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Abstract
The surface potential of nanoparticles plays a key role in numerous applications, such as drug
delivery and cellular uptake. The estimation of the surface potential of nanoparticles as drug
carriers or contrast agents is important for the design of nanoparticle-based biomedical platforms.
Herein, we report the direct measurement of the surface potential of individual gold nanorods
(GNRs) via Kelvin probe force microscopy (KPFM) at the nanoscale. GNRs were capped by a
surfactant, cetyltrimethylammonium bromide (CTAB), which was removed by centrifugation.
CTAB removal is essential for GNR-based biomedical applications because of the cytotoxicity
of CTAB. Applying KPFM analysis, we found that the mean surface potential of the GNRs
became more negative as the CTAB was removed from the GNR. The results indicate that the
negative charge of GNRs is covered by the electrostatic charge of the CTAB molecules. Similar
trends were observed in experiments with gold nanospheres (GNS) capped by citrates. Overall,
KPFM-based techniques characterize the surfactant of individual nanoparticles (i.e. GNR or
GNS) with high resolution by mapping the surface potential of a single nanoparticle, which aids
in designing engineered nanoparticles for biomedical applications.

Keywords: gold nanorod, gold nanosphere, capping agent, surface potential, Kelvin probe force
microscopy

(Some figures may appear in colour only in the online journal)

Introduction

Functionalized gold nanoparticles (GNPs) have been widely
utilized in a variety of biomedical applications including
target delivery, biodetection, bioimaging, and antisense
technology [1, 2]. Before functionalizing the GNPs, their
stability is maintained by capping agents (i.e. surfactants),
such as cetyltrimethylammonium bromide (CTAB) and

citrate. Functionalization of the GNPs can be achieved by
replacing the surfactants with biomolecules, such as nucleic
acids, enzymes, receptors, antibodies, and antigens, which
provide steric and/or electrostatic stability to the GNPs [3, 4].
This process must be conducted carefully, as the drastic
removal of the GNPs surfactant before functionalization of
the biomolecules tends to reduce electrostatic stability and
induce aggregation of the GNPs. Hence, the gradual removal
of the surfactant is critical in the biomolecular functionali-
zation of GNPs [5]. Conventionally, many researchers have
employed a zeta potential analyzer to measure the
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effectiveness of GNP surfactant removal. However, it is dif-
ficult for the zeta potential analysis to monitor the individual
nanoelectrical properties of single GNPs during the surfactant
removal process.

Recently, Kelvin probe force microscopy (KPFM) has
been employed in the field of material science as a technique
to provide worthwhile insights into the electronic properties
of the sample surface, including the work function, con-
ductivity, and surface dipoles [6–11]. Moreover, KPFM is a
scanning probe microscopy (SPM) application technology,
providing a quantitative differential measurement of the sur-
face potential at the mV-scale with sufficient sensitivity for
the detection of biomolecules and toxic materials [12–18].
KPFM is a highly effective technique for direct measurement
of the contact potential differences between the conducting tip
and the conducting surface [19]. It generally operates in two
different modes (i.e. the lift mode and dual-frequency mode).
Both modes have their advantages and disadvantages, while
the lift mode is more suitable for the sensing of nanomaterials
due to its relatively high signal-to-noise (S/N) ratio. In
particular, a lift-mode KPFM has a dual-pass mechanism,
where the topographic mapping is run on the first pass, and
electrostatic surface potential mapping is run on the second
pass, which follows the trajectory of the first mapping. In the
second pass, the potential of the conducting tip applied for
neutralization is used as signal output. Thus, KPFM provides
the surface potential of samples independently from the
topography of the sample. A lift-mode KPFM (i.e. the SPM
technology with high S/N ratio) hence enables individual
sensing of nanomaterials.

Herein, we report the direct measurement of the surfac-
tant removal of the individual gold nanorods (GNRs) and
gold nanospheres (GNSs) by using lift-mode KPFM
(figure 1). We removed toxic capping agents (CTAB) by
repeated centrifugation of the GNR solution. In the CTAB

removal process, we monitored the surface potential change
of individual GNRs using KPFM. Further experiments with
GNS were performed for another surfactant removal process
(i.e. citrate) to observe the surface potential change of indi-
vidual GNS using KPFM. In summary, the results indicate
that KPFM-based techniques can provide more detailed
information about the surfactant removal process compared to
that provided by the zeta potential analysis. Our approach
contributes to the investigation of the toxicity of metal NPs,
depending on the amount of surfactants, and to the design of
chemically modified NPs for biomedical applications.

Materials and methods

Synthesis of GNR

GNRs were synthesized by the seed-mediated method, [20]
which uses CTAB as a surfactant at the surface of the GNRs.
There was an excess of CTAB molecules at the surface of the
GNRs. In brief, to prepare the gold-seed solution, 250 μl
HAuCl4·3H2O (10 mM) solution was added to 7.5 ml of
hexadecyltrimethylammonium bromide (CTAB) (93 mM)
solution, and subsequently, 600 μl ice-cold sodium borohy-
dride (10 mM) was added to the mixture by vigorous stirring.
The mixture was allowed to react for 2 min, after which it was
stored at room temperature (20 °C–25 °C) for 4 h. Then, a
growth solution was prepared as follows. The CTAB solution
was prepared under vigorous stirring, and 80 μl silver nitrate
(10 mM) solution, 50 μl HAuCl4·3H2O (10 mM) solution, 55
μl ascorbic acid (100 mM) solution, and 12 μl gold-seed
solution were successively added to the prepared CTAB
solution and stirred for 30 s. The product solution was then
stored at room temperature for 24 h.

Figure 1. Schematic illustration of experimental process. Kelvin probe force microscopic (KPFM) analyses were conducted to measure
surface potential of single gold nanorods (GNRs) in nanoscale range.
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Synthesis of GNS

All glassware was soaked in aqua regia (i.e. a mixture of nitric
acid (HNO3) and hydrochloric acid (HCl) at a ratio of 4:1)
and rinsed with deionized (DI) water followed by Millipore
water before use. AuNPs were synthesized by the citrate
reduction method. [21, 22]. To prepare AuNPs with a 20 nm
diameter, HAuCl4 solution (1 mM, 100 ml) was heated at
reflux while stirring. When the solution started to reflux,
sodium citrate (38.8 mM, 10 ml) was added quickly. The
solution was allowed to reflux for 30 min and then cooled
naturally to room temperature (20 °C–25 °C) under stirring.

Centrifugation of GNRs

The GNRs were separated from excess CTAB and then
purified from the by-products by centrifugation. For this
purpose, GNR (1 ml) sample was placed in a 2 ml centrifuge
tube and kept at 20 °C during centrifugation at 5000 rpm for
30 min to prevent crystallization of the CTAB. The super-
natant was carefully removed with a pipette, leaving a volume
of ∼50 μl along with the precipitate. The precipitates were
resuspended by the addition of DI water (0.95 ml), resulting
in a final volume of 1 ml.

Characterization of GNR

The morphological characterization of GNRs was carried out
by transmission electron microscopy (TEM) using a JEM-
1011 (JEOL, Japan) instrument. To characterize the optical
properties, the UV–vis absorption spectra (400–1000 nm
wavelength) of the GNRs were recorded by a spectro-
photometer (PerkinElmer, USA) depending on the number of
centrifuge cycles (0–4). Each spectrum was acquired with a
scan rate of 600 nm s−1. The zeta potential of the GNRs was
measured using a particle analyzer (ELSZ-1000, Otsuka
Electronics, Japan).

Tapping-mode AFM and KPFM analysis

To prepare samples for tapping-mode AFM and KPFM ana-
lysis, the GNR solution (100 μl), subjected to different
numbers of centrifugation cycles (0–4), was dropped onto the

freshly cleaved surface of a p-type silicon substrate (Silicon
Technology, Tokyo, Japan), and the GNR samples were
adsorbed onto the substrate for 1 h. The substrate was then
rinsed with deionized water and gently blow-dried with
nitrogen to prevent the aggregation of GNRs before AFM
imaging or surface potential measurements. The topography
and surface potential measurements of all GNR cases were
performed using a commercial AFM instrument (Multimode
V, Veeco, CA, USA) at room temperature. A conducting
cantilever tip (SCM-PIT, Bruker, CA, USA) exhibiting a
resonance of ∼75 kHz was mounted on a tip holder
(MMEFCH, Veeco, USA) that enabled the control of the tip
voltage. All KPFM images were produced with an image size
of 10×10 μm2 at a scanning rate of 0.5 Hz using lift-mode
KPFM, which is appropriate for measuring small potential
variations (<100 mV) [23]. The lift-mode KPFM technique
was employed because its properties are superior to those of
the dual frequency-mode technique, resulting in precise
imaging, higher resolution, and the prevention of sample
damage and tip abrasion [14, 24]. We optimized the lift scan
height (10 nm) and scan speed (5 μm s−1) of the KPFM
imaging based on our previous studies [14, 15], which
demonstrated the functionality of nanoparticles/KPFM sys-
tem and optimized the surface potential mapping conditions
of nanoparticles using KPFM. Notably, tapping-mode AFM
images were obtained simultaneously with surface potential
mapping.

