgNO3:νestMA = 1:30 and 1:12, silver nanoparticles can be syn-

thesized using G2-estMA as a bifunctional agent under ther-

mal initiation conditions at 90°C. Lowering the synthesis 

temperature for ratios of 1:70, 1:50 and 1:4 is not advisable 

due to the deterioration of the characteristics. Table 2 pre-

sents the final parameters of the synthesis of silver nano-

particles for these samples at temperatures of 90 and 

100°C. 

For two molar ratios νAgNO3:νestMA = 1:50 (optimum at 

100°C) and 1:12(optimum at 90°C) the possibility of further 

reducing the synthesis temperature was studied. The figure 

S6 shows the electronic absorption spectra for molar ratios 

of 1:50 and 1:12 at temperatures of 85 and 80°C, respec-

tively. 

The spectra demonstrate degradation of the nanosystem 

(significant increase in opalescence and broadening of sur-

face plasmon resonance signals). The reduction process is 

still thermodynamically possible, but critical decrease in re-

action rate indicates that further reduction of the synthesis 

temperature is inadvisable. 

To establish the thermodynamic threshold of the reac-

tion, the onset temperature of the reduction reaction was 

estimated using the example of molar ratios νAgNO3:νestMA = 

1:50 and 1:12. The Tonset was determined by the appearance 

of absorption in the SPR region, which reflects the fact of 

the onset of oxidation of the terminal maleate groups of the 

polymer and the transfer of electrons to the Ag⁺ ions. (Fig-

ure S7). Analysis of the dependences of the absorption val-

ues at the SPR maxima on temperature revealed that the 

minimum initiation temperature is 65 and 61°C, respec-

tively. 

3.2. Synthesis of silver nanoparticles in the G2-

estMA matrix under photoinitiation conditions 

One of the fundamental principles of green chemistry is the 

absence of the need to impart large amounts of energy to 

the reaction system during synthesis. As demonstrated pre-

viously, the hyperbranched polyester polymaleate G2-

estMA can act as both a reducing agent and a stabilizer for 

silver nanoparticles in an aqueous medium during a single-

step synthesis. However, as demonstrated above, this syn-

thesis requires heating the reaction mixture to 100°C, sim-

ilar to the Turkevich method (samples 𝑇100
1:70 - 𝑇100

1:4), while 

lowering the temperature is only possible to 90°C for cer-

tain ratios (samples 𝑇90
1:30 - 𝑇90

1:12). 

Since lowering the temperature does not allow preserv-

ing the morphological parameters and aggregation charac-

teristics of the systems, the task was set to determine other 

ways to initiate the process of reducing silver ions in this 

system. According to literature data, sodium citrate can act 

as a reducing agent and stabilizer of silver nanoparticles 

not only under thermal initiation conditions, but also dur-

ing irradiation of systems containing silver ions at 254 and 

365 nm [57]. 

Photoinitiation provides a new, temperature-independ-

ent pathway for generating reducing equivalents. The rate 

of the reduction process can be controlled by the intensity 

and wavelength of light [58]. 

Several studies have shown that photoreduction of sil-

ver occurs under UV irradiation (254 nm) in an aqueous so-

lution containing AgNO₃ and polyacrylic acid (PAA). In this 
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case, PAA acts as both a reducing agent and a stabilizer. 

Possible mechanisms of reduction have been described. 

First, when exposed to ultraviolet radiation, water mole-

cules and the polymer chains of polyacrylic acid (PAA) gen-

erate free radicals. These radicals reduce Ag⁺ ions to Ag⁰ 

atoms directly in the reaction medium, followed by nuclea-

tion [58,59]. 

Second, upon absorption of a light quantum, photore-

duction of the metal ion occurs due to the LMCT transfer of 

an electron from the highest occupied molecular orbital 

(HOMO) of the ligand (PAA) to the lowest unoccupied mo-

lecular orbital (LUMO) of the central metal ion Ag+ in the 

resulting Ag+-PAA complex. After homolytic bond cleavage, 

the silver ion is instantly reduced to a neutral atom Ag0, and 

the carboxyl group is converted into a highly active organic 

radical PAACOO●, which is subsequently decarboxylated 

[60]. 

Literary data suggest that the reducing function of the 

G2-estMA polymer will be achieved at room temperature. 

In this case, reduction will no longer be the rate-limiting 

step for many ratios. 

The synthesis was carried out by varying the 

νAgNO3:νestMA molar ratio. A Vilber VL-6.LC UV lamp was used 

as the radiation source in this study; the emission spectra 

are presented in Figure S8. 

Two series of five silver nanoparticle samples were syn-

thesized (photoinitiation at 254 and 365 nm, respectively), 

representing colloidally stable sols. The synthesis time was 

40 minutes. Electronic absorption spectroscopy data were 

used to confirm the formation of silver nanoparticles (Fig-

ure S9). The presence of absorption maxima in the 390–600 

nm wavelength range indicates the possibility of successful 

synthesis of silver nanoparticles under these conditions. 

In the first stage of the study, the effect of the initiating 

radiation wavelength on the morphology of the synthesized 

silver nanoparticles was assessed using UV/Vis spectros-

copy data (Figure S9). It was found that for all molar ratios, 

switching from 254 nm to 365 nm during photoinitiation 

only leads to an increase in the optical density values at the 

SPR maxima, which is accompanied by a deepening of the 

color of the synthesized samples. However, the shape of the 

electronic absorption spectra does not change. This means 

that varying the wavelength affects the reduction kinetics. 

Thus, for further study of photoinitiation processes, a radi-

ation source with a maximum at 365 nm was chosen. 

The figure 5 shows the dependences of optical densities 

at SPR maxima on time and the electronic absorption spec-

tra of 𝑈𝑉1:70 and 𝑈𝑉1:50 samples. According to UV/Vis spec-

troscopy data, these samples are characterized by the for-

mation of anisotropic particles during the reduction reac-

tion. Analysis of the pattern of changes in optical density 

with photoinitiation time at 530 nm allowed us to determine 

the initiation time, which was 40 minutes. An increase in 

the concentration of silver nitrate in the synthesis upon 

transition to the 𝑈𝑉1:50 sample leads to an increase in the 

optical density at the SPR maxima, which indicates an in-

crease in the concentration of the formed silver nanoparti-

cles and is accompanied by a deepening of the color of the 

solution (Figure 5c). 

    

    
Figure 5 Dependences of optical densities at SPR maxima on time (a, d), UV/Vis spectra of 𝑈𝑉1:70 - 𝑈𝑉1:50 (b) and 𝑈𝑉1:12 – 𝑈𝑉1:4 (e) and 

photographs of samples (c, f). 

a b c 

d e f 
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Figure 6 UV/Vis spectra of UV1:50 and 𝑈𝑉1:30. 

Significant changes are observed in the electronic ab-

sorption spectra of the 𝑈𝑉1:30 sample (Figure 6). The solu-

tion color changes from light brown to blue, accompanied 

by the appearance of two SPR maxima at 390 and 560 nm. 

These observed changes indicate the stabilization of aniso-

tropic silver nanoparticles, likely silver nanorods. 

If the reduction rate during thermal synthesis is compa-

rable to the diffusion rate of Ag+ ions to the growing faces, 

then G2-estMA stabilization is predominantly isotropic. The 

result is only spherical particles. Under conditions of rapid 

photochemical reduction, a gradient of growth rates for the 

various crystallographic faces arises on the surface of the 

forming cores. In this case, the carboxyl groups realize their 

ability to selectively bind to certain silver faces (e.g., {111}), 

slowing their growth and promoting anisotropic growth in 

the {110} or {100} direction [61,62]. This selective stabili-

zation leads to the formation of anisotropic AgNPs, in par-

ticular rod-like structures. 

Under 𝑈𝑉1:30 synthesis conditions, an optimal ratio be-

tween the concentration of silver ions and the polymer con-

centration was achieved for selective anisotropic stabiliza-

tion and growth of AgNPs along a specific axis. 

