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Abstract

Alkanedithiols were used for the conjugation of gold nanoparticles (AuNP) prepared by a solution plasma process. Capil-
lary zone electrophoresis was utilized for the monitoring of the conjugated AuNP. When 1,6-hexanedithiol (HDT) was used
as a linker, a resolved peak from the AuNP was detected in the electropherogram; the resolved peak was attributed to the
conjugated AuNP. The resolved peak was developed with increasing concentrations of HDT, while the peak of the AuNP
decreased complementary. The resolved peak also tended to develop along with the standing time at least up to 7 weeks.
The electrophoretic mobility of the conjugated AuNP was almost identical over the HDT concentrations examined, suggest-
ing that the conjugation of the AuNP did not proceed further, such as aggregate/agglomerate formation. The conjugation
monitoring was also examined with some dithiols and monothiols. Resolved peak of the conjugated AuNP was also detected

with 1,2-ethanedithiol and 2-aminoethanethiol.
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Introduction

Gold nanoparticles (AuNP) are promising substance for
the labeling and the detection of biogenic substances [1,
2]. When AuNP are used as a sensing material for target
substances, it is essential for the AuNP to be dispersed in an
aqueous solution, and various stabilizers have been devel-
oped [3]. Therefore, AuNP are also the analysis target on
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physicochemical characterizations. In addition to traditional
particle analyses, such as electron microscopy and dynamic
light scattering, capillary zone electrophoresis (CZE) is also
a useful analysis method for the dispersion monitoring of
AuNP in an aqueous solution [4—6]. A broad peak has gener-
ally been detected with dispersed AuNP reflecting the wide
variety of its size, shape, and charge; dispersion stability of
AuNP in an aqueous solution have been evaluated through
the broad peak [7-9]. Size resolutions of AuNP were also
accomplished by CZE [10-13]. Since the number of charge
of nanoparticles is proportional to the surface area of the
nanoparticle, the electrophoretic mobility is theoretically
proportional to the radius of the nanoparticle [13]. Mor-
phology resolution and aspect ratio resolution were reported
by CZE [14] and capillary transient isotachophoresis [15],
respectively. The present authors also utilized CZE for the
dispersion stability of AuNP prepared by a solution plasma
(SP) process [16]. It was found that the AuNP stably dis-
persed in an aqueous solution for at least 55 weeks with-
out any stabilizer [16]. Since the AuNP prepared by the SP
process is stabilizer free [17-19], the AuNP is utilized as a
surface-enhanced Raman scattering platform [18, 19].
Surface modification of AuNP has actively been investi-
gated with thiols [20, 21] and biomolecules [22, 23]. AuNP
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were sometimes conjugated or dimerized with modifiers of
cetyltrimethylammonium bromide [24], amphiphilic poly-
mer brushes [25], and biotin—avidin interactions [26]. When
bifunctional substances such as dithiols are used for the
modification of nanoparticle surface, the nanoparticles are
sometimes conjugated. Silver nanoparticles were surrounded
by much smaller AuNP with alkanedithiol linker forming
heterogeneous core—satellite nanoassemblies [27]. Quan-
tum dots of CdSe were linked with alkanedithiol forming
hetero-assemblies [28]. Au nanorod — Au nanoparticle dimer
structure was grown from the Au nanorod with the help of
4-mercaptophenol as a thiol ligand [29]. AuNP were also
self-aggregated on silicon wafer surface by cross-linking
with 1,6-hexanedithiol [30].

In this study, CZE was used for the monitoring of surface
modification and/or conjugation of AuNP with alkanedithi-
ols. By using CZE, the conjugated AuNP was electropho-
retically resolved from the AuNP. The degree of the AuNP
conjugation was considered from the changes in the electro-
phoretic mobility of the conjugated AuNP.