Principle of KPFM

KPFM measures the contact potential difference (VCPD)
between the conductive cantilever tip and the sample surface,
which is defined as [25]:

f f
=

-

-
V

e
, 1CPD

tip sample ( )

where ftip and fsample are the work functions of the tip and the
sample, respectively, and e is the electronic charge. KPFM
obtains VCPD by utilizing the electrostatic force (Fes) between

Figure 2. Characterization of GNR depending on number of centrifuge cycles. (a) Transmission electron microscope (TEM) image of GNRs.
Scale bar represents 20 nm. (b) Absorbance spectra and (c) zeta potentials of GNRs according to number of centrifugation cycles.
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the tip and the sample, which is given by [26]:

= - DF V
dC

dz

1

2
, 2es

2 ( )

where C is the capacitance, z is the distance between the AFM
tip vertex and the sample surface, and ΔV is a voltage applied
between the tip and the sample, given by:

wD = - +V V V tV sin , 3DC CPD AC( ) ( )

where VDC is the DC bias term of the applied voltage, and
VAC sin ωt is the AC voltage term at the resonant frequency ω.
In addition, substituting equation (3) for (2) yields a formula
for Fes with the CPD term:
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Applying the Kelvin probe method to equation (4), VCPD

is measured by applying VDC to negate the ω component
signal, such that Fes is zero. Consequently, the surface
potential of the sample surface is mapped by adjusting the
VDC component.

Results and discussion

To demonstrate the utility of KPFM for the measurement of
the surface potential of nanoparticles, GNRs were chosen as
sample nanoparticles. Excess CTAB molecules (i.e. the sur-
factant on the surface of the GNRs) must be removed for
biomedical applications, because they exhibit cytotoxicity and
interfere with cellular functions due to their strong electro-
static potential [27, 28]. In the past, these CTAB molecules
have been removed or reduced using centrifugation, however,
to our knowledge, there have been no reports investigating the
nanoscale-surface potential of nanoparticles by varying the
concentration of the surfactant molecules at the nanoparticle
surface by centrifugation.

Figure 3. Height, surface potential map images, and corresponding cross-sectional profiles of GNRs according to number of centrifugation
cycles.
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Before the measurements of the GNR surface potential
were recorded, the size and morphology of the GNRs were
confirmed by TEM imaging (figure 2(a)), which showed that
their aspect ratio (longitudinal length/transverse length) was
3.6 (36.0±3.3 nm longitudinal length and 10.0±1.1 nm
transverse length). Without any centrifugation, the absorbance
peaks of GNRs at 803 nm and 514 nm (UV-1800, Shimadzu,
Japan) were observed, corresponding to the oscillations of
electrons along the longitudinal and transverse axes of the
GNR, respectively (figure 2(b)). Correlations between the
aspect ratio and positions of the absorbance peaks were
consistent with previously published research [29]. With the
increasing number of cycles of centrifugation (from 0 to 3),
the peak at 803 nm, corresponding to the longitudinal length
of the GNRs, decreased slightly. Moreover, after four cen-
trifugation cycles, the peak at 514 nm, corresponding to the
transverse length of the GNRs, changed to shoulder-like
shapes, and the peak at 803 nm disappeared. These results
suggest that the GNRs aggregated because of the elimination
of CTAB molecules, which acted as surfactants at the surface
of the GNRs. In general, two forces stabilize nanoparticles:
electrostatic and steric forces [30]. In the case of the GNRs,
CTAB molecules, which have a strong electrostatic potential,
provided electrostatic stabilization. The electrostatic interac-
tion formed an electrical double layer around the GNRs with
electrostatic repulsive forces. These repulsive forces can both
stabilize and disperse GNRs in aqueous phase. With our
experimental conditions, CTAB molecules were removed
from the surface of the GNRs during the fourth centrifugation
cycle. Accordingly, the electrostatic repulsion was eliminated,
and the GNRs aggregated as a consequence.

The zeta potentials of the GNRs were likewise analyzed
after each centrifugation cycle, because we hypothesized that
the surface potentials of the GNRs could be inferred from

measurements of the zeta potentials (figure 2(c)). The zeta
potentials were 26.8±12.4, 8.2±3.8, 5.1±2.4, and
5.4±2.5 mV before centrifugation and after the first, second,
and third centrifugation cycles, respectively. Results show
that the CTAB molecules were gradually removed. Finally,
the zeta potential was not measured after the fourth cen-
trifugation cycle, which implied that the GNRs aggregated
(figure 2(c)). This is because CTAB molecules were removed
from the surface of GNRs, and the electrostatic repulsive
force between the CTAB molecules became weaker than the
van der Waals force [31]. The zeta potential can be defined as
the potential difference between the dispersion medium and
the stationary fluid layer attached to the dispersed particles
[32]. Therefore, it is not equal to the surface potential, which
is defined at different locations. Moreover, since only the
ensemble average of the zeta potential of the GNRs is ana-
lyzed by the zeta analyzer, it is impossible to measure the
individual GNR via zeta potential analysis [33]. Therefore,
the change in surface potential of individual GNRs depending
on the surfactant removal process remains unclear.

