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Abstract. The preparation of detergent-free gold NPs by the citrate method is shown. The procedure
of functionalization of monomeric Au NPs with 1,2-bis(2-pyridyl)ethylene (termed BPE) molecule to
obtain Au-BPE dimers is described. According to the results of TEM analysis, the shape of the obtained
NPs is close to spherical with a diameter of 21.94 £ 0.28 nm. In dimers, the distance between NPs is
controlled by the linker and is 0.75 & 0.12 nm, which is in agreement with the dimensions of the BPE
molecule. According to the results of Experimental absorption UV-Vis spectra, measured over time,
in 0.15 M nitric acid solution, Au-BPE dimers are more stable than in an alkali solution of the same
molarity. Long-term exposure leads to a decrease in the intensity of the LSP peak of the dimers.
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Introduction

Nowadays the development of nanotechnology has led to progress in many areas of human
activity. Nanoparticles are the most widely used product of nanotechnologies because they have
ultra-small sizes down to single nanometers with a variety of characteristics. Successes have been
achieved in using gold nanoparticles (Au NPs) in various fields, including photonics, nanooptics,
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the creation of quantum devices, and high-performance sensors. Many chemical and biological
sensing methods have been developed based on DNA or RNA aptamers [1, 2]. An aptamer is a
series of artificial oligonucleotide chains with a predictable and tunable structure, allowing it to
bind to a target with high affinity and specificity [3]. In nanoparticle-based tests, one method
of detection is to detect changes in the decay or shift of the wavelength of the of localized
surface plasmon resonance (LSPR) A.,4,. This allows chemical binding events on the surface of
nanoparticles to be converted into optical signals that can be easily tracked [4].

The properties of NPs depend on their size, shape, and environment. The production of
nanoobjects using a bottom-up approach and the improvement of traditional chemical synthesis
methods remains in demand due to their efficiency, flexibility, scalability, and low cost. One-step
citrate method allow for the production of spherical particles and have become widespread [5].
Chemical modification of the NP surface can expand their functionality. Linker molecules con-
taining functional groups can bind to the surface of NPs and form well-defined and reproducible
structures such as dimers, trimers, and higher-order aggregates. These forms have been shown
to significantly enhance the intensity of surface-enhanced Raman scattering (SERS) signals due
to the presence of "hot spots" — regions of high electromagnetic enhancement at the junctions
between metal nanoparticles [6,7]. The Wustholz and all. reported the creation of "hot spots"
in the sub-nanometer proximity of dimers and trimers, achieving a significant enhancement of
SERS [§].

Several studies have shown that gold dimer can serve as an excellent SERS substrate for
ultrasensitive detection applications. In [9], the authors present an improved selective colorimet-
ric sensor using the LSPR absorption interaction of AuNPs via 4-ATP functionalization. The
authors present an improved selective nitrite sensor using the LSPR absorption interaction of
Au NPs via 4-ATP functionalization. The use of dimeric Au NPs for SERS analysis of thrombin
was demonstrated in [10], and the detection limit was only 1 fM. The use functionalized Au NPs
has led to progress in ultrasensitive detection in comparison to assays using monomeric Au NPs.

Au NPs and structures based on them remain the most popular products of nanotechnology.
The presence of a conductive material between two NPs leads to the appearance of a new mode,
called charge-transfer plasmon (CTP) mode, with the charge periodically moving between pairs
of NPs through a conductive bridge. Modified gold nanoparticles, in particular Au-BPE dimers,
have become widely used for the development of highly sensitive analytical methods. From a
practical perspective, it is important to study the stability of these structures at both low and
high levels of pH.

1. Materials and methods

Chemicals. For the dimer manufacturing, the following chemicals were used as received with-
out further purification: auric tetrachloric acid (99.9% HAuCy4), sodium citrate (CgHsNazO-
2H50 99.0%), and 1,2-bis(2-pyridyl)ethylene (C12H19No 97.0%) were purchased from Sigma-
Aldrich (https://www.sigmaaldrich.com). Silver nitrate (AgNOs 99.9%), potassium hydroxide
(KOH 85%) and nitric acid (HNO3 high purity) was purchased from Dia-m (https://www.dia-
m.ru). Distilled water (DI) was obtained locally by distillation.

Instrumentation. The shape and size of the resulting particles was characterized using
transmission electron microscopy (TEM) in a Hitachi HT7700 microscope and by counting more
than 140 particles in the ImageJ program. Optical UV-Vis absorption spectra of water solutions
of Au NPs and Au-BPE dimers in a 2 mm thick quartz cuvette (from Hellma® Analytics) were
recorded using a Shimadzu UV-3600 spectrometer with a spectral bandwidth of 1 nm.
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2. Sample preparation

Preparation of detergent-free Au NPs. The particles were prepared using the common
citrate method [5]. The following procedure was used to prepare Au NPs: 50 mL of a 1 mM
aqueous HAuCly solution were placed in a 100 mL glass vial. The vial with the solution was
then placed on a heated magnetic stirrer and heated to active boiling. After that 3 mL of freshly
prepared 38.8 mM sodium citrate solution were added. The solution immediately turned black
and then gradually changed to red-wine. The scheme of the procedure is shown in Fig. 1a. The
reaction was allowed to proceed at the same temperature for 20 min, and then the resulting
colloid was cooled to room temperature (T = 25° C). To ensure linkage to BPE molecules, the
pH of the Au NPs solution was adjusted to 7. For this, the prepared Au NPs solution was
centrifuged at 7000 RPM for 20 min three times and resuspended in DI HyO (pH 7) to bring the

volume to 50 mL.
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Fig. 1. (a) The scheme of the procedure for obtaining Au NPs and (b) the scheme of the
functionalization procedure for obtaining Au-BPE dimers. (c¢) The scheme of the solution mixing
and measurement)

Preparation of Au-BPE dimers. Au NPs dimers were prepared (shown in Fig 1b) ac-
cording to the procedure described in [11]. To form Au-BPE dimers, 1.5 yL of a 0.05 mM BPE
solution was added dropwise to 10 mL of freshly prepared Au NPs, under constant stirring.
A sample of BPE crystals dissolved in water heated to 30°C was used to better dissolve the
BPE. After some time, the NPs solution changed its color from red to dark purple, indicating
the dimer formation. To interrupt the reaction, 0.85 uL of an aqueous solution of 0.4 mM silver
nitrate was added to the mixture. Yellow illumination was used when preparing the silver nitrate
solution since this substance is UV-light sensitive. The resulting mixtures were centrifuged for
20 minutes at 4000 RPM twice and resuspended in DI. The resulting dimer products were stored
at 4°C for further characterization and use.

3. Results

Concentration calculation. It is assumed that all added HAuCly is reduced to elemental
gold and the entire amount of reagent is converted into spherical NPs, without taking into account
losses during processing. According to the synthesis protocol, the total mass of gold in the form
of nanoparticles in solution is m(Au) = 9.85x10~2 g. Based on the TEM study results, shown in
Fig. 2a, NP diameter is d = 21.944-0.28 nm, and based on that, can calculate NP mass m(NP) =
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(1.0740.04) x 10716 g and then calculate concentration N(NPs) = (18.5407) x 10'2 nps/ml, which
corresponds to a molarity of 3.08 nM. To form dimers, 45.2x10'2 BPE linker molecules were
added to the solution. Simple calculations show that there is 1 BPE molecule per pair of NPs,
and after dimerization, about N(Au-BPE) = 9.23x 10! /ml dimers are obtained in water solution
(Fig. 2b). The optical UV-Vis spectra of the absorption of monomer NPs and Au-BPE dimers
was measured (Fig. 2¢). Calculations based on experimental UV-Vis spectra, taking into account
optical density (0.346), at maximum wavelength of Apgp = 523 nm give a lower concentration
value of 1.88x 10! nps/ml, and accordingly, about 10 molecules per two NPs and 9.4x10'° /ml
Au-BPE dimers, respectively.
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Fig. 2. (a) TEM image of Au NPs, the inset showing the histogram of the particle diameter
distribution following the normal distribution (dashed line). (b) TEM image of Au-BPE dimers
(the average distance between nanoparticles is noted). (c) Experimental absorption spectra of
Au NP and Au-BPE dimers in water solution, a photo of the NPs and the BPE dimers is inset)

The discrepancy between the calculated and experimental values can be explained by the loss
of non-stabilized (detergent-free) NPs and volume variations during dilution after centrifugation.
During the formation of dimers, some of the linkers are in the interparticle space, and some
molecules cover the surface of the NPs. The experimentally measured distance between connected
spheres was 0.75 £ 0.12 nm, which is in agreement with the dimensions of the BPE molecule as
shown in the inset in Fig. 2b.

The effect of pH. When using dimers for analysis or theranostic applications, it is practical to
study the effects of acidic and alkaline environments on their stability. The procedure for mixing
dimer solutions with acid (HNOs) and alkali (KOH) is shown in Fig. 1c. A 0.15 M aqueous
solution of nitric acid was added to some of the dimerized BPE (1:1 in volume fractions). After
mixing the solutions, continuous recording of optical spectra was carried out for 50 minutes, at
time intervals as shown in Fig. 3a. Another portion of BPE was mixed with a 0.15 M potassium
hydroxide solution (also 1:1 in volume). Due to the rapid reaction, it was not possible to record
the initial stages of the process and the spectra were measured after 5 and 10 minutes, respectively
(Fig. 3b). The spectra were measured again after 20 hours, after the NPs had been washed from
the solutions three times at 7000 RPM (20 minutes each). The NP sediment was collected and
after dilution with water, the optical spectra were recorded again (Fig. 3c).

Initial absorption spectra of dimer solution contain the LSP resonance of individual nanopar-
ticles of 22 nm diameter that is positioned at 540 nm, and CTP resonance due to electric
conducting properties of BPE molecules, that maximizes at 810 nm. The amplitude of CTP
resonance in the initial solution supersedes that of LSP resonance that is earlier reported in [11]
as the formation of intense CTP resonance in contrast to weak CTP resonance reported in the
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paper by Jiang.

Upon addition of nitric acid to the solution of dimers, amplitudes of both resonances expe-
rience slow but steady decrease (Fig. 3a). This means that Au-BPE dimers become unstable
in the solution and their content decreases with the time passed after the addition of the acid.
At the same time, we see that the optical density of the solution in the infrared, namely, at the
wavelengths longer than 950 nm, experiences growth. This effect must be explained by partial
destruction of BPE molecules followed by the formation of aggregates of closely spaced AuNPs
with the interparticle distance smaller than that inside the dimers, i.e., smaller than 0.75 nm.
Such aggregates may form continuous absorption spectrum in the infrared due to the interaction
of LSP or CTP resonances of closely spaced AuNPs. Note that during the first hour of acid
action the shape of both LSPR and CTPR remains the same in the vicinity of the peaks, and
relation between LSP and CTP amplitudes under the action of nitric acid remains the same,

that means that in the presence of acid the content of monomers do not increase with respect to
content of dimers.
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Fig. 3. Experimental absorption UV-Vis spectra (a) Au-BPE dimers with the adding of 0.15 M

HNO3, (b) Au-BPE dimers with the adding of 0.15 M KOH, (c) the spectra after exposing the
solution for 20 hours

Upon addition of potassium hydroxide, the modification of the absorption spectrum of Au-
BPE dimers solution proceeds, as we mentioned above, much faster at the initial minutes
(Fig. 3b). The amplitudes of LSP and CTP resonances experience faster drop at the begin-
ning of the process. The maximum of LSPR shifts to 524 nm while CTPR changes its shape and
becomes more spectrally flat and broad. The amplitude of LSPR under the action of potassium
hydroxide, in contrast to the action of nitric acid, becomes dominant over CTPR. Partially it
could mean that destruction of dimers is accompanied by the formation of monomers that in the
hydroxide ambience become stable and are not captured into aggregates.

After 20 hours of action, the situation with nitric acid and potassium hydroxide changes
radically. The spectrum of dimers that undergone the action of hydroxide for 20 hours experiences
minor changes with respect to those that undergone it for 10 min, except for further increase of
the infrared wing. Oppositely, the action of nitric acid results in complete disappearance of CTP
resonance and preserving LSP resonance, that becomes it almost identical to monomer solution,
with the exception of flat continual aggregate background in the range from 600 to 1200 nm.

