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ARTICLE INFO ABSTRACT

Keywords: Centrifugation is conventionally regarded as a mere purification step in nanoparticle synthesis. Here, we chal-
Gold nanoparticles lenge this view by demonstrating that centrifugation can be strategically employed as an active trigger to drive a
Centrifugation

predictable morphological transformation in gold nanoparticles (AuNPs). This study reveals a novel mechanism
where repeated centrifugation systematically strips the cetyltrimethylammonium bromide (CTAB) stabilizer from
the AuNP surface, inducing a controlled sphere-to-rod reshaping. We meticulously tracked this process: a dra-
matic drop in zeta potential from a stable + 46 mV to a highly unstable + 13 mV confirmed the loss of colloidal
stability, while UV-vis spectroscopy captured the cycle-dependent emergence of a distinct longitudinal surface
plasmon resonance (SPR) peak at 720 nm—a classic signature of nanorod formation. Direct transmission electron
microscopy (TEM) imaging provided unequivocal visual evidence of the evolution from uniform spherical par-
ticles to well-defined nanorods. Moreover, this centrifugation-regulated reshaping provides an orthogonal,
physically-driven approach to tuning anisotropy, which complements established chemical, optical, and elec-
trochemical synthesis routes in applications ranging from surface-enhanced Raman spectroscopy to photo-
thermal therapy. Our findings not only offer a deeper understanding of the interplay between mechanical forces
and surface chemistry in nanoparticle systems but also open a new avenue for the rational design of anisotropic
nanostructures, which serve as versatile platforms for biosensing. After appropriate surface functionalization to
ensure biocompatibility, they also hold great promise for targeted therapies.

Zeta potential

1. Introduction achieving green chemical synthesis and energy conversion [17]. Because
the properties of gold nanoparticles are highly dependent on their size
and shape, researchers can optimize their properties by controlling the

synthesis conditions. In common synthetic methods, CTAB is usually

The physical, chemical, and mechanical properties of materials
[1,2], such as nanometals [3], nanoceramics [4], nanosemiconductors

[5], and nanomagnetic materials [6] change notably due to the surface
effect and quantum effect generated in the associated nanoscale phe-
nomena. Among these materials, gold nanoparticles are a nanometal
with unique optical, electrical, and catalytic properties [7,8], showing a
significant potential in the fields of biomedicine [9-11] and environ-
mental sciences [12-14]. Owing to the unique surface plasmon reso-
nance (SPR) characteristics and high specific surface area, these
nanoparticles exhibit excellent optical absorption capacity and reac-
tivity; hence, they attract considerable attention in the fields of molec-
ular detection and chemical reaction catalysis [15,16]. Moreover, these
characteristics render gold nanoparticles potential candidates for

used as a stabilizer. It can form a double-layer structure around gold
nanoparticles, effectively preventing nanoparticle agglomeration and
stabilizing them in solutions [18]. Currently, gold nanoparticles have
undergone rapid development for applications including disease diag-
nosis, drug delivery, antibacterial materials, and photothermal therapy
[19]. Furthermore, their SPR characteristics endow them with great
potential for bioimaging and therapeutic use.

While the role of CTAB in stabilizing gold nanoparticles is well-
established, the post-synthesis purification process, particularly centri-
fugation, is often treated as a routine, passive step merely for removing
excess reagents. The dynamic interplay between the mechanical forces
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of centrifugation, the resulting depletion of surface stabilizers, and the
consequential morphological evolution of nanoparticles remains an
under-explored area. Most studies focus on preventing agglomeration,
viewing it solely as an undesirable outcome that compromises nano-
particle function [20,21,22].

However, while CTAB is an effective stabilizer for synthesizing
anisotropic gold nanoparticles, its inherent cytotoxicity poses a signifi-
cant barrier to direct biomedical applications. The positive charge of
CTAB can disrupt cell membranes and impair mitochondrial function,
making CTAB-coated nanoparticles unsuitable for direct in vivo use.
Therefore, for these nanostructures to be utilized in fields like drug
delivery or phototherapy, a crucial post-synthesis step involving ligand
exchange or surface coating with biocompatible materials is required to
mitigate toxicity. In this context, our work focuses on establishing a
novel physical method to control nanoparticle morphology, providing a
versatile platform of nanostructures that can serve as precursors for
biocompatible nanomaterials.

