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UV light promoted dihydrolipoic
acid and its alanine derivative
directed rapid synthesis of stable
gold nanoparticles and their
catalytic activity
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Ismail Ocsoy 1

In general, colloidal gold nanoparticles (AuNPs) have been synthesized in heated or boiling water
containing HAuCI, precursor with sodium citrate as reducing stabilizing reagent. Although temperature
plays a driving for synthesis of AUNPs, elevated temperature in thermal reduction method causes
aggregation of the AuNPs. The preferential, rapid and strong binding of dihydro-lipoic acid and

its derivatives on surface of AUNPs via thiol — Au chemistry promote the production of very stable
AuNPs. In this study, we have developed citric acid (CA), dihydrolipoic acid (DHLA) and DHLA-Alanine
(DHLA-AIla) directed rapid synthesis of ultra-stable AuNPs, DHLA@AuUNPs and DHLA-Ala@AuNPs,
under the UV (311 nm) irradiation at room temperature (RT: 25 °C) in around 10 min (min). CA is used
as a potential reducing agent to expedite both reduction of Au3* ion and AuNP formation, DHLA

and DHLA-Ala act as stabilizing agents by replacing CA molecules on surface of AUNPs in order to
produce quite stable AuNP. It is worthy to mention that reduction of Au+ ion, formation and surface
stabilization of AUNPs are consequently occurred in one step. We also investigated how experimental
parameters including reaction time and temperature, pH of reaction solution, affect formation of

the AuNPs. The effects of salt concentration and storage temperature were studied to show stability
of the AUNPs. The synthesized DHLA@AuUNPs and DHLA-Alanine@AuNPs were characterized via
UV-Vis spectrophotometer (UV-Vis), scanning transmission electron microscope (STEM), dynamic
light scattering (DLS) and Zeta potential (ZT) devices. The reduction of 4-nitrophenol (4-NP) to
4-aminophenol (4-AP) was efficiently catalyzed by the AuNPs in the presence of sodium borohydride in
aqueous solution.
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Gold Nanoparticles (AuNP) have been actively used in a wide variety of bioanalytical and biomedical application
owing to their easy synthesis with various sizes and shapes, unique and tunable surface plasmon resonance, simple
surface engineering and biocompatibility!™. In terms of medical applications, AuNPs have been commonly
utilized as promising nano-tools in major medical domains such as imaging or therapeutic and diagnostic
applications. In the medical imaging field, AuNPs with the efficient interaction and absorption of corresponding
light irradiation are utilized as X-ray, surface enhanced Raman spectroscopy, photoacoustic and optical imaging
agents®”’. AuNPs are increasingly being explored as promising vehicles for therapeutic applications such as
targeted cargo delivery and photothermal therapies (PTT) due to their unique physicochemical properties,
tunable surface chemistry and their easy bio-conjugation®13. Since AuNPs are easily conjugated with targeting
ligands (DNA aptamers, antibodies and etc.,) and have unique optical features including surface plasmon
resonance, they also offer potential use in diagnostics to sense and detect the target molecules!*-2°.
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The diverse range of biomedical applications of AuNPs has been marked by the development of a variety
of synthesis methods over the years to produce colloidal, uniform, mono-dispersed, stable and biocompatible
AuNPs in aqueous media. The AuNPs were synthesized for the first time by the “Turkevich method”*' which
involves using trisodium citrate dihydrate under thermal reduction. The carboxylate groups of citrates bind to
surface of AuNPs to prevent their aggregation®>??, instability of AuNPs in salt solution owing to desorption of
the ligand is the major drawback of citrate-based methods. Although researchers reported biomolecules which
can direct AuNPs synthesis at room temperature (25 °C), morphology control and positioning of AuNP are
considered as remaining issues to be solved?*-?. The photo-reduction method has been developed as a more
noninvasive approach which offers more control over the size, shape, and properties of the synthesized AuNPs
by adjusting parameters such as light intensity, duration of light exposure, and concentration of reactants?’~.
Herein, we reported systematic study on rapid synthesis of stable AuNPs using citric acid (CA), dihydrolipoic
acid (DHLA, 6,8-dimercaptooctanoic acid) and DHLA-Alanine (DHLA-Ala) under the UV (311 nm)
irradiation in less than 5 min (min). While CA is used as a reducing agent, DHLA and DHLA-Alanine act
as strong stabilizing agents in synthesis of the Au NPs. We examined the formation of DHLA and DHLA-Ala
capped AuNPs (DHLA@AuNPs and DHLA-Ala@AuNPs) as a function of the reaction time, pH of the reaction
solution and reaction temperature. The stability of the AuNPs was also tested in varying salt concentrations and
storage temperatures. 4-Nitrophenol is a toxic compound and can cause environmental contamination. The
reduction of 4-nitrophenol to 4-aminophenol, which is used in the pharmaceutical industry, especially in the
production of painkillers and antipyretics such as paracetamol (acetaminophen), allows the formation of an
environmentally friendly material by converting this toxic compound into a less harmful substance. Carrying
out this reduction reaction with a catalyst increases the speed and efficiency of the reaction®!. The catalytic
activity of the AuNPs was studied by conversion of 4-nitrophenol (4-NP) to 4-aminophenol (4-AP) in the
presence of sodium borohydride in aqueous solution.