Experimental
Apparatus

An Agilent Technologies (Waldbronn, Germany) *°CE
equipped with a photodiode array detector was used as a
CZE system. A fused silica capillary purchased from GL
Sciences (Tokyo, Japan) was cut in an adequate length
and it was packed in a cassette cartridge; the cartridge was
installed in the CZE system. Dimensions of the separation
capillary were 75 pm i.d., 375 pm o.d., 48.5 cm in total
length, and 40 cm in effective length from the injection end
to the detection point. A ChemStation software (Agilent
Technologies, Ver. B04.02) was used for the control of the
CE system, the data acquisition, and the data analysis. A
Horiba (Kyoto, Japan) F-71 s pH meter was used for adjust-
ing the pH of the separation buffers. A Transmission Elec-
tron Microscope (TEM) JEM-2100F (JEOL, Tokyo, Japan)
was used for taking TEM images of the AuNP. The applied
voltage of the electron gun was 200 kV, and the image reso-
lution was 0.23 nm as the particle size.

Reagents

A separation buffer component of 2-[4-(2-hydroxyethyl)-
1-piperazinyl]ethanesulfonic acid (HEPES) was purchased
from Dojindo Laboratories (Kumamoto, Japan). Dithiol
substances of 1,6-hexanedithiol (HDT) and 1,10-decan-
edithiol (DDT) were from FUJIFILM Wako Pure Chemical
(Osaka, Japan). 2-Aminoethanethiol (AET), 2-mercaptoeth-
anesulfonic acid sodium salt (MES), and 1-octadecanethiol
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(ODT) were from Tokyo Chemical Industry (Tokyo, Japan).
1,2-Ethanedithiol (EDT) was from Nacalai Tesque (Kyoto,
Japan). Other reagents were of analytical grade. Water used
was purified by a Milli-Q Gradient A10 (Merck Millipore,
Billerica, MA, USA).

An AuNP solution was prepared by an SP process as
previously reported [16—19]. Namely, two Au electrodes
were set with the angle of 30 degrees to the perpendicular
direction into the SP reaction cell of a 50 mL Pyrex beaker,
and the gap between the electrodes were kept at 0.5 mm.
An aqueous solution of 5.0% (w/w) H,0O, was poured into
the reaction cell. A high voltage bipolar pulsed power sup-
ply (MPS-06 K-01C, KURITA Seisakusho, Kyoto, Japan)
was used as a power source. The applied bipolar voltage,
the pulse width, and the frequency were 2.0 kV, 2.5 psec,
and 20 kHz, respectively. The energization period was set
at 5 min. After preparing the AuNP solution, the AuNP
solution was concentrated about fivefold by evaporating
the solvent water by vacuum at ambient temperature. The
AuNP thus prepared was conjugated with each thiol/dithiol
substance as follows. An aliquot volume of 10 pL ethanol
solution containing a thiol/dithiol was added to a 240 pL
portion of the AuNP solution. The solution of the conjugated
AuNP was stood for hours at ambient temperature, and the
solution was subjected to the CZE analysis.

Procedure for the CZE measurements

A separation buffer was prepared with 10 mmol L~' HEPES
with its pH adjusted at 7.3 with NaOH. After the separation
capillary being filled with the separation buffer, a conju-
gated AuNP solution was injected into the capillary from
the anodic end by applying pressure of 50 mbar for 3 s. Both
ends of the capillary were dipped in each buffer vial, and
a DC voltage of 20 kV was applied to the capillary for the
electrophoresis. The AuNP and the conjugated AuNP were
photometrically detected at 250 nm. During CZE, the capil-
lary cartridge was thermostat at 25 °C by circulating con-
stant temperature air. Effective electrophoretic mobility (u.q)
of the AuNP and the conjugated AuNP was calculated as in
a usual manner using the migration times of the substance
and the electroosmotic flow. The electroosmotic flow was
monitored with ethanol added in the sample solution on the
preparation of conjugated AuNP.