Here, we adopt a different perspective. We propose and demonstrate
that centrifugation, far from being a simple purification tool, can be
strategically utilized as an active and predictable trigger for the
morphological reshaping of gold nanoparticles. This study systemati-
cally reveals how centrifugation-induced CTAB depletion drives a
distinct sphere-to-rod transformation. By meticulously correlating
changes in surface chemistry (zeta potential), optical properties (SPR),
and morphology, as confirmed by transmission electron microscopy
(TEM), we elucidate a controllable pathway to anisotropic nano-
structures. This work reframes the understanding of nanoparticle
agglomeration from a simple stability issue to a potential mechanism for
post-synthesis morphological control, offering new insights into the
rational design of functional nanomaterials for applications ranging
from drug delivery [23,24] to high-sensitivity sensing [25,26].

2. Experiment

For the experimental solution preparation, a gold sheet and a plat-
inum sheet were used as the anode and cathode, respectively. A total of
15 mL mixed solution was prepared by mixing cetyltrimethylammonium
bromide (CTAB; C19H42BrN (99.0 %); HSE Pure Chemicals, UK), which
acts as the stabilizer, in deionized water (RODA analysis with an ultra-
pure water machine NDIT, water quality 18.25 MQ). Subsequently, 90
pL acetone (C3HgO, 99.87 %, Chaneye Pure Chemical) was added to
disperse the CTAB molecules. This solution was prepared in an ultra-
sonic oscillator (Elmasonic P30H) with a frequency of 37 kHz and a
power of 120 W at a constant current of 2 mA for 10 min. All solutions
were prepared in unbuffered deionized water, and the pH was not
adjusted or monitored during the experiments. After preparation, the
sample stock solution was aliquoted into centrifugal tubes and centri-
fuged for 20 min at 12,000 rpm (Hettich MIKRO 220, rotating radius: 87
mm). Following centrifugation, 970 uL of supernatant was pipetted from
the centrifuge tube, leaving approximately 30 pL of the bottom fraction.
Subsequently, 970 pL deionized water was added, and the contents were
sonicated for 30 s to ensure thorough mixing. This sequence constitutes
one centrifugation cycle. The experimental procedure was divided into
two parts. The first part involved observing the yield and stability of gold
nanoparticles prepared at CTAB concentrations of 0.07,0.11, 0.13, 0.14,
and 0.17 M (corresponding sample numbers are C007, C011, C013,
C014, and C017). Then, samples prepared at a CTAB concentration of
0.11 M were centrifuged 1-3 times to drive and track the dynamic
morphological evolution of gold nanoparticles caused by the detach-
ment of CTAB molecules from the nanoparticle surface after
centrifugation.

The absorption spectra of the prepared gold nanoparticle solution
were measured using UV-vis spectroscopy (V-770, Jasco). The particle
size distribution and zeta potential were determined using DLS (ELSZ-
2000, Otsuka Electronics). TEM (JEM-1400, JEOL) was used to observe
the surface morphology of nanoparticles. To ensure the reliability of our
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findings, the entire experimental process, from nanoparticle synthesis to
multi-cycle centrifugation and characterization, was repeated with
independently prepared batches of samples. The results presented in this
study were found to be highly consistent and reproducible across these
independent experiments. Due to the dynamically evolving nature of the
system after centrifugation, reproducibility was assessed on a batch-to-
batch basis rather than through repeated measurements on a single
aliquot.