To investigate the surface potential of individual GNRs,
we performed surface-potential mapping of the GNRs after
each centrifugation cycle (0–4 centrifugation cycles). Figure 3
depicts the representative three-dimensional (3D) topography
and surface-potential mapping of the GNRs obtained by
KPFM after a different number of centrifugation cycles. All
results were acquired at the optimal scan speed of 10 μm s−1

under ambient conditions. From the 3D topography mapping
of the GNRs, we observed that the heights of the GNRs were
almost identical, 15.00±0.36 nm. However, the surface
potential measurements of the GNRs revealed a consistent
trend of surface potential distribution with respect to the
number of centrifugation cycles, from 0 to 4. Specifically, the
surface potential of the GNRs decreased from −264.56 to
−601.61 mV as the number of centrifugation cycles increased
(from 0 to 4), uncovering the negatively charged GNRs by
removing the positively charged CTAB.

To precisely detect the surface potential of the GNRs, we
further conducted quantitative and statistical analyses of the
GNRs by constructing a box plot of the surface potential
distribution on the GNRs according to the number of
centrifugation cycles. The results show that from 20 to 100
individual complexes were captured in a single image for each
condition (figure 4). The mean value for each condition was
extracted from the analysis. Before any centrifugation
cycles, the surface potential of GNR was −262.06 mV; after
one centrifugation cycle, it was −292.92 mV, after two
centrifugation cycles, it was −344.10 mV, after three cycles, it
was −442.91 mV, and after four cycles, it was −585.79 mV.
More specifically, as the number of centrifugation cycles
increase, the charge of the GNRs decreases linearly, which
represents that all of the CTAB molecules covering the surface
of the GNR are not simultaneously removed. The results in
figure 4 show that at least three centrifugation cycles are
required to remove all CTAB molecules present on the
surface of the GNR. In addition, at four cycles, the surface
charge distribution of GNRs increases dramatically as a result

Figure 4. Box plot of surface potential distribution of GNRs with
respect to number of centrifugation cycles (0–4).
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of the agglomeration of GNRs, which occurs due to the
removal of all surfactant CTAB.

To investigate another type of NPs, we analyzed the surface
potential of the GNS during the surfactant (citrate) removal
process. Figure 5(a) shows the topographic measurements
corresponding to the number of centrifugation cycles #0, #1,
and #2 (16.5±0.6, 16.3±0.7, and 16.6±0.5 nm, respec-
tively). The results indicate that the average height of the GNS
was not affected by 0–2 centrifugation cycles. In contrast, as
shown in figure 5(b), the surface potential of each GNS
(−133.8±20.5 mV) was changed to −95.2±12.6 mV after
the first centrifugation cycle, suggesting that the capping agent
(citrate) was detached from the GNS surface by centrifugation.
These results were attributed to the fact that citrate (a trivalent
anion) is more negative than is the bare surface of GNS [34, 35].
After two cycles of centrifugation, the surface potential of GNS
was −100.9±11.5 mV, similar to the surface potential after
one cycles of centrifugation. The results indicated that citrate
was mostly detached from the surface of GNPs, which impli-
cated the low affinity between citrate and GNS [35, 36]. Overall,
KPFM was capable of analyzing the nanoelectrical properties of
GNSs and GNRs with respect to the removal of surfactants.

Conclusion

Nanoscale surface potentials of single gold nanoparticles were
analyzed by a KPFM analytical method for up to four cumu-
lative centrifugation cycles. The amount of the small molecule
CTAB, acting as a surfactant on the GNR, was reduced by
centrifugation, and the zeta potentials became indistinguishable
with an increasing number of centrifugation cycles. In contrast,
the surface potentials were successfully discriminated, even after
four centrifugation cycles, which is the condition where GNRs
aggregation was initiated. Moreover, we also observed that
citrate removal process from GNS depended on the number of
centrifugation cycles, and this phenomenon was observed
through measurement of surface potential using the KPFM

analytical method. The surface potentials of GNS were different
after only first centrifugation cycle due to the relatively low
affinity between GNS and citrate. This study showed that
KPFM-based techniques have the capability of characterizing
the surfactant of individual nanoparticles with high-resolution by
mapping the surface potential of single nanoparticles. This not
only demonstrates a potential for the detection of small mole-
cules, such as nucleic acids, ions, and drugs, but can also aid in
designing engineered nanoparticles for biomedical applications.
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