Interestingly, with further increase in silver concentra-

tion (𝑈𝑉1:12, 𝑈𝑉1:4), the anisotropy disappears and spheroi-

dal particles form again. This is confirmed by spectropho-

tometric data for the samples. This is confirmed by the 

spectrophotometric data for the 𝑈𝑉1:12 и 𝑈𝑉1:4 samples (Fig-

ure 5e). The 𝑈𝑉1:12 sample is characterized by both an in-

crease in the optical density of all signals at SPR wave-

lengths and a significant increase in the absorption inten-

sity of the SPR signals at 390 and 430 nm relative to the 

signal at 540 nm. Simultaneously, a return to the reddish-

brown color of the sol is observed. The UV/Vis spectroscopy 

data for the 𝑈𝑉1:4 indicate the formation of spherical silver 

nanoparticles, as evidenced by the presence of a single sur-

face plasmon resonance maximum at 425 nm. Their sol is 

deep yellow. 

Under conditions of rapid Ag+ ion diffusion to the sur-

face of growing nanoparticles combined with a relative 

shortage of polymer selective stabilization is impossible. 

Therefore, the AgNPs morphology returns to spherical. 

3.3. Study of hydrodynamic parameters of the 

nanocomposites, synthesized at thermal- and 

photoinitiation conditions 

According to NTA data, the colloidal stability of the studied 

nanosystems is confirmed by the absence of significant 

shifts in the average hydrodynamic diameter dh over 20–25 

days for optimal ratios. Additionally, the UV-Vis spectra of 

the nanocomposite sols remain stable (without peak broad-

ening or precipitation) for at least one month at room tem-

perature. 

To establish a correlation between the optical properties 

and physical parameters of the AgNPs dispersions, the con-

centration profiles and hydrodynamic characteristics of the 

synthesized nanocomposites were analyzed using nanopar-

ticle tracking analysis (NTA).The NTA data (Figure 7, Table 

3, Table S2), combined with UV-Vis spectroscopy data, 

made it possible to quantitatively substantiate the competi-

tion between nucleation and stabilization processes in the 

[Ag+ – G2-estMA] two-component system. 

The figure 7 (a) shows the NTA analysis data and the 

UV/Vis spectroscopy data for thermоchemical synthesis 

samples 𝑇100
1:70 - 𝑇100

1:4 . A non-monotonic dependence of the av-

erage hydrodynamic diameter of the systems (dh
mean) and 

the number concentration (CNP) on the reactant ratio is ob-

served. For sample 𝑇100
1:50, an increase in the concentration 

of metal-polymer composite nanoparticles is observed, 

while the mean hydrodynamic diameter of the particles 

changes insignificantly. This may indicate a stable regime 

of controlled nucleation. The nucleation rate is synchro-

nized with the rate of particle passivation by the polymer, 

resulting in the formation of monodisperse particles. 

For sample 𝑇100
1:30, an increase the polydispersity and the 

particle size in the system to 60 nm is observed without a 

change in the particle concentration. This fact is a direct 

indication of the onset of the «stabilizer depletion» effect, 

which leads to the predominance of Ostwald ripening and 
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initial aggregation processes. A further an increase in the 

dh
mean to 78 nm of silver nanoparticles for sample 𝑇100

1:12 upon 

a decrease in particle number concentration, corresponding 

to the diffusion-controlled growth regime initiated by «ex-

plosive nucleation» by discussed in detail above. At maxi-

mum silver loading in sample 𝑇100
1:4  reveals a sharp increase 

in hydrodynamic diameter (up to 108 nm) and polydisper-

sity indicating a loss of colloidal stability due to agglomer-

ation resulting from the complete exhaustion of the 

polymer's stabilizing capacity.  

We also assessed the influence of the synthesis temper-

ature on the hydrodynamic parameters of the systems for 

samples 𝑇90
1:30 and 𝑇100

1:30, as well as 𝑇90
1:12 and 𝑇100

1:12 (Figure 7b). 