3. Results and Discussion
3.1. Analysis of absorption spectra and particle size

Fig. 1 shows the absorption spectra of samples prepared at different
CTAB concentrations. Sample C011 exhibited the maximum absorbance,
indicating the highest yield of nanoparticles. This suggests that 0.11 M is
the optimal concentration for nanoparticle preparation under these
conditions. The trend in peak absorbance for samples C013, C014, and
C017 indicated that when the CTAB concentration exceeded 0.11 M, the
generation efficiency of nanoparticles was notably reduced. According
to previous reports [27-29], an increase in the surfactant concentration
might inhibit electrochemical reactions, primarily because excess sur-
factant molecules can fully cover the metal surface, thereby inhibiting
electron transfer and reaction. Although the absorbance values of these
samples at spectral peaks were different, the spectral peak positions for
samples C007, C011, C013, and C014 were almost the same, indicating
that when the CTAB concentration in solutions reached a critical value,
the nanoparticle surface would be covered with an adequate amount of
CTAB molecules, maintaining the stability of nanoparticles. Even though
the electrochemical reaction rates at various CTAB concentrations were
different, the main particle sizes of generated nanoparticles were
similar. Sample C017 exhibited unique behavior. Its absorbance was the
lowest, conforming to the trend discussed above, but its spectral peak
position showed a significant red shift compared to the other samples.
This could be attributed to the effect of an excessively high CTAB con-
centration on the dispersion of components in the solution and the
mobility and diffusion range of gold atoms. This would promote the
generation of larger nanoparticles, contributing to absorption in the
long-wavelength region and resulting in the observed red shift in the
absorption spectrum.

Sample CO11 was centrifuged 1-3 times to compare changes in the
absorption spectra and particle size before and after centrifugation. As
shown in Fig. 2 (a), the absorption spectra of gold nanoparticles
exhibited peaks at 537 nm (before centrifugation), 535 nm (after 1st
centrifugation), and 530 nm (after 2nd centrifugation), respectively.
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Fig. 1. Absorption spectra of samples with different CTAB concentrations.
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Fig. 2. Absorption spectra of sample C011: (a) before centrifugation and after
the 1st, 2nd, and 3rd centrifugation cycles; (b) after the 3rd centrifuga-
tion cycle.

Furthermore, the peak absorbance decreased as the number of centri-
fugation cycles increased. This decrease is the initial optical signature of
the onset of morphological transformation, driven by the depletion of
isolated nanoparticles. As centrifugation systematically detaches CTAB
molecules from the gold surface, the destabilized nanoparticles initiate a
structural reconstruction to minimize their system energy, moving
beyond simple settling. This process initiated the first stage of a struc-
tural reconstruction rather than simple particle settling, where the
depletion of isolated nanoparticles led to the observed decrease in
absorbance. Therefore, a decrease in absorbance is observed with an
increasing number of centrifugation cycles. Fig. 2 (b) depicts the ab-
sorption spectra of the sample after the third centrifugation. In addition
to the absorption peak at 536 nm, a peak with relatively high intensity
appeared near 720 nm. This phenomenon signifies a remarkable
reconstruction of nanoparticle morphology, actively triggered by the
sharp decrease in CTAB concentration after multiple centrifugation
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cycles. This reconstruction involves the detachment of numerous CTAB
molecules from the nanoparticle surface, allowing small nanoparticles in
the solution to agglomerate into larger, reshaped structures, such as
spherical nanoparticles or nanorods, which considerably increases the
absorbance near 720 nm. The formation of these nanorods reflected the
remarkable influence of the nanoparticle morphology on the optical
properties, especially in the long wavelength region. After the second
centrifugation, few nanorods were formed due to a significant decrease
in the CTAB concentration, and absorbance near 720 nm tended to in-
crease compared with those before centrifugation and after the first
centrifugation, as shown in Fig. 2 (a). Fig. 3 shows the transmission light
color of the gold nanoparticle solution before centrifugation and after
the first, second, and third centrifugation. Owing to the CTAB depletion,
the destabilized nanoparticles began to self-assemble to reduce their
system energy. The resulting nanorods, formed via this directed
attachment process, altered the solution’s absorption band and in-
tensity; consequently, the color of its transmission light changed
considerably from magenta before centrifugation to purple after the
third centrifugation, as shown in Fig. 3.

Fig. 4 displays an analysis diagram of the particle size and quantity of
samples before and after repeated centrifugation. A key observation
from these DLS results is the progressive decrease in the primary particle
size, with the peak shifting from 27 nm (uncentrifuged) to 16 nm and 13
nm after the first and second cycles, respectively. This counterintuitive
size reduction, occurring concurrently with nanorod formation, can be
explained by two synergistic mechanisms driven by CTAB depletion.

Firstly, the centrifugation process leads to selective sedimentation,
which preferentially removes the largest particles and any early-stage
agglomerates from the supernatant being analyzed. Secondly, and
more critically, the loss of the CTAB stabilizer induces a dis-
solution-recrystallization process. To minimize the high surface energy
of the now-unstable system, smaller spherical nanoparticles partially
dissolve, releasing gold atoms. These atoms then serve as the feedstock
for anisotropic growth, recrystallizing onto the ends of the emerging
nanorods.

This dual mechanism not only accounts for the observed size
reduction in the remaining spherical population but also provides a clear
chemical pathway for the material transport required for the sphere-to-
rod transformation. This trend is highly consistent with the

4 . e ]

Fig. 3. Transmission light color of gold nanoparticle solutions before centri-
fugation and after the first, second, and third centrifugation, shown from left
to right.
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Fig. 4. Particle size distributions (by number) for sample C011: (a) before centrifugation; after the (b) 1st (¢) 2nd and (d) 3rd centrifugation cycle.

corresponding blue shift in the primary spectral peak positions from 537
nm to 535 nm and 530 nm as observed in Fig. 2, which is characteristic
of smaller spherical nanoparticles. Notably, after the third centrifuga-
tion, the primary particle size slightly increases to 18 nm, likely
reflecting the growing contribution of the newly formed, larger nano-
structures to the overall DLS signal.

As shown in Fig. 4 (d), although the sample centrifuged three times
exhibited higher absorbance in the long wavelength region, no signifi-
cant proportion of particles was observed at larger diameters in the
number-weighted size distribution histogram. This observation might be
attributed to discrepancies caused by the inherent differences in the DLS
signals between gold nanorods and spherical nanoparticles during
conversion into a number-based particle distribution. Gold nanorods
exhibit distinct scattering patterns influenced by both translational and

rotational diffusion, unlike the simpler translational diffusion of spheres.
Because these conversion algorithms are based on spherical models (like
Mie theory or Rayleigh approximation) to transform measured intensity
autocorrelation functions into number distributions, they cannot
adequately account for the anisotropy of nanorods. As a result, the
quantity of nanorods is significantly underrepresented in the number-
based results.

3.2. Zeta potential

Fig. 5 depicts the zeta potential measurement results of samples
prepared with different CTAB concentrations. All five samples exhibited
consistently high zeta potentials, ranging from 39 to 42 mV. These
values signify that CTAB effectively imparted good stability to the
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nanoparticles within the investigated concentration range. This finding
is corroborated by the absorption spectra (Fig. 1), which showed distinct
peaks characteristic of stable nanoparticle sizes. Taken together, these
data indicate that adequate CTAB coverage within this concentration
range resulted in a uniform surface charge. This uniform charge distri-
bution is responsible for the high zeta potential values, which subse-
quently generate sufficient electrostatic repulsion to effectively prevent
uncontrolled agglomeration.

As shown in Fig. 6, the zeta potential of sample CO11 increased
slightly after the first centrifugation compared with that before centri-
fugation. This means that the CTAB concentration in solutions was
moderate and uniformly distributed after the first centrifugation,
enabling more nanoparticles to be fully coated, thereby enhancing their
zeta potential. However, after the second centrifugation, the zeta po-
tential decreased from 46 mV to 21 mV due to the sharp decrease in the
CTAB concentration in solutions [30,31,32]. Simultaneously, relatively
unstable nanoparticles initiated a morphological evolution to reduce the
system energy, corresponding to the results shown in Fig. 2 (a), where
the sample centrifuged twice began to demonstrate an emerging peak in
the long wavelength region. This phenomenon showed that when more
CTAB was removed from solutions via centrifugation, CTAB molecules
partially desorbed from the particle surfaces, leading to lower

50
. e (011

B o (COI1-12k-1st
% Y e (CO11-12k-2nd
RS e CO11-12k-3rd
rc—é 35F
=30}
£
Q-425 B
£o0f .
N

15¢ .

