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’ INTRODUCTION

During the past decade, the development and study of nano-
particles (NPs) and their functionalized conjugates have
enjoyed a rapidly growing dominance in the field of nanotech-
nology.1�4 In particular, gold nanoparticles (AuNPs) have
demonstrated immense potential for applications including
drug delivery,5�9 diagnostics and imaging,10�14 sensors,1,14�20 and
therapeutics.8,9,13,21�23 The appeal of AuNPs derives primar-
ily from their chemical stability, biocompatibility, commer-
cial availability, and the ease with which they can be con-
jugated with a broad range of functional molecules. The ability
to synthesize AuNPs in a wide range of sizes and morpho-
logies is also beneficial.24�31 Numerous publications have
documented the flexibility of AuNPs with respect to ligand

conjugation1,9,24,32 and applications based on their physico-
chemical properties.9,24,33�40

Dendrimers are monodisperse, hyperbranched nanoscale mole-
cular architectures possessing a unique and well-defined struc-
ture containing connectors and building blocks arranged around
a small molecule or a linear polymer core.41,42 Considered as a
subclass of dendrimers, dendrons are differentiated as wedge-
shaped individual branching structures coupled to a single reac-
tive functional unit, whereas the term dendrimer is frequently
used to indicate spherically symmetric structures. The wedge-like
dendron structure allows one to graft the molecule directly to a
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ABSTRACT: We report the synthesis and evaluation of four
Newkome-type dendrons, G1-COOH, G2-COOH, SH-G1-
COOH, and TA-G1-COOH, and their respective gold�
dendron conjugates, where GX represents the generation number.
G1- and G2-COOH are two-directional symmetric dendrons
that have cystamine cores containing a disulfide group. SH-G1-
COOHwas prepared by treatment of G1-COOHwith dithioer-
ythritol to yield a free thiol group to replace the disulfide linkage.
TA-G1-COOH has a thioctic acid moiety, which is a five-
membered ring containing a disulfide group that cleaves to
produce two anchoring thiols to bond with the gold surface. All
dendrons have peripheral carboxylate groups to afford hydro-
philicity and functionality. Gold nanoparticle conjugates were
prepared by reaction of each dendron solution with a suspen-
sion of gold colloid (nominally 10 nm diameter) and purified by
stirred cell ultrafiltration. Chemical structures were confirmed
by 1H and 13C nuclear magnetic resonance spectroscopy and
matrix assisted laser desorption/ionization time-of-flight mass
spectrometry. Particle size and surface plasmon resonance of
the conjugates were characterized by dynamic light scattering
(DLS) and UV�vis spectroscopy, respectively. X-ray photo-
electron spectroscopy (XPS) was utilized to confirm covalent
bonding between the thiols on the dendron and the gold
surface. XPS also revealed changes in the S/Au intensity ratio as a function of the dendron chemical structure, suggesting steric
effects play a role in the reaction and/or conformation of dendrons on the gold surface. The colloidal and chemical stability of the
conjugates as a function of temperature, pH, and suspending medium, and with respect to chemical resistance toward KCN, was
investigated using DLS and UV�vis absorption.
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surface. Since the successful development of dendrimer-encap-
sulated NPs by Tomalia43 and Crooks,44,45 dendrimers, as a class
of nanomaterials, have been widely utilized in nanotechnology.46

The subsequent development of dendrimer-based nanocom-
posites47�61 and nanoconjugates62�78 is attractive because of
their unique structures and properties, as well as their highly
controllable internal and/or external functionalities and dimensions.

Here we report the development and properties of AuNP-
dendron conjugates (hereafter referred to simply as conjugates).
The conjugates were conceived as prototypes for investigations
of NP-biological interactions and as candidate nanoscale refer-
encematerials. In particular, dendron encapulated AuNPs permit
variation of surface-active groups while maintaining a common
underlying core/shell platform. This research approach allows
for: (1) better control over size and size distribution of con-
jugates due to complete separation of the AuNP synthesis and
surface encapsulation processes; citrate-capped AuNPs with
tightly controlled and well-characterized core sizes are used in
the present study, (2) improved stability of AuNPs in biologically
relevant media, including physiological saline levels, by grafting
water-soluble dendrons onto the AuNP surface, and (3) provi-
sion of potentially useful and unique templates for biological
applications because of the surface site density and range of
possible functional groups afforded by the dendron conjugates.

In the present study we focus on Newkome-type dendrons41

that possess a 1 (amine) f 3 (esters) branched structure, and
which are used in the divergent synthesis of a family of amide
connected dendrimers. The facile conversion of amine to the
corresponding isocyanate has expanded its utilitarian appeal. The
peripheral esters are easily hydrolyzed to carboxylic acids; this
consequently allows for enhanced solubility in aqueous media as
well as increased reactivity with other dendrons to afford either
additional dendron generations or functionality for use in
medical applications, such as coupling with biologically active
species. Here we have prepared Newkome-type dendrons de-
signed with consideration of the sulfide content (ligand exchange
onto the gold core), the generation number (determines the shell
thickness in the core/shell conjugate structure), steric effects that
would inhibit reaction and impact conformation, hydrophilicity
of the dendron, and surface functionality of the termini. Citrate-
capped AuNPs nominally 10 nm in size were selected for the gold
core in the preparation of the conjugates. Physicochemical prop-
erties of the resulting conjugates were characterized by dynamic
light scattering (DLS), UV�vis spectroscopy, atomic force micro-
scopy (AFM), and X-ray photoelectron spectroscopy (XPS).
Additionally, the colloidal and chemical stability of the conju-
gates as a function of temperature, pH, and suspending medium
(including physiological saline levels), and with respect to
chemical resistance against KCN-induced Au dissolution, was
investigated using DLS and UV�vis absorption.

’EXPERIMENTAL METHODS

Reagents and Instrumentation. Cystamine dihydrochloride
(98%), dithioerythritol (DTE, 99%), thioctic acid (99%), formic acid
(g96%), N,N0-dicyclohexylcarbodiimide (DCC, 99%), 1-hydroxy-1H-
benzotriazole hydrate (1-HOBT), citric acid (99.5%), sodium citrate
dehydrate (g99%), sodium sulfate anhydrous (Na2SO4, g 99%),
sodium chloride (NaCl, 99.5%), potassium cyanide (KCN, g 96%),
triethyamine (Et3N), and ACS-grade solvents including tetrahydro-
furan (THF), dimethylformamide (DMF), dichloromethane (CH2Cl2),
hexanes, ethyl acetate, and methanol (MeOH) were obtained from

Sigma-Aldrich (St. Louis, MO). (Certain trade names and company
products are mentioned in the text or identified in illustrations in order
to specify adequately the experimental procedure and equipment used.
In no case does such identification imply recommendation or endorse-
ment by National Institute of Standards and Technology or the Depart-
ment of Health and Human Services, nor does it imply that the products
are necessarily the best available for the purpose.) Ditert-butyl-
4-[2-(tert-butoxycarbonyl)ethyl]-4-isocyanato-1,7-heptanedicarboxy-
late (Weisocyanate) and Ditert-butyl-4-[2-(tert-butoxycarbonyl)ethyl]-
4-amino-1,7-heptanedicarboxylate (Behera’s amine) were obtained from
Frontier Scientific, Inc. (Logan, Utah). Phosphate buffered saline
(PBS10X) was obtained from HyClone (Logan, Utah). All chemicals
were used without further purification. Column chromatography was
conducted using silica gel (Sigma-Aldrich, 70�230 mesh, 60 Å) or
alumina (basic, Brockmann I, ∼150 mesh, 58 Å) with the appropriate
solvent mixture. Citrate stabilized gold colloid (10 nm, nominal particle
diameter) was obtained from Ted Pella, Inc. (Redding, CA; manufac-
tured by BBI-International, UK). Deionized water (18.2 MΩ 3 cm) was
produced by an Aqua Solutions (Jasper, GA) Type I DI (ROþDI)
reagent grade water purification system.

1H and 13C nuclear magnetic resonance (NMR) spectra were ob-
tained on a JEOL GSX270 FT-NMR (JEOL USA Inc., Peabody, MA)
and were recorded at 270 and 67.5 MHz, respectively. A Voyager-DE
Pro matrix assisted laser desorption/ionization time-of-flight (MALDI-
TOF) mass spectrometer (Applied Biosystems, Foster City, CA) was
utilized for determination of molecular mass. The accelerating voltage
was 20 kV, guide wire 0.002% and grid voltage 75%. The instrument was
operated in reflectron mode under positive ion conditions. A nitrogen
laser was used at 337 nmwith 150 laser shots averaged per spectrum. The
matrix used for all experiments was 2,5-dihydroyxbenzoic acid (Sigma-
Aldrich). pH was recorded with an Orion 520A using an Thermo Orion
model 9157BN pH triode. UV�vis spectra were collected on a Perkin-
Elmer (Waltham, MA) Lambda 750 spectrophotometer. DLS was
collected on a Malvern Instruments (Westborough, MA) Zetasizer
Nano operated in 173� backscatter mode with a laser wavelength of
633 nm. AFM images were obtained in tapping mode using a Veeco
Instruments (Santa Barbara, CA) Dimension 3100 instrument with a
Nanoscope V controller. XPS spectra were obtained with an AXIS
UltraDLD (Kratos Analytical, Manchester UK) and used for the analysis
of S/Au ratio and to confirm bonding with the Au surface.
Characterization and Stability Study. DLS procedures fol-

lowed the National Institute of Standards and Technology (NIST) �
Nanotechnology Characterization Laboratory (NCL) protocol79 (freely
available online) with z-average values reported as the mean of no less
than five measurements plus or minus one standard deviation. UV�vis
spectra were collected in UV-transparent disposable plastic semimicro-
cuvettes (Brandtech, Inc., Essex, CT) with a 1 cm path length, and
requiring 1 mL to fill the light path of the UV�vis spectrometer used.
The spectrometer was a split-beam style equipped with an 8 þ 8 cell
changer and water-jacketed temperature control. AFM images were
obtained by intermittent contact or tapping mode. Cantilevers with
nominal spring constants of 7.4 N/m, and a tip radius of curvature of
approximately 8 nm were used to collect all images. Nanoparticle
samples were deposited onto aminated surfaces (Si chips treated with
3-aminopropyldimethoxyethoxysilane) to prevent drop-pinning or dry-
ing-induced aggregation. XPS measurements were made with an AXIS
UltraDLD (Kratos Analytical, Manchester, U.K.) system using mono-
chromatic Al KR radiation at an X-ray power of 150 W. AuNP-dendron
conjugates were concentrated by centrifugation and drop cast onto
commercially available indium foil for analysis. All XPS measurements
were performed on freshly prepared samples and each sample was
measured at three positions within a single sample spot. The uncertainty
of XPS measurements was recorded as standard deviation well as DLS
study. Shelf life and stability under various temperatures of AuNP-dendron
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conjugates were investigated as they were without dilution by DLS, and
UV�vis measurements. On the other hand, the stability studies in media
such as PBS, various pHs, and 2.0 mmol/L KCN solutions were con-
ducted with dilution factor ( f ) 10 by DLS and UV�vis as well. The pH
values were adjusted by mixing of 50 mmol/L HCl and NaOH solution.
All DLS and UV�vis measurements were conducted at 20 ( 0.1 �C
unless noted.

’RESULTS AND DISCUSSION

Preparation of Dendrons and AuNP�Dendron Conju-
gates. As summarized in Schemes 1 and 2 and Figure 1, we
have synthesized four Newkome class dendrons, G1-COOH 4,
G2-COOH7, SH-G1-COOH8, andTA-G1-COOH11(Schemes 1
and 2) as targeted dendrons for the preparation of conju-
gated AuNPs.

G1- and G2-COOH (Scheme 1) are 2-directional dendrons
that have cystamine cores containing a disulfide group. Cysta-
mine 1 was treated with 2 equivalents of Weisocyanate80 2 in the
presence of triethylamine (Et3N) in tetrahydrofuran (THF) to
afford a urea adduct (90% yield) 3. Hydrolysis of G1-hexa-tert-
butylester 3 with formic acid at ambient temperature overnight
produced the hexacarboxylic acid dendron, G1-COOH 4 with
95% yield. For the preparation of G2-COOH 7, hexaacid 4 was
treated with 6 equiv. of Behera’s amine81 5 in the presence of N,
N0-dicyclohexylcarbodiimide (DCC) and 1-hydroxy-1H-benzo-
triazole (1-HOBT) in dimethylformamide (DMF) to yield
(37%) G2 predendron 6, which was then deprotected with
formic acid overnight at room temperature to give G2-COOH
7 quantitatively.
To reduce steric effects on the conjugation reaction, we

prepared one-directional monothiol dendron SH-G1-COOH 8

Scheme 1. Synthesis of Two-Directional Cystamine Core Dendrons 4 (G1-COOH) and 7 (G2-COOH)a

aReagents and conditions: (i) Et3N, THF, r.t., 12 h; (ii) formic acid, r.t., overnight; (iii) DCC, 1-HOBT, DMF, r.t., overnight.

Scheme 2. Preparation of One-Directional Dendrons 8 (SH-G1-COOH) and 11 (TA-G1-COOH)a

aReagents and conditions: (i) DTE, citrate buffer (pH 6.2), 55 �C, overnight; (ii) DCC, 1-HOBT, THF, r.t., overnight; (iii) formic acid, r.t., overnight.
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(Scheme 2) by reduction of the disulfide group on G1-COOH 4
with 1.1 equivalents of dithioerythritol (DTE). As described
above, we factored in the number of sulfides on a singlemolecular
unit, as well as steric effects, in dendron design. This led us to
synthesize TAG1-COOH 11 (Scheme 2) as a “di-anchored”
dendron for conjugate formation. Thioctic acid (TA) 9, the start-
ing material, which is a 5-membered ring containing a disulfide
group, provides the two anchoring thiols to react with the gold
surface, and was coupled with Behera’s amine 5 under similar
amidation conditions to produce thioctic-tritert-butyl ester
10 (81% yield). The deprotection reaction of 10 was con-
ducted under similar hydrolysis conditions to afford the targeted
dianchor dendron TA-G1-COOH 11 with 42% yield.
The conjugates Au-G1-COOH, -G2-COOH, -SH-G1-COOH,

and -TA-G1-COOH (Figure 1) were prepared by mixing each
dendron solution into a suspension of citrate stabilized gold
colloids (nominally 10 nm diameter), followed by purification
using stirred cell ultrafiltration.
Characterization of Conjugates. DLS, UV�vis, XPS, and

AFM were employed to determine the physicochemical proper-
ties of conjugates; the results are summarized in Table 1.
UV�vis absorbance spectra showed that all conjugates

exhibit an absorption peak near λmax ≈ 520 nm, which is
characteristic of the surface plasmon resonance (SPR) band
for AuNPs in this size range.37 Compared to the SPR of citrate-
capped AuNPs (λmax ≈ 518 nm), the conjugates exhibited a
slight red shift (Δλ = 2�4 nm) due to surface modification by
ligand exchange. Additionally, the absence of a large red shift
of the SPR absorbance band demonstrates that there is no
significant particle aggregation occurring during the conjugate
formation process.82

FromDLS one obtains the equivalent hydrodynamic diameter
(dh) associated with the conjugates. Briefly, DLS measures the
diffusion coefficient (Dz) of particles undergoing random thermal

motion, and by application of the Stokes�Einstein relationship
(eq 1) dh is obtained.

83

dh ¼ kT
3πμDz

ð1Þ

Here, k is Boltzmann’s constant, μ is viscosity of the medium, and
T is the absolute temperature of measurements. The z-average
size is obtained by application of the cumulants method,84 which
assumes a single size Gaussian mode. It is also possible to derive a
size distribution by application of a suitable inversion algorithm
with appropriate smoothing in combination with non-negative
least-squares (NNLS) fitting to the measured correlation function.
All dendron conjugates showed appropriate z-average sizes

(Table 1), which were slightly larger than the native citrate-
cappedAuNPs. The derivedDLS size distributions were found to
be monomodal with a relatively narrow distribution, as shown in
Figure 2.
The measured z-average size of all generation 1 dendron conju-

gates (Au-G1-COOH, -SH-G1-COOH, and -TA-G1-COOH)
was about 15 nm, which is approximately 3 nm larger than the
native citrate-capped AuNPs. The Au-G2-COOH showed an
increase in size of ∼5 nm relative to the native material. These
results are evidence of successful dendron coupling onto the
AuNPs, and the consistently narrow monomodal distributions
confirm the absence of aggregation. Moreover, the polydispersity
index derived from the second-order coefficient of the cumulants
analysis obtained by DLS did not increase significantly following
the formation of AuNP conjugates; this result further supports
the conclusion that conjugation is homogeneous and largely free
from agglomeration effects.85 Furthermore, AFM images and
histograms of size distributions (see the Supporting Information,
Figure S1) confirm the lack of agglomerates or aggregates
following the ligand exchange reaction and subsequent purifica-
tion step in all samples, and the uniformity of conjugate size in
most samples. Notably, the z-average size for the Au-MUA
conjugate (where MUA is 11-mercaptoundecanoic acid) is larger
(dz = 22.3 nm) compared with the dendron conjugates. This can
likely be traced to the different preparation conditions required
for conjugation with the sparingly water-soluble MUA and/or
purification process using diafiltration (see the Supporting
Information), and probably indicates some degree of agglomera-
tion is present in this material; however, since the Au-MUA is

Figure 1. Cartoon depictions of conjugates and their preparation
processes based on reacting dendron solutions with citrate-stabilized
AuNP suspensions at room temperature for 5 h; the relative sizes are not
to scale and the number of molecules shown is not a realistic reflection of
the actual surface site density.

Table 1. Summary of Physicochemical Characterization
Results for AuNP�Dendron Conjugates Obtained by DLS,
UV�Vis Spectroscopy, and XPSa

AuNP species

Z-average size

(dz, nm)

SPR

(λmax, nm)

relative surface

coverage

Citrate AuNP 12.2( 0.1 518 0

Au-G1-COOH 15.2( 0.1 520 0.38( 0.23

Au-G2-COOH 17.4( 0.1 521 0.19( 0.09

Au-SH-G1-COOH 15.1( 0.1 520 0.76( 0.04

Au-TA-G1-COOH 15.2( 0.1 522 0.93( 0.03

Au-MUA 22.3( 0.2 523 1.0( 0.07
aRelative surface coverage was calculated based on S/Au intensity ratios
for each conjugate as determined by XPS, and setting the S/Au intensity
ratio measured formercaptoundecanoic acid (MUA) conjugated AuNPs
to 1.0 as a benchmark value. DLS uncertainty intervals represent 1
standard deviation based on replicate measurements conducted under
repeatability conditions.
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used solely for the purpose of benchmarking the XPS results for
S/Au ratio comparisons, the size difference is inconsequential.
XPS has been used previously to study the chemical bonding

between planar gold and gold nanoparticle surfaces with thiol
modifiers.86�88 Here we use XPS for the characterization of dried
films of AuNP conjugates that were drop-cast onto indium foil in
order to confirm the presence of the chemical functional groups
expected from the ligand exchange reaction and also to probe the
S�Au bonding interaction. XPS spectra were collected for dried
films of citrate-stabilized AuNPs and Au-G1-COOH, Au-G2-
COOH, Au-SH-G1-COOH, Au-TA-G1-COOH, and Au-MUA
conjugate materials. Spectra obtained on citrate-stabilized and
MUA modified AuNPs were as expected and similar to those
reported previously in the literature.86,88

High-resolution spectra were collected for the C 1s, N 1s, Au
4f and S 2p energy regions. The presence and shape of peaks
collected in these regions confirm the presence of the AuNP
modifiers and also, in the case of the S 2p region, indicate how the
S is bound to the AuNP and to what degree. Regions scanned in
these areas did not vary appreciably between the samples analyzed;
representative region scans taken on theAu-G1-COOH conjugates
are shown in Figure 3.
The C 1s peak envelope can be fit with three peaks associated

with elemental carbon (C�C species at 284.9 eV), carbon bound
to a single oxygen or single nitrogen atom (C�O or C�N
species at 286.0 eV), and carbon bound to two oxygen atoms
(CdOOH species at 288.9 eV).89 The presence of these peaks
corresponds well with those species expected to be observed
from the chemical structure of the dendron modifiers. The N 1s
region exhibits one peak at 399.5 eV, associated with amide
groups. The Au 4f region exhibits a pair of peaks at 83.9 and
87.6 eV assigned to the Au 4f7/2 and Au 4f5/2 peaks, respectively,
originating from the AuNP cores.89 The S 2p region peak
envelope can be fit with two sets of peaks. Peaks associated with
the S 2p3/2 and S 2p1/2 photoelectron pair originating from S

atoms bound to Au are observed at 162.0 and 163.2 eV, respec-
tively, and make up the majority of the S 2p signal. Peaks
associated with the S 2p3/2 and S 2p1/2 photoelectrons of S
atoms not bound to Au are observed at 163.9 and 165.2 eV,
respectively, and are minor components.90 Detection of photo-
electrons originating from unbound S groups in thiolate films is
not uncommon for thiol modifiers that contain carboxylic acid
end groups due to hydrogen bonding between the terminal
groups of the bound layer and carboxylic acid groups on free
modifier molecules in the bulk.86,88 Contribution of the signal
originating from the unbound S species is eliminated from the
calculation of S to Au intensity ratios used to determine relative

Figure 2. DLS intensity-weighted size distributions obtained for Au
conjugates using NNLS: (a) Au-G1-COOH, (b) Au-G2-COOH,
(c) Au-SH-G1-COOH, and (d) Au-TA-G1-COOH.

Figure 3. Representative high-resolution XPS spectra for (a) C 1s,
(b) N 1s, (c) Au 4f, and (d) S 2p regions collected for Au-G1-COOH
conjugates. The peak shape was consistent across samples.

Figure 4. High-resolution XPS spectra for the S 2p region collected
for (a) Au-G1-COOH, (b) Au-G2-COOH, (c) Au-SH-G1-COOH,
(d) Au-TA-G1-COOH, and (e) Au-MUA.
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surface coverage values by only considering signal contribution
from bound S species, as will be discussed below.
The S regions were compared for all materials analyzed and are

shown in Figure 4. The shape of the S 2p peak envelopes are
nearly identical for all species.
The position of the S 2p3/2 peak is the same (162.0 eV) in all

cases; and the peak intensities originating from S atoms bound to
Au atoms as compared with S atoms not bound to Au atoms is
similar in all cases. The intensity of the S 2p peaks measured on
the different conjugates cannot be directly compared because the
signal intensities obtained were influenced by the density of the
sample deposits prepared for analysis; one can observe poorer
signal-to-noise ratios for S peaks obtained for theAu-G1-COOH
and Au-G2-COOH samples, which is attributed to a lower
surface density as a result of the following analysis. What can
be reliably compared is the intensity ratio of the S 2p3/2 peak
intensity of the bound sulfur species to the Au 4f7/2 peak intensity
measured on a single sample. This S/Au ratio is not affected by
slight differences in the sample deposit density. The use of the S/
Au ratio as a metric for molecular surface coverage on nanopar-
ticles was first reported by Weisbecker et al.90

Au-MUA conjugates were prepared as a benchmark material
to represent maximal molecular surface coverage for comparison
with the dendron conjugates. Although absolute coverage was
not determined, our approach enables a comparison of relative
coverage for the various AuNP modifications explored here. The
relative coverage was calculated by first determining the S/Au
ratio for each sample by dividing the intensity of the S 2p3/2 peak
for the bound species (162.0 eV) by the intensity of the Au 4f7/2
peak, and then dividing that ratio by the ratio obtained for the
Au-MUA sample. The resulting values are listed inTable 1 and reveal
that steric effects influence the molecular packing of the dendron
modifiers on the AuNP surface. As shown in scheme 1, G1-COOH
4 and G2-COOH 7 are two-directional dendrons. In G1-COOH
and G2-COOH dendrons, the cystamine active site core is located
in themiddle of the chains, and is thus hindered from contacting the
Au surface by the side branches. Hypothesized steric interactions are
depicted in Figure 5 for different dendron conjugates.
This steric effect resulted in low relative surface coverage

values for Au-G1-COOH (0.38), and Au-G2-COOH (0.19)

samples. Alternatively, SH-G1-COOH 8 and TA-G1-COOH 11
are 1-directional dendrons (Scheme 2) and the active site in SH-
G1-COOH (thiol), or TA-G1-COOH (disulfide) is fully acces-
sible for contact with the Au surface; this resulted in higher cal-
culated surface coverage for conjugates of Au-SH-G1-COOH
(0.76) and Au-TA-G1-COOH (0.93). Interestingly, even though
the SH-G1-COOH dendron is free from steric hindrance, its AuNP
conjugate has a lower S/Au ratio than Au-MUA. This can be
explained by the fact that MUA molecules are able to pack more
tightly than the 1f 3 branched dendron molecules during conju-
gation. The relative surface coverage for the Au-TA-G1-COOH
approached the maximum value; it is believed that the disulfide
linkage is severed forming two anchoring S�Au bonds leading to
high occupancy based on the S/Au ratio despite conformational
steric hindrance between intermolecular branches. These overall
characterization results supported successful thiolated dendron
conjugation including characteristic SPR absorbance, appropriate
sizes, narrow and monodisperse size distributions as well as the
initial hypothesis that the steric effects induced from dendron struc-
ture would influence the AuNP-dendron conjugate formation itself.
Stability Studies.The stability of the AuNP conjugates under

various conditions is an important issue for potential biological
applications as well as for long-term storage and their possible use
as candidate nanoscale reference materials.
Temperature-dependent stability studies were conducted from

(20 to 60) �C using DLS and UV�vis spectroscopy. Samples
were incubated for 30 min at each temperature before measure-
ments were initiated. As shown in Figure S2 (see the Supporting
Information), the z-average size measured by DLS (see Figure
S2a in the Supporting Information) and SPR bands obtained
from UV�vis absorption (see Figure S2b in the Supporting
Information) for all conjugates are constant over the range of
temperatures probed. This demonstrates that the conjugates are
highly stable at temperatures relevant to biological applications.
The observed temperature stability is not surprising since the
commercial citrate-capped AuNPs exhibit similar stability in this
range, so results demonstrate that conjugate formation does not
reduce thermal stability of the native material.
To evaluate their stability in different media, we diluted conju-

gates (dilution factor f = 10) into deionized (DI) water (as a

Figure 5. Cartoon depiction showing hypothesized steric effects for dendrons during conjugate formation.
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control), 2.0 mmol/L NaCl, and phosphate buffered saline
(PBS), then monitored using DLS and UV�vis absorbance. The
hydrodynamic size of the conjugates in DI water and 2.0 mmol/L
NaCl remained unchanged for at least 2 weeks (Figure 6).
Similar behavior was exhibited in PBS, which contains a

physiological (isotonic) saline concentration (154 mmol/L NaCl).
By contrast, the native citrate-capped AuNPs aggregate imme-
diately and “crash out” forming black precipitates when diluted
into PBS. Monitoring of the SPR band further confirmed the
stability of the dendron conjugates in the three tested media
(Figure 6e, represented by Au-SH-G1-COOH in PBS) and
demonstrated the lack of stability for the native citrate-capped
AuNPs (Figure 6f). These results are encouraging because stabi-
lity in physiologically relevant media, where saline levels are high,
is a significant issue for the use of AuNPs in biological applica-
tions and assays. We therefore view stability in PBS as an initial
screening test for compatibility with physiological conditions.
The substantial improