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Abstract We previously showed that pamoic acid (PA) could
be utilized as a reducing and capping reagent for preparing
monodispersed gold nanoparticles (AuNPs) with diameters of
10.8 nm. Here, we show that the size of these PA-capped
AuNPs can be varied in a controlled manner by changing
the pH used in the preparation process. By changing the added
amount of NaOH in the PA solution before mixing with
HAuCly, several types of AuNPs were prepared at different
pH values. The absorption spectra showed a red shift of the
characteristic peak of the AuNPs with decreasing pH, indicat-
ing the formation of larger AuNPs. The TEM results con-
firmed this relationship between AuNP size and pH, and the
zeta potentials indicated that the AuNPs capped with PA were
more stable than the AuNPs prepared by citrate reduction
method. Furthermore, the PA-capped AuNPs showed much
higher fluorescence intensities than those of citrate-capped
AuNPs, which is due to the fluorescence of PA. The sizes of
PA-capped spherical AuNPs could also be controlled by a
seed-mediated growth approach. However, the original PA-
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capped AuNPs, with diameters of 10.8 nm, exhibited the
highest fluorescence intensities among the various types of
PA-capped AuNPs that were grown. In addition to conferring
fluorescence properties to the AuNPs, the capping by PA also
provided the nanoparticles with carboxylate groups.
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Introduction

Gold nanoparticles (AuNPs) have attracted much attention
due to their wide application in various research fields such
as drug delivery, electrocatalysis, sensors, fuel cells, organic
photovoltaics, catalysis, and glass coloring [1-8]. The broad
range of applications of AuNPs can be attributed to their
unique properties, which are tunable with their size, stabiliz-
ing or capping agents [1-3, 7-10]. Various methods have
been developed for the preparation of AuNPs. The gold
precursor is commonly reduced with reductants such as ascor-
bic acid, sodium borohydride and citrate, and the selection of
capping agents significantly affects the formation of AuNPs
[11-17]. In addition, preparation methods in which a reagent
acts simultaneously as a reducing and capping reagent have
been proposed [11-13, 18-20]. Any method for the synthesis
of AuNPs with a narrow size dispersion, i.e., good
monodispersity, would be important from a view of the prepa-
ration of nanomaterials.
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We previously reported a simple method for the preparation
of AuNPs using pamoic acid (PA; 4,4’-methylene-bis(3-hy-
droxy-2-naphthalene carboxylic acid) (structure 1) with
NaOH at room temperature [21]. Although PA is insoluble
in water, it can be dissolved in the presence of NaOH and
functions as a capping and reducing reagent to form AuNPs.
The AuNPs formed in this way have good monodispersity
with diameters of 10.8+1.2 nm and carboxylate functional
groups that originated from the PA. This is an interesting ex-
ample of stable, monodispersed, carboxylate-functionalized
AuNPs being prepared without the use of thiols. These PA-
capped AuNPs with diameters of about 10.8 nm are denoted
as original AuNPs in the rest of the manuscript.

Modifying the size of PA-capped AuNPs in a controlled
manner, however, was not explored in our earlier work [21].
Therefore, one of the aims for the present work was to control
the sizes of AuNPs during the chemical preparation with PA.
We found that the amount of NaOH, i.e., pH, affected their
average size. Changes in the size of the AuNPs were deter-
mined from UV-Vis absorption spectra and TEM images. In
addition, as a fine tuning method of the size, a seed-mediated
growth treatment from AuNPs of 10.8 nm was examined.

