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The rapidly developing miniaturization in numerous fields require low-demanding but robust methods
of nanomaterial production. Colloidal synthesis provides great flexibility in product material, size,
and shape. Gold nanoparticle synthesis has been thoroughly studied, however, recent reports on
mechanistic insights of crystal formation have been hindered by the numerous procedures and
parameter optimization works. With every new study, scientists fill another blank space on the

map of understanding anisotropic growth and find out the critical parameters. In the current work,
we highlight the choice importance for surfactant supplier in achieving the gold nanotriangle
formation. We systematically study the variation in the shape yield when utilizing five batches of
cetyltrimethylammonium chloride (CTAC) from varied suppliers. Using analytical techniques, we
search for deviations causing such variation, e.g. different impurity content. We found only a marginal
effect of iodine contamination on the studied system, excluding this factor as decisive in contrast to
what was proposed earlier in the literature, and leaving the high dependency of the yield to originate
from yet unknown reagent characteristics. A deeper understanding of these factors would provide
highly effective protocols lowering the reagent consumption and increasing the accessibility of
nanomaterials manufactured in a sustainable manner.

The rapidly emerging field of optics and bioanalytics requires the development of nanomaterial production, which
should be low demanding but provide a high yield and control over the product characteristics*. Namely, the
application of localized surface plasmon resonance (LSPR) in sensorics is highly dependent on the fabrication
of demanded metal nanoparticles’'%. Among a great number of techniques, colloidal synthesis has been known
as an affordable but flexible method to manufacture nanoparticles of various materials, sizes, and shapes!*-15.
For decades the kinetics of such processes has been studied following two general approaches: one-pot (seed-
less) and multi-step (seed-mediated)'®*. For both, the nucleation of metal atoms forming the first clusters is
followed by their growth. In seedless synthesis, these phenomena occur in the same medium with the possible
overlap at a certain time stage®’. This may cause a low reproducibility or inhomogeneity of the product. Separa-
tion of the nucleation and growth steps by controlling the kinetics provides the seed-mediated approach with
higher accuracy and robustness®.

However, lately, the mechanistic insights of crystal formation were hindered by the numerous synthetical
procedures and parameter optimization reports. As a consequence, a number of seemingly similar protocols
leading to the formation of various shapes were reported?”?#31:32, Meanwhile, there is no self-consistent proce-
dure, which allows controlling the particle morphology by varying the reaction conditions but starting from
a single batch of spherical seeds. Such obstacles in a full understanding of anisotropic growth are caused by
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the numerous parameters that need to be taken into account and balanced carefully. Among these factors are
reagent characteristics, ambient conditions (e.g. temperature), total volume, mixing and diffusion limitations,
pH, and ionic strength. With every new study, scientists fill another blank space on the map of understanding
nanoparticle synthesis. For instance, we recently reported the crystallinity of seeds being highly dependent on
the mixing intensity and affecting the nanotriangle growth®.

The reagent characteristics represent a distinguished category of synthesis parameters. They may vary by
the concentration, purity grade, long-time stability, and the role played in the process. In a typical gold nano-
particle synthesis, the conversion of Au®* ions into metal Au’ is achieved by using a reducing agent in aqueous
medium. A highly active reagent, such as NaBH,, is required to initiate the nucleation to produce the first Au’
atoms. These atoms form initial clusters (nuclei) coalescing and slowly growing into larger particles, which are
utilized as seeds in further nanoparticle growth*®. The gold surface acts as catalyst lowering the redox potential
of HAuCl, and allowing the use of milder reducing agents, such as ascorbic acid, for the subsequent growth of
larger particles®. To achieve controlled nucleation and provide stable colloids, stabilizing agents are utilized**’.
Together with additives, such as halides or silver ions, they are also used in the last growth step to control the
resulting morphology*®-*4. Such shape control is commonly related to the selective adsorption of surface active
species on specific crystal planes of nucleating centers*>*. Ionic surfactants, such as cetrimonium halides, are
widely used as shape-directing agents®’. In the aqueous phase, the head group of the surfactant molecule adsorbs
on the charged nanoparticle surface leaving the hydrocarbon tail insolubilized. It leads to the adsorption of
another surfactant layer resulting in the formation of a close-packed bilayer*$*.

A number of previous works were done on studying the influence of the surfactant concentration, counter ion,
and alkane chain length, on the yield of the target morphology'”***!. But only a few studies point to the chemical
manufacturer as one of the key factors for successful shape control. For instance, Millstone and co-workers have
reported the contamination of CTAB batches with iodine leading to the formation of nanotriangles instead of
nanorods®. Using inductively coupled plasma mass spectrometry (ICP-MS), they show that only certain CTAB
batches contain I". Those samples, as well as the purified CTAB with the introduced optimal concentration
of iodide ions, favor the growth of nanoparticles into a triangular shape. X-ray photoelectron spectroscopy
(XPS) revealed I" was bound to the (111) crystal facets of Au nanotriangles, but not to the surface of rods and
spheres. Based on these observations the authors suggest that normally a CTAB bilayer attaches to the entire
Au surface by the electrostatic force, which does not provide a preferential growth resulting in isotropic shapes.
If iodine ions are present in the growth medium, they preferentially bind to the (111) facet of a nanoparticle
inducing the growth on the remaining open (110) and (100) facets*. The authors also highlight that the bind-
ing energies of halide ions adsorption on gold surfaces scale with polarizability, I" > Br > CI", and crystal facet,
(111)>(110) > (100)*+>>%*, which affects the kinetics of growth and hence the final product morphology. Moreo-
ver, the present halides are introduced into the CTA-X-[AuX,]~ complexes and changing their solubility and
reduction potentials, both of which decrease in the order [AuCl,]~ > [AuBr,]~ >[Aul,]". Therefore the addition
of iodide to CTAC will slow down the reduction rate, which is known to be beneficial for the formation of such
shapes as triangular plates (nanotriangles) and octahedra®®46:5,

Meanwhile, Smith and co-authors showed the use of cetyltrimethylammonium bromide (CTAB) batches
from varied suppliers drastically affects the yield of gold nanorods®'. While the distinction in synthesis results
is demonstrated, the determining factor remains unclear as no significant differences were found between the
CTAB samples. The authors emphasize the importance of such study especially for newly established systems.
Without reasoning, an unfortunate choice of the reagent supplier yielding no anisotropic growth may lead to the
decision of abandoning the research in the field of interest. We experienced similar issues when started working
on the synthesis of gold nanotriangles (AuNTs), which implements CTAC and sodium iodide as shape-directing
agents®. Depending on the bottle of sufractant picked up from the lab shelf, the color of the resulting colloids
could vary from clear blue (typical for the high-purity AuNT dispersions) to purple (indicating the presence of
isotropic shapes formed as by-products). A batch from another supplier resulted in a wine red color with only a
slight blue shade meaning a very low content of nanotriangles.

In the current work we systematically study the variation in the shape yield when utilizing different batches
of CTAC from five suppliers in each synthesis step. Our primary research question centers on understanding
the key factors influencing the product quality. Nanoparticle colloids were evaluated using ultraviolet-visible
(UV-VIS) spectroscopy, transmission and scanning electron microscopy (TEM, SEM). The surfactant samples
were tested with analytical techniques such as coupled plasma mass spectrometry (ICP-MS) and ion chromatog-
raphy (IC) in order to trace the contamination level of iodine and bromide respectively. Additionally, we studied
how sensitive the present synthesis is to the addition order and concentration of iodide ions. With this study,
we aim to provide valuable insights into nanoparticle synthesis, leading to the development of highly effective
and robust procedures.

Results and discussion

Our work is based on the earlier established three-step synthesis of gold nanotriangles**°® as described in
Scheme 1. Firstly, tiny gold clusters of a few nanometers called primary seeds (PS) are formed. Next, they are
stabilized by the growth into larger intermediate seeds (IS). Finally, sodium iodide is used as shape-directing
agent to obtain so-called crude mixtures, containing nanotriangles along with other by-product shapes. Imple-
mentation of depletion forced aggregation allows the collecting of a purified colloid of nanotriangles. We next
discuss the results obtained by varying the CTAC batch at each step of the procedure. The CTAC solution from
Sigma-Aldrich was selected for purification in all of the experiments due to no growth occurring at this step.
Using it in liquid form directly available from the manufacturer eases the workflow by avoiding preparation of
the concentrated CTAC stock solution.
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Scheme 1. Three-step synthesis of gold nanotriangles. Primary and intermediate seeds are aliquoted into
growth solutions of the corresponding synthesis step. The incubation at room temperature follows the intervals
according to our earlier work on time-optimization®.

Primary and intermediate seeds formation in varied CTAC solutions

Five CTAC batches from varied suppliers were utilized to form the primary and intermediate seeds. The UV-VIS
spectra of PS samples show a typical slope without an LSPR peak due to their miniscule sizes of ca. 2 nm
(Fig. 1), The peak at 521 nm emerges in the spectra of IS as their sizes increase to 10 nm. Besides the inten-
sity variation, there is no clear distinction in curve shape for all of the analysed samples.

Interestingly, the TEM micrographs revealed the formation of anisotropically shaped nanoparticles in aged
primary seeds (Fig. 2, Fig. S1). Along the spherical particles, some cubes and triangles were observed, although
there is no shape-directing agent added at this step. Therefore, it would be fair to assume that the formation of
anisotropically shaped agglomerates could be caused by some impurities in the used surfactant, which would
also affect further growth steps. Nevertheless, the TEM of intermediate seeds shows only spheres of ca. 10 nm in
diameter with planar defects in their structure, which are essential for nanotriangle formation*>*’. The presence
of isotropic shapes is likely due to the fast process of gold reduction during their growth. On opposite, the aging
of primary seeds happens slowly enough for symmetry breaking events to appear*®®>,
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Figure 1. UV-VIS spectra of primary (a) and intermediate (b) seeds obtained in varied CTAC solutions. Grey
line shows the LSPR peak corresponding to the aged PS. The vertical dashed lines indicate the peak positions at
532.5 nm (aged PS) and 521 nm (IS).
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Figure 2. TEM images of primary (a-c) and intermediate (d-f) seeds (scale bars are 50 and 20 nm,
respectively). The captions indicate utilized CTAC batches (from Molekula, Fluka, and Sigma-Aldrich powder).
The anisotropic shapes (cubes, triangles etc.) in aged PS samples are highlighted in yellow. Variation in image
contrast of IS indicates the presence of planar defects, which are especially visible in (f) as highlighted by yellow.

Nanotriangle growth in varied CTAC solutions

Each of the prepared IS was used to form the crude mixtures using the corresponding CTAC batch but keeping
all of the other reaction parameters the same. Typically, the reaction mixtures demonstrated a color evolution
from pink to purple and eventually blue of slightly various shades. In contrast, the samples prepared with CTAC
from Acros turned wine red with a light blue shade indicating a poor triangle yield. In the UV-VIS spectra, the
LSPR peaks in a higher wavelength range of ca. 596-658 nm indicate the presence of triangles (peak T), while the
peaks at ca. 540 nm and lower wavelengths are related to the by-products of other shapes (peak B). The curves
revealed various ratios of peak intensities, and hence the shape yield, depending on the surfactant supplier
(Fig. 3, Fig. S2, Table S1). The series of samples prepared in Fluka and Molekula CTAC show the highest content
of triangles. The lowest shape yield was achieved by using the batch supplied by Sigma-Aldrich in both powder
and solution forms. A single peak corresponding to only isotropic shape formation, or a very poor triangle yield,
was observed for the series of samples derived in Acros CTAC.

We carried out an additional test on whether the use of an appropriate surfactant batch is critical at each of
the reaction steps or has the most influence during the crude mixture formation. For this, two parallel series of
synthesis were carried out. At first, intermediate seeds formed in CTAC from Molekula were introduced into
the growth solution prepared using a batch from Acros. The resulting crude mixtures and purified nanotriangles
were labelled as “Molekula-IS in Acros” The UV-VIS spectra for all of the samples show a single LSPR peak at
533 nm (peak B), and are similar to the samples which were derived utilizing only Acros CTAC at each synthesis
step (Fig. 3, Fig. S2). No triangle formation (absence of peak T) could be detected meaning that the choice for
suitable CTAC plays the critical role at the latest step of the process. To confirm this, the reversed series “Acros-
IS in Molekula” was produced, for which IS formed in CTAC from Acros were applied for anisotropic growth in
the batch from Molekula. The high intensity of peak T indicates triangle formation, showing that independently
on the CTAC batch used during the formation of primary and intermediate seed, the anisotropic growth is
mainly affected by CTAC sample utilized at the latest growth step. Surprisingly, the ratio of the peak intensities
for “Acros-IS in Molekula” series is even higher than for the samples obtained from the synthesis using only
Molekula batch throughout the entire process (Table S1).

The SEM micrographs of crude mixtures reveal the various ratios of the triangle to by-product content
proving the conclusions from the UV-VIS spectra analysis (Fig. 4). The highest impurity content was found in
samples formed in CTAC from Acros, only 3-5% of particles have a well-defined triangular shape. The solution
from Sigma-Aldrich provided a yield of 37-39%, which comes in agreement with the 45% previously reported
by Szustakiewicz and co-authors who used the same product (25 wt% in water)?. However, the highest triangle
content of 42-48% was derived using the batches from Molekula and Fluka. The statistical data correlates well
with the findings based on the ratio of the peaks in the UV-VIS spectra proving that the latter can be used as an
express method to estimate the variation in the shape yield (Fig. 4i). To ensure that obtained results are reproduc-
ible, we compared the spectra of crude mixtures on different synthesis dates. Although the intensity of the curves
vary slightly, the ratio of nanotriangle to by-product peaks remain comparable. Hence, general dependency of
the yield on the CTAC batch from specific supplier is consistent (Fig. S2). STEM imaging shows the by-products
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a single CTAC batch from varied suppliers utilized through the entire synthesis
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Figure 3. Reaction scheme on the top indicates the experiment design and the color code for the derived
samples. UV-VIS spectra (a) of the crude mixtures obtained from 100 pl of IS in varied CTAC solutions as
indicated in the legend (b). The dotted lines indicate the positions of the peaks related to triangles (peak T at

596-658 nm) and by-products (peak B at 540 nm). The ratios of the peak intensities (right) demonstrate the
shape yield (the X-axis indicates the utilized volume of IS in puL).

to be of such morphologies as octa-, deca- and other high degree polyhedra along with triangular bipyramides,

single twin defects, similar to triangular plates (nanotriangles)*>*.

hexagonal or truncated triangular plates. These shapes are known to be the product of seeds with multiple or

Next, the crude mixtures were purified using depletion-forced aggregation. The resulting gold nanotriangle
colloids were analyzed with UV-VIS spectroscopy (Fig. 5, Fig. $4). The average size (edge length of nanotriangle)
was calculated based on the LSPR peak position as described in the previous reports?®**%. The full width at the
half maximum (FWHM) of the absorption peak was used to assess the size distribution. The largest and the
most homogeneous triangles, which are characterized by lowest FWHM values, were derived using Molekula

and Fluka batches. Notably, these series also demonstrated the highest shape yield as discussed above. A very

batch. The numerical data can be found in Table S2.

low quantity of smaller and more polydisperse triangles was collected from the series synthesized with Acros

Analysis of CTAC batches and variation of iodide concentration in growth solutions
The formation of anisotropic shapes in the aged samples of primary seeds together with the higher yield of nano-
triangles for Molekula and Fluka CTAC may be caused by non-controlled halide contamination of the batches.

A similar assumption was made in the earlier reported studies of the gold nanorod synthesis being dependent
on the CTAB supplier’!. By controlling the iodide concentration in such a system the nanotriangle yield was

tuned from a low amount up to the predominant part of the product®?. Keeping this in mind, we decided to study
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utilized CTAC batched with highly sensitive analytical techniques. ICP-MS revealed the highest content of I ,, in
the sample from Molekula (29.26 ug/L), which could explain the higher shape yield (Fig. 6a, Table S3). However,
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Figure 4. SEM images of the crude mixtures (a-g) formed using 100 uL of intermediate seeds in CTAC
solutions prepared from varied batches as indicated by the captions. The scale bars are 100 nm. The numbers in
the lower right corners indicate the triangle yield (%) based on 1150 counts on average for each sample. STEM
micrograph of a representative sample (h) demonstrates the by-product structure as highlighted in yellow. The
graph (i) shows the correlation between the ratios of triangle to by-product peak intensities (UV-VIS in Fig. 3)
and the shape yield (SEM) in the crude mixtures formed from varied CTAC batches.

the remaining batches, including Fluka, show significantly lower values (0.87-2.05 pg/L), the deviation of which
is likely caused by the value proximity to the limit of quantification (0.1 pg/l), and the measurement uncertainty
(15% for liquid phase) under the conditions studied. Recalculation of these quantities to the 50 mM CTAC as
used for anisotropic growth returns 0.20-0.58 uM of iodide, which is significantly lower than 73 uM typically
introduced into the growth solution. The bromide concentration was determined with IC, and was found to be
the highest again in Molekula CTAC. Other samples demonstrate lower but similar values (0.20-0.25 mg/L is
similar to the background value of 0.2 mg/L, which is not subtracted from the reported results). As no explicit
trend was found in halide concentration, we performed semi-quantitative ICP-MS measurements using the "Total
Quant" method. It is a high-quality analysis to determine the approximate concentrations of 78 elements provid-
ing their fingerprint in a sample (Table S4, Fig. S5). Although, this method could potentially provide reasoning
for the synthesis results, the elemental distribution of the CTAC solutions is complex and varies from batch to
batch which does not allow drawing a straightforward conclusion on which deviations play a key role. To the best
of our knowledge, cetrimonium halides are produced from petroleum or plant oils®. The differences in content
of studied CTAC batches might be caused by the variety of raw materials and method used for their synthesis.
However, such information is commonly not reported by the suppliers, which hinders a rational understanding
of impurity origin and their role in nanoparticle formation.
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Figure 5. Normalized UV-VIS spectra of purified triangles obtained from 100 pl of IS in varied CTAC
solutions as indicated in the legend (a). The average edge length of nanotriangles estimated based on the LSPR
peak position (b), and the FWHM of the peak (c), were used to assess the characteristics of the purified products
(the X-axes indicate the utilized volume of IS in pL).
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Figure 6. (a) Iodine (grey bars) and bromide (white patterned bars) concentrations detected in varied 0.02 M
CTAC solutions using ICP-MS and IC respectively. (b) UV-VIS spectra of aqueous solutions containing

0.59 mM HAuCl,, 73 uM Nal, and 46.36 mM varied CTAC as indicated in the legend (the probes are fivefold
diluted to avoid a saturation in intensity).

In the growth solution the gold precursor typically interacts with the surfactant molecules, which influences
its optical properties. The UV-VIS spectrum of pure HAuCl, shows the single band at 218 nm and a shoulder at
ca. 295 nm (Fig. 6b). With the addition of CTAC the color of chloroauric acid turns from transparent to turbid
yellow with the change in the bands appearing at 228 and 322 nm due to the formation of CTA-Cl-[AuCl,]~ com-
plex ions. The curves obtained for all of the samples demonstrate the same features not showing the formed
complexes being affected by the batch variation. Moreover, there are no visible differences in the spectral char-
acteristics of HAuCl, in the presence or absence of the iodide ions in the growth solutions. Apparently, the used
concentration of 73 uM is yet low to affect the stability of [AuCl,]~ ions and not enough to facilitate an exchange
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Figure 7. UV-VIS spectra of the crude mixtures formed in Acros ((a) 80 pL of IS) and Molekula ((b) 100 uL
of IS) CTAC solutions with the varied I" concentration and its addition order, and normalized spectra for the
corresponding purified samples (c). The dotted lines indicate previously determined peak positions for the
samples from the same volume of IS.

reaction. However, it is still possible that the minor non-detectable changes in studied conditions are still crucial
in the process of crystal developments®.

In their work, Millstone and co-authors, could reproducibly drive the reaction forming the target morphol-
ogy by deliberately adjusting iodide concentration in pure CTAB*? The growth solutions containing 50 uM of
I" predominantly yielded triangles (ca. 65% before purification). At higher concentrations (>75 uM), more
rounded disk-like particles were produced. We tested whether, in the case of our system, the iodide concentration
could be tuned to an optimal value in order to induce anisotropic growth in CTAC from Acros, which yielded
no nanotriangles earlier when following a standard procedure working with final concentration of 73 uM iodide
(Fig. 3). For this, intermediate seeds were introduced into growth solutions with iodide concentration varied
from 80 to 150 uM. Formed crude mixtures demonstrate a single peak at ca. 530 nm in UV-VIS spectra mean-
ing that only isotropic by-product shapes, and no nanotriangle, were obtained (Fig. 7a). A similar experiment
was conducted but using Molekula CTAC throughout the synthesis as it provided high nanotriangle yield. The
iodide concentration was varied from 50 and 110 pM, and yet the crude mixtures show two LSPR peaks, which
indicates the formation of nanotriangles along with by-products (Fig. 7b). The shape yields are genreally lower
than at the seeming optimal iodide concentration of 73 pM. Also, the LSPR peak positions, and hence the dimen-
sions, of purified nanotriangles were affected by the variation of iodide concentration (Fig. 7c). Nevertheless,
these experiments show that the current synthesis is not as sensitive to the halide contamination level as was
considered in earlier works on similar procedures.

Additionally, we studied the role of the iodide addition order. In a typical synthesis, 40 pL of Nal is added
to both a growth solution containing CTAC and intermediate seeds, and a premix with HAuCl, acting as a
gold precursor. According to the literature, this is required for the pre-incubation of iodide ions on IS surface
causing the symmetry breaking®®. However, it is not justified why another half of the amount is premixed with

Varying lodide Addition Order

: GS + HAuCl4 HAuCl4

g

Figure 8. SEM of crude mixtures obtained with 100 pL of IS in Molekula CTAC varying the iodide addition
order: standard procedure ((a) GS+HAuCl,), to growth solution ((b) GS) and to HAuCl, premix (c) only.
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tetrachloroauric acid, which is afterwards injected to initiate the growth. When mixing both, the pale yellow
color of concentrated gold precursor turns orange which is apparently due to the partial exchange of chlorine to
iodine in [AuCl,]” complex, leading to a decrease in its solubility. This would slow down the reduction kinetics,
favoring the formation of nanotriangles as a morphology covered with lower-energy surface facets**®>>. To find
out the critical step for iodide addition, we produced two parallel batches of crude mixtures by adding the full
amount of iodide into growth solution or HAuCl, only. The latter sample revealed a lower intensity of the major
peak in the UV-VIS spectrum (orange line in Fig. 7b,c). The crude mixture formed from the growth solution
with the full amount of iodide (blue line) contained slightly larger triangles but lower impurity content compared
to the standard procedure. The SEM images revealed well-defined triangular shape in all of the samples (Fig. 8).

Conclusions

The current work emphasizes the need for thorough parameter study in the nanoparticle synthesis. Besides the
known impurities, the reagents carry some yet unknown characteristics, variation of which drastically affect
the resulting product. We assume that these deviations might be caused by the differences in raw materials and
production methods of surfactants, which are commonly not disclosed by the manufacturers. Although such
factors cannot be controlled by individual researchers, it is important to keep them in mind as critical, especially
when establishing novel methods of nanoparticle synthesis. We demonstrated the seed-mediated synthesis of
gold nanotriangles being highly dependent on the surfactant manufacturer, which was earlier observed by other
groups for various anisotropic morphologies. However, our findings contrast with the previous works, showing
the current method being not as sensitive to halide impurities as it was claimed for similar procedures. The batch
from Acros resulted in a very poor anisotropic growth. However, the use of IS obtained in it but further grown in
Molekula CTAC lead to the significant increase of the shape yield, which is also ca. 10 percentage points higher
than from the commonly used reagent from Sigma-Aldrich. Moreover, changing the iodide addition slightly
increased the content of triangles compared to when following the original procedure. A deeper mechanistic
understanding of the shape anisotropy formation would allow lowering the reagent consumption by increasing
the product yield and quality. This brings a perspective of increasing the accessibility of nanomaterials manu-
factured in a sustainable manner.