Experimental section

Materials Gold (III) chloride triydrate, 4- nitrophenol, sodium chloride (NaCl), hydrogen peroxide (H,0,),
and lipoic acid were purchased from Sigma-Aldrich. Dihydrolipoic acid 2 and lipoylbenzotriazole 3 were pre-
pared according to the previously reported procedure™.

Instrumentation UV fluorescent narrow band lamp (Philips PL-S 2x9 W) with wavelength of 311 nm was
used in the photoreductive Au-NP synthesis. The synthesised AuNPs were characterised by UV-Vis spectropho-
tometry (UV-Vis), scanning transmission electron microscopy (STEM), dynamic light scattering (DLS) and zeta
potential (ZT) analysis.

Synthesis of capping ligands, dihidrolipoyl alanine (5, DHLA-Ala) Coupling of lipoylbenzotriazole with ami-
no acid. Triethylamine (15 mmol) was added to the suspension of alanine (15 mmol) in water (6 mL) at 10 °C.
A solution of lipoyl benzotriazole 3 (10 mmol) in 15 mL 1,4-dioxane was added to this solution dropwise, then
it was stirred for 6 h at room temperature. The reaction was monitored with TLC using EtOAc/hexane (1:2)
solution. After the reaction was completed, the excess amount of solution was removed, and then 40 mL of water
was added to the remaining suspension. The solution was acidified by adding 4 N HClI to obtain pH 2-3. The
solution was extracted with CH,Cl, (3 x20 mL). The collected organic phase was washed with 4 N HCI (3x 10
mL) and saturated NaCl solution (10 mL) and dried over Na,SO,. The excess solvent was removed under re-
duced pressure to give lipoyl alanine (LA-Ala) as a light-yellow oil (70%) as a mixture of diastereomers. 'H NMR
(400 MHz, CDCl,-d) § (diastereomeric mixture) 7.60 (brs, 1 H), 6.17 (d, J=6.8 Hz, 1 H), 4.62-4.50 (m, 1 H),
3.60-3.54 (m, 1 H), 3.26-3.02 (m, 2 H), 2.50-2.42 (m, 1 H), 2.32-2.20 (m, 2 H), 1.90-1.86 (m, 1 H), 1.70-1.60
(m, 4 H), 1.56-1.48 (m, 2 H), 1.46 (d, J=7.1 Hz, 3 H);’3C NMR (100 MHz, CDCl,-d) (diastereomeric mixture)
8175.9, 173.6, 56.4, 48.3, 40.3, 38.6, 36.2, 34.7 (34.6 d), 28.9 (28.8 d), 25.4 (25.3 d), 18.2.; HRMS: m/z [M + H]*
calc. for C, \H, NO,S,*: 278.0879; found: 278.0883; [M+Na]™ calc. for: C,,H,;,NNaO,S,*: 300,0699; found:
300.0706. Supporting Information (SI) with'H NMR!3, C NMR, and HSQC NMR spectra of 5 (LA-Ala) were
given in Fig. S1, S2 and S3.

