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Abstract

Functionalized, dendrimer-stabilized gold nanoparticles (Au DSNPs) are of scientific and
technological interest for biological applications. In this work, we show that acetamide-
functionalized Au DSNPs can be formed by acetylation of amine-terminated poly(amidoamine)
(PAMAM) dendrimers of generation 5 (G5.NH,) complexed with Au(l11) ions (AuCls ™). In addition,
hydroxyl-functionalized Au DSNPs can be formed by simply mixing the glycidol hydroxyl-
terminated G5 dendrimers (G5.NGIlyOH) with HAuCl,. In both cases, no additional reducing agents
were needed and the reactions were completed at room temperature. We also show that Alexa Fluor
594 dye-functionalized Au DSNPs can be formed by acetylation of Alexa Fluor 594-conjugated,
amine-terminated G5 dendrimers complexed with HAuCly. All of these functionalized Au DSNPs
are water-soluble and stable. Fluorescence spectroscopy studies reveal that the Alexa Fluor 594-
functionalized Au DSNPs retain similar fluorescence intensity to the Alexa Fluor 594-functionalized
dendrimers that lack Au nanoparticles. These preparations of Au DSNPs provide a straightforward
approach to synthesizing functionalized metal nanoparticles for biomedical applications.

Introduction

Gold (Au) nanoparticles (NPs) have recently received interest for applications in biology,
catalysis, and nanotechnology because of their unique optical, electronic, and quantum size-
related properties.1 ™ The surface of Au NPs requires modification with different molecules
to function in various applications. In most cases, this surface modification is often performed
onto preformed Au NPs through thiol derivatization.1%:11 However, the relatively poor long-
term stability of Au-S bonds!2 and the multiple synthetic steps required for the final
functionalization of Au NPs limit their biomedical applications.

It is well-demonstrated that poly(amidoamine) (PAMAM) dendrimers can be used as either
templates or stabilizers to prepare Au or other inorganic NPs.13730 |n general, the dendrimer-
entrapped Au NPs (Au DENPs) involve a nanostructure where one dendrimer molecule entraps
one or more Au NPs with the metal core size usually smaller than 5 nm.13:26-28,31 | contrast,
the dendrimer-stabilized Au NPs (Au DSNPs) refer to a nanostructure where one Au NP is
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stabilized by multiple dendrimer molecules (the metal NP diameter is usually larger than 5
nm).15:19,22 Both Au DENPs and Au DSNPs are commonly prepared by using amine-
terminated PAMAM dendrimers as templates or stabilizers. To overcome the toxicity and
nonspecific cell membrane binding in biological systems, it is necessary to neutralize the amine
surface of Au NPs. In a previous work, we have shown that Au DENPs (2.1 nm in diameter)
can be functionalized with acetamide and hydroxy! groups by reacting them with acetic
anhydride and glycidol, respectively, thereby significantly improving their biocompatibility.
28 \We have also shown that biofunctionalized Au DENPs with neutral surface charges (surface
potential close to zero) can be used as a platform for cancer cell targeting and imaging.2” It is
expected that functionalization of Au DSNPs with a neutral surface may also be of biological
importance for cell labeling or tracking studies.

Au NPs with different surfaces can be prepared by using functionalized dendrimers as
templates or stabilizers.32:33 However, in these cases, additional reducing agents or physical
treatments are necessary to assist the formation of NPs. Recent reports suggest that certain
polymers or copolymers can simultaneously act as both a reducing agent and a stabilizer for
the synthesis of Au NPs.12:34=41 |n some cases, Au NPs can be formed by simply mixing the
aqueous solutions of copolymers and HAuCI, at room temperature.1? This implies that by
appropriately manipulating the dendrimer surface chemistry, it may be possible to synthesize
Au NPs through essentially a single-step approach.