Experimental section

Chemicals and materials

All utilized chemicals were obtained commercially and used without further purification. Tetrachloroauric(III)
acid trihydrate (HAuCl, - 3H,0 299.5%), L(+)-ascorbic acid (AA, =99%) were purchased from Carl Roth GmbH
& Co KG (Karlsruhe, Germany). Sodium borohydride (NaBH,, 99.99%), sodium iodide (Nal, >99.5%) were
purchased from Sigma-Aldrich Chemie GmbH (Steinheim, Germany). Hexadecyltrimethylammonium chloride
(CTAC) was obtained from four different suppliers: Molekula Group GmbH, powder, >99% (Munich, Germany);
Fluka Chemie GmbH, powder 98% (Buchs, Switzerland); Sigma-Aldrich Chemie GmbH, powder >98.0%, and
solution 25% w/w in water (Steinheim, Germany); Acros Organics, powder 99% (Fisher Scientific GmbH, Schw-
erte, Germany). The solutions were prepared using Milli-Q water (EQ 7000; Merck KGaA, Darmstadt, Germany).
Prior to use, all glassware and magnetic stirrers were washed with aqua regia (caution: aqua regia is highly toxic
and corrosive) and rinsed thoroughly with Milli-Q water.

Synthesis and purification of gold nanotriangles

Three-step synthesis of gold nanotriangles was conducted following the earlier reported time-optimized
procedure®®. The CTAC from varied suppliers was utilized in parallel experiments to study an impact on the
shape yield. Obtained mixtures were purified using depletion forced aggregation. A complete precipitation was
achieved using the following CTAC concentrations: 450, 200, 175, 125, and 100 mM applied to the crudes mix-
tures derived from 300, 100, 80, 60, and 40 uL of intermediate seeds respectively.

Characterization techniques and instrumentation

The gold nanoparticle colloids were characterized with ultraviolet-visible (UV-VIS) spectroscopy utilizing
Thermo Fisher NanoDrop OneC (Waltham, MA, USA) and JASCO V-670 UV-VIS-NIR (Easton, PA, USA)
spectrophotometers.

Scanning transmission electron microscopy images (STEM) were acquired using a FEI Helios NanoLab G3
UC (Hillsboro, OR, USA). Transmission electron microscopy (TEM) was conducted using a JEOL JEM 1400
(Akishima, Japan). Scanning electron microscopy (SEM) images were taken using a JEOL FE-SEM JSM-7900F
(Akishima, Japan). The probes for imaging were prepared following the modified literature technique®®®. An
amount of 750 pL of as-prepared crude mixtures was centrifuged and re-dispersed in 1 mL of 0.1 mM CTAC
followed by another centrifugation cycle. The final sample was re-dispersed in 120 puL of 0.1 mM CTAC ensuring
the optimal surfactant concentration. Then 2.0-2.5 puL were deposited on a Formvar coated copper grid (Plano)
or on a silicon substrate for SEM, and air-dried.

Analisys of CTAC batches was carried out using the 0.1 M solutions diluted in 1:5 ratio. Inductively coupled
plasma mass spectrometry (ICP-MS) was conducted using ICP-MS NexION 350XX (Perkin Elmer LAS GmbH,
Rodgau, Germany), with addition of 0.2 ml NH,OH to the each sample, standard and background measurements.
Ion chromatography (IC) was performed with IC type 881 compact IC pro (Metrohm, Herisau, Switzerland).
Additionally, ICP-MS was used to perform the semi-quantitative “Total Quant” measurements using 0.1 M CTAC
solutions diluted in 1:10 ratio and a comparative sample (water standard). The instrument was calibrated with
Mg, Rh and Pb, so mass distributed over the periodic table.
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The spectral data manipulation was performed using OriginLab software (OriginLab Corporation, North-

ampton, MA, USA). The electron microscopy images were analyzed with Image] software (National Institutes
of Health and University of Wisconsin, USA).

Data availability
The datasets used and/or analysed during the current study available from the corresponding author on reason-
able request.

Received: 27 July 2023; Accepted: 19 December 2023
Published online: 23 August 2024

References

1. Fritzsche, W. & de la Chapelle, M. L. Molecular Plasmonics 1st edn. (Wiley-VCH Verlag GmbH & Co. KGaA, 2014).

2. Wang, L., HasanzadehKafshgari, M. & Meunier, M. Optical properties and applications of plasmonic-metal nanoparticles. Adv.
Func. Mater. 30, 2005400. https://doi.org/10.1002/adfm.202005400 (2020).

3. Mayer, K. M. & Hafner, ]. H. Localized surface plasmon resonance sensors. Cherm. Rev. 111, 3828-3857. https://doi.org/10.1021/
cr100313v (2011).

4. Nocerino, V. et al. Plasmonic nanosensors: Design, fabrication, and applications in biomedicine. Chemosensors 10, 150 (2022).

5. Park, D. H., Choi, M. Y. & Choi, ].-H. Recent development in plasmonic nanobiosensors for viral DNA/RNA biomarkers. Biosen-
sors 12, 1121 (2022).

6. Scroccarello, A., Della Pelle, E, Del Carlo, M. & Compagnone, D. Optical plasmonic sensing based on nanomaterials integrated
in solid supports. A critical review. Anal. Chim. Acta 1237, 340594. https://doi.org/10.1016/j.aca.2022.340594 (2023).

7. Willets, K. A. & Van Duyne, R. P. Localized surface plasmon resonance spectroscopy and sensing. Annu. Rev. Phys. Chem. 58,
267-297. https://doi.org/10.1146/annurev.physchem.58.032806.104607 (2007).

8. Csdki, A. et al. Plasmonic nanoparticle synthesis and bioconjugation for bioanalytical sensing. Eng. Life Sci. 15, 266-275. https://
doi.org/10.1002/elsc.201400075 (2015).