A comparison of samples synthesized at 90 °C and 100 °C, 

demonstrates the critical influence of diffusion and reduc-

tion rates on the structural parameters of the nanoparti-

cles. Lowering the synthesis temperature to 90°C for sam-

ples 𝑇90
1:30 and 𝑇90

1:12 leads to an increase in the average hy-

drodynamic diameter of the particles from 60 to 74 nm and 

from 78 to 116 nm, respectively. However, at the same time, 

according to UV/Vis spectroscopy data, for each pair of 

samples at 90°C, a higher absorption intensity and a hyp-

sochromic shift of the SPR maximum are observed. Тaken 

together, NTA and UV-Vis spectroscopy data indicate that 

at high Ag+ ion concentrations, lowering the temperature 

renders the reduction rate the rate-limiting step. This leads 

to incomplete passivation of the growing particle surfaces 

and, consequently, to the predominance of secondary ag-

gregation processes involving composite particles in these 

systems. 

      

      
Figure 7 UV/Vis spectra and NTA analysis data for samples 𝑇100

1:70 - 𝑇100
1:4 (a), 𝑇90

1:30/𝑇100
1:30 and 𝑇90

1:12/𝑇100
1:12 (b), 𝑈𝑉1:70 – 𝑈𝑉1:4 (c – d).

Table 3 Values of the average hydrodynamic diameter of the systems (dh
mean) and particle concentration (CNP) (square brackets contains 

the SD values for dh
mean, р=0.95) of samples 𝑇90

1:30 - 𝑇90
1:12, 𝑇100

1:70 - 𝑇100
1:4  and 𝑈𝑉1:70 – 𝑈𝑉1:4. 

Molar 

ratio 

dh
mean, nm / CNP ×108, particles/ml  

[SD, nm] 

(Тsynth = 90˚C) 

dh
mean, nm / CNP ×108, particles/ml  

[SD, nm] 

(Тsynth = 100˚C) 

dh
mean, nm / CNP ×108, particles/ml  

[SD, nm] 

(λsynth = 365 nm) 

1:4 - 106±2 / 1.9±0.1  [42±3] 130±2 / 8.8±0.4  [54±2] 

1:12 116±4 / 1.6±0.1 [67±4] 78±1 / 4.7±0.1    [30±3] 64±1 / 9.2±0.2    [31±1] 

1:30 74±1 / 7.5±0.2   [32±1] 60±1 / 5.6±0.2    [26±1] 74±1 / 4.9±0.1    [34±2] 

1:50 - 41±1 / 2.8±0.2    [34±5] 44±1 / 7.1±0.2    [23±1] 
1:70 - 49±4 / 2.0±0.1    [40±10] 54±1 / 8.2±0.2    [28±1] 

 

a 

c d 
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The figure 7 (c – d) shows the joint UV/Vis spectroscopy 

and NTA analysis data for 𝑈𝑉1:70 – 𝑈𝑉1:4 samples. NTA anal-

ysis of photochemical synthesis revealed a fundamentally 

different pattern of parameter changes, driven by the high 

rate of generation of reducing equivalents upon irradiation. 

It was established that from the sample 𝑈𝑉1:70 to the sample 

𝑈𝑉1:30, there is an increase in the size of the composite na-

noparticles in the system and an increase in polydispersity, 

which is simultaneously associated with the formation of 

anisotropic silver nanoparticles under conditions of selec-

tive stabilization for the sample 𝑈𝑉1:30 (dh
mean to increase 

due to the rotation effect). The transition to the sample 

𝑈𝑉1:12 devoted to anisotropic-to-isotropic particle transition 

and decrease in dh
mean devoted to anisotropic-to-isotropic 

particle transition with decrease in dh
mean from 74 to 64 nm 

and accompanied by a sharp increase in their numerical 

concentration CNP. This directly confirms a change in the 

growth regime. Under UV irradiation, an excess of Ag⁺ ions 

triggers massive nucleation. Тhis suppresses the selective 

stabilization of crystal facets and leading to the formation 

of a vast number of small spheroidal silver nanoparticles n 

the system. A further increase in the molar ratio in the syn-

thesis for sample 𝑈𝑉1:4 —as in the case of thermal synthe-

sis—leads to a loss of stability and a sharp increase in par-

ticle size (up to 130 nm) due to agglomeration. this con-

firms the universality of the polymer's stabilization capac-

ity limit for both thermal and photochemical synthesis in 

the [Ag+ – G2-estMA] system. 