Reduction of lipoyl amino acid, Lipoyl alanine (1 mmol) was dissolved in an aqueous solution of methanol (10
mL) and 0.25 M NaHCO, (5 mL). NaBH, (4 mmol) was slowly added to the mixture at 0 °C in an ice bath.
The mixture was stirred for 1 h at 10 °C. The volatile part of the solution was removed under reduced pressure.
The pH of solution was set to 2-3 by adding 4 N HCI. The solution was extracted with CH,Cl, (3x10 mL).
The organic phase was washed with saturated NaCl solution (10 mL) and dried over Na,SO,. The solvent was
removed under reduced pressure to give dihydrolipoyl alanine (DHLA-Ala) as a colorless oil (90%) as a mixture
of diastereomers. 'H NMR (400 MHz, CDCl,-d) & (diastereomeric mixture) 8.17 (br s, 1 H), 6.25 (d, J=6.9 Hz,
1 H), 4.70-4.50 (m,1 H), 2.94-2.80 (m, 1 H), 2.80-2.60 (m, 2 H), 2.30-2.20 (m, 2 H), 1.92-1.54 (m, 8 H), 1.45
(d, J=6.0 Hz, 3 H), 1.40-1.28 (m, 2 H);'3C NMR (100 MHz, CDCI3—d) 6176.3,173.8,48.4,42.9,39.4, 38.8, 36.3,
26.6,25.3,22.4,18.2.; HRMS: m/z [M+H]" calc. for C11H22N0382+: 280.1036; found: 280.1041. Figure 1. shows
the synthesis of dihydrolipoic acid (DHLA) and DHLA-Alanine (DHLA-Ala)!. H NMR!?, C NMR, and HSQC
NMR spectra of 6 (DHLA-Ala) were shown in Fig. S$4, S5 and Sé.

Synthesis and characterization DHLA@AuNPs and DHLA-Ala@AuNPs First, 0.1 mM CA and 0,5 mM of
0.25 mL DHLA dissolved in ethanol solutions were added into 1 mL of 0,5 mM Au*? solution. This mixture
was exposed to UV irradiation under mild-stirring, then a color change from transparent to red-purple color
as indication of the AuNP formation was observed in different type periods. In order to stop the reaction and
remove any unreacted components, the Au NP solutions were centrifuged at 12.000 rpm for 15 min (min) for at
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Figure 1. Synthesis of DHLA and DHLA-Ala.

least twice. The synthesized AuNPs were stored at 4 °C for characterization and activity experiment. In terms of
characterization, the absorbance peaks, morphologies, hydrodynamic sizes and surface charges of both DHLA@
AuNPs and DHLA-Ala@AuNPs were determined by UV-Vis spectrophotometer (UV-Vis), Scanning transmis-
sion electron microscope (STEM), dynamic light scattering (DLS) and Zeta potential (ZT), respectively. The
same experimental procedure and characterization methods were followed to synthesize DHLA-Ala@AuNP and
elucidate its structure, respectively.

Catalytic activity of DHLA@AuNPs and DHLA-Ala@AuNPs The reduction of 4-nitrophenol (4-NP) to
4-aminophenol (4-AP). Briefly, 2 mL of 0.2 mM 4-NP solution prepared and mixed 12 mM sodium borohydride
(NaBH,) at room temperature (RT: 25 °C)*3, then, 0.5 mL DHLA-AuNPs and DHLA-Ala@AuNPs solutions
were separately added into each mixture. Finally, the reduction of 4-NP to 4-AP was recorded by UV-Vis.

Results and discussion

Synthesis and characterization DHLA@AuNPs and DHLA-Ala@AuNPs Although the conventional thermal
reduction method using trisodium citrate as both reducing and capping agent is well documented for the syn-
thesis of AuNPs, these AuNPs may not be synthesized in positioning form owing to high local temperature and
they have tendency to aggregate in mid concentration of salt solution due to detachment of citrate molecules.
The light-drive photoreduction methods are noninvasive and able to create AuNPs in targeted position at 25 °C.
For instance, Scaiano and co-workers proposed the photochemical synthesis of AuNPs with photoinitiator mol-
ecules without using any stabilizing agents. These photoinitiators produce acetone ketyl radicals through Nor-
rish-Type-I R-cleavage mechanism under the UV light, which act as reducing agents and induce the reduction
of Au** to Au?* and to Au'?, eventually zero-valance Au’ state to form AuNPs?®. However, these unprotected
AuNPs are prone to aggregation against small changes in pH and salt concentration of aqueous solution. Several
other photoreduction methods may require some expensive reagents and long UV exposure time?*3*,