9. Csdki, A., Stranik, O. & Fritzsche, W. Localized surface plasmon resonance based biosensing. Expert Rev. Mol. Diagn. 18, 279-296.
https://doi.org/10.1080/14737159.2018.1440208 (2018).

10. Barbir, R. et al. Application of localized surface plasmon resonance spectroscopy to investigate a nano-bio interface. Langmuir
https://doi.org/10.1021/acs.langmuir.0c03569 (2021).

11. Kastner, S., Pritzke, P, Csdki, A. & Fritzsche, W. The effect of layer thickness and immobilization chemistry on the detection of
CRP in LSPR assays. Sci. Rep. 12, 836. https://doi.org/10.1038/s41598-022-04824-9 (2022).

12. Kastner, S., Urban, M., Dietel, A.-K., Csaki, A. & Fritzsche, W. Cost-effective and robust multispectral light-emitting diode device
for the readout of plasmonic microarray sensors. Adv. Photonics Res. 4, 2200252. https://doi.org/10.1002/adpr.202200252 (2023).

13. Patil, T., Gambhir, R., Vibhute, A. & Tiwari, A. P. Gold nanoparticles: Synthesis methods, functionalization and biological applica-
tions. J. Clust. Sci. 34, 705-725. https://doi.org/10.1007/s10876-022-02287-6 (2023).

14. Hayat, M. H. Colloidal Gold: Principles, Methods, and Applications Vol. 1-3 (Academic Press, 1989).

15. Pelton, M. & Bryant, G. W. Introduction to Metal-Nanoparticle Plasmonics (Wiley, 2013).

16. Millstone, J. E., Hurst, S. J., Métraux, G. S., Cutler, J. I. & Mirkin, C. A. Colloidal gold and silver triangular nanoprisms. Small 5,
646-664. https://doi.org/10.1002/smll.200801480 (2009).

17. Scarabelli, L. Recent advances in the rational synthesis and self-assembly of anisotropic plasmonic nanoparticles. Pure Appl. Chem.
90, 1393-1407. https://doi.org/10.1515/pac-2018-0510 (2018).

18. Kuttner, C. et al. Seeded growth synthesis of gold nanotriangles: Size control, SAXS analysis, and SERS performance. ACS Appl.
Mater. Interfaces 10, 11152-11163. https://doi.org/10.1021/acsami.7b19081 (2018).

19. Turkevich, J., Stevenson, P. L. & Hiller, J. Nucleation and growth process in the synthesis of colloidal gold. Discuss. Faraday Soc.
11, 55-75 (1951).

20. Frens, G. Controlled nucleation for the regulation of the particle size in monodisperse gold suspensions. Nature 241, 20-22 (1973).

21. Wauithschick, M. et al. Turkevich in new robes: Key questions answered for the most common gold nanoparticle synthesis. ACS
Nano 9, 7052-7071. https://doi.org/10.1021/acsnano.5b01579 (2015).

22. Chen, L. et al. High-yield seedless synthesis of triangular gold nanoplates through oxidative etching. Nano Letters 14, 7201-7206.
https://doi.org/10.1021/n1504126u (2014).

23. Bastus, N. G., Comenge, J. & Puntes, V. Kinetically controlled seeded growth synthesis of citrate-stabilized gold nanoparticles of
up to 200 nm: Size focusing versus ostwald ripening. Langmuir 27, 11098-11105. https://doi.org/10.1021/1a201938u (2011).

24. Jana, N. R,, Gearheart, L. & Murphy, C. J. Seed-mediated growth approach for shape-controlled synthesis of spheroidal and rod-
like gold nanoparticles using a surfactant template. Adv. Mater. (Weinheim, Germany) 13, 1389-1393 (2001).

25. Ye, X., Zheng, C., Chen, J., Gao, Y. & Murray, C. B. Using binary surfactant mixtures to simultaneously improve the dimensional
tunability and monodispersity in the seeded growth of gold nanorods. Nano Letters 13, 765-771. https://doi.org/10.1021/n1304
478h (2013).

26. Scarabelli, L., Sanchez-Iglesias, A., Pérez-Juste, J. & Liz-Marzan, L. M. A “Tips and Tricks” practical guide to the synthesis of gold
nanorods. . Phys. Chem. Lett. 6, 4270-4279. https://doi.org/10.1021/acs.jpclett.5b02123 (2015).

27. Scarabelli, L., Coronado-Puchau, M., Giner-Casares, J. J., Langer, J. & Liz-Marzan, L. M. Monodisperse gold nanotriangles: Size
control, large-scale self-assembly, and performance in surface-enhanced raman scattering. ACS Nano 8, 5833-5842. https://doi.
0rg/10.1021/nn500727w (2014).

28. Szustakiewicz, P., Gonzélez-Rubio, G., Scarabelli, L. & Lewandowski, W. Robust synthesis of gold nanotriangles and their self-
assembly into vertical arrays. ChemistryOpen 8, 705-711. https://doi.org/10.1002/0pen.201900082 (2019).

29. Ni, B. et al. Chiral seeded growth of gold nanorods into fourfold twisted nanoparticles with plasmonic optical activity. Adv. Mater.
35, 2208299. https://doi.org/10.1002/adma.202208299 (2023).

30. Wang, F, Richards, V. N,, Shields, S. P. & Buhro, W. E. Kinetics and mechanisms of aggregative nanocrystal growth. Chem. Mater.
26, 5-21. https://doi.org/10.1021/cm402139r (2013).

31. Lohse, S. E., Burrows, N. D., Scarabelli, L., Liz-Marzan, L. M. & Murphy, C. J. Anisotropic noble metal nanocrystal growth: The
role of halides. Chem. Mater. 26, 34-43. https://doi.org/10.1021/cm402384j (2014).

32. DuChene, J. S. et al. Halide anions as shape-directing agents for obtaining high-quality anisotropic gold nanostructures. Chem.
Mater. 25, 1392-1399. https://doi.org/10.1021/cm3020397 (2013).

33. Podlesnaia, E. et al. Microfluidic-generated seeds for gold nanotriangle synthesis in three or two steps. Small 19, 2204810. https://
doi.org/10.1002/smll.202204810 (2023).