Another aim of the currently reported work was to show the
fluorescence properties of PA-capped AuNPs, which had not
been described in our previous work [21]. Since PA is a fluo-
rescent molecule [22], capping with PA is expected to provide
significant fluorescence properties to AuNPs in addition to
providing the carboxylate functional groups. Fluorescent
AuNPs could be utilized in sensors for the purpose of heavy
metal detection, controlling the growth of pathogens, imaging,
etc. [23-28]. Some methods have already been developed to
prepare fluorescent AuNPs, such as reduction of gold precur-
sor with NaBH, in the presence of 11-mercaptoundecanoic
acid in toxic organic solvent, reduction of gold precursor with
biomolecules like bovine serum albumin (BSA) and etching
pre-synthesized AuNPs with hyperbranched and multivalent
polymers [23, 29, 30]. However, the simple preparation with
PA as a capping agent and reducing agent should be an effec-
tive approach for preparing fluorescent AuNPs having good
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monodispersity. To verify this hypothesis, in the present work,
the fluorescence properties of PA-capped AuNPs were studied
together with those of the AuNPs grown at different values of
pH or using the seed-mediated growth approach.

Experimental
Materials

Hydrogen tetrachloroaurate trihydrate (HAuCl,-3H,0),
pamoic acid (PA), sodium hydroxide, and sodium citrate
(Nas-citrate) dihydrate were supplied by Sigma-Aldrich
(http://www.sigmaaldrich.com/united-states.html). All
solutions were prepared with ultrapure water obtained from
a water purification system (Barnstead™ Nanopure™,
Themoscientific, 7148, USA (www.thermo.com/purewater).

Synthesis of AuNP by controlling the alkali

The original PA-capped AuNPs were synthesized according to
our earlier report [21]. Briefly, a clear solution of 2 mM disodium
salt of PA (Na,-PA) was prepared by sonication of 7.9 mg of PA
and 40 pl of 1.0 M NaOH (aq.) in 10 ml water. Next, excess
100 pl of 1.0 M NaOH was added to the clear solution and
subsequently sonicated for 1 min. Afterward, 10 ml of
1.34 mM HAuCl, (aq.) was added to the above solution under
sonication, and the sonication was continued for 15 min. Simi-
larly, the different sizes of PA-capped AuNPs were obtained by
simply varying the excess volume of 1.0 M NaOH in this study.

Controlling the size of the AuNP by seed mediated growth
approach

Here, the original PA-capped AuNPs were used as seeds. Five
milliliters or 2.5 ml of the AuNP seed solution were added to a
mixture of 10 ml of 1.34 mM HAuCly (aq.) and 10 ml of 2 mM
Na,-PA (aq.) under stirring conditions (200 rpm), and stirring
was continued for 24 h to complete the growth of the AuNPs.

Synthesis of AuNP using the classical citrate method

The citrate-capped AuNPs were synthesized with little modi-
fication of the previously reported procedure [31]. In brief,
100 ml of 1 mM HAuCl, was reduced by 10 ml of 38.8 mM
Naj citrate in refluxing conditions to obtain the Au colloids.

Characterization and instrumentation

The absorption spectra were recorded using a UV-Vis spectro-
photometer (JASCO V-670) (http://www.jascoinc.com/
spectroscopy/v-670-uv-vis-spectrophotometer). All AuNP
solutions were first diluted with ultrapure water to arrive at the
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same 0.1663 mM concentration of Au prior to recording their UV
spectra. The pH of the gold nanoparticle solutions were recorded
using a Dual Cannel pH meter, XL60, Fisher Scientific.
Transmission electron microscopic (TEM) images were obtained
using a JEM-2011 (JEOL corp.) at the Korea Basic Science
Institute, Busan Center, Korea. Field emission scanning electron
microscopy (FE-SEM) images were obtained using a field emis-
sion SEM (TESCAN LYRA 3, Czech Republic).

Fluorescence measurements were performed using spectro-
fluorometer (Fluorolog FL3-iHR, HORIBA Jobin Yvon,
France) (http://www.horiba.com/us/en/scientific/products/
fluorescence-spectroscopy/steady-state/fluorolog/fluorolog-r-
our-modular-spectrofluorometer-522/). Zeta potential was
measured using a ZEN 2600, Malvern Instruments Ltd, UK.
Before recording the fluorescence spectra and zeta potential,
the AuNP solutions were centrifuged to remove the unbound
PA and subsequently re-dispersed in ultrapure water to obtain
the same 0.1663 mM concentration of Au in each sample.

Results and discussion

The capping molecules have an influence on the properties of
AuNPs. In the classical citrate method, citrate acts as a reduc-
tant as well as a capping molecule, whereas in our developed
method, PA takes on that role. We therefore systematically
recorded the UV spectra of the aqueous solutions of the indi-
vidual reactants, i.e., 0.25 mM Nas-citrate (Fig. 1A (a)),
0.25 mM Na,-PA (Fig. 1A (b)), and 0.1663 mM HAuCl,
(Fig. 1A (c)), before starting the preparation of AuNPs. The
UV spectrum of Nas-citrate did not show any absorption in the
entire tested range of wavelengths (280—700 nm). On the other
hand, Na,-PA showed significant absorbance, with absorption
peaks at 285, 300, and 363 nm (Fig. 1A (b)), and HAuCl,
showed an absorption peak at 289 nm (Fig. 1A (c)) due to
metal-to-ligand charge transfer. This HAuCl, peak disap-
peared after reducing the gold ion with Nas-citrate (Fig. 1B
(a)), and a new absorption peak appeared at 519 nm, which is
a characteristic peak of AuNPs with diameters of about 13 nm.
The optical photograph (a) in Fig. 1B inset shows the red color

of the AuNP solution prepared by this citrate reduction
method.

To check the effect of excess volume of 1 M NaOH on the
preparation of PA-capped AuNP, initially, we prepared the
original AuNP according to our earlier report. Briefly, excess
100 pul of 1 M NaOH was added to the Na,-PA solution. Next,
the solution was mixed with 1.34 mM HAuCl, (aq.) under
sonication conditions, and sonication was continued for
15 min. During this period, the color of the solution changed
from yellow to blackish, and then deep red, which indicated
the formation of the AuNPs. Next, the reaction mass was
stored undisturbed for 60 min to allow the complete formation
of the AuNPs. The optical photograph b in Fig. 1B inset
shows the deep red final color of the AuNP solution prepared
in this way. However, the reaction rate decreased when we
decreased the excess volume of 1 M NaOH, even though the
other steps in the procedure were similar to those of our earlier
report [21]. One day was required to complete the reaction
after the 15 min of sonication when excess 40 ul NaOH was
used, whereas 2 and 3 days were, respectively, required when
excess 20- and 5-pl volumes of 1 M NaOH were used. The
cause of the slow reaction rate might be due to the pH of the
reaction mass, as the pH of the solution of synthesized AuNPs
decreased as expected when decreasing the excess volume of
NaOH (Table 1). Reddish-violet, reddish-blue and brown
were the final colors observed for the synthesized AuNPs
when using 40, 20, and 5 ul excess volumes of 1 M NaOH,
respectively (photographs ¢, d, and ¢ in the inset of Fig. 1B).
The difference in colors indicates the different shapes or sizes
of the synthesized AuNPs. Note that all the synthesized
AuNPs were stable and did not precipitate, except for the case
when excess 5 pl of 1 M NaOH was used. In this case, the
prepared AuNPs precipitated gradually. These precipitated
AuNPs nevertheless rapidly redispersed with simple manual
shaking. This trend was also found for the commercially avail-
able large AuNPs as well.

In addition, the wavelength of the characteristic AuUNP ab-
sorption peak (at >500 nm) was found to increase when de-
creasing the excess volume of 1 M NaOH (aq.) solution
(Fig. 1B). This result indicates that the size of the AuNPs

Fig. 1 A UV-Vis spectra of the T 3.5 \ T T
aqueous solution of 0.25 mM Najs 201 b 3.0
-citrate (a), 0.25 mM Na,-PA (b), ’
and 0.1675 mM HAuCl, (¢). B 3 15 1 & 25
UV-Vis spectra of the citrate- s S
capped AuNP (a), PA-capped | { 2.0
AuNP prepared by using different 8 1.0 R 8 1.5
volumes of excess | M NaOH (b— g g
e). 100 (b),40 (c), 20 (d), and 5 pl 1.0
(e) of excess | M NaOH. Inset of 0.5 A
B shows the corresponding PA 0.5
photographs 0.0 ! ! 0.0
300 400 500 600 700 300 400 500 600 700
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Table 1 The observed UV

absorption peaks and pH values Number Excess volume of 1 M NaOH (uL) Absorption peak (nm) pH

of the PA-capped AuNP solutions

prepared using different volumes b 100 517,285, 329, 8.12

of 1 M NaOH c 40 538, 335,285 5.25
d 20 542,299 4.50
e 5 562, 399, 305 3.72

increased when the excess volume of 1 M NaOH (aq.) was
decreased. The lower wavelength (<500 nm) absorption peaks
also differed for the PA-capped AuNPs produced using differ-
ent volumes of 1 M NaOH (Fig. 1B). The absorption peaks of
different PA-capped AuNPs prepared by controlling the vol-
ume of 1 M NaOH are summarized in Table 1.

Figure 2 shows TEM images of the synthesized AuNPs.
The TEM image of citrate-capped AuNPs (Fig. 2a) shows

Fig. 2 TEM images of the
AuNPs prepared in different ways a
as described in corresponding a—e
of Fig. 1B legend. The image ind
is magnified in the inset

100 nm
—

@ Springer

them to be mono-disperse with an average size of 11.37+
0.91 nm, which is smaller than that reported previously [31].
Figure 2b shows the TEM images of original PA-capped
AuNPs, which were prepared exactly according to our original
method [21]. The pH of this AuNP solution was 8.12. At this
pH, the average size of the AuNPs was observed to be 10.7+
0.8 nm, which is the same as that from our previous report
(10.8+1.2 nm) [21]. These results indicate that our developed
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method is reproducible. Figure 2c—e shows the TEM images
of PA-capped AuNPs prepared using 40, 20, and 5 pl excess
volumes of 1 M NaOH, respectively, and the pH values of the
corresponding AuNP solutions were 5.25, 4.50, and 3.7, re-
spectively. At pH values of 8.1 and 5.25, the AuNPs were
observed to be spherical (Fig. 2b, c). However, at pH 5.25,
the prepared AuNPs were totally irregular in size (Fig. 2¢). As
a result, these AuNPs were not further characterized. On the
other hand, the AuNPs formed at pH 4.5 displayed different
shapes (some being triangular, others being rectangular, pentag-
onal, or rod type, etc.) (Fig. 2d and its inset). The average size of
these AuNPs was measured to be 31.1£3.68 nm. The synthe-
sized AuNPs at pH 3.7 were observed to be the biggest among
the synthesized AuNPs, with an average size of 75.64 nm
(Fig. 2¢). The formed AuNPs at pH 3.7 were clearly observed
to be triangular, pentagonal, and hexagonal in the TEM images
(Fig. 2e). The FE-SEM images showed that the 31.1 and
75.64 nm AuNPs are approximately three-dimensional (data
are not shown).

Zeta potentials were measured for the synthesized AuNPs
(Fig. 3). The zeta potential is an important parameter for
assessing the stability of colloidal NPs, and highly stable col-
loidal NPs are generally required for practical purposes. Be-
fore recording the zeta potential, all the unbounded citrates or
pamoates were removed by centrifugation, and the precipitat-
ed AuNPs were re-dispersed in deionized water. All PA-
capped AuNPs (b, d, and e in Fig. 3) showed higher zeta
potentials than did the citrate-capped AuNP (a in Fig. 3),
and the highest zeta potential (d in Fig. 3) was observed for
AuNPs whose average diameter was 31.143.8 nm. The good
stabilities of the PA-capped AuNPs are due to the presence of
the two carboxylic groups of PA.

Before comparing the fluorescence properties of the citrate-
capped AuNPs and PA-capped AuNPs, the fluorescence prop-
erties of Nas-citrate and Na,-PA were compared. For a proper
comparison, the excitation wavelengths (A.x) of both

Fig. 3 Plot of the zeta potentials of the different AuNPs described in
Fig. 1B

reductants were selected basically according to the absorption
peaks of Na,-PA (Fig. 1A (b)) as Nas-citrate showed no ab-
sorption peaks in the entire tested wavelength zone. The exci-
tation wavelengths for the original PA-capped AuNP and
citrate-capped AuNP were similarly selected according to
the absorption peaks of the original PA-capped AuNP
(Fig. 1B (b) and see below). Figure 4a, b shows the emission
spectra of 0.25 mM Nas-citrate (aq.) and 0.25 mM Na,-PA
(aq.), respectively. The emission spectra of Na,-PA were re-
corded with excitation for 30 s at wavelengths of 285, 300,
and 363 nm (Fig. 4b). The emission spectra of Nas-citrate
were recorded with excitation at a wavelength of 308 nm as
well as the wavelengths used for Na,-PA, as the fluorescence
properties of commercially available AuNP with excitation at
308 nm has been reported [32]. Also, the excitations at 308 nm
were performed to record the emission spectra of citrate-
capped AuNPs and original PA-capped AuNPs for proper
comparison.

Each of the emission spectra of Na,-PA, resulting from the
different excitation wavelengths, show a broad envelope of
intensity stretching from 420 to 720 nm with the peak centered
at 525 nm. The most intense fluorescence from Na,-PA was
observed with excitation at 363 nm. On the other hand, very
low fluorescence intensity was observed for Nas-citrate,
which is expected, as no absorption of light was observed in
the UV experiment (Fig. 1A (a)). The emission peak from
Nas-citrate was centered at 416 nm for all excitation wave-
lengths except 363 nm. At the 363-nm excitation wavelength,
the Raman scattering peak of water appears at 414.1 nm. As a
result, it was not possible to obtain the weak emission peak
from Nas-citrate with a 363 nm \,.

Figure 4c shows the emission spectra of citrate-capped
AuNPs with different excitation wavelengths, and emission
peaks appeared at 411, 413, and 430 nm with excitation at
285, 308, and 329 nm, respectively. The highest intensity
appeared with excitation at 308 nm. These emission spectra
might result from excitation of the surface plasmon coherent
electronic motion as well as the d electrons [32]. Figure 4d
shows the emission spectra of the original PA-capped AuNP,
and the emission peak was centered at the same position
(408 nm) whether the excitation wavelength was 285, 308,
or 329 nm. The highest intensity appeared with excitation at
329 nm (Fig. 4d), which is one of the absorption peaks of this
AuNP (Fig. 1B (b)). The emission peak intensity of this orig-
inal PA-capped AuNP is 17 times higher than that of the
citrate-capped AuNP. These experiments clearly indicate that
the AuNPs prepared with PA possess significantly better fluo-
rescence properties than do the AuNPs prepared by the con-
ventional citrate method.

We also measured the emission spectra of PA-modified
AuNPs whose average diameters were 31.1 and 75.6 nm (data
not shown), here using excitation wavelengths selected ac-
cording to the corresponding UV absorption peaks of their
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respective PA-capped AuNPs (Fig. 1B (d) and (e)) and hence
different than those used above for the original AuNP. Exci-
tation with 399 nm showed the most intense emission peak
centered at 500 nm for both cases. This results is expected
since the 75.6-nm diameter AuNP showed an absorption peak
at 399 nm (Fig. 1B (e)), and the 31.1-nm diameter AuNP also
showed high absorption at ~399 nm (Fig. 1B (d)). Both of
these PA-capped AuNPs showed higher fluorescence than that
of'the citrate-capped AuNPs. Yet, the fluorescence intensity of
the original PA-capped AuNP was observed to be the highest
among the tested AuNPs (Fig. 5). The reason of the highest

100
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60

40

relative to AuNP b

20

%Fluorescence Intensity

0

a b d e

Fig. 5 Relative fluorescence intensities of different AuNPs. Several
fluorescence spectra of each AuNP were measured with excitation at
different wavelengths. The highest fluorescence signal of each AuNPs was
used for comparison. The preparation of different AuNPs is described as in
Fig. 1B
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fluorescence intensity of the original PA-capped AuNP might
be the smallest sizes (i.e., largest surface area for the same
concentration of Au) among the PA-capped AuNPs. This larg-
est surface area is responsible to capture the largest amount of
PA which acts as fluorophore. Later, this phenomenon will
be confirmed again with comparison of florescence
properties among the different sizes of spherical PA-
capped AuNPs. Besides, the reason of higher flores-
cence intensity of the 75.6-nm diameter AuNP compared
to the 31.1-nm diameter AuNP is not identified yet. It
might be sharper shape (triangular, pentagonal, and hex-
agonal) of the 75.6-nm diameter AuNP compared to the
31.1-nm diameter AuNP. It is reported that the shape of
the metal nanoparticles affects the fluorescence intensity
of fluorophore-attached metal nanoparticles due to the
variation of fluorophore-metal nanoparticle interaction
[33, 34].

In separate experiments, the size-controlled prepara-
tions of spherical AuNPs were developed using a
seed-mediated growth approach. Here, the original PA-
capped AuNPs (5 or 2.5 ml) were poured as seeds into
a growth solution (mixture of 10 ml of 1.34 mM
HAuCly and 10 ml of 2 mM Na,-PA) while stirring at
200 rpm, and stirring was continued for 24 h. After
treatment with the growth solution, spherical shaped
AuNPs with diameters of 15.5+1.4 nm (Fig. 6f and f)
and 19.3+1.4 nm (Fig. 6g and g’) were observed when
using 5 and 2.5 ml of AuNP seeds, respectively. This
result indicates that the AuCl, chemically reduced on
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Fig. 6 TEM images of the
AuNPs prepared by injecting 5 ml
(f) and 2.5 ml (g) of original PA-
capped AuNPs into an aqueous
mixture of 10 ml of 1.34 mM
HAuCl, and 10 ml of 2 mM Na,-
PA. 1", g’ are the magnified views
of fand g, respectively

the surface of mono-dispersed Au seeds rather than
forming separate AuNP seeds in the growth solution.
As a result, good mono-dispersion of larger AuNPs
was achieved through this seed-mediated growth
approach.

The UV spectra of the AuNPs grown with the two
different volumes of seed solutions are similar even
though their TEM images showed different sizes for the
nanoparticles. In both cases, UV absorption peaks ap-
peared at 299, 399, and 530 nm (data not shown). Fluo-
rescence spectra of both types of AuNPs were thus re-
corded with A\, at 299 and 399 nm. They both displayed
emission peaks at 408 and 516 nm with A\ of 299 nm
(data not shown). The emission intensity at 408 nm of the
AuNPs grown from 5 ml of the seeds, however, is a little
higher than that of the AuNPs grown from 2.5 ml. For the
emission spectra with a Aex of 399 nm, only one emission
peak, at 508 nm, appeared for both types of AuNPs (data
not shown), and for each type, the intensity of this peak is
much lower than that with a A, 0of 299 nm. The emission
intensities of these PA-capped AuNPs grown using
seeding were observed to be significantly higher than
the emission intensities of citrate-capped AuNPs and low-
er than that of the original PA-capped AuNPs. These stud-
ies again prove that the florescence intensity has been
increased with decreasing the size of spherical PA-
capped AuNPs.

Conclusions

The effect of pH on the size of the PA-capped AuNP has
been studied. TEM images show that the sizes of the AuNPs
increased when the pH was decreased. By controlling the
pH, the sizes of the AuNPs became tunable from 10.7 to
75.6 nm. The different sizes of the spherical AuNPs were
also achieved by a seed-mediated growth approach. The
fluorescence emission spectra of different AuNPs at different
excitation wavelengths were measured. All the PA-capped
AuNPs showed significantly higher fluorescence intensities
than did the citrate-capped AuNPs, with the original PA-
capped AuNPs showing the highest intensities among the
prepared AuNPs. In addition, the PA-capped AuNPs showed
higher zeta potentials, i.e., higher stabilities of the AuNPs
compared to those of citrate-capped AuNPs. The findings of
this work could be of interest for the simple preparation of
other metal NPs, such as silver and platinum NPs, with
different sizes, high colloidal stability, and good fluores-
cence properties.
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