In this present study, we have developed an approach to the formation and functionalization
of Au DSNPs that essentially occurs as a spontaneous process (Scheme 1). Au DSNPs with
acetamide surfaces were formed by acetylation of amine-terminated PAMAM dendrimers of
generation 5 (G5.NH,) complexed with AuCl,~ ions, while hydroxyl-functionalized Au
DSNPs were formed by simply mixing the glycidol hydroxyl-terminated G5 dendrimers
(G5.NGIlyOH) with AuCl,4~ ions. In both cases, no additional reducing agents or physical
treatment were needed and the reactions were performed at room temperature. To further prove
the concept of the spontaneous formation of functionalized Au DSNPs, fluorescent Alexa Fluor
594 (AF594)-functionalized Au DSNPs were formed by acetylation of AF594-conjugated,
amine-terminated G5 dendrimers complexed with HAuCl,. The spontaneously formed
functionalized Au DSNPs are stable and water-soluble. This simple approach may be used to
directly synthesize and functionalize Au DSNPs for biomedical applications. In addition, recent
advances show that dendrimers or dendrimer-protected Au NPs can be assembled to form
complex layered structures.#2=44 Our work with the spontaneous formation of Au DSNPs could
also be useful for the assembly of Au NP-related complex architectures for various applications.

Experimental Section

Materials

Ethylenediamine core amine-terminated PAMAM dendrimers of generation 5 (G5.NH>) with
a polydispersity index less than 1.08 were purchased from Dendritech (Midland, MI).
Hydroxyl-terminated G5 dendrimers (G5.NGlyOH) and acetamide-terminated G5 dendrimers
(G5.NHAC) were prepared by reacting G5.NH, dendrimers with glycidol and acetic anhydride,
respectively, and were characterized as previously reported.#>46 AF594 succinimidyl ester
was purchased from Molecular Probes (Eugene, OR). All other chemicals were obtained from
Aldrich and were used as received. Water used in all of the experiments was purified with use
of a Milli-Q Plus 185 water purification system (Millipore, Bedford, MA) with resistivity
higher than 18 MQ-cm. Regenerated cellulose dialysis membranes (MWCO = 10000) were
acquired from Fisher.
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Synthesis of Au DSNPs

Synthesis of Acetamide-Functionalized Au DSNPs (Scheme 1a)—G5.NH2-Au
(1) complexes were first prepared by mixing a methanol solution of HAUCl, (3 mL, 1.7 mM)
with a methanol solution of the G5.NH, dendrimers (3 mL, 0.24 mM) at a 1:7 molar ratio of
G5.NH,/Au atoms. The formed complex was identified as {(Au3*);-G5.NH,}. The primary
amine groups of the {(Au3*)7-G5.NH,} complexes were acetylated as previously reported.4
Briefly, 65 uL of triethylamine was added to the formed {(Au3*)7-G5.NH,} solution. A
methanolic solution (0.5 mL) of acetic anhydride (48 mg, 500% molar excess of the total
primary amines of {(Au3*)7-G5.NH,}) was added dropwise into the {(Au3*)7-G5.NH,}/
triethylamine mixture while it was being stirred vigorously, and the mixture was allowed to
react for 24 h. The mixture was spontaneously changed to pink after 6 h, indicating the
formation of Au NPs. The methanol and the excess of reactants and byproduct were removed
from the mixture by extensive dialysis against PBS buffer (3 times, 4 L) and water (3 times, 4
L) for 3 days, followed by lyophilization to obtain the {(Au®)7-G5.NHAc} DSNPs.

Synthesis of Hydroxyl-Functionalized Au DSNPs (Scheme 1b)—Hydroxyl-
functionalized Au DSNPs were prepared by mixing a methanol solution of G5.NGlyOH
dendrimers (3 mL, 0.24 mM) with a methanol solution of HAuCl, (3 mL, 1.7 mM). The mixture
was stirred vigorously for 24 h. After 12 h, the solution changed to a deep red color, suggesting
the spontaneous formation of Au NPs. The mixture was then dried under a gentle N, stream
and subsequently redissolved into water, followed by lyophilization. The formed Au NPs were
denoted as {(Au®)7-G5.NGlyOH}.