10 1 1 1 1

0 1 2 3

Centrifugation times

Fig. 6. Zeta potential of sample CO11 before and after the first, second, and
third centrifugation cycles.
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electrostatic repulsion between particles and reduced stability.
Following three centrifugation cycles, the zeta potential plummeted to
-+ 13 mV. This value is well below the commonly accepted threshold for
colloidal stability (typically |¢| > 30 mV), signifying that the system has
entered a regime of extreme instability. While this may not represent the
absolute final potential of a completely bare gold surface, it serves as the
critical trigger point where the electrostatic repulsive forces are no
longer sufficient to prevent nanoparticle aggregation and subsequent
reorganization. This resulting instability is the primary driving force for
the morphological evolution, leading to a marked increase in the pop-
ulation of nanorods within the solution as the system seeks a lower
energy state. This also explains the considerable increase in the ab-
sorption intensity near 720 nm observed in Fig. 2 (b). When zeta po-
tential decreased due to the gradual detachment of CTAB molecules, the
electrostatic barrier effect between nanoparticles weakened, thereby
promoting nanoparticle agglomeration. The change in zeta potential
was consistent with the trend observed in the absorption spectra, con-
firming the correlation between the CTAB concentration and nano-
particle stability and further validating the important role of CTAB in
maintaining the dispersion and stability of gold nanoparticles.

The regulatory mechanism revealed in this study holds potential for
expanding the practical application scope of gold nanoparticles. For
instance, while the as-synthesized nanorods are not directly suitable for
in vivo applications, they can serve as excellent precursors for drug
delivery systems after appropriate surface modification. The ability to
precisely control the final morphology by regulating centrifugation steps
could allow for the optimization of drug carrier characteristics. Once
rendered biocompatible, gold nanorods are known to offer potentially
higher drug loading capacities and better tissue penetration compared to
their spherical counterparts, making them highly attractive for thera-
peutic applications. In addition, the regulatory mechanism of the CTAB
concentration is helpful in developing a controlled release system, such
as triggering CTAB detachment under a specific biological environment
and inducing drug release. In terms of biosensing, the reshaping phe-
nomenon induced by centrifugation can be utilized to regulate the op-
tical properties of gold nanoparticles and to develop more sensitive
surface-enhanced Raman scattering (SERS) sensors. In particular, gold
nanorods formed during centrifugation can be used to prepare SERS
substrates, remarkably enhancing the signal intensity and effectively
enabling biomolecule and pathogen detections.

3.3. Transmission electron microscopy (TEM)

Fig. 7 displays the TEM image of sample CO11 after the first, second,
and third centrifugation. After the first centrifugation, the TEM results
were consistent with the absorption spectra and zeta potential mea-
surements; additionally, no agglomeration phenomenon was observed,
and most gold nanoparticles had a particle size of 20-50 nm, as shown in
Fig. 7 (a). This morphological evolution was quantified by analyzing the
representative TEM images. As shown in Fig. 7(a), after the first
centrifugation, the nanoparticles remained entirely spherical, with the
nanorod population being 0 %. The onset of the transformation was
observed after the second cycle (Fig. 7(b)), with a nascent nanorod
population of approximately 1.5 %. Following the third centrifugation
(Fig. 7(c)), the population of nanorods significantly increased to
approximately 9 %.

This quantitative trend provides strong evidence for a threshold-
dependent reshaping process. The transformation is initiated only
after the second centrifugation, which is in excellent agreement with the
sharp drop in zeta potential from + 46 mV to + 21 mV (Fig. 6) and the
emergence of the longitudinal SPR peak in the UV-vis spectrum
(Fig. 2a). This confirms that the morphological change is triggered once
the CTAB depletion drives the system across a critical instability
threshold.

A possible mechanism for the formation of nanorods and the evo-
lution of spherical nanoparticles is illustrated in Fig. 8. This
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(a)

50 nm

Fig. 7. TEM image of sample CO11 after the (a) first, (b) second, and (c) third
centrifugation. Based on analysis of these images, the nanorod population
constitutes approximately 0%, 1.5%, and 9% of the total nanoparticles for each
stage, respectively.

mechanically-driven reshaping occurs at a constant ambient tempera-
ture, with the process being triggered solely by the depletion of the
CTARB stabilizer. Once destabilized, the nanoparticles initiate a directed
attachment process. We hypothesize this occurs in several stages. First,
the weakened electrostatic repulsion allows nanoparticles to overcome
the energy barrier and collide. The attachment is non-random and likely
guided by facet-selective interactions. This specificity is possibly due to
residual CTAB molecules preferentially binding to certain
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crystallographic facets while leaving others with higher surface energy
[33-35]. This directs the nanoparticles to align and attach along these
specific high-energy interfaces.

