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Abstract. Here, we present a facile and environmentally friendly method for the synthesis 

of gold nanoparticles (Au NPs) with an infrared response. The structure of the obtained  

Au NPs was investigated by transmission electron microscopy. Small and large Au NPs 

with different morphologies, including spheres, triangles, and hexagons, were imaged and 

studied, and the reasons for the morphological diversity were discussed. From the selected 

area diffraction data, the Au NPs showed sufficient crystallinity. The optical properties of the 

Au nanocolloids, investigated by UV-visible absorption spectroscopy, confirmed the presence 

of localized surface plasmon resonance (LSPR) peaks at 500…540 nm for Au NPs smaller 

than 30 nm. An increase in absorption intensity in the 600…1050 nm region indicates the 

formation of larger non-spherical Au NPs. The optical absorption spectra show the redshift of 

the second LSPR peak to the near-infrared region with a longer wavelength with increasing 

HAuCl4 concentration in the synthesis solution. In addition, we recorded the maxima of 

photoluminescence (PL) bands at 370 and 458 nm for the water-diluted Au colloids under 

320 nm excitation and considered the possible reasons for PL. Attempts were made to 

elucidate the optical and PL behavior of the nanocolloids within the known models. 
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1. Introduction 

Nanotechnology is a new and exciting field of modern 

materials science that deals with nanoscale objects of 

various materials with sizes of 10
–9

…10
–7

 m [1–3]. 

Nanoparticles (NPs) of noble metals, such as gold, silver, 

platinum, etc., have attracted considerable interest in 

recent years due to their unique electrical, magnetic, 

catalytic, and optical properties. Gold nanoparticles 

(Au NPs) are among the most prominent metal NPs that 

have been extensively used in various fields [4, 5] due to 

their high reactivity, stability, surface functionalization, 

low toxicity, and strong absorption of visible light by 

surface plasmon resonance (SPR). For example, they can 

be used as advanced sensors in photothermal therapy and 

in controlled drug release systems [6–8]. The synthesis of 

Au NPs can be performed by chemical, physical, and 

“green synthesis” methods [9–11]. Physical methods  

 

usually do not involve toxic chemicals. But they require 

expensive equipment with limited control over the 

morphology of the resulting NPs. This disadvantage can 

be overcome by the use of chemical methods. However, 

the most reliable protocols usually involve the use and 

release of harmful and toxic chemical compounds [12–

15]. This limits not only the synthesis process but also 

the application of the resulting nanoparticles in biological 

systems (e.g., nanomedicine). Therefore, they are slowly 

being replaced by so-called green synthesis methods, 

which consist in using renewable natural materials that 

are easily accessible, cheap, safe, and environmentally 

friendly. At the same time, the resulting metal NPs 

remain biocompatible, which is one of the key require-

ments for their use in nanomedicine. The use of phyto-

chemicals for production, also called phytosynthesis, 

offers a wide range of possibilities due to the diversity of 

plants. However, despite the above advantages, the  
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synthesis of metal NPs from biological systems is very 

complex. In particular, the study and understanding of 

the NP formation processes are necessary for the 

development of products with controlled morphology 

(size and shape). The optical properties of Au NPs 

depend on the size, but more importantly on the shape. 

While spherical Au NPs exhibit the SPR absorption 

maximum at 530…560 nm (depending on the size), non-

spherical Au NPs absorb the radiation in the near-

infrared region (> 650 nm) [16]. This makes them 

promising for nanomedicine applications due to the 

strong light absorption within the biological transparency 

window of 650…1350 nm [17, 18]. 

Therefore, this study focuses on the synthesis and 

characterization of biocompatible Au NPs prepared using 

extracts of medicinal plants (peppermint) with responses 

in the infrared region. 

2. Experimental 

2.1. Preparation of plant extract and synthesis of Au 

nanoparticles 

An aqueous extract of peppermint (M. piperita, cv. 

ʻPerpetaʼ) was prepared by maceration of well-grained 

dry leaves collected from the Botanical Garden of the 

University of Prešov (Prešov, Slovak Republic) in hot 

double-distilled water 1:10 (weight to volume) for 

30 min at 100 °C. The obtained extract was first filtered 

through KA 1-M filter paper (Papírna Pernštejns. s.r.o., 

Czech Republic) and then centrifuged on a micro-

processor-controlled centrifuge (Centronic BL-II, J.P. 

Selecta) at 3000 min
–1

 for 30 min to remove small plant 

particles. The dry matter content of the aqueous extract 

obtained was determined using a Shimadzu MOC-120H 

moisture analyzer. The obtained extract was divided into 

2 ml Eppendorf tubes and frozen at 18 °C until used in 

the synthesis experiments. 

Nanocolloid solutions of Au NPs were prepared at 

room temperature (23 °C) by direct interaction of 1 mM 

HAuCl4 (Thermoscientific, 99.99% metal basis) aqueous 

solution with aqueous plant extract under continuous 

mixing. The concentration of Au
3+

 was adjusted by 

varying the volumes of extract and double-distilled water. 

The stable nanocolloidal Au NPs solutions were obtained 

for the extract concentration from 0.125 to 1 mg/ml and 

Au
3+

 in the range of 0.025 to 0.975 mmol [19]. 

The LSPR of Au NPs was evaluated by examining 

the UV-Vis absorbance of each NP colloidal solution. 

Absorption spectra were recorded in the spectral range of 

190…1400 nm with a 1 nm scan step using a Shimadzu 

UV-2600 UV-Vis spectrophotometer equipped with the 

photomultiplier and InGaAs semiconductor detectors, 

and the UV Probe 2.42 software. The position and profile 

of the LSPR band provide information on NP dispersion 

and allow the average NP size to be estimated. Spectra 

were processed using SpectraGryph 1.2 spectroscopy soft-

ware [20] and fitted using Fityk [21]. Photoluminescence 

excitation and emission spectra were recorded using a 

Perkin-Elemer LS-55 fluorescence/luminescence spectro-

photometer with a pulsed high-pressure xenon source. 

 

 

Fig. 1. UV-Vis spectra of Mentha piperita mediated Au NPs 

prepared with different concentrations of Au3+ (1 – 0.0250,  

2 – 0.2500, 3 – 0.3750, 4 – 0.5000, 5 – 0.5625, 6 – 0.7500 mM). 
 

 

Structural studies and particle size estimates were 

performed by transmission electron microscopy (TEM) 

using high-resolution TEM images taken on a JEOL 

JEM-2010 instrument with an accelerating voltage of 

200 kV (JEOL Ltd., Tokyo, Japan). The TEM image was 

captured with a GatanUltraScan 1000 digital camera  

in 20482048 pixels in 16 bits over an area of 

approximately 0.80.8 inch on the large phosphor screen. 

Samples were prepared by dropping 10 μL of a colloidal 

Au NP solution onto a perforated carbon-coated Cu grid 

and drying for 6 h. The TEM images were acquired in 

bright field (BF) and were analyzed using the Fiji 

software from ImageJ [22]. A GIF Tridiem post-column 

energy filter on the JEOL JEM 2100 F instrument was 

used for the acquisition of energy-filtered images and 

selected area electron diffraction (SAED) studies [23]. 

3. Results and discussion 

3.1. Structural and optical properties 

Nanocolloid solutions containing M. piperita-mediated 

Au NPs were obtained in a range of extract concentra-

tions from 0.125 to 1.0 mg/ml, with the initial concentra-

tion of Au
3+

 in the range of 0.025 to 0.9750 mmol. The 

presence of biosynthesized Au NPs in the nanocolloids 

was confirmed by the colorimetric method since the color 

of the reaction solution changed to dark red after mixing 

the plant extract with HAuCl4. Fig. 1 shows repre-

sentative spectra of the obtained colloids for selected 

samples with the extract concentration of 0.25 mg/ml. 

One can clearly see the presence of two localized 

surface plasmon resonance (LSPR) absorption maxima 

that are influenced by the concentration of Au
3+

 in the 

reaction mixture. The first, at the wavelength of 

528…538 nm, is typical for spherical Au NPs. The 

second, in the near infrared (NIR) region, indicates the 

presence of non-spherical Au NPs. Since the position of 

this maximum is very sensitive to size and aspect ratio, 

the broadening and bathochromic shift of the second 

LSPR peak increase with increasing Au
3+

 concentration.  
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For samples with Au
3+

 concentrations of 0 to 0.6 mmol, 

the position of the LSPR peak can be monitored with a 

standard photometer; at higher concentrations, the peak 

position crosses the value of 1100 nm. 

In general, the position of the maximum and the 

width of the LSPR bands can also indicate a change in 

the degree of homogeneity of Au NPs. The spectra show 

a variation of the maximum of the LSPR peak around 

528…538 nm, which shifts to the NIR region with time 

and the concentration of Au
3+

 ions in solution. The peak 

around 528 nm clearly indicates the presence of small Au 

NPs presumably spherical and triangular NPs. Typically, 

LSPR arises as a collective coherent oscillation of 

conduction electrons relative to a positive metallic lattice 

when small metallic NPs are excited by the electromag-

netic field of incident light [24]. According to literature 

data [11, 14, 15], the LSPR band of spherical Au NPs is 

located around 500…540 nm for Au NPs smaller than 

30 nm. No significant differences in the position of the 

main absorption peak were found for a number of 

recorded spectra of Au NPs colloids. The broad shoulder 

above 650 nm, together with a general increase in 

absorption intensity in the 600…1050 nm region, indi-

cates the formation of larger and non-spherical Au NPs. 

The broad LSPR band profile may be a 

consequence of the higher size dispersion of small Au 

NPs. The large number of surface atoms in small Au NPs 

increases the attenuation of electron oscillations in the 

conduction band, which can be realized due to the loss of 

iteration of electrons involved in surface bonding. We 

have used a method to estimate the size of Au NPs from 

absorption spectra that is valid for plasmonic Au NPs 

smaller than 30 nm. This empirical model for NP size 

estimation from UV-Vis spectra takes into account the 

LSPR absorbance relative to the typical Au absorbance at 

450 nm. This is because an empirical relationship has 

been established between the logarithm of the NP size 

and the ratio of the absorbance intensities at the maxima 

of the LSPR absorption peak (ALSPR) and the absorbance 

at 450 nm (A450). The following expression was used for 

the estimation by the Haiss method [25]: 











 2

450

LSPR
1exp B

A

A
Bd ,      (1) 

where B1 = 3.55 and B2 = 3.11 are the inverse of the 

slope and the intercept, respectively, obtained from the 

linear fit of the plot of the logarithm of the Au NP size 

versus the ASPR/A450 ratio. However, these estimated 

dimensions assigned to Au nanospheres showed growth 

in the range of 3.0 to 6.5 nm with increasing C(HAuCl4) 

concentration from 0.025 to 0.56 mmol. At higher 

concentrations, we observed the reverse dependence and 

the size of Au nanospheres decreased in the range of 5.8 

to 3.1 nm with increasing C(HAuCl4) concentration from 

0.625 to 0.975 mmol. 

High absorption cross sections in the visible and 

infrared regions make small metallic NPs promising 

agents for bioimaging and hyperthermia treatment. 

Typically, the maximum position of the LSPR band 

is affected by the size, shape, interparticle distance, and 

dielectric constant and refractive index of the medium; 

all these parameters can shift the LSPR, e.g., into the 

NIR region [26–29]. According to the Lambert–Beer 

law, the absorbance is directly proportional to the 

extinction coefficient multiplied by the path length and 

the concentration of the solution. Therefore, a lower 

absorbance in the spectra indicates a low concentration of 

Au NPs. According to Mie’s theory, the vibrational 

modes depend on the size of the particles, and as the size 

decreases, the maximum absorbance decreases and blue 

shifts. The absorption is expected to increase as the size 

of Au NPs increases because the mean free path of 

electrons also increases. 

Fig. 2 shows the shape and size of the resulting Au 

NPs using the TEM technique after synthesis. The rapid 

reduction of Au ions by the aqueous extract of Mentha 

piperita allowed the homogeneous nucleation of gold 

metals, resulting in the formation of Au NPs of small 

size. Au NPs are confined within a Mentha piperita 

medium composed of biomolecules that act as stabilizers 

and capping agents during synthesis. The resulting Au 

NPs were found to contain spherical Au NPs in the size 

range of 6.5 to 15 nm (Fig. 2a). In rare cases, the 

spherical Au NPs with larger sizes were also observed in 

the sample, but their number was rather small (Fig. 2e). 

The lower magnification TEM images (Fig. 2b to d) 

show that the Au NPs are spheres, triangles to hexagons. 

In addition, large Au NPs can be crystallized from a 

concentrated solution of HAuCl4 (Fig. 2e). The SAED 

pattern of such face-centered (fcc) crystallized NPs 

(Fig. 2e) shows dots superimposed on rings. This pattern 

may show the polycrystalline structure composed of 

multiple sub-crystals and/or contain partially amorphous 

structures (Fig. 2e). The prepared Au nanoplates 

typically have larger sizes with diagonal lengths of 

100 ± 5 nm. In the prepared nanocolloids, the ratio of Au 

triangles to hexagons, both with diagonal lengths of 20 to 

42 nm, is strongly dependent on stacking defects. These 

types of defects are common in densely packed lattices. 

For fcc cubic Au with twin planes or stacking planar 

defects, hexagonal Au plates form at very early stages of 

growth. They form due to the sixfold symmetry of the fcc 

gold lattice. The presence of planar defects in Au NPs is 

one reason why the six-sided faces, in this case, the ends 

of the defect plane, can form alternating concave and 

convex surfaces that regulate the addition of Au atoms. 

For triangular seeds, in a crystal with a single planar 

defect, the rapid addition of Au to the concave sides 

causes them to grow to some extent, resulting in a 

triangular Au plate whose side faces are bounded by 

three convex sides. This configuration is not conducive 

to atomic addition. 

The PL emission spectra of the concentrated 

solution of the as-prepared Au colloids by excitation at 

240 and 320 nm gave a negligible emission, so, the 

colloid solutions were diluted 2 and 16 times for future 

studies. 
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The maxima of the PL emission spectra 

( nm458andnm370max em , nm320max ex ) and their 

shape indicate the presence of aggregates in the solution 

(Fig. 3). To this day, a large number of highly lumi-

nescent Au NPs with sizes ranging from 0.3 to 20 nm 

have been synthesized [30]. Two important papers pro-

posed a luminescence mechanism in Au NPs: interband 

radiative electron recombination and intraband (sp–sp) 

and interband (sp–d) transitions occur in small molecular 

Au nanoclusters (Au NCs) [30, 31]. Chen and co-authors 

[32] reported tunable emission from UV to NIR in Au 

NPs. The emission of these Au NPs is usually attributed 

to the interband transition Au 5d
10

 to 6sp and also to the 

capping ligand-metal charge transfer transition [32, 33]. 

According to Liu and co-authors [33], there is an influence 

of Au NP size and surface area on the PL emission. 

From a free electron gas model, the number of gold 

atoms N in small Au NCs can be calculated from the PL 

band position with an empirical equation 

3

Fmax
Au 







 


hC

Ee
N ,      (2) 

where e is a number equal to the electron charge, λmax is a 

wavelength at the maximum of the emission band, EF is 

the Fermi energy of bulk gold (5.53 eV), h is the Planck 

constant, and c is the speed of light. According to the 

equation, NPs exhibiting PL peaks in the shorter wave-

length region mentioned above are small and consist of 

about 9 to 6 Au atoms, which is in contradiction with the 

TEM observations. It should be noted that the emission  

 

 
 

band intensity is low for the prepared Au NPs. As we can 

mention, the origin of photoluminescence in Au NPs is 

still not clear, so the emission band can be attributed to 

the 5d
10

 to 6sp interband transition and also to the 

capping effect at the ligand-to-metal charge transfer 

transition. We have previously reported that if the PL in 

the Au nanocolloids is due to the transitions in the metal 

core [34], the emission wavelength can be tuned by 

increasing the NP size due to the quantum confinement 

effect, as proposed by Chen et al. [32]. In our study, the 

samples of Au NPs have the same capping ligands. 

 

 

Fig. 3. Excitation spectrum (1) and PL spectrum (2) of the 

biosynthesized Au NPs. 

 

Fig. 2. Higher magnification TEM BF image of (a) Au spheres and TEM BF images of Au NPs: (b) triangles, (c) hexagons and 

triangles, (d) spheres, hexagons, and triangles, (e) pseudospheres and large hexagons, (f) SEAD pattern, here the strongest spots 

could be assigned to the {220} reflections. 
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Functionalization of the Au NP surface with species 

containing bioactive end groups, such as amino or 

carboxylic groups, allows subsequent coupling with 

relevant biomolecules. For biomedical applications, 

green and at-synthesis surface functionalization is a 

common strategy. This approach not only promotes 

subsequent cross-linking between Au NPs and specific 

biological species but also minimizes their cytotoxicity 

and prevents non-specific binding. 

Therefore, we conclude that only the average size is 

the only difference between them. However, there is no 

clear relationship between the size and the emission 

wavelength. Furthermore, it can be assumed that the PL 

emission in these Au NPs is not mainly determined by 

the metal-core transitions, suggesting the influence of the 

capping-core transitions. The noisy profiles of the 

emission band suggest the presence of surface processes 

contributing to the emission. The surface acid synthesis 

may lead to non-radiative processes that reduce the 

enhancement of the PL emission of these Au NPs, 

despite the influence of the strong donor ligand. All these 

considerations suggest a strong surface influence on the 

PL behavior, which can be mainly determined by ligand-

to-metal transfer transitions and surface processes. 

4. Conclusions 

We have prepared highly stable Au NPs functionalized 

with phytosynthesis products. Although Au NPs prepared 

by the phytosynthesis route, they exhibited the expected 

size homogeneity but showed a wide range of sizes and 

morphologies, including triangles and hexagons. TEM 

studies revealed a semi-homogeneous size distribution 

for small spherical Au NPs. The prepared Au NPs 

exhibited high colloidal stability at near neutral and 

slightly acidic pH. These colloidal solutions before 

dilution have poor PL emission of Au NPs. The results 

showed that a distinct absorption peak at about 530 nm 

was identified in the UV-Vis spectra, which was 

attributed to the LSPR induced by spherical Au NPs. 

These results provide new information for a possible 

understanding of the PL and LSPR processes, especially 

for complex mixtures of Au NPs, which will benefit 

potential applications such as optical imaging and 

sensing. The optical and plasmonic properties of Au NPs 

in aqueous colloids have been investigated. The focus of 

the study is on the pseudospheres, triangles, and 

hexagons of Au NPs determined by the TEM-SAED 

method. The absorption maximum is related to the LSPR 

of Au NPs according to the Mie theory. The UV-Vis 

spectra of the obtained Au NPs showed the strong SPR 

response in the infrared region, which makes them 

promising for application in nanomedicine, such as 

photothermal therapy. 
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Спектральне та мікроскопічне дослідження фітосинтезованих плазмонних наночастинок золота 

V. Bartošová , R. Smolková, Л.М. Грищенко, Р.П. Лінник, В.В. Лісняк, Р. Марійчук 

Анотація. У цій роботі представлено простий та екологічно чистий метод синтезу наночастинок золота 

(Au НЧ) з відгуком в інфрачервоній області. Методом трансмісійної електронної мікроскопії досліджено 

структуру отриманих Au НЧ. Менші та більші Au НЧ з різною морфологією, включаючи сфери, трикутники та 

шестикутники, було виявлено та вивчено, а також обговорено причини морфологічної різноманітності. 

Результати дифракції вибраних ділянок Au НЧ показали достатньо високу кристалічність. Оптичні властивості 

наноколоїдів Au, досліджені за допомогою УФ видимої абсорбційної спектроскопії, підтвердили наявність 

піків локалізованого поверхневого плазмонного резонансу (ЛППР) при 500…540 нм для Au НЧ розміром 

меншим за 30 нм. Збільшення інтенсивності поглинання в області 600…1050 нм свідчить про утворення 

більших несферичних Au НЧ. Спектри оптичного поглинання показують червоне зміщення другого піка ЛППР 

у ближню інфрачервону область із більшою довжиною хвилі зі збільшенням концентрації HAuCl4 у реакційній 

суміші. Крім того, було зафіксовано максимуми смуг фотолюмінесценції при 370 і 458 нм для розбавлених 

водою колоїдів Au НЧ при збудженні 320 нм та розглянуто можливі причини фотолюмінесценції. Було 

зроблено спроби з’ясувати оптичну та фотолюмінeсцентну поведінку наноколоїдів у рамках відомих моделей. 

Ключові слова: оптичне поглинання, поверхневий плазмонний резонанс, фотолюмінесценція, наночастинки 

золота. 

mailto:rostyslavlinnik@knu.ua
https://orcid.org/0000-0002-6401-8184
https://orcid.org/0000-0002-6820-1445
mailto:lisnyak@univ.kiev.ua
mailto:vladyslav.lisnyak@knu.ua
mailto:ludmila_grischenko@knu.ua
http://orcid.org/0000-0002-0342-4859
https://orcid.org/0000-0001-8464-4142
https://orcid.org/0009-0000-2471-6095
mailto:romana.smolkova@unipo.sk
https://orcid.org/0000-0003-2086-3906