Herein, we report a rapid and photochemical synthesis of stable Au NPs using CA, DHLA and DHLA-Ala. We
used CA as a potential reducing agent to accelerate generation of Au0. CA molecules only show weak adsorption
onto Au NP, then cannot be efficiently used as a stabilizing agent in Au NP synthesis. However, DHLA and
DHLA-Ala both acts as stabilizing agents due to their bidentate feature to form stable DHLA and DHLA-
Ala capped gold nanoparticles (DHLA@Au NPs and DHLA-Ala@Au NPs). It is worth to note that while the
oxidized (disulfide) form of lipoic acid (LA) needs much reaction time to bind surface of the AuNPs, reduced
(di-thiol) LA called “dihydro-lipoic acid, DHLA) and its derivatives preferentially and rapidly bind onto AuNPs
via thiol — Au chemistry. We demonstrated that UV irradiation promoted DHLA which directed the Au NP
formation was accomplished in situ by one step reaction. Using LA in DHLA form (reduced) provided much
rapid the Au NP formation in one phase reaction owing to no need of homolytic cleavage of S—S bonds. Also,
it has been known that the photoinduced reductions of Au** in the presence of biothiols are hampered by the
strong interaction of the thiols with Au* that allows the formation of stable [Au— thiol]™* complexes.’>~%’
Taking advantage of this, colorimetric detection of biological thiols can be done based on target-triggered
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Scheme 1. Plausible mechanism for the reduction of (A) Au?* to Au® and (B) The formation of DHLA@Au
NPs and DHLA-Ala@Au NPs.

inhibition of photoinduced formation of AuNPs**. Although the presence of biothiols prevents the formation of
AuNPs under light, Au NPs can be obtained by adding reductants with chelating and reducing properties, such
as citric acid®. Shiraishi et al. previously proposed a mechanism for the formation of AuNPs. They suggested
that consecutive photoexcitation of citrate-AuCl ™~ complexes led to the reduction of Au** to Au’, while citric
acid was oxidized under 254 nm light irradiation from a Xe lamp. Subsequent analysis revealed the formation of
carbon dioxide, acetoacetate, and dicarboxyacetone as the oxidation products of citric acid. Scheme shows the
reduction of Au®* to Au® in the presence of CA and the formation stable of DHLA@Au NPs and DHLA-Ala@
Au NPs after a rapid in situ ligand exchange.

In the initial stage of the reaction, citrate binds to Au*" cations and reduces them to Au’ nuclei through
electron transfer, aided by UV irradiation. As the photo-irradiation reaction proceeds, the concentrations of
citrate and Au cations decrease. Once elemental Au® zero valance are formed, a ligand exchange takes place,
facilitated by the reduced CA concentration and the strong binding of thiol groups to the Au® nuclei. Subsequent
adsorption of Au’ onto these nuclei promotes the growth of AuNPs. Citrate anions and newly exchanged DHLA
that adhere to the AuNP surface act as stabilizing reagents, preventing aggregation of AuNPs by means of
electrostatic repulsion.

We examined role of CA+DHLA-Ala, CA4+DHLA and only CA for synthesis of the AuNPs as shown in
Fig. 2. For synthesis of all AuNPs, concentration of each component was kept constant (0.5 mM Au*¥, 0.1 mM
CA and 0.5 mM DHLA-Ala and 0.5 mM DHLA). The reactions for all AuNPs formation was performed at pH
2,4. For instance, 0.1 mM CA and 0.5 mM DHLA-Ala solutions were added into 1 mL of 0.5 mM Au?* solution
freshly prepared in deionized water. The resultant transparent mixture was exposed the UV irritation for
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Figure 2. Time dependent formation of AuNPs. (A-B) UV-Vis spectrum and solution color of DHLA-Ala@
AuNP. (C-D) UV-Vis spectrum and solution color of DHLA@AuNP and (E-F) UV-Vis spectrum and solution
color of only CA@AuNP.

different time periods under mild-stirring to form DHLA-Ala@AuNPs. The characteristic absorbance peak and
solution color of the AuNPs were both recorded at 12. min of reaction with 535 nm (green line) and light reddish
color as shown in Fig. 2A and B (vi), respectively, both of which can be indication of synthesized DHLA-Ala@
AuNPs. While the absorbance peaks of the mixture were ranging of 260-280 nm, its color remained transparent
till 12.min of reaction. Interestingly, although no distinct color was observed by the naked eye, the DHLA®@
AuNPs was formed in first 10 min of reaction as peaks recorded at 550 nm (blue line) due to the surface plasmon
resonance of DHLA@AuNPs (Fig. 2C). However, light reddish color was clearly observed at 12. min of reaction
(Fig. 2D (vi), which is supported by a sharp and intense absorbance peak appeared at 542 nm (green line).
Literately, the CA capped AuNPs (CA@AuNPs) were also formed but the reaction required at least 60 min UV
irradiation to see first absorbance peak (Fig. 2E) and light reddish color solution (2 F(iv)). This could indicate
that while CA functions as an effective reductant, it is not preferable as a stabilizing agent owing to its weak
adsorption onto AuNPs. We claim that CA needs additional stabilizing agent like DHLA or elevated temperature
for rapid and stable AuNP formation.