34. Polte, ]. et al. New insights of the nucleation and growth process of gold nanoparticles via in situ coupling of SAXS and XANES.
J. Phys. Conf. Ser. 247, 012051 (2010).

Scientific Reports |  (2024) 14:19610 | https://doi.org/10.1038/s41598-023-50337-4 nature portfolio


https://doi.org/10.1002/adfm.202005400
https://doi.org/10.1021/cr100313v
https://doi.org/10.1021/cr100313v
https://doi.org/10.1016/j.aca.2022.340594
https://doi.org/10.1146/annurev.physchem.58.032806.104607
https://doi.org/10.1002/elsc.201400075
https://doi.org/10.1002/elsc.201400075
https://doi.org/10.1080/14737159.2018.1440208
https://doi.org/10.1021/acs.langmuir.0c03569
https://doi.org/10.1038/s41598-022-04824-9
https://doi.org/10.1002/adpr.202200252
https://doi.org/10.1007/s10876-022-02287-6
https://doi.org/10.1002/smll.200801480
https://doi.org/10.1515/pac-2018-0510
https://doi.org/10.1021/acsami.7b19081
https://doi.org/10.1021/acsnano.5b01579
https://doi.org/10.1021/nl504126u
https://doi.org/10.1021/la201938u
https://doi.org/10.1021/nl304478h
https://doi.org/10.1021/nl304478h
https://doi.org/10.1021/acs.jpclett.5b02123
https://doi.org/10.1021/nn500727w
https://doi.org/10.1021/nn500727w
https://doi.org/10.1002/open.201900082
https://doi.org/10.1002/adma.202208299
https://doi.org/10.1021/cm402139r
https://doi.org/10.1021/cm402384j
https://doi.org/10.1021/cm3020397
https://doi.org/10.1002/smll.202204810
https://doi.org/10.1002/smll.202204810

www.nature.com/scientificreports/

35. Millstone, J. E., Métraux, G. S. & Mirkin, C. A. Controlling the edge length of gold nanoprisms via a seed-mediated approach. Adv.
Funct. Mater. 16, 1209-1214. https://doi.org/10.1002/adfm.200600066 (2006).

36. Dragoman, R. M. et al. Surface-engineered cationic nanocrystals stable in biological buffers and high ionic strength solutions.
Chem. Mater. 29, 9416-9428. https://doi.org/10.1021/acs.chemmater.7b03504 (2017).

37. Heuer-Jungemann, A. et al. The role of ligands in the chemical synthesis and applications of inorganic nanoparticles. Chem. Rev.
119, 4819-4880. https://doi.org/10.1021/acs.chemrev.8b00733 (2019).

38. Ha, T. H., Koo, H.-J. & Chung, B. H. Shape-controlled syntheses of gold nanoprisms and nanorods influenced by specific adsorp-
tion of halide ions. J. Phys. Chem. C 111, 1123-1130. https://doi.org/10.1021/jp066454l (2007).

39. Nikoobakht, B. & El-Sayed, M. A. Preparation and growth mechanism of gold nanorods (NRs) using seed-mediated growth
method. Chem. Mater. 15, 1957-1962 (2003).

40. Langille, M. R., Personick, M. L., Zhang, J. & Mirkin, C. A. Defining rules for the shape evolution of gold nanoparticles. J. Am.
Chem. Soc. https://doi.org/10.1021/ja305245g (2012).

41. Meena, S. K. et al. The role of halide ions in the anisotropic growth of gold nanoparticles: A microscopic, atomistic perspective.
Phys. Chem. Chem. Phys. 18, 13246-13254. https://doi.org/10.1039/c6¢p01076h (2016).

42. Grzelczak, M. et al. Silver ions direct twin-plane formation during the overgrowth of single-crystal gold nanoparticles. ACS Omega
1, 177-181. https://doi.org/10.1021/acsomega.6b00066 (2016).

43. Zhang, G. et al. Crystallinity variation in seeded growth of gold nanocrystals: The role of additive Ag+. ChemistrySelect 5, 4447
4453 https://doi.org/10.1002/slct.202000863 (2020).

44. Moreau, L. M. et al. The role of trace ag in the synthesis of Au nanorods. Nanoscale https://doi.org/10.1039/c9nr03246k (2019).

45. Xia, Y. N,, Xiong, Y. J., Lim, B. & Skrabalak, S. E. Shape-controlled synthesis of metal nanocrystals: Simple chemistry meets complex
physics?. Angew. Chem. Int. Ed. 48, 60—103. https://doi.org/10.1002/anie.200802248 (2009).

46. Xia, Y., Xia, X. & Peng, H.-C. Shape-controlled synthesis of colloidal metal nanocrystals: Thermodynamic versus kinetic products.
J. Am. Chem. Soc. 137, 7947-7966. https://doi.org/10.1021/jacs.5b04641 (2015).

47. Bakshi, M. S. How surfactants control crystal growth of nanomaterials. Cryst. Growth Des. 16, 1104-1133. https://doi.org/10.1021/
acs.cgd.5b01465 (2016).

48. Nikoobakht, B. & El-Sayed, M. A. Evidence for bilayer assembly of cationic surfactants on the surface of gold nanorods. Langmuir
17, 6368-6374. https://doi.org/10.1021/1a0105300 (2001).

49. Sau, T. K. & Murphy, C. J. Self-assembly patterns formed upon solvent evaporation of aqueous cetyltrimethylammonium bromide-
coated gold nanoparticles of various shapes. Langmuir 21, 2923-2929. https://doi.org/10.1021/1a047488s (2005).

50. Gao, J., Bender, C. M. & Murphy, C. J. Dependence of the gold nanorod aspect ratio on the nature of the directing surfactant in
aqueous solution. Langmuir 19, 9065-9070. https://doi.org/10.1021/1a034919i (2003).

51. Smith, D. K. & Korgel, B. A. The importance of the CTAB surfactant on the colloidal seed-mediated synthesis of gold nanorods.
Langmuir 24, 644-649 (2008).

