4172 Chem. Mater. 2003, 15, 4172—4180

Articles

Control of the Size and Distribution of Gold
Nanoparticles by Unmodified Cyclodextrins

Yali Liu, Keith B. Male, Pierre Bouvrette, and John H. T. Luong*

Biotechnology Research Institute, National Research Council Canada,
Montreal, Quebec, Canada H4P 2R2

Received March 27, 2003. Revised Manuscript Received May 27, 2003

We report and discuss how gold nanoparticles were synthesized by the reduction of
hydrogen tetrachloroaurate(l11) trihydrate by sodium citrate in the presence of unmodified
o-cyclodextrin (CD), p-CD, and y-CD. Gold nanoparticles were immobilized on poly-
(diallyldimethylammonium) chloride (PDDA) modified glass slides to enable AFM measure-
ments. The particle size was dependent upon the type and concentration of cyclodextrin
used as well as the sodium citrate concentration. An increase in the cyclodextrin concentration
effected a shift of the particle size range from 12—15 to 4—6 nm with uniform particle size
distribution. The homogeneity of the synthesized gold nanoparticles was also evident from
transmission electron micrographs (TEMSs). Synthesis of gold nanoparticles by the reduction
of hydrogen tetrachloroaurate(lll) trihydrate by sodium borohydride in the presence of
cyclodextrins also reduced the particle size from 6—8 to 2—4 nm. The consecutive particle
growth due to the mutual coalescence between nanoclusters and their neighboring free gold
atoms was limited in the presence of CDs. FT-Raman, FT-IR spectroscopy, and mass
spectrometry (MS) indicated that the synthesis procedure exhibited no effect on the
cyclodextrins. There was no evidence that gold nanoparticles were included in the CD cavities.

1. Introduction

Nanomaterials with size-dependent physical proper-
ties provide a plethora of opportunities for diversified
and novel applications. In particular, gold nanoparticles
are very attractive for research in nanotechnology
because of their appealing features. For example, TiO5-
supported gold nanoparticles display highly selective
catalytic activity for CO oxidation at —70 °C,! while
particles with diameters of 3—5 nm show a drastic
decrease of the melting point.2 In addition, nontoxic gold
colloids, readily and inexpensively prepared by chemical
reduction of HAuCl,, are capable of forming active
complexes with many biological substances.® Depending
on the reducing agent employed, the particle size of the
colloids can vary from 1 to 100 nm.# The sodium citrate
reduction procedure pioneered by Frens® is one of the
most commonly cited methods for colloidal gold synthe-
sis to produce nanoparticles with sizes of 12—64 nm,
depending upon the citrate/HAuCI, ratio. In immuno-
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cytochemistry, the use of smaller gold particles is
preferred because steric hindrances are often encoun-
tered with larger particles, which can significantly
reduce the number of sites for labeling.® These small-
diameter particles (3—6 nm) are often made using white
phosphorus, sodium borohydride, or a mixture of triso-
dium citrate and tannic acid as reducing agents.* It is
also of utmost importance to be able to prepare mono-
dispersed nanoparticles with a very narrow size distri-
bution to exploit the size and quantum confinement
effects of nanoparticles and to tailor nanomaterials with
new properties.

The nanostructure of Au or Ag films have been
characterized by a wide range of analytical techniques
including atomic force microscopy (AFM), field emission
scanning electron microscopy (FESEM),” transmission
electron microscopy (TEM),8~11 near-field scanning opti-
cal microscopy (NSOM),*2 scanning tunneling micros-
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copy (STM),13 and photon STM.™ Gold nanoparticles
have been studied by AFM,1516 TEM,1718 and SEM?19:20
for the characterization of gold colloid monolayers. A
recent comparison of four techniques, AFM, FE-SEM,
TEM, and NSOM, concluded that a combination of at
least one scanning probe method (AFM, NSOM) and one
accelerated-electron method (TEM, FE-SEM) is required
to obtain the most accurate information regarding the
nanometer-scale architecture of the particle-based sur-
faces.?! Sample preparation is also a key and crucial
factor for obtaining good AFM imaging. The formation
of self-assembled monolayers (SAMs) on various sur-
faces such as glass,?? silicon,2324 and gold?®> has been
previously examined. In these procedures, the SAMs
were prepared using compounds and polymers such as
polyethylenimine (PEI), (3-aminopropyl)triethoxysilane
(APTES), poly(diallyldimethylammonium) chloride
(PDDA), poly(dimethyl)siloxane (PDMS), and n-octade-
cyltrichlorosilane (OTS) and alkanethiols. PDDA-modi-
fied silicon substrates have shown a distinct advantage
over PEI- and APTES-modified substrates with respect
to their very low surface roughness and surface height
difference.2® The roughness and largest surface height
difference for the PDDA-modified silicon is 0.10 and 0.4
nm, while the corresponding values for PEI are 0.14 and
0.6 nm and for APTES are 0.29 and 1.0 nm. In such
preparation, CdSe/CdS colloids are absorbed on PDDA-
modified silicon to form a homogeneous close-packed
monolayer with little aggregation or multilayer forma-
tion. Molecular self-assembly that exploits charge at-
traction between oppositely charged materials such as
positively charged PDDA and negatively charged nickel
phthalocyanine (NiPc),?* cobalt phthalocyanine tetra-
sulfonate (Co'""PcTS*7)%6 1:12 molybdosilicate acid (Si-
Mo12)?” have been used to successfully fabricate multi-
layered structures in a layer-by-layer manner on gold
electrodes. Therefore, for the immobilization of small
gold nanoparticles, PDDA could be the best candidate
for SAM formation on the glass slide substrate to be
used in conjunction with AFM measurements.
Cyclodextrins and modified cyclodextrins have been
chemisorbed onto gold electrodes,?8-30 gold films,31:32
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gold-coated AFM cantilevers,33 and gold electrodes of a
guartz microbalance3* to exploit the host—guest interac-
tions of cyclodextrins with solution partners. Per-6-thio-
B-CD3% and mono-6-lipoyl-amido-2,3,6-O-permethyl-3-
CD?3 have been added directly to gold nanoparticle
solutions to form cyclodextrin-modified gold nano-
spheres. Recently, perthiolated cyclodextrins (CDs) have
been used to modify gold nanospheres by their addition
directly to the gold solution during its reduction.7:38 In
these studies, HAuCl, was reduced by sodium borohy-
dride in the presence of perthiolated CDs in a solvent
(either DMSO or dimethylformamide) milieu. The CDs
bind directly to the gold surface through the SH
functionality, and the size of the gold nanoparticles
formed was dependent upon the concentration and type
(a, B, or ) of CD employed. The smallest particles were
formed with y-SH—-CD followed by p-SH—CD and
o-SH—CD, while increasing the ratio of CD/AuCl;~
decreased the particle size.

This study describes the preparation and character-
ization of gold nanoparticles by reduction of hydrogen
tetrachloroaurate(ll1) trihydrate with either sodium
citrate or sodium borohydride in the presence of un-
modified a-CD, §-CD, and y-CD. The size distribution
of the gold nanoparticles was confirmed by both AFM
and TEM, whereas the fate of the CDs during the
nanoparticle preparation was elucidated by FT-Raman,
FT-IR spectroscopy, and mass spectrometry.

2. Experimental Section

2.1. Preparation of Gold Nanoparticles. Glassware was
cleaned in aqua regia (nitric acid/hydrochloric acid 1:3) and
all solutions were prepared using Milli-Q (Millipore, Bedford,
MA) A-10 gradient (18 MQ cm) deionized water. The reaction
(200 mL final volume) was performed in a three-neck 500-mL
round-bottom flask with the center neck attached to a reflux
condenser. The flask was set in a heating mantle with a
magnetic stirrer to provide continuous mixing. Gold nanopar-
ticles were prepared by the method of Storhoff et al.®® with
slight modifications. A 20-mL solution of 5 mM hydrogen
tetrachloroaurate (I11) trihydrate (99.9%, Aldrich, Milwaukee,
WI) was added to the flask and the volume was made up to
90 mL with water. Cyclodextrin powders were added to the
flask through one of the open necks to obtain final concentra-
tions: 1-25 mM for g-cyclodextrin hydrate (Aldrich, MW
1135), 5—50 mM for both a-cyclodextrin (Aldrich, MW 972)
and y-cyclodextrin (Wacker Chemicals, Norwalk, CT, MW
1297). The resulting solution was heated until boiling and then
10 mL of 40 mM sodium citrate was rapidly added to the flask.
The solution changed color rapidly (10—40 s) from clear to a
murky gray color indicating nucleation. Within 2 min the color
changed to burgundy red, an indication of gold nanoparticle
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Figure 1. AFM micrograph of gold nanoparticles (11.9 nm)
prepared by sodium citrate reduction in the absence of
cyclodextrin, diluted 4-fold before immobilization; phase image,
x,y-scale of 1 um.
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formation. The solution was allowed to reflux for a further 15
min and then was cooled to room temperature. Solutions were
filtered (0.45 um filters, Millipore) and stored at 4 °C. This
procedure was essentially the same as the commonly cited
method of Frens® except that the starting concentrations of
gold and sodium citrate are 4.0- and 3.3-fold higher, respec-
tively. The concentration of sodium citrate was also altered to
evaluate its effect on the gold nanoparticle size. Gold nano-
particles were also prepared by the reduction of hydrogen
tetrachloroaurate(l11) trihydrate with sodium borohydride by
the method of Birrell et al.3 with minor modifications. In brief,
0.25 mM HAuCI, (50 mL) was prepared and then 100-uL
aliquots of freshly prepared 0.1 M sodium borohydride (NaBHy,)
were added at 22 °C to the slowly mixing solution of gold until
a stable orange colloid was observed (~0.8—1.2 mL of NaBHy).
The reaction was left for 18 h at 22 °C and, finally, solutions
were filtered as described earlier and stored at 4 °C. The
nanoparticles were also prepared in the presence of 10 mM
o-CD, -CD, or y-CD in the hydrogen tetrachloroaurate(lll)
trihydrate solution. All chemicals were of analytical reagent
grade and used as received without any further purification.

2.2. Immobilization of Gold Nanoparticles on Modified
Glass Surface. Glass microscope slides (25 x 75 x 1 mm,
Fisher, Fair Lawn, NJ, Cat 12-552) were cut into smaller
pieces (25 x 10 mm) and carefully cleaned by soaking in a
solution of nitric acid/water (50/50%) for 20 min. Rinsed slides
were immersed in Piranha solution (concentrated sulfuric acid/
30% hydrogen peroxide, 7:3) for 20 min and extensively rinsed
with water (Safety: Piranha solution reacts violently with
several organic compounds, and it should be handled with
extreme caution). Cleaned glass slides were dried under a
nitrogen stream and immersed in 0.01 M poly(diallyldimethy-
lammonium chloride), (PDDA, MW 200 000—350 000, Aldrich)
for 16 h. The concentration was based on the monomer
molecular weight of 161 and takes into account that the
polymer solution was only 20%, i.e., 0.161 g of polymer was
used to prepare a 20 mL solution. The resulting glass slides
were thoroughly rinsed with deionized water and dried under
a nitrogen stream. The polymer-coated slides were subse-
quently incubated for 2—3 h with the gold nanoparticle
solutions prepared above. To obtain AFM images with homo-
geneously dispersed gold nanoparticles the solutions were
diluted 50- to 200-fold, depending upon the cyclodextrin
concentration in the sample.

2.3. Measurements and Characterization. UV—vis spec-
troscopy measurements (300—800 nm) were performed using
a Beckman spectrophotometer (DU-640, Fullerton, CA) at
room temperature with a 1-cm optical length cuvette. Gold
nanoparticle solutions prepared above were diluted 5-fold
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before measurement and their stabilities were monitored with
time under various conditions. AFM images were obtained
using a Nanoscope IV (Nanoscope IV, Digital Instruments-
Veeco, Santa Barbara, CA) with a silicon tip operated in
tapping mode to characterize the various gold nanoparticle
preparations. The mean particle size and standard deviation
were then calculated for each sample. The images obtained
by AFM were not manipulated, altered, or enhanced in any
way. A transmission electron microscope (TEM Philips CM20,
Philips, FEI, Hillsboro, OR) equipped with a Gatan UltraScan
CCD camera was used for gold nanoparticle characterization.
Images were taken under 200 kV and TEM resolution can be
achieved to 0.25 nm. A few drops of sample solution were
placed on a 300-mesh carbon-coated copper grid with holey
carbon film and dried at room temperature before TEM
examination. For each TEM image, the mean particle size and
standard deviation were calculated from either the particle
area or perimeter/length mode using Scion Image (Scion Corp.,
Frederick, MD) based on the popular NIH Image on the
Maclntosh platform. For each sample, analysis was performed
on four (gold nanoparticles formed by sodium citrate reduction)
or two (gold nanoparticles formed by sodium borohydride
reduction) TEM images of various sizes such that between 30
and 350 particles could be observed.

Solution-phase FT-Raman spectra were recorded using a
Bruker FRA 106 spectrometer (Bruker Optics, Milton, ON)
equipped with a liquid-nitrogen-cooled germanium detector
and a 1064 nm Nd:YAG laser. Samples were mounted inside
the instrument using a 0.5-cm quartz cuvette with a mirrored
rear surface. The Raman spectrum was collected within the
0—4000 cm™* interval with 4 cm~! resolution using 500 mwW
of excitation laser power. Solution phase FT-IR spectra were
recorded using an ASI Applied Systems (Mettler-Toledo com-
pany) ReactlR-4000 spectrometer (Millersville, MD) equipped
with a purge gas generator from Parker Balston (Haverhill,
MA). The FT-IR spectrum was collected within the 600—4000
cm~tinterval.

The CD-gold colloids were examined by a triple quadrople
mass spectrometer (API 111 LC/MS/MS, Sciex, Thornhill, ON,
Canada) to monitor the possible degradation or modification
of CD during the course of the citrate reduction of hydrogen
tetrachloroaurate(l11) trihydrate. Ammonated species of CD
were generated by spraying the sample solution (ammonium
acetate in methanol) through a stainless steel capillary held
at 4—6 kV. The sample solution was delivered to the sprayer
by a syringe infusion pump through a fused silica capillary of
100 um 1. D. at 1 uL/min. A gas curtain formed by a continuous
flow (0.6—0.8 L/min) of N; in the interface region served to
evaporate the aerosol droplets and to break up the cluster
formation from supersonic expansion. The potential on the
sampling orifice of the instrument was set at +50 V.

3. Results and Discussion

3.1. Characterization of Gold Nanoparticles by
UV —vis Spectroscopy. Gold nanoparticles formed by
the reduction of hydrogen tetrachloroaurate(lll) trihy-
drate with sodium citrate exhibited a red color and upon
dilution (5-fold) revealed a strong absorption (0.6—0.7)
with the characteristic peak at 518—520 nm as previ-
ously reported.* The addition of cyclodextrins at high
concentration (>15 mM) to the reaction mixture re-
sulted in a slight shift to shorter wavelengths (516—
518 nm), an indication of a decrease in the gold
nanoparticle diameter size. However, in the presence
of 15 mM S-CD, decreasing the concentration of sodium
citrate (0.33—0.50-fold) added to the reaction mixture
resulted in a shift to longer wavelengths (522—534 nm),
indicating an increase in the gold nanoparticle diameter
size. The times until nucleation and the red color
development were faster (10 and 45 s, respectively) in
the presence of cyclodextrins compared to those in the
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Figure 2. (A) AFM micrograph of gold nanoparticles, prepared by sodium citrate reduction in the absence of cyclodextrin diluted
50-fold: height image, x,y-scale of 5 um; and section analysis. (B) AFM micrograph of gold nanoparticles (3 months at 4 °C),
prepared by sodium citrate reduction in the presence of 15 mM f-cyclodextrin diluted 200-fold; height image, x,y-scale of 5 um;

and section analysis.

absence of cyclodextrins (40 and 90 s, respectively). The
sample solutions (diluted 5-fold) were monitored with
time at room temperature, 4 °C, in the dark, plus and
minus cyclodextrins. Samples left at 4 °C were more
stable than those at room temperature whereby pre-
cipitation was often observed. Sample storage in the
dark exhibited no effect on the nanoparticle stability.
Samples at 4 °C containing cyclodextrins were stable
for at least 3 months whereas the sample without
cyclodextrin lost 10—15% of its initial absorbance during
the same time period. The stock sample of gold nano-
particles with 25 mM S-CD was not stable at 4 °C due
to the insolubility of the cyclodextrin upon cooling. Gold
nanoparticle stock solutions with 15 mM S-CD and
citrate/Au ratios less than 1.3:1 also precipitated. Gold
nanoparticles formed by the reduction of hydrogen
tetrachloroaurate(l11) trihydrate with sodium borohy-
dride were also red in color and revealed a strong
absorption (0.6—0.7) with the characteristic peak at
515-517 nm. The addition of cyclodextrins (10 mM) to
the reaction mixture resulted in a shift to shorter
wavelengths (510—512 nm), indicating a decrease in the
gold nanoparticle diameter size.

3.2. Characterization of Gold Nanoparticles by
AFM. Gold nanoparticles prepared by sodium citrate
reduction in the absence of cyclodextrins were im-
mobilized on PDDA-treated glass slides and analyzed
with AFM. A nanoparticle monolayer was formed on the
PDDA polymer after just 2—3 h with a surface rough-
ness of 3.8 nm, indicating a very uniform layer. How-
ever, once the sample was diluted 4-fold, a nanoparticle
semi-mono layer was observed after 2—3 h (Figure 1).
The gold nanoparticles formed a very homogeneous
close-packed semi-monolayer with little aggregation or
multilayer formation. Excellent gold nanoparticle dis-
persion was observed (Figure 2A) when the sample was
diluted 50-fold and thus height analysis could be easily
performed. The particle size for this image was deter-
mined to be 11.9 + 1.7 nm (n = 994) and the largest
surface height difference for the PDDA-modified glass
(section with no gold nanoparticles) was about 0.8 nm
which was similar to the value reported for PDDA-
modified silicon.2® The average particle size obtained for
three different samples ranged between 12 and 15 nm
with an average of 13.3 nm. As predicted from UV—vis
measurements, the size of the gold nanoparticles de-
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gold nanoparticles prepared by sodium citrate reduction as
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creased as the concentration of 5-CD increased. The
smallest particles were obtained at 15 mM (-CD and
the average particle size obtained from three different
samples ranged between 4.6 and 6.1 nm with an average
of 5.4 nm. A sample left refrigerated for three months
was reanalyzed by AFM as shown in Figure 2B. The
particle size remained virtually unchanged (5.9+1.4, n
= 2953) with insignificant aggregation, indicating very
good stability of the gold nanoparticles in the presence
of cyclodextrin.

Figure 3 illustrates the effect of the concentration of
the three cyclodextrins on the particle size. As observed,
gold nanoparticle size was also reduced upon the addi-
tion of o-CD and y-CD. However, the smallest particles
were observed at CD concentration of 25—50 mM rather
than 15 mM, as was the case with §-CD. The smallest
particle sizes were 4.8+1.2 nm (n = 889) and 4.3+1.7
nm (n =1278) for o-CD and y-CD, respectively. Because
the CDs would exhibit hydrophobic interactions with
embryonic gold nanoparticles,*® the consecutive particle
growth due to the mutual coalescence between such
nanoclusters would be severely limited or terminated
as the CD concentration increased. The gold nanopar-
ticle solutions in the presence of CDs were diluted 200-
fold instead of only 50-fold to obtain a good dispersion
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Phys. Chem. B 2003, 107, 4527.
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)

Figure 4. TEM micrograph of gold nanoparticles formed by
sodium citrate reduction in the absence of cyclodextrins (A),
and in the presence of 15 mM a-CD (B). Images were taken
at 200 kV.

of particles. As the immobilization procedure with
PDDA-modified glass was dependent upon the starting
particle concentration, the solutions with smaller gold
nanoparticles produced in the presence of CDs would
have to be diluted more to attain a similar particle
density. Undiluted gold nanoparticles (prepared in the
presence of 15 mM p-CD) immobilized on PDDA-
modified glass also formed a very uniform monolayer
after 2—3 h. The surface roughness was just 2.4 nm
compared to the value of 3.8 nm observed in the absence
of CDs, and this difference was likely due to the smaller
particle size.

3.3. Characterization of Gold Nanoparticles by
TEM. TEM micrographs of gold nanoparticles in the
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absence of cyclodextrin (Figure 4A) and in the presence
of 25 mM o-CD (Figure 4B) show the homogeneity of
the samples as well as the expected spherical shape of
the small gold nanoparticles. The average size of gold
nanoparticle in the absence of cyclodextrins (four dif-
ferent images) was determined to be 14.4+1.2 nm (n =
177), which matched well with the value (13.3 nm)
determined by AFM. The average particle sizes in the
presence of 25 mM o-CD, 15 mM S-CD, and 25 mM
y-CD (four different images) were 6.7+1.0 nm (n = 715),
6.6+1.2 nm (n = 831), and 6.0£1.3 nm (n = 370),
respectively, which also agreed well with the corre-
sponding AFM results of 5.8, 5.4, and 4.3 nm.
Altering the concentration ratio of sodium citrate to
tetrachloroaurate used for the reduction reaction also
changed the particle size (Figure 5). In the presence of
15 mM -CD, the particle size increased from 5.4 nm to
25.0+£6.9 nm (n = 827) as the concentration ratio of
citrate/gold was decreased 3-fold from 4:1 to 1.3:1.
However, increasing the sodium citrate/gold concentra-
tion ratio from 4:1 to 6:1 exhibited insignificant effect
on the size. Similar effects of the sodium citrate to gold
concentration ratio on gold nanoparticle size have been
reported previously by Frens.> At ratios of citrate/gold
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Figure 7. FT-Raman spectra of 15 mM g-CD (solid line) and
15 mM S-CD with gold nanoparticles (closed circle, 10% of
data).

less than 1.3:1, the solutions became murky, an indica-
tion that as the gold nanoparticle size became larger
the particle density was too high for them to remain
soluble in solution. At a ratio of 1:1 the particle size
seemed to be in the range of 40—50 nm, but the analysis
was not very reliable as the particle size distribution
was quite large (15 nm). Reducing the concentration
of the components of the reduction reaction by 4-fold
(gold 0.25 mM, citrate 1.0 mM) exhibited no impact on
the size of the particles, i.e., only the ratio of the
components was critical in determining the size of gold
nanoparticles. Similarly, if the concentration of the 5-CD
was also reduced from 15 mM to 3.75 mM, the particle
size was not altered, indicating that the ratio of 5-CD
to gold was critical, not the absolute 3-CD concentration.

3.4. Fate of the Cyclodextrins. FT-Raman, FT-IR
spectroscopy, and mass spectrometry were used to follow
the role of the cyclodextrins during the reduction of
tetrachloroaurate by sodium citrate. Mass spectrometry
data confirmed that the gold colloid samples prepared
in a, B, and y-CD, respectively still exhibited molecular
masses corresponding to 972, 1135, and 1297, the
molecular weight of the three CD molecules, and there
were no other peaks recorded. Consequently, CDs were
considered intact during the course of the tetrachloro-
aurate reduction. FT-IR measurements were conducted
to probe any possible gold—CD interactions. It should
be noted that the spectra of gold nanoparticles alone
was featureless and revealed only a flat baseline. The
spectra of 15 mM S-CD in the presence and absence of
the gold nanoparticles were virtually identical (Figure
6) and similar spectra were observed with a-CD and
y-CD. Therefore, no evidence of Au—O interactions could
be deducted from the FT-IR spectra. This point was
taken into account because there are 18, 21, and 24
hydroxyl groups for a-CD, -CD, and y-CD, respec-
tively.*1 In the case of resorcinarenes which also stabi-
lize gold nanoclusters, binding of the gold atoms by
chemisorption through Au—O interactions was sug-
gested from surface-enhanced Raman spectroscopy
(SERS).*2 Therefore, FT-Raman measurements were

(41) Szejtli, J. In Comprehensive Supramolecular Chemistry; At-
wood, J. L.; Davies, J. E. D.; MacNicol, D. D.; Vogtle, F., Eds.;
Permagon-Elsevier: New York, 1996; Vol 3, pp 5—40.
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Figure 8. (A) AFM micrograph of gold nanoparticles formed in the presence of sodium borohydride in the absence of cyclodextrin
diluted 100-fold; height image, x,y-scale of 5 um; and section analysis. (B) AFM micrograph of gold nanoparticles prepared in the
presence of 15 mM f-cyclodextrin diluted 200-fold; height image, x,y-scale of 5 um; and section analysis.

taken in an attempt to probe the interaction between
gold and the primary macrocyclic structure of the CDs
as discussed below.

CDs have been known to form inclusion complexes
with various small hydrophobic molecules, and the
internal diameters of the apolar cavities of a-CD, 5-CD,
and y-CD are 570, 780, and 950 pm, respectively.*! With
such dimensions, it would be possible for single hydro-
phobic gold atoms (288 pm in diameter) or small gold
nanoclusters to be enclosed in the CD cavity to form an
inclusion complex.?° Indeed, it has also been reported
that the apolar rhodium nanoparticles*® and Pd col-
loids* are stabilized by hydrophobic cavities of a
number of CDs and -CDs, respectively. Inclusion of
gold atoms in the CD cavities would remove them as
an available feedstock for nanoparticle growth, thus
ultimately reducing the particle size.

No reduction in the intensity of the low-frequency
-CD modes, corresponding to pyranose ring vibrations

(42) Stavens, K. B.; Pusztay, S. V.; Zou, S.; Andres, R. P.; Wei, A.
Langmuir 1999, 15, 8337.

(43) Komiyama, M.; Hirai, H. Bull. Chem. Soc. Jpn 1983, 56, 2883.

(44) Willner, I; Mandler, D. 3. Am. Chem. Soc. 1989, 111, 1330.

along the backbone of CD,* was observed following the
production of gold nanoparticles (Figure 7). Any damp-
ening of these modes would suggest an interaction
between gold and the primary macrocyclic structure of
the CDs, suggesting that a small number of gold atoms
could be held within the hydrophobic cavity of the CDs.
In our laboratory, this dampening effect was noted in
the case of gold nanoparticles (2—2.4 nm) fabricated
using femtosecond laser ablation in an aqueous solution
of 10 mM B-cyclodextrin.*® Considering dampening was
not observed with citrate reduction, it was unlikely that
gold atoms were included in the CD cavities, implying
that the rapid reduction of the tetrachloroaurate solu-
tion by sodium citrate prevented this inclusion com-
plexation step. Therefore, the reduction of the gold
nanoparticle size in the presence of CDs was more likely
attributed to the hydrophobic interactions between the
hydrophobic cavity of CDs and large gold nanoparticles
rather than the inclusion of gold atoms or small gold
nanoparticles in the CD cavities. Hydrophobic—hydro-

(45) Wiedenhof, J. N.; Lammers, J. J.; Van Panthaleon, C. L.; Van
Eck, B. Die Starke 1969, 21, 119.
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; A)

(B)
Figure 9. TEM micrograph of gold nanoparticles formed by
sodium borohydride reduction in the absence of cyclodextrins
(A), and in the presence of 15 mM $-CD (B). Images were taken
at 200 kV.

phobic interactions were responsible for the solubiliza-
tion of very large polyaromatic hydrocarbons (PAHSs) by
various cyclodextrins.*® These large molecules cannot
fit into the hydrophobic cavities of the CDs because they
have sizes incompatible with the dimensions of the
cavity. However, they become soluble in CDs because a
certain groups of side chains of such PAHs might be able
to penetrate into the CD hydrophobic cavity to display
hydrophobic interactions. Therefore, we reason that the
large gold nanoparticles obtained in this study cannot
fit into the CD cavities but they can be situated on the
top of the CD cavity to form another form of complex-
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ation. Because of such hydrophobic interactions with the
CDs, gold nanoparticles are less likely to agglomerate
with other nanoparticles which will result in a smaller
particle size. The resulting nanoparticles were much
smaller and more stable with an increase in the CD
concentration implying that hydrophobic interactions
between gold nanoparticles and CD molecules were of
sufficient strength to prevent agglomeration. Very
recently, surfactants such as resorcinarenes*? and SDS*
have been used to stabilize gold nanoclusters. The
surface of gold nanoparticles would be completely
covered by negatively charged SDS which renders such
particles less useful for chemical modifications or bio-
sensing applications, due to both ionic repulsion and the
known denaturing effects of SDS with respect to en-
zymes and proteins. Gold nanoparticles in the presence
of neutral cyclodextrins are not subject to such short-
comings as encountered by SDS-coated gold nanopar-
ticles.

3.5. Preparation of Gold Particles using Sodium
Borohydride. Gold nanoparticles were formed by the
reduction of hydrogen tetrachloroaurate(lll) trihydrate
with sodium borohydride as shown in the AMF micro-
graph (Figure 8A) and the particle size was determined
to be 6.0+£1.7 nm (n = 1003). The addition of 10 mM
pB-CD significantly reduced the particle size to 2.5 + 0.7
nm (n = 3606) as observed in Figure 8B and similar
effects were seen with 10 mM o-CD (2.0£0.9 nm, n =
3702) and 10 mM y-CD (2.4+0.8 nm, n = 2699). The
gold nanoparticle sizes determined in the presence of
cyclodextrins were very close to the detection limit of
the AFM technique, as the largest surface height
difference for the PDDA substrate was determined to
be 0.8 nm and these particles are in the range of 2.0—
3.0 nm such that the S/N = 3. Although the particle
distribution curves have lost some of their Gaussian
shape for the three cyclodextrin samples, no gold
nanoparticles were observed above 4.0 nm.

As clearly indicated from the TEM micrographs of the
gold nanoparticles in the absence of cyclodextrin (Figure
9A) and in the presence of 10 mM j-CD (Figure 9B),
reduction of gold solution by sodium borohydride in the
presence of cyclodextrin reduced the gold nanoparticle
size significantly. Two images were analyzed for each
sample and the particle size was determined to be
7.4+£0.8 nm (n = 94) in the absence of cyclodextrins. In
the presence of 10 mM o-CD, B-CD, and y-CD, the
particle sizes were 3.7+0.7 nm (n = 80), 3.7+0.8 nm (n
= 150), and 3.44+0.9 nm (n = 81), respectively. These
results indicated that the presence of cyclodextrins
during the reduction of hydrogen tetrachloroaurate(ll1)
trihydrate reduced the gold nanoparticle size regardless
of which reducing agent was used, sodium borohydride
or sodium citrate.

4. Conclusions

To our knowledge, this report is the first attempt for
the preparation of gold nanoparticles by chemical reduc-
tion in the presence of unmodified cyclodextrins. On the
basis of data obtained using UV—vis, FT-IR spectros-
copy, mass spectrometry, and FT-Raman spectroscopy,

(46) Male, K. B.; Brown, R. S.; Luong, J. H. T. Enzyme Microbial
Technol. 1995, 17, 607.

(47) Mafune, F.; Kohno, J.-Y.; Takeda, Y.; Kondow, T.; Sawabe, H.
J. Phys. Chem. B 2001, 105, 5114.
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the formation of gold cluster—cyclodextrin inclusion
complex is not evident. Cyclodextrins remain intact
during the course of preparation, and unlike resorci-
carenes,*? there is no chemisorption between gold nano-
particles and cyclodextrins. Hydrophobic—hydrophobic
interactions between cyclodextrins and gold nanopar-
ticles are suggested as the main rationale behind the
stabilization of gold colloids by cyclodextrins. A mech-
anism for the size reduction and stabilization of gold
nanoparticles by CDs has not been understood and this
is an ongoing subject in our laboratory. Various analyti-
cal techniques including calorimetry will be conducted
to obtain Kinetics, thermodynamics, and structural data
of CDs in the presence of gold nanoparticles.
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