The effects of pH values (pHs) on formation of DHLA-Ala@AuNPs was also studied. Synthesis of DHLA-
Ala@AuNPs was completed in 2 min at pH 11,5. Figure 3A shows that the absorbance peak of DHLA-Ala@
AuNPs on UV spectrum was recorded at around 525 nm in 2. min of reaction (light blue line), which is also quite
consistent with light-reddish color of the AuNP solution (Fig. 3B (i)) turned from transparent color (Fig. 3B). In
contrast to alkaline condition, DHLA- Ala@ AuNPs were not formed till 8.min of reaction at neutral pH (pH:7,2).
A broad absorbance peak at 545 nm (yellow line), and slightly light red-purple color were seen after 8 min UV
irradiation as demonstrated in Fig. 3C and D (iv).

It is known that alanine (Ala) is a nonpolar and aliphatic amino acid. The isoelectric point (Ip) of Ala in
free form is around 6,02, where is amino group of Ala is protonated (NH>* and its carboxyl group (COO-) is
deprotonated at the same time, then zwitterion was formed with no net charge. While Ala is predominantly
found in protonated (NH,*) form, its deprotonated forms (NH, and COO") exist in alkaline condition. It is
worthy to mention that pKa values of carboxyl group and amino group of Ala are 2,35 (pKal) and 9,87 (pKa2),
respectively. Ala is in zwitterion forms with different degrees between pH 2,35 to 9,87. It is noted that carboxyl
group of Ala is deprotonated when pH is above pKal and its amino group is in protonation when pH less than
pKa2. In this study, we synthesized DHLA-Ala@AuNPs (in the presence of CA and DHLA-Ala) at original
reaction pH (pH 2,4) in the synthesis protocol. The reduction of DHLA-Ala- Au**Cl*~ complexes was complete
to form DHLA-Ala@AuNPs in 2 min because DHLA-Ala ligand slightly undergoes deprotonation. The reaction
pH was increased by addition of NaOH, then while DHLA-Ala@ AuNP was formed in 2 min at pH 11,5 owing
to highly deprotonated carboxyl group of Ala, which promotes the rapid Au** photoreduction, but DHLA-Ala@
AuNP is synthesized in 8 min due to moderate deprotonation and predominant zwitterion form of Ala.

Our results show that the DHLA@AuNPs was formed in 2 min at pH 11,5, but absorbance peak is very broad
and weak appeared at 557 nm (light blue line). Although the reaction was continued during 12 min for synthesis
of DHLA@AuNPs, absorbance peaks were still considerably broad at around 550 nm (green line) (Fig. 4A).
We believe that weak and broad absorbance peaks may reflect inefficient formation of the DHLA@AuNPs (low
concentration) and relatively large size distribution. The pale color of DHLA@Au NPs solutions is attributed to
low yield of synthesized DHLA@Au NPs (Fig. 4B). In addition to that, synthesis profile of DHLA@AuNPs is

Scientific Reports |

(2024) 14:24697 | https://doi.org/10.1038/s41598-024-76772-5 nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

A 0.2 C 0.2

o 0.15 ©

(&) o

C C

8 3

5 0.1 5

1] 1]

Q Q

< <

0.05

0 0
300 400 500 600 700 300 400 500 600 700

Wavelength (nm) Wavelength (nm)

Figure 3. Time dependent formation of AuNPs at pH 11,5 and 7,2. (A-B) UV-Vis spectrum and solution color
of DHLA-Ala@AuNPs at pH 11,5. (C-D) UV-vis spectrum and solution color of DHLA-Ala@AuNPs at pH 7,2.
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Figure 4. Time dependent formation of Au NPs at pH 11,5 and 7,2. (A-B) UV-vis spectrum and solution color
of DHLA@AuNP at pH 11,5. (C-D) UV-Vis spectrum and solution color of DHLA@AuNP at pH 7,2.
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similar to DHLA-Ala@Au NPs synthesis at neutral pH (pH:7,2) because the DHLA@Au NPs were not properly
formed based upon UV spectrum and color of DHLA@AuNPs solutions as given in Fig. 4C and D, respectively.

The colloidal form of the AuNPs in experimental parameters which is referred as “stable AuNPs” is an
indispensable feature, which makes them available to use in scientific application. Otherwise, AuNPs in
aggregated form cannot maintain their physicochemical, electronic and biological properties. As a further
study, stability of the AuNPs produced by citrate, DHLA-Ala and DHLA molecules were tested against different
concentration of sodium chloride (NaCl) salt solutions. For instance, although citrate reduction at boiling
point is the most established and common method for synthesis of citrate capped AuNPs, citrate molecules on
surface of the AuNP easily and rapidly detaches with increased NaCl concentration. Figure 5 reveals that the
characteristic absorbance peak of colloidal citrate capped AuNPs at 525 nm (Fig. 5A) and its wine-red color
(Fig. 5D) remained unchanged till 50 mM NaCl solution. However, AuNPs aggregation initiated when the NaCl
concentration reached 50 mM, which was confirmed with distortion in UV spectrum from narrow and sharp
peaks recorded at 525 nm to very broad peaks at seen between 560 and 720 nm. Additionally, aggregation caused
the wine-red color of AuNP solution to turn blue-purple in 50 mM and above NaCl solution due to changes in
refractive index of AuNP solution.

However, DHLA-Ala@AuNPs and DHLA®@AuNPs showed enhanced tolerance against even high
concentration of NaCl solution (200 mM). While initial absorbance peak appeared at 535 nm (Fig. 5B) and
reddish color (Fig. 5E) of DHLA-Ala@AuNPs moved to 550 nm (Fig. 5C) and slight purplish (Fig. 5F),
respectively, absorbance peak of DHLA@AuNP at 542 nm and its reddish color shifted to 575 nm and purplish
in a manner. Conversion of the reddish color to purplish might be getting closer proximity of the AuNPs each
other in solution but which did not create any remarkable distortions on UV-Vis spectra. We conclude that high
stability of DHLA-Ala@ AuNPs and DHLA@AuNPs in even 200 mM NaCl solution can be attributed to strong
interaction of Au— S bonds and then no detachment of thiolate in DHLA ligands.

Furthermore, we also investigated how storage temperatures like +4 °C and 25 °C influence stability of the
pre-synthesized AuNPs (Fig. 6). The DHLA-Ala@AuNPs and DHLA@AuNPs were stored at +4 °C (Fig. 6A
and C) and at 25 °C (Fig. 6B and D) for 7 days, no changes on UV spectra and in solution color for each AuNP
were observed. Although both DHLA-Ala@AuNPs and DHLA@AuNPs were stored at 25 °C for 30 days, they
maintained their stabilities without any aggregation or precipitation (data now shown here). These findings
strongly support our explanation of strong interaction between thiolate groups of DHLA ligands and Au surface.
Conversely, while CA@AuNPs are somewhat stable at 44 °C (Fig. 6E), they completely decomposed at 25 °C
even for 1-day incubation (Fig. 6E). CA@NPs lost its intrinsic absorbance peak and reddish color at 25 °C, both
of which revealed that CA can be a potential reductant to reduce Au** to Au® for synthesis of AuNPs, but it is not
an ideal capping agent to produce stable AuNPs.

The DHLA-Ala@AuNPs were synthesized at different temperatures (40 °C, 60 °C and 80 °C) to elucidate
the role of reaction temperature in situ synthesis of the AuNPs (Fig. 7). Firstly, the DHLA-Ala@AuNPs was
successfully synthesized at 25 °C via 12 min UV irritation as shown in Fig. 2A, but we demonstrated that DHLA-
Ala@AuNPs were formed much faster at elevated temperature due to complementary thermal reduction process.
First absorbance peak at 548 nm (yellow line) (Fig. 7A) and reddish color (Fig. 7B) of DHLA-Ala@AuNPs
appeared in 6 min at 40 °C. The synthesis of DHLA-Ala@AuNPs started in 2 min at 60 °C but more district peak
at 568 nm (grey line) was recorded in 4 min with light reddish color (Fig. 7C and D). At 80 °C, DHLA-Ala@
AuNPs gave the first clear and acceptable absorbance peak at 568 nm (light blue line) with also reddish color in
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Figure 5. Stability of Au NPs in the presence of different concentrations of salt (NaCl) solutions. (A-D)
DHLA-Ala@AuNPs, (B-E) DHLA@AuNPs and (C-F) citrate capped AuNPs.
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Figure 7. Synthesis of DHLA-Ala@AuNPs at different temperatures. (A-B) 40 °C, (C-D) 60 °C and (E-F)
80 °C.

2 min (Fig. 7E and F). The thermal aggregation occurring at any given temperature can indicate the DHLA-Ala@
AuNPs stability. For instance, while no distortion was seen on UV spectra and absorbance peaks of DHLA-Ala@
AuNPs were kept between 562 nm 578 nm, we observed a change in the reddish color of DHLA-Ala@ AuNP
solutions. In literature, thermal reduction usually triggers thermal aggregation which is associated with weak
adsorption and/or desorption of reducing or capping onto the AuNPs surface?’.

Temperature dependence of in situ synthesis of DHLA@AuNPs was investigated at different temperatures
for DHLA-Ala@AuNPs as shown in Fig. 7. The DHLA@AuNPs was formed at both 25 °C and 40 °C in 10 min
of reaction. However, formation of DHLA@AuNPs at 40 °C in 10 min was supported by both absorbance peaks
at 542 nm (green line) (Fig. 8A) and light reddish color (Fig. 8B). The DHLA@AuNPs were first formed in
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Figure 8. Synthesis of DHLA@AuNPs at different temperatures. (A-B) 40 °C, (C-D) 60 °C and (E-F) 80 °C.

2 min at 60 °C. The absorbance peak appeared at 539 nm (yellow line) is quite narrow and clear (Fig. 8C) and
it is consistent with corresponding color (Fig. 8D). The initial formation of DHLA@AuNPs started at 80 °C in
2 min as absorbance peak was observed at 548 nm (light blue line) (Fig. 8E) and pale reddish color appeared
(Fig. 8F). The reason for the rapid formation of DHLA@AuNPs at elevated temperatures can be explained by the
contribution of thermal reduction. Although desorption of CA is expected at elevated temperatures, DHLA@
AuNPs is still considered quite stable owing to strong interaction between thiol group of DHLA and Au surface.

Morphologies of the AuNPs were monitored with STEM images. The DHLA-Ala@AuNPs have spherical
shape with size of 9 nm +2 (Fig. 9A). These Au NPs are quite monodispersed and uniform, and they did not
show any aggregation after being left at 25 °C for 7 days (Fig. 9B). Size of DHLA@AuNPs was measured to
be 15 nm + 2 with spherical shapes (Fig. 9C). Like DHLA-Ala@ AuNPs, DHLA@AuNPs were also quite stable
after 7 days of incubation at 25 °C since no large-scale aggregation was observed in a STEM image (Fig. 9D). In
addition to that, while CA-capped AuNPs are spherical and monodispersed with size of around 6 nm (Fig. 9E)
expectedly, they aggregated even after being stored 1 day at 25 °C as shown in the STEM image of Fig. 9F

As a further characterization, the surface charge and hydrodynamic size of each synthesized AuNPs were
measured before and after 25 °C incubation (Fig. 10). Before incubation of all AuNPs at 25 °C, surface charge and
effective dimeters for DHLA-Ala@AuNPs (Fig. 10A and B), DHLA@AuNPs (Fig. 10C and D), and CA@AuNP
(Fig. 10E and F) were determined to be — 41 mV and 30 nm, - 25 mV and 40 nm and - 41 mV and between
30 nm and 250 nm, respectively. After the AuNPs were incubated at 25 °C, surface charge and effective dimeters
for DHLA-Ala@AuNPs (Fig. 10G and H), DHLA@AuNPs (Fig. 10I and J), and CA@AuNP (Fig. 10K and L)
were determined to be - 40 mV and 36 nm, - 26 mV and 45 nm and - 5 mV and 550 nm, respectively. All data
of ZT and DLS are consistent with UV-Vis spectra, photos of the solution, and STEM images of the AuNPs.

Our results demonstrate that there are no remarkable differences in ZT and DLS data of DHLA-Ala@AuNPs
and DHLA@AuNPs before and after 25 °C incubation owing to strong binding between thiol groups of DHLA
ligands and Au surface. This suggests that no detachment of DHLA ligands from Au surface occurred. In
contrast, CA molecules are easily desorbed from Au surface, which induced the differences in ZT and DLS data
of CA@AuNPs before and after 25 °C incubation.

The catalytic properties of the DHLA-Ala@ AuNPs and DHLA@AuNPs were evaluated via the reduction of
4-nitrophenol (4-NP) in the presence of sodium borohydride (NaBH4) to 4-aminophenol (4-AP) by following
standard reaction as illustrated in Figs. 11333%*!, Briefly, the 4-NP dissolved in water was mixed with NaBH , and
then yellow color nitrophenolate anion solution was formed with a characteristic absorbance peak at 400 nm.
The reduction of 4-NP molecules/nitrophenolate anions were catalyzed by the AuNPs, then the decrease in peak
of 4-NP at 400 nm and increase in peaks of 4-AP at 300 nm were simultaneously observed as an indication of
the conversion of 4-NP to 4-AP. Both DHLA-Ala@AuNPs (Fig. 11A) and DHLA@AuNPs (Fig. 11B) successfully
catalyzed 4-NP to 4-AP, but DHLA@AuNPs much rapidly catalyzed 4-NP to 4-AP compared to DHLA-Ala@
AuNPs, which might be due to higher number of active atoms or active sites in Au NPs for catalysis. The substrate-
like 4-NP may not get the right position or proper proximity on the surface of the AuNP owing to the steric and
electrostatic effect of the DHLA-Ala ligand, then reduction of 4-NP to 4-AP which is catalyzed by DHLA-Ala@
AuNPs can be slower than DHLA@AuNPs. We believe that DHLA ligand makes 4-NP accessible to the active
site of DHLA@AuNPs. The reaction kinetics for the reduction of 4-NP to 4-AP was carried out according to the
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Figure 9. STEM images of the AuNPs. (A-B) DHLA-Ala@AuNPs before and after incubated at 25 °C, (C-D)
DHLA®@AuNPs before and after incubated at 25 °C and (E-F) CA@AuNPs before and after incubated at 25 °C.
We run STEM with a 100 nm scale, 100.00 KX magnification and 25 kV.

method previously reported study*?. Briley, k is the rate constant, C, is the initial concentration of 4-NP and C,
is the concentration of 4-NP at time ‘t. The plots of -kt =In(Ct/C0) under AuNP catalysis are shown in Fig. 11D.

Conclusion

We proposed a novel method for synthesis of stable AuNPs. The aqueous solution containing HAuCl, precursor
and CA, DHLA, and DHLA ligands was exposed to UV (311 nm) irradiation at RT, then quite stable AuNPs,
DHLA-Ala@AuNPs and DHLA@AuNPs, were formed in a short time (around 10 min). In the AuNPs synthesis,
while CA acts as a reductant for both reduction of Au?* to Au® and formation of the AuNPs, DHLA and DHLA-
Ala ligands are utilized as stabilizing agents by strongly binding onto AuNPs through reduced (di-thiol) group
owing to thiol — Au chemistry. Then, DHLA and DHLA-Ala ligands suppressed aggregation of the formed the
AuNPs (DHLA-Ala@AuNPs and DHLA@AuNPs) against RT storage and high concentrated salt solutions. We
run catalysis performance of DHLA-Ala@ AuNPs and DHLA@AuNPs for conversion of 4-NP to 4-AP as a piece
of application. We claim that based upon the results, this synthesis method is one step and simple to produce
quite stable AuNPs at ambient condition in a short time. It may contribute to the synthesis of various metallic
nanoparticles based on photoreduction strategy.

Scientific Reports |

(2024) 14:24697 | https://doi.org/10.1038/s41598-024-76772-5 nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

i . % ) — e . &
A . B | G.. H
. — : I : ! :
é : gu ;:r,m - ’ - g
o { f L - U S| U S |
/\: . b /\ : d
vl k) Zah:m,-;, M sw‘:)) o0 o 20 -0 Zaw:ww' 10 m 0 sma,:)’ 1000 10000
C o : D) | )i J
) s : : 000 ¥ -
é : : X5 i, | e X
! : ] \ j i Jam :
0000 : } \ S ot / Jigemrssanctin ¢
] -0 0 0 W 1 00 0 0 0 10 o L] 10 0 1000
Pt o) Sarfirn) 2Pt ) Seriéem)
E | : B !\ I S| -
15 H » =~ t
£ : £, i
f it |
) 40 0 A0 0 m o ; 0 ) ) %00
2ot Pt 1) Zela Potertid () Sce (dom)
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