52. Millstone, J. E., Wei, W., Jones, M. R., Yoo, H. & Mirkin, C. A. Iodide ions control seed-mediated growth of anisotropic gold
nanoparticles. Nano Letters 8, 2526-2529. https://doi.org/10.1021/n18016253 (2008).

53. Magnussen, O. M. Ordered anion adlayers on metal electrode surfaces. Chem. Rev. 102, 679-726. https://doi.org/10.1021/cr000
069p (2002).

54. Almora-Barrios, N., Novell-Leruth, G., Whiting, P,, Liz-Marzan, L. M. & Lopez, N. Theoretical description of the role of halides,
silver, and surfactants on the structure of gold nanorods. Nano Letters 14, 871-875. https://doi.org/10.1021/nl404661u (2014).

55. Personick, M. L. & Mirkin, C. A. Making sense of the mayhem behind shape control in the synthesis of gold nanoparticles. J. Am.
Chem. Soc. 135, 18238-18247. https://doi.org/10.1021/ja408645b (2013).

56 Podlesnaia, E., Csdki, A. & Fritzsche, W. Time optimization of seed-mediated gold nanotriangle synthesis based on kinetic studies.
Nanomaterials https://doi.org/10.3390/nano11041049 (2021).

57. Xiong, Y. & Xia, Y. Shape-controlled synthesis of metal nanostructures: The case of palladium. Adv. Mater. 19, 3385-3391. https://
doi.org/10.1002/adma.200701301 (2007).

58 Yunira, E. N,, Suryani, A., Dadang, & Tursiloadi, S. Synthesis and aplication CTAC surfactant from palmityl alcohol in insecticide
emulsifiable concentrate formulation. IOP Conf. Ser. Earth Environ. Sci. 209, 012039. https://doi.org/10.1088/1755-1315/209/1/
012039 (2018).

59. Gonzalez-Rubio, G. et al. Disentangling the effect of seed size and crystal habit on gold nanoparticle seeded growth. Chem. Com-
mun. 53, 11360-11363. https://doi.org/10.1039/c7cc06854a (2017).

Acknowledgements

We would like to thank Franka Jahn from the Competence Center for Micro- and Nanotechnologies (Leibniz-
IPHT) for the electron microscopy measurements. We acknowledge the Leibniz Institute of Age Research - Fritz
Lipmann Institute (FLI) Jena providing access to TEM and Katrin Buder (FLI) for the help with TEM. The access
to STEM was provided by Abbe Center of Photonics (ACP) Jena.

Author contributions

Conceptualization - E.P., A.C., W.E; Methodology and Investigation — E.P., A.H., S.A., AKX.A, J.PA, K.S,; Data
curation - E.P,, K.S.; Formal analysis — E.P; Visualization - E.P; Writing - original draft — Preparation - E.P;
Writing - review & editing - A.C., WE; Supervision - A.C., WE, M.L; Funding acquisition - A.C., WE, M.L,;
Project administration — A.C., W.E, M.L. All authors have read and agreed to the published version of the
manuscript.

Fundin

This reseagrch was funded by DFG (FR 1348/31-1) and BMBF (PlasmonBioSense, 01DR20010A). The work is
supported by the BMBE, funding program Photonics Research Germany (13N15717) and is integrated into the
Leibniz Center for Photonics in Infection Research (LPI). The LPI, initiated by Leibniz-IPHT, Leibniz-HKI, UK]
and FSU Jena, is a part of the BMBF national roadmap for research infrastructures.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https://doi.org/
10.1038/541598-023-50337-4.

Scientific Reports|  (2024) 14:19610 | https://doi.org/10.1038/s41598-023-50337-4 nature portfolio


https://doi.org/10.1002/adfm.200600066
https://doi.org/10.1021/acs.chemmater.7b03504
https://doi.org/10.1021/acs.chemrev.8b00733
https://doi.org/10.1021/jp066454l
https://doi.org/10.1021/ja305245g
https://doi.org/10.1039/c6cp01076h
https://doi.org/10.1021/acsomega.6b00066
https://doi.org/10.1002/slct.202000863
https://doi.org/10.1039/c9nr03246k
https://doi.org/10.1002/anie.200802248
https://doi.org/10.1021/jacs.5b04641
https://doi.org/10.1021/acs.cgd.5b01465
https://doi.org/10.1021/acs.cgd.5b01465
https://doi.org/10.1021/la010530o
https://doi.org/10.1021/la047488s
https://doi.org/10.1021/la034919i
https://doi.org/10.1021/nl8016253
https://doi.org/10.1021/cr000069p
https://doi.org/10.1021/cr000069p
https://doi.org/10.1021/nl404661u
https://doi.org/10.1021/ja408645b
https://doi.org/10.3390/nano11041049
https://doi.org/10.1002/adma.200701301
https://doi.org/10.1002/adma.200701301
https://doi.org/10.1088/1755-1315/209/1/012039
https://doi.org/10.1088/1755-1315/209/1/012039
https://doi.org/10.1039/c7cc06854a
https://doi.org/10.1038/s41598-023-50337-4
https://doi.org/10.1038/s41598-023-50337-4

www.nature.com/scientificreports/

Correspondence and requests for materials should be addressed to E.P. or W.E
Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which
permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative Commons licence, and
indicate if changes were made. The images or other third party material in this article are included in the article’s
Creative Commons licence, unless indicated otherwise in a credit line to the material. If material is not included
in the article’s Creative Commons licence and your intended use is not permitted by statutory regulation or
exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy
of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2024, corrected publication 2024

Scientific Reports|  (2024) 14:19610 | https://doi.org/10.1038/s41598-023-50337-4 nature portfolio


www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Variations in CTAC batches from different suppliers highly affect the shape yield in seed-mediated synthesis of gold nanotriangles
	Results and discussion
	Primary and intermediate seeds formation in varied CTAC solutions
	Nanotriangle growth in varied CTAC solutions
	Analysis of CTAC batches and variation of iodide concentration in growth solutions

	Conclusions
	Experimental section
	Chemicals and materials
	Synthesis and purification of gold nanotriangles
	Characterization techniques and instrumentation

	References
	Acknowledgements