Results and discussion
Conjugation of AuNPs with 1,6-hexanedithiol
The AuNP prepared by the SP process is expected to be

surface active [18, 19], and its reaction with the thiol/dithiol
substances was aimed. Monothiol substances would simply
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coat the surface of the AuNP, and therefore, the reaction
with dithiols were examined in this study to link or con-
jugate the AuNP. First, HDT was chosen from the view-
point of moderate carbon-chain length between two thiol
moieties. The AuNP solutions after the addition of HDT
were subjected to the CZE analysis. The results are shown
in Fig. 1. As shown in Fig. la, a broad peak was detected
with as-prepared AuNP. The AuNP itself is anionic, and it
migrated slower than the electroosmotic flow (EOF) as in
our previous study [16]. The broad peak suggests that the
AuNP consists of wide variety of size and charge [7-9, 16].
Less shot signals in the electropherogram also suggest that
the AuNP is well-dispersed in an aqueous solution [7-9, 16].

When HDT was added to the AuNP solution, another
resolved peak from the AuNP was detected in the electro-
pherograms as in Fig. 1c—g. Because HDT possesses two
thiol moieties, plural AuNP would be linked or conjugated
with HDT. The migration time of the resolved peak, conju-
gated AuNP, is shorter than that of as-prepared AuNP, and
effective electrophoretic mobility of the conjugated AuNP is
smaller than that of as-prepared AuNP. The electrophoretic
mobility is proportional to the radius of nanoparticle [13],
and the decrease in the effective electrophoretic mobility of
the conjugated AuNP would be attributed to the decrease in
the surface charge of the AuNP. Along with the increasing
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Fig.1 Electropherograms of the AuNP after the reaction with
1,6-hexanedithiol (HDT). Peaks: 1, as-prepared AuNP; 2, conjugated
AuNP with HDT. s: solvent (EOF). Concentration of HDT in the
reaction vial: a, none; b, 1 pmol L e 2 pmol Ld3 pmol Ll e,
5 pmol L™; £, 10 pmol L™!; g, 20 pmol L™, CZE conditions: 20 kV
applied voltage, 250 nm detection wavelength, 25 °C capillary tem-
perature, and 150 mbares sample injection

concentrations of HDT, the peak of as-prepared AuNP
reduced and faded out. Corresponding to the reduction of the
as-prepared AuNP peak, the resolved peak of the conjugated
AuNP developed. The complementary relationship between
two peaks of the AuNP species suggests that the conjugation
of AuNP has been promoted with increasing concentrations
of HDT. Because nanoparticles possess wide variation in
size and shape, the reproducibility in both the migration time
and the peak area in CZE is inferior to molecular ions [7,
16]. In addition, therefore, it was unavoidable that the total
peak area attributed to the as-prepared AuNP and the conju-
gated AuNP was not steady. Less shot signals in the electro-
pherograms also suggest the conjugation of the AulNP, i.e.,
early stage of the aggregation.

The conjugation of AuNP with HDT was evaluated
through the effective electrophoretic mobility. The results
are shown in Fig. 2. As-prepared AuNP, peak 1 in Fig. 1,
showed almost identical electrophoretic mobility at around
3.5x107* cm? V! gL Similarly, the effective electro-
phoretic mobility of the resolved peak attributed to the
conjugated AuNP showed almost a certain value over the
HDT concentrations examined. The result suggests that the
charge/mass ratio of the conjugated AuNP would be similar,
and that the conjugation would not progress so much, such
as aggregation/agglomeration.

Conjugation of AuNP with HDT was confirmed by TEM
observations. Typical TEM images of AuNP are shown in
Fig. 3. Characterization of the AuNP with its size and shape
has been reported in our previous study. The average particle
size was 20 + 14 nm (mean + SD) [16], and the TEM image
is cited in Fig. 3A [16]. TEM observation was done after the
evaporation of the solvent, and aggregation/condensation of
AuNP was not avoidable. However, the single particulate
AuNP were observed with the as-prepared AuNP. On the
other hand, conjugated AuNP, such as dimer and multimer,
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Fig.2 Changes in the electrophoretic mobility of AuNP after the
reaction with HDT. O, as-prepared AuNP; @, conjugated AuNP with
HDT. CZE conditions are the same as in Fig. 1
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Fig.3 TEM images of A as-prepared AuNP (cited from Ref. 16)
and B conjugated AuNP with HDT. The grid mesh was covered with
elastic wetty film for hydrophilization. Concentration of HDT in the
AuNP solution B was 3 pmol L™'. The AuNP-HDT solution was
diluted with an equal volume of ethanol. Dimerized AuNP are indi-
cated with circles

were observed with HDT addition as shown in Fig. 3B.
Dimerized AuNP suggest that two AuNP has been linked
with bi-functional HDT. In addition, the fractions of dimer
and multimer in TEM images increased at higher concentra-
tions of HDT.

Long-term stability of the AuNP was examined with both
as-prepared AuNP and the conjugated one. Two resolved
peaks had been detected with the AuNP in the electrophero-
grams at least over 7 weeks after the addition of 3 pmol L™!
HDT with less shot signals of the aggregates. In addition,
the effective electrophoretic mobility of both as-prepared
and the conjugated AuNP slightly changed (Supplementary
Information, Fig. S1). The results suggest that the change in
charge/mass ratio of the conjugated AuNP would be little,
and the conjugation of the AuNP do not proceed further
with the standing time. Meanwhile, the fraction of the peak
area attributed to the conjugated AuNP (Peak 2) tended to
develop against as-prepared AuNP (Peak 1) along with the
storage time (Fig. 4). The result suggests that the conjuga-
tion of AuNP has further proceeded gradually. At the initial
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Fig.4 Changes in the ratio of the peak area attributed to the con-
jugated AuNP (Peak 2 in Fig. 1) vs. as-prepared AuNP (Peak
1 in Fig. 1) over the storage period. Concentration of HDT was
3 umol L™, CZE conditions are the same as in Fig. 1

stage of the HDT addition, a portion of HDT would have
modified the surface of as-prepared AuNP by reacting both
ends of HDT on an AuNP. The HDT used for the surface
modification of an AuNP may be transformed to the link-
ing of two AuNP. As a result, the fraction of the conjugated
AuNP increased with the standing time.

Conjugation of AuNPs with other dithiols

To examine the conjugation characteristics of the AuNP
with HDT, a shorter dithiol substance of 1,2-ethanedithiol
(EDT) was examined for comparison. Results are shown
in Fig. 5. When EDT was added to the AuNP solution,
conjugated AuNP was also detected as a resolved peak,
as shown in Fig. 5b—e. The peak area of the resolved peak
also developed with increasing concentrations of EDT,
while the peak area of as-prepared AuNP reduced. A peak
for the conjugated AuNP was detected over the EDT con-
centration at least up to 1 mmol L™! without shot signals
of the aggregation. Compared with the results in Fig. 1,
the peak width of the conjugated AuNP with EDT is nar-
rower. The result suggests that variation in size and charge
of the conjugated AuNP would be smaller than the AuNP
conjugated with HDT. Changes in the effective electropho-
retic mobility are shown in Fig. 6. In contrast to HDT, the
electrophoretic mobility of the conjugated AuNP reduced
with increasing concentrations of EDT. The result sug-
gests that the AuNP would further be conjugated with
EDT. While the conjugated AuNP would contain several
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Fig.5 Electropherograms of AuNP after the reaction with 1,2-ethan-
edithiol (EDT). Peaks: 1, As-prepared AuNP; 2, Conjugated AuNP
with EDT. s: solvent (EOF). Concentration of EDT in the reac-
tion vial: a, none; b, 3 pmol L %e 5 pmol L d, 10 pmol L e
20 pmol L™!. CZE conditions are the same as in Fig. 1
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Fig.6 Changes in the electrophoretic mobility of AuNP after the
reaction with EDT. O, As-prepared AuNP; @, Conjugated AuNP.
CZE conditions are the same as in Fig. 1

conjugation species, a single peak is detected with the
conjugated AuNP and resolution among the conjugated
species would be difficult.