Synthesis of AF594-Functionalized Au DSNPs (Scheme 1c¢)—AF594-conjugated
amine-terminated G5 dendrimers were synthesized according to previous reports with slight
modification.*8 Briefly, 3 molar equiv of AF594 succinimidyl ester (5 mg, 6.10 zmol) dissolved
in methanol (4 mL) were added dropwise to a solution of G5.NH, dendrimer (54.46 mg, 2.03
umol) in methanol (4 mL) in a nitrogen atmosphere under vigorous magnetic stirring. After 24
h, the reaction mixture (8 mL) was divided into 2 aliquots of equal volume (4 mL). For aliquot
1, the AF594-labeled G5.NH, dendrimers complexed with HAuUCI, were acetylated to convert
the remaining amino groups of G5 dendrimer into acetamide groups, according to a procedure
described in the literature.4” Briefly, aliquot 1 was added to a 4-mL methanol solution of
HAuCI,4 (4.02 mg, 10.2 umol) then the solution was mixed well for 30 min. Next, triethylamine
(66.0 mg, 0.65 mmol) was added to the mixture and the solution mixed well, followed by
dropwise addition of an acetic anhydride solution (66.7 mg, 0.65 mmol, in 0.5 mL of methanol)
under vigorous stirring. After 24 h, the reaction mixture was extensively dialyzed against PBS
buffer (3 times, 4 L) and water (3 times, 4 L), using a regenerated cellulose dialysis membrane
(MWCO = 10000), for 3 days to remove the excess of reactants and byproduct, followed by
Iyophilization to obtain a product of {(Au®);o-G5.NHAc-AF594} DSNPs. Aliquot 2 was
processed by using the same procedure without adding HAuUCI, to obtain the control product
of G5.NHAc-AF594 dendrimers.

Note that the number 7 or 10 in the nomenclature is the number of Au atoms per dendrimer
molecule, according to the reaction stoichiometry. The denotation of {(Au®);-G5.NHAc},
{(Au%);-G5.NGIlyOH}, and {(Au®),-G5.NHAc-AF594} does not necessarily represent any
single particle. Assuming that the reaction to convert Au(l1l) to Au(0) is complete, the ratio of
1:7 or 1:10 could be regarded as the ligand-to-metal stoichiometry for the final products.

Characterization Techniques

UV-Vis Spectrometry—UV-vis spectra were collected with a Perkin-Elmer Lambda 20
UV-vis spectrometer. All Au DSNP and dendrimer—Au (111) complex samples were dissolved
in water at the concentration of 3 mg/mL.
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NMR Spectroscopy—!H NMR spectra of Au DSNPs were recorded on a Bruker DRX 500
nuclear magnetic resonance spectrometer. Samples were dissolved in D,O before NMR
measurements.

¢ Potential—{ potential measurements were performed using a Malvern Zetasizer Nano ZS
model ZEN3600 (Worcestershire, UK) equipped with a standard 633 nm laser.

TEM Measurements—A JEOL 2010F analytical electron microscope was performed at 200
kV with an energy dispersive spectroscopy (EDS) system attached. A 5-uL aqueous solution
of Au DSNPs (3 mg/mL) was dropped onto a carbon-coated copper grid and air-dried before
the measurements. The size distribution histograms of Au DSNPs were measured with use of
ImageJ software (http://rsb.info.nih.gov/ij/download.html). For each sample, 200 NPs were
randomly selected to analyze the size distribution.

Matrix-Assisted Laser Desorption/lonization-Time-of-Flight (MALDI-TOF) Mass
Spectrometry—The control G5.NHAc-AF594 dendrimers were characterized by MALDI-
TOF mass spectrometry, using a Waters Tofspec-2E mass spectrometer (Beverly, MA) run in
linear mode with the high mass PAD detector. Briefly, 1 mg of dendrimer samples was
dissolved in 1 mL of methanol and then diluted with methanol to obtain the final concentration
of 0.2 mg/mL. Equal volumes of the dendrimer solution (0.2 mg/mL) and the matrix
trihydroxyacetophenone (THAP) solution (10 mg/mL, dissolved in 50/50 water/acetonitrile)
were well mixed. Then, a 1-uL solution of this mixture was injected onto the target spots and
evaporated to dryness. The instrument was calibrated with bovine serum albumin (BSA) in
THAP. The data were acquired and processed with use of MassLynx 3.5 software.

Fluorescence Spectroscopy—~Fluorescence spectroscopy of dye-conjugated dendrimers
and Au DSNPs were performed with a Fluoromax-2 fluorimeter. Samples were dissolved in
water at the concentration of 40 M. The excitation wavelength was set at 594 nm. The
fluorescence spectra were collected at the wavelength range of 615-900 nm.

Results and Discussion

As compared with metal DENPs, metal DSNPs are formed under mild reduction conditions,
such as using mild reducing agents (e.g., hydrazine),22 UV- irradiation,1’+30 or thermo-
treatment.38:39 In this work, we found that Au NPs could be spontaneously formed and
functionalized by acetylation of the {(Au3*);-G5.NH,} complex or by mixing G5.NGlyOH
dendrimers with HAuCly. In either case, no additional reducing agents were added and the
reactions were performed at room temperature.

Figure 1 shows the UV-vis spectra of the formed {(Au3*);-G5.NH,} complexes (curve 1),
{(Au%)-G5.NHACc} DSNPs (curve 2), and {(Au®)7-G5.NGlyOH} DSNPs (curve 4). The broad
shoulder of absorbance at 280 nm for {(Au3*)7-G5.NH,} complexes (curve 1, Figure 1) is
indicative of an ion pair formation between AuCl,~ and G5.NH,.16:18 After acetylation of the
{(Au3*)7-G5.NH,} complexes, the formed {(Au®);-G5.NHAc} DSNPs display a surface
plasmon band at 540 nm (curve 2, Figure 1), which is attributed to collective oscillation of free
electrons in Au NPs.#° The {(Au%);-G5.NGlyOH} DSNPs formed by simply mixing
preformed G5.NGlyOH dendrimers with HAuCl, display a surface plasmon band at 525 nm
(curve 4, Figure 1), implying that Au DSNPs with different sizes can be prepared by using the
aforementioned two different approaches. The slightly red-shifted surface plasmon band of
{(Au%);-G5.NHACc} DSNPs when compared to that of {(Au®);-G5.NGlyOH} DSNPs is
ascribed to the larger size of the former particles, which were further confirmed by TEM
imaging (see below).
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Since acetylation of {(Au3*);-G5.NH,} complexes spontaneously induces the formation of
{(Au%),-G5.NHAC} DSNPs, it is reasonable to consider the possibility of forming {(Au®);-
G5.NGlyOH} DSNPs by reaction of {(Au3*)7-G5.NH,} complexes with glycidol molecules.
We found that this reaction did not induce the formation of the {(Au®);-G5.NGlyOH} DSNPs,
as no characteristic surface plasmon band appeared after the reaction (curve 3, Figure 1).
Similar to {(Au3*)7-G5.NH,} complexes, only the broad shoulder of absorbance at 280 nm
appears, which is ascribed to the ion pair formation between dendrimers and AuCl,~ ions. This
is potentially due to the natural differences between the acetylation and hydroxylation
reactions. As compared with a hydroxylation reaction, acetylation is a faster reaction and this
may generate high local energy levels (probably a heating effect) to assist the reduction of Au
(111). We note that the dendrimer terminal acetyl groups do not take part in the redox reaction,
as the chemical shift of the acetyl protons in the THNMR spectrum does not change after the
formation of Au NPs when compared with G5.NHAc dendrimers (see below). Regarding the
reaction mechanism to form Au NPs, it is not clear that this is an Au(l) disproportionation
reaction assisted by the dendrimer as described by Ceroni and co-workers.?0 It is believed that
the tertiary amine groups of G5 dendrimers in this case play a major role in the reduction of
Au(lT) to Au(0), which is further confirmed by later control experiments (see below). The
amine groups of G5.NH, dendrimers do not readily reduce Au(lll) ions to form Au NPs at
room temperature, as a slight yellow solution remained for at least 3 months (inset, Figure 1).
This is potentially due to the strong complexation between dendrimer terminal amines and
AuCly ions, which inhibits the effective reduction of AuCl,~ ions to form zerovalent Au. This
was confirmed by NMR studies (see below). However, when the {(Au3*);-G5.NH,} complexe
was stored in 4 °C for over 8 months, we started to observe that the solution changed to a
slightly red color, suggesting the partial reduction and formation of Au NPs. On the basis of
literature reports and our findings in this work, we can briefly conclude that under certain
conditions, such as UV irradiation,’ thermo-treatment,3° laser irradiation,2! or long-term
aging process, the amine-terminated dendrimers are able to reduce and stabilize Au NPs. Our
results imply that an acetylation reaction not only converts dendrimer terminal amines to
acetamide groups (this was confirmed by NMR studies, see below), but also plays a major role
to promote the formation of Au DSNPs. We note that in both cases of Au NP formation
(acetylation of {(Au3*);-G5.NH,} complexes and mixing of G5.NGlyOH dendrimers with
HAUCIy), the reactions to reduce Au3* are complete. The addition of NaBH,4 (a 3 molar excess
of the HAuCly) into the respective Au NP solution did not induce any changes in the surface
plasmon band of the Au NPs. It should be noted that the small peak at 280 nm of curves 2, 4,
and 5 (information for 5 can be seen below) in Figure 1 is different than the broad shoulder
absorbance at 280 nm for curves 1 and 3 (Figure 1), which is assigned to the ion pair formation
between dendrimers and AuCl,~ ions.16:18 The small peak at 280 nm for curves 2, 4, and 5 has
a controversial assignment in literature regarding its origin.17-51 However, it is reproducibly
observed during Au DENP®2 and DSNP syntheses,22 using more molar excess of strong or
mild reducing agents.

To further understand the formation mechanism of the synthesized {(Au®);-G5.NHAc}
DSNPs, we attempted to use preformed G5.NHAc dendrimers as stabilizers. Three control
experiments were performed in parallel to synthesize acetamide-functionalized Au NPs under
conditions similar to those used to synthesize {(Au®);-G5.NHAc} DSNPs (e.g., the molar ratio
of dendrimer/Au atom, the amount of triethylamine and/or acetic anhydride added, and the
reaction solvent): (1) simply mixing G5.NHAc dendrimers with HAuCly; (2) the mixture of
G5.NHACc dendrimers and HAuCI, was added with triethylamine; and (3) the mixture of
G5.NHAc dendrimers, HAuCly,, and triethylamine was added with acetic anhydride. Inall three
cases, black precipitates appeared on the bottom of the vials (Figure S1, Supporting
Information). This implies that preformed G5.NHAc dendrimers are not able to stabilize Au
NPs, while in all cases the G5.NHAc dendrimers with or without triethylamine are able to
reduce Au(lll) to Au(0). This suggests that the dendrimer tertiary amines are able to reduce
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AuCl, ions to form Au NPs. In sharp contrast, for amine-terminated G5 dendrimers a strong
complexation between the terminal amine groups and the AuCl,~ ions impedes the effective
reduction of the AuCl,~ ions by either the dendrimer tertiary amines or the dendrimer terminal
amines.

The formation of {(Au®)7-G5.NGlyOH} DSNPs by simply mixing G5.NGlyOH dendrimers
with Au(l11) ions is quite surprising. We think that the tertiary or terminal secondary amine
groups of G5.NGIlyOH dendrimers are able to reduce Au(lll), and the tertiary or terminal
secondary amine and hydroxyl groups may simultaneously help stabilize the formed Au NPs.
We also found that the addition of a 5-fold molar excess of glycidol into the G5.NGIyOH
dendrimers before mixing with the Au(l11) ions resulted in the formation of {(Au®);-
G5.NGlyOH} DSNPs (curve 5, Figure 1) with a size similar to that formed in the absence of
free glycidol molecules (A TEM image of {(Au®);-G5.NGlyOH} DSNPs prepared in the
presence of free glycidol molecules is shown in the Supporting Information, Figure S2).
However, simply mixing free glycidol molecules (in a molar equivalent similar to that of the
terminal groups of G5.NGIyOH dendrimers) with Au(l1l) ions under similar conditions did
not induce the formation of Au NPs. This implies that both glycidol terminal groups and
dendrimer tertiary and secondary amine groups are essential for the formation of Au NPs. In
this case, G5.NGlyOH dendrimers serve a dual role (both as reductants and as stabilizers) for
the Au NP synthesis.

The formation of {(Au3*)7-G5.NH,} complexes and {(Au®);-G5.NHAc} DSNPs with
acetamide groups was further confirmed by *H NMR measurements. Figure 2 shows the 1H
NMR spectra of {(Au3*);-G5.NH,} complexes and { (Au®);-G5.NHAc} DSNPs. The chemical
shift of protons related to the {(Au3*);-G5.NH,} (Figure 2a) is quite different from those of
the G5.NH, dendrimers (Figure S3a, Supporting Information), presumably due to the strong
complexation between dendrimer terminal amines and AuCl, ™ ions. It is clear that protons 5
and 6 in the G5.NH, dendrimers display a downfield shift and merge with protons 3 and 1,
respectively, after the formation of the {(Au3*);-G5.NH,} complexes. After acetylation of the
{(Au3*)7-G5.NH,} complexes, the formed {(Au®);-G5.NHAc} DSNPs (Figure 2b) exhibit
similar 1H NMR signals to the G5.NHAc dendrimers in the absence of Au NPs (Figure S3b,
Supporting Information). This suggests the successful conversion of the amine groups of the
{(Au*)7-G5.NH,} complexes to acetamide groups. The formation of Au DSNPs and the
conversion of the dendrimer terminal amines to acetamide groups diminish the strong
electrostatic interaction between the dendrimer terminal amines and the AuCl,~ ions in the
original complexes, leading to similar 1H NMR signals for both the G5.NHAc dendrimers and
the {(Au®);-G5.NHAc} DSNPs.

For the {(Au®)7-G5.NGlyOH} DSNPs, it is clear that the TH NMR signals related to protons
6, 4, and 8 shift downfield compared with the G5.NGIlyOH dendrimers (Figure 3). Only a
portion of the signal from protons 4 and 8 remain in the original positions. This implies that
after the formation of {(Au);-G5.NGlyOH} DSNPs, the terminal secondary amines and
tertiary amines of the G5.NGIyOH interact with the surface of Au NPs, while protons 9 and
10 representing the hydroxyl terminal groups are not significantly changed when compared
with the signal in G5.NGIyOH dendrimers. However, the hydroxyl terminal groups help to
stabilize the Au NPs since the terminal acetamide groups of G5.NHAc dendrimers induce the
precipitation of Au NPs when forming Au DSNPs as described above (see also Figure S1 in
the Supporting Information).

The morphology of the formed Au DSNPs was evaluated by TEM imaging. Parts a and b of
Figure 4 show a bright-field TEM image of the {(Au®);-G5.NHAc} DSNPs and the
corresponding size distribution histogram, respectively. The average diameter of {(Au®);-
G5.NHACc} DSNPs is 13 + 4.5 nm. The {(Au®);-G5.NHAc} DSNPs are highly crystalline as
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confirmed by the selected area electron diffraction (SAED) pattern (Figure 4c). The indexed
(111), (200), (220), and (311) rings in Figure 4c are indicative of the face-centered cubic (fcc)
crystal structure of Au DSNPs. An EDS spectrum of the {(Au®)7-G5.NHAc} DSNPs confirms
the existence of the Au element (Figure 4d). Figure 5 shows a bright-field TEM image (Figure
5a), a size distribution histogram (Figure 5b), and a high-resolution TEM image of the formed
{(Au%),-G5.NGlyOH} DSNPs (Figure 5c), respectively. It appears that the size of the
{(Au®);-G5.NGlyOH} DSNPs (8.5 + 0.9 nm) is smaller and more monodisperse than that of
{(Au%);-G5.NHAC}, presumably due to the existence of the secondary amines and hydroxyl
groups of the G5.NGIyOH dendrimers that more effectively prevent the aggregation of Au NPs
during their formation process. A typical EDS spectrum (data not shown) verifies the existence
of the Au element. A high-resolution TEM image (Figure 5c) of the {(Au%);-G5.NGlyOH}
DSNPs shows that most NPs are single crystals, further confirming the crystalline nature of
the formed Au DSNPs. It is worthwhile to note that under the TEM conditions, dendrimers on
the surfaces of Au NPs are invisible in the TEM images because of their low electron contrast
when compared with metal Au.

The formed {(Au®)7-G5.NHAc} and {(Au®);-G5.NGlyOH} DSNPs are soluble in water and
stable after at least 3 months of storage (photographs of the solution of {(Au®);-G5.NHAc}
and {(Au®);-G5.NGlyOH} DSNPs are shown in the inset of Figure 1). The surface potential
of the {(Au3*);-G5.NH,} complexes (+39.7 mV) significantly decreased after the formation
of the {(Au®)7-G5.NHAc} DSNPs (+9.8 mV), confirming the successful transformation of
dendrimer terminal amines to acetamide groups. The slight positive charge is believed to result
from the incomplete acetylation reaction as observed for dendrimers in the absence of metals.
47 We note that the comparison of the surface potential of {(Au3*);-G5.NH,} and {(Au®);-
G5.NHACc} is based only on the nature of the peripheral dendrimer groups, without taking into
account that Au(l11) has been converted to Au(0). However, this comparison gives us clear
evidence to confirm the dendrimer surface modification. It is believed that the conversion of
Au(l11) to Au(0) would not induce significant changes of the surface potentials before and after
acetylation reaction. For {(Au®);-G5.NGlyOH} DSNPs, the surface potential was measured
to be +26.8 mV. The more positive charge compared to the {(Au®)7-G5.NHAc} DSNPs is
ascribed to the presence of the terminal secondary amines of the G5.NGlyOH dendrimers.*>
This indicates that the Au DSNPs synthesized by using different approaches display different
surface charges. It is worth noting that the stabilization of {(Au®)7-G5.NGlyOH} DSNPs may
be mostly achieved by the interaction of the terminal secondary amines and hydroxyl groups
of G5.NGIyOH dendrimers with Au NPs, while the higher surface potential of the particles
would help them not aggregate and retain good colloidal stability through electrostatic repelling
forces. However, it is difficult to make a comparison between dendrimer terminal groups and
the higher surface potential of the particles in terms of the stabilization of the Au DSNPs. For
the matter of surface potential effect, our earlier work shows that fully acetylated Au DENPs
with a close to neutral surface potential still retain good colloidal stability.28

Dye-functionalized Au NPs are important for biological applications, especially in cellular
markers and in in vivo biosensing and bioimaging.27:>3 Since we had shown that acetamide-
functionalized Au NPs can be formed by acetylation of G5.NH>, dendrimers complexed with
AuCl, ions, we attempted to synthesize surface-neutralized, dye-functionalized Au NPs by
acetylation of the amine-terminated G5.NH,-AF594 conjugate complexed with a 10-molar
equiv of HAUCI . {(Au)19-G5.NHACc-AF594} DSNPs were readily formed, anda TEM image
(Figure 6) shows that the formed Au DSNPs are relatively monodisperse with a size of 16.0 +
4.8 nm. Some of the particles do not show a spherical shape. The size distribution is more or
less similar to that of {(Au®);-G5.NHAc} DSNPs. High-resolution TEM images and EDS (data
not shown) confirmed the high crystalline structure and the existence of the Au element,
respectively. The IH NMR spectrum of the {(Au®)10-G5.NHAc-AF594} DSNPs is similar to
that of the control dendrimer G5.NHAc-AF594 in the absence of Au, indicating that the amine
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groups of AF594-functionalized G5 dendrimers were converted to acetamide groups (Figure
S4 in the Supporting Information). The MALDI-TOF molar mass (Figure S5 in the Supporting
Information) and 'H NMR characterization allow for the identification of the number of AF594
molecules conjugated onto each dendrimer. The practical number of AF594 molecules
conjugated onto each dendrimer is 2.6, close to the initial molar ratio. This was also confirmed
by UV-vis spectroscopy studies, using a free AF594 calibration curve. The dye-functionalized
Au DSNPs are stable in aqueous solution for at least 6 months (a photograph of the aqueous
solution of {(Au®)1o-G5.NHACc-AF594} DSNPs and G5.NHAc-AF594 dendrimers is shown
in Figure S6 in the Supporting Information). The surface plasmon band of the dye-
functionalized Au NPs (approximately at 540 nm), however, is difficult to observe due to the
overlap with the strong maximum absorbance of the dye AF594 at 594 nm in the UV-vis
spectrum (Figure 7a). Fluorescence spectroscopy studies show that, when excited at 594 nm,
the fluorescence intensity of {(Au®);o-G5.NHAc-AF594} DSNPs at 640 nm does not display
appreciable changes as compared with the G5.NHAc-AF594 dendrimers (Figure 7b). In
comparison with other dye-functionalized Au NPs,%3 this approach allows for a straightforward
functionalization of the Au NPs with a neutral surface, which can readily avoid the specific
binding to cell surfaces when applied for biomedical applications.

Conclusion

In summary, we have developed two simple approaches to spontaneously synthesizing Au
DSNPs with acetamide and hydroxyl surfaces: by acetylation of dendrimer-Au (111) complexes
and by mixing glycidol hydroxylated dendrimers with Au anions, respectively. Furthermore,
AF594 dye-functionalized Au DSNPs were synthesized by acetylation of the G5.NH,-AF594
conjugate—Au(I11) complexes. The formed functionalized Au DSNPs are water-soluble and
stable for at least 3 months. It is possible that one could control the size of the formed Au
DSNPs by changing the molar ratio between the dendrimers and Au atoms, or using dendrimers
of different generations. Importantly, with the recent advances in dendrimer use for biomedical
applications,>~>7 we anticipate that prefunctionalized dendrimers with targeting, imaging, and
drug molecules can be complexed with Au(l11) ions for the spontaneous formation of Au DSNP
nanodevices. This opens a new avenue for the fabrication of various metal DSNP nanodevices
for a range of biomedical applications.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

UV-vis spectra of the formed {(Au3*);-G5.NH,} complexes (curve 1); {(Au®)7-G5.NHAc}
DSNPs (curve 2); {(Au3*);-G5.NH,} complexes after reaction with glycidol for 24 h (curve
3); {(Au®);-G5.NGlyOH} DSNPs (curve 4); and {(Au®)7-G5.NGlyOH} DSNPs formed by
addition of additional glycidol (curve 5). The inset shows the photographs of the corresponding
solutions of {(Au3+);-G5.NH,} complexes (1); {(Au®)7-G5.NHAc} DSNPs (2); and
{(Au®);-G5.NGlyOH} DSNPs (4).
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Figure 2.

1H NMR spectra of {(Au3*)7-G5.NH,} complexes (a) and {(Au®)7-G5.NHAc} DSNPs (b). A
schematic representation of the dendrimer structure used for NMR assignment is shown at the
bottom.
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Figure 3.

1H NMR spectra of G5.NGlyOH dendrimers (a) and {(Au®);-G5.NGlyOH} DSNPs (b). A
schematic representation of the dendrimer structure used for NMR assignment is shown at the
bottom.
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Figure 4.
TEM image (a), size distribution histogram (b), selected area electron diffraction pattern (c),
and EDS spectrum (d) of {(Au%);-G5.NHAc} DSNPs.
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Figure 5.
TEM image (a), size distribution histogram (b), and high-resolution TEM image (c) of
{(Au®);-G5.NGlyOH} DSNPs.
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Figure 6.
TEM image (a) and size distribution histogram (b) of {(Au®)1o-G5.NHAc-AF594} DSNPs.
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Figure 7.
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UV-vis (a) and fluorescence (b) spectra of G5.NHAc-AF594 dendrimers and {(Au®)1o-

G5.NHAC-AF594} DSNPs.
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SCHEME 1. Schematic Representation of the Approaches to Synthesizing {(Au0)7-G5.NHAc} (a),
{(Au%7-G5.NGlyOH} (b), and {(Au®)1o-G5.NHACc-AF594} DSNPs (c)
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