Following attachment, the particles undergo crystallographic fusion
and coalescence to eliminate the grain boundary and reduce the overall
energy. This fusion and subsequent smoothing into a uniform rod
structure is likely facilitated by a dissolution-recrystallization process.
In this process, smaller, dissolving spherical particles provide the source
of gold atoms. The continuous, one-dimensional repetition of this
directed attachment and fusion sequence ultimately leads to the aniso-
tropic growth of nanorods.

The SPR of gold nanorods oscillated in two directions: the short axis
and long axis. Therefore, distinct resonance peaks corresponding to
these axes can be observed in the visible and near-infrared regions [36].
As shown in Fig. 2, after sample C011 underwent a second centrifuga-
tion, its absorption spectrum began to exhibit an upward trend near 720
nm, compared to that after the first centrifugation. Fig. 7(b) also reveals
that few nanorods were formed at this stage. Furthermore, after the third
centrifugation, distinct absorption peaks appeared near both 536 and
720 nm. The TEM results provide compelling evidence that the forma-
tion of nanorods is responsible for the new absorption peak. As shown in
Fig. 7(c), the population of nanorods is substantially higher after the
third centrifugation than after the second. This clear increase in aniso-
tropic particles provides compelling evidence that the pronounced
absorbance peak at 720 nm is unequivocally attributed to the longitu-
dinal surface plasmon resonance of the newly formed gold nanorods.
The peak at 536 nm corresponds to their transverse resonance, as well as
the resonance of any remaining spherical nanoparticles.

4. Conclusions

In conclusion, this study fundamentally challenges the conventional
perception of centrifugation as a simple purification tool. We have
successfully demonstrated that it can be repurposed as a strategic, active
trigger for the post-synthesis morphological control of gold nano-
particles. By systematically depleting the surface-bound CTAB stabilizer,
repeated centrifugation drives a predictable and controllable sphere-to-
rod transformation. This mechanism was rigorously validated through a
multi-faceted analysis, where the dramatic decrease in zeta potential,
the emergence of a cycle-dependent longitudinal SPR peak, and direct
TEM visualization of nanorod formation provided a cohesive and
compelling body of evidence.

This work is significant in establishing a “centrifugation-regulated
reshaping” methodology—a physically-driven, orthogonal control
handle that complements existing chemical and optical synthesis routes
for tuning nanoparticle anisotropy. Beyond deepening the fundamental
understanding of the interplay between mechanical forces, surface
chemistry, and nanoparticle evolution, this discovery provides a facile
and novel approach for the rational design of anisotropic nano-
structures. These structures are promising candidates for applications
such as SERS, and after necessary surface modification to remove
cytotoxic CTAB, for photothermal therapy and targeted drug delivery.

Building on this principle, future research can focus on several
exciting directions. First and foremost, to further elucidate the atomic-
scale details of the growth mechanism, advanced characterization
techniques like high-resolution transmission electron microscopy
(HRTEM) should be employed to directly visualize the lattice fusion
during the directed attachment process. In addition, the effects of
different surfactants on particle stability could be explored to identify
stabilizers with greater biocompatibility that can either inhibit or con-
trollably facilitate this reshaping [37,38]. The development of more
accurate centrifugation technologies, such as gradient or continuous
centrifugation, would also enable more precise control over the final
nanoparticle size and morphology. With such advancements, the
anisotropic nanorods produced via this method would be prime candi-
dates for applications in biological imaging and treatment, leveraging
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Fig. 8. Schematic of the formation of gold nanorods.

their unique photothermal effects and providing new opportunities for
surface modification technologies. These research directions, grounded
in the mechanism revealed herein, are crucial for advancing the appli-
cation of nanotechnology in both biomedicine and environmental
science.
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