Another dithiol substance of 1,10-decanedithiol (DDT)
was also examined as a long-chained one. Results are
shown in Fig. S2 (Supplementary Information). Any
resolved peak from the AuNP was not detected with DDT
but fronting from the as-prepared AuNP was observed.
Changes in the electrophoretic mobility from as-prepared
AuNP to the conjugated AuNP would not be sufficient to
resolve them.

Binding of AuNPs with monothiols

Monothiol substances were also examined for the compari-
son with the dithiols. Monothiol substances examined were
nonionic and hydrophobic 1-octadecanethiol (ODT), anionic
2-mercaptoethanesulfonate ion (MES), and cationic 2-ami-
noethanethiol (AET). Anionic thiols of mercaptodecanoic
acid [31] and 3-mercapto-1-propanesulfonate [32] were
used for the stabilization of AuNP in an aqueous solution
by forming self-assembled monolayer. Electropherograms
are shown in Fig. S3 (Supplementary Information), Fig. S4
(Supplementary Information) and Fig. 7, respectively. When
the AuNP was reacted with ODT, any resolved peak was not
detected (Fig. S3). It would be because ODT is monothiol
and it does not link plural AuNP. The effective electropho-
retic mobility gradually decreased along with the addition of
ODT. ODT simply covered and modified the AuNP surface,
and degree of the charge/mass ratio of the ODT-modified
AuNP would have decreased. Serious shot signals were not
detected, and the ODT-modified AuNP would not be aggre-
gated by the reaction with ODT. When MES was used as
a surface modifier, single peak was also detected with as-
prepared AuNP and/or the surface-modified AuNP (Fig. S4).
Since MES is anionic, decrease in the effective electropho-
retic mobility was smaller with the MES-modified AuNP;
changes in the charge/mass ratio would be little. The little
change in charge/mass ratio did not allow the CZE resolu-
tion between as-prepared and the surface-modified AuNP.

(b) s

Absorbance (250 nm)

(a) s

0 1 2 3 4
Migration time / min

[¢)]

Fig. 7 Electropherograms of AuNP after the reaction with 2-ami-
noethanethiol (AET). Peaks: 1, AuNP; 2 Conjugated AuNP with
AET. s: solvent (EOF). Concentration of AET in the reaction vial: a,
none; b, 1 pmol L l¢2 pmol Ld,3 pmol L~'. CZE conditions
are the same as in Fig. 1
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On the other hand, a resolved peak was detected with
the AET-modified AuNP as shown in Fig. 7. Two reasons
can be assumed with the resolved peak with AET. One is
the bi-functional character of AET; AET could linked plu-
ral AuNP. The other is the cationic character of AET; the
electrophoretic mobility of the AuNP would sufficiently be
decreased by the surface coating. Serious shot signals were
detected with the resolved peak as in Fig. 7d, and agglom-
eration of AuNP would have been promoted with AET.
Agglomeration is generally induced with the decrease
in the surface charge of AuNP, and cationic character of
AET would be applied to this resolved peak. Modifica-
tion with cationic AET would decrease the anionic charge
of the AuNP, and dispersity of the AuNP by the electro-
static repulsion would have reduced by the modification.
Changes in the charge/mass ratio, as well as the effective
electrophoretic mobility, would be sufficient to resolve
AET-modified AuNP from the as-prepared AuNP. Peak
area attributed to the AET-modified AuNP increased with
increasing concentrations of AET added in the AuNP solu-
tion, and peak area for the as-prepared AuNP decreased
complementary.

Conclusions

In this study, a resolved peak was detected with conjugated
AuNP with the alkanedithiols of HDT and EDT based on
the changes in the charge/mass ratio of the conjugates.
Degree of the conjugation is simply estimated through the
peak area between as-prepared AuNP and the conjugated
AuNP. The dispersion stability of the conjugates can also
be evaluated through the absent detection of shot signals.
It is demonstrated in this study that CZE would be a useful
and conventional characterization method for the conju-
gation monitoring of AuNP through the electrophoretic
separation and the electrophoretic mobility.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s44211-023-00299-4.
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