3.4. Study of the morphology of silver nanoparti-

cles using transmission electron microscopy 

(TEM) data 

The morphology of the synthesized nanoparticles was as-

sessed using transmission electron microscopy (Figure 8). 

According to UV-Vis spectroscopy data for 𝑇𝑦
𝜈:𝜈 systems, the 

nature of the SPR signals of silver nanoparticles indicates 

the formation of spheroidal silver nanoparticles, while pro-

nounced particle anisotropy is observed for UVν:ν systems. 

To more thoroughly study and demonstrate the potential of 

various initiation methods in nanoparticle synthesis, we se-

lected what we believe to be the most characteristic sam-

ples: 𝑇100
1:12 for spheroidal particles and UV1:50 – 1:30 for aniso-

tropic particles. 

To confirm the formation of the metallic phase of silver, 

selected area electron diffraction (SAED) data were used in 

this work [27]. The diffraction patterns shown in the insets 

to Figure 8 clearly reveal the characteristic Debye-Scherrer 

rings corresponding to the face-centered cubic (FCC) crys-

tal structure of metallic silver Ag0 in all samples. 

It was found that sample 𝑇100
1:12 was characterized by the 

formation of spheroidal silver nanoparticles during the re-

duction reaction. The particle size was 34±11 nm. For sam-

ple 𝑈𝑉1:50, electron absorption spectroscopy data suggested 

the formation of anisotropic silver nanoparticles in the sys-

tem, which was confirmed by TEM data. A trimodal particle 

size distribution was observed in the system, with the av-

erage spheroidal particle sizes being 44±14, 84±11, and 

147±20 nm. The nature of the electronic absorption spectra 

of the 𝑈𝑉1:30 sample also indicates the formation of aniso-

tropic particles. According to TEM data, the formation of 

two fractions of spheroid particles with diameters of 32±12 

and 79±22 nm, as well as anisotropic nanoparticles with a 

diameter of 91±16 nm and a length of 123±19 nm, as well as 

a fraction of rod-like structures with a diameter of 185±28 

nm was detected in this system. Thus, the synthesized sam-

ples do not exhibit the degree of aggregation or background 

interactions typically observed for similar systems. The 

tendency toward aggregation is particularly evident in the 

𝑈𝑉1:50 sample in Figure 8 (b, c), where it is evident that the 

polymer-stabilized silver nanoparticles, upon drying of the 

film solution, transform into a carbon network not as a uni-

form layer, but in the form of aggregates of composite par-

ticles. This differs only minimally from the behavior of the 

system obtained using amine-functionalized HBP, pre-

sented in our previous work [58], since the aggregation 

process is not characteristic, and the particles cover the 

carbon substrate uniformly. 

 
Figure 8 Transmission electron microscopy data, particle distribution histograms and electron diffraction data for samples 𝑇100

1:12 (a),  

𝑈𝑉1:50 (b) and 𝑈𝑉1:30 (c/c.1, d/d.1). 
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Direct visual observation via TEM revealed a discrep-

ancy between the optical spectra and the true particle mor-

phology. Specifically, for samples 𝑈𝑉1:70and 𝑈𝑉1:50, which 

exhibit broadening of the SPR band with a shoulder extend-

ing to 530 nm, TEM unequivocally shows only polydisperse 

spheroidal particles. This implies that the features ob-

served in the UV spectra could stem from two possible 

causes. The first is the light-scattering effect on large 

spherical fractions (e.g., the ~147 nm fraction for 𝑈𝑉1:50) 

involving multipole plasmon excitation on polydisperse ag-

gregates. Secondly, from the perspective of growth kinetics, 

one can speak of a "oneset of anisotropic growth regime" 

for the 𝑈𝑉1:70 and 𝑈𝑉1:50 samples, as the conditions of rapid 

photochemical generation of reducing equivalents create 

the necessary gradient in the growth rates of crystallo-

graphic faces on the surface of the nuclei. However, at low 

Ag⁺ concentrations (ratios of 1:70 and 1:50), the supply of 

silver ions in the system is depleted too rapidly. This pre-

vents the maintenance of uniaxial growth and the process 

shifts to isotropic ripening, resulting in the formation of 

spheroids. True formation of anisotropic rod-like struc-

tures occurs exclusively upon transitioning to the 𝑈𝑉1:30. 

This is the point of kinetic balance where the selective sta-

bilization of {111} faces by the polymer's carboxyl groups 

successfully competes with the high precursor concentra-

tion, ensuring a continuous supply to the growing {100} 

faces [46]. 

4. Limitations 

The authors declare several limitations appeared during 

their research: 

1. Although the method allows shape control, high pre-

cursor concentrations lead to "explosive nucleation" and 

subsequent aggregation, limiting the size distribution; 

2. At Ag⁺/COOH ratios above 1:4, the polymer's stabiliz-

ing capacity is depleted (the "stabilizer depletion" effect), 

leading to uncontrolled agglomeration; 

3. For thermal synthesis, low temperatures (below 

90°C) do not allow for adequate recovery to be initiated for 

most ratios; 

4. The precise nature of the polymer-metal interface in-

teraction requires further advanced characterization, 

which is beyond the scope of this study. 

5. Conclusions 

A one-step, two-component method for the synthesis of 

metal–polymer composites based on silver nanoparticles 

and hyperbranched polyester–polymaleate (G2-estMA) has 

been developed. This is the first demonstration of the fun-

damental possibility of using hyperbranched carboxylated 

polyester polyol as a nanoreactor, which simultaneously 

functions as a reducing agent, stabilizer, and matrix, and 

determines the morphology of the nanophase. The devel-

oped approach to the synthesis of Ag/HBPs nanocomposites 

has the following distinctive characteristics: 

1) Compared to NaBH4 reduction, our method uses a 

non-toxic single-component polymer in water, eliminating 

the formation of toxic by-products [5,11]; 

2) The one-step synthesis of Ag@G2-estMA nanocompo-

sites was achieved in an aqueous medium, which is a sig-

nificant step toward "green" chemistry; 

3) Compared to the Turkevich method, which requires 

boiling and produces only spheroids [63], our method al-

lows for control of morphology (from spheroids to aniso-

tropic rods) by varying the initiation method (thermal vs. 

UV) and the Ag⁺ concentration; 

4) Compared to amine-terminated hyperbranched poly-

mers HPAMAM [40], which are strong reducing agents but 

can be cytotoxic [31], G2-estMA offers a biocompatible al-

ternative, which is a significant advantage for biomedical 

applications; 

5) Compared with recent "green" synthesis approaches 

using biogenic agents, which provide biocompatibility but 

often lack precise size and shape control [21], our method 

synergistically combines the biocompatibility of polyether 

polyols, the high stabilizing capacity of HBP, and the possi-

bility of obtaining anisotropic structures via photoinitia-

tion, which is a clear advantage. 

A detailed kinetic study revealed a competitive balance 

between reduction and stabilization in the HBP-metal sys-

tem, predominantly controlled by the Ag+:CCOOH molar ratio. 

At the same time, varying the initiation conditions (ther-

mal/photoinitiation) allows switching between monodis-

perse spheroids and anisotropic particles, including rod-

like structures. Within the framework of the presented ap-

proach, the transition to photoinitiation conditions is of 

particular importance, since, coupled with the possibility of 

using an aqueous medium in the synthesis, this allows for 

the adherence to the parameters of "green" chemistry. Fur-

thermore, varying the molar ratio of the reactants, as de-

termined by UV-Vis spectroscopy and TEM, enables control 

over the morphology of the metallic phase (the possibility 

of obtaining both spheroidal and anisotropic structures 

through selective stabilization of facets). 

Thus, the developed methodological approach provides 

a flexible platform for the controlled synthesis of silver-

containing composite nanoparticles by regulating the initi-

ation method and precursor concentration. Synthesized na-

nomaterials based on biocompatible and biodegradable pol-

yester G2-estMA can become promising materials for bio-

medical applications as theranostic agents, as well as active 

SERS substrates for selective detection of biomolecules, due 

to the pronounced plasmonic properties of included silver 

nanoparticles. 
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