Conclusion

The Au NPs obtained by the citrate method have an estimated concentration of about
18.54 07x 102 nps/ml and, according to TEM analysis, their shape is close to spherical with a
diameter of 21.94 + 0.28 nm. The properties of nanoparticles can be expanded by modifying
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them with organic molecules. A procedure for functionalizing monomeric Au NPs with 1,2-bis(2-
pyridyl)ethylene molecules to obtain Au-BPE dimers is described. Formation of complexes from
nanoparticles is possible due to bonding with various organic molecules, leading to the forma-
tion of "hot spots". The enhancement factor for nanoparticles with hot spots does not correlate
with aggregation state, but depends critically on the size of interparticle gap [8]. Therefore, the
BPE linker presented in this work allows the formation of dimers with a short distance between
nanoparticles. In the obtained Au-BPE dimers the distance between the NPs is 0.75 4+ 0.12 nm,
which agrees with the dimensions of the BPE molecule. The effect of the pH environment on
the stability of Au-BPE dimers was studied. Aqueous solutions of nitric acid and potassium
hydroxide were mixed with the dimers. Optical spectra were recorded for 50 minutes at different
time intervals. According to the results of absorption UV-Vis spectra, measured over time, in
0.15 M nitric acid solution Au-BPE dimers are more stable than in the alkali solutions of the
same concentration. Long-term treatment leads to a decrease in the intensity of the LSP peak
of the dimers.

Study was supported by the Russian Science Foundation, Agreement no. 23-12-20007, and
the Government of the Krasnoyarsk Territory and the Krasnoyarsk Territorial Foundation for
Support of Scientific and R& D Activities, Agreement no. 256.
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Ananns Baussang pH Ha cTabnJIBHOCTD M ONTHUYECKUE
CIIEKTPBI HaHOYACTUI[ AU, CBSI3aHHBIX ITPOBOISIIIEIA
moJiekyJioit BPE

Anna B. JIykbsiHeHKO

Annapeii B. ITapenko

Anekcanap C. AsiekcaHJIpoBCKUii
Anekcanap C. ®éxopos

WNucrturyt dusukn nm. JI.B. Kupenckoro

Denepanbubiii uccneposareabekuit nearp KHIL CO PAH
Kpacnosipck, Poccuiickas @eneparus

Cubupckuii demepasbHbIl YHUBEPCUTET

Kpacnosipck, Poccuiickas ®eneparus

Awmuna I11. Ymaposa

CubupcKuii TOCy1apCTBEHHBIA YHUBEPCUTET HAYKHM U TeXHOJIOrni uM. akajgeMmuka M. @ .Pemernesa
Kpacnosipck, Poccuiickass @eneparus

Annorauus. [Tokazano nomyvenue 300rbix Hanodactur, (Au HY) nurpatasivm Mmetomom. Onmcana mpo-
neaypa dyskmuonanunsanuu Moromepubix Au HY monekyioit 1,2-6uc(2-nmupumn)stuiena (Ha3bIBAEMOI
BPE) nyst nostyuenus gumepos Au-BPE. ITo pesynpratam ananusa IT9M dbopwma nomydenusix HY 6ims-
Ka K cdepuyeckoit ¢ quamerpoMm 21,94 + 0,28 um. B Au-BPE aumepax paccrosinne mMexay dacTumaMu
KOHTpoOJIMpyercsa JUHKepoMm u coctasisger 0,75 £+ 0,12 HM, 4TO coryiacyercs ¢ pa3MepaMu MOJIEKYJIbI
BPE. Ilo pesysnbraram sxcnepuMmeHTaabHbIX UV-Vis CIeKTPOB MOIVIOIIEHNsT, U3MEPEHHBIX OT BPEMEHU, B
0,15 M pacrBope azotHoit kucaorel Au-BPE numepsr 601ee cTabuibHBI, 9€M B IIEJIOYHOM PACTBOPE TOM
Ke MOJIgpHOCTH. JliuTeibHOe BO3IEACTBIE IIPUBOJUT K CHUXKEHUIO nHTeHcuBHOCTH TKa LSP numepos.

KuroueBble cioBa: Au HaHodacTHubl, nuTpaTHbil Meron, UV-Vis cuekrpsl, 1,2-6uc(2-mupuauin)sT-
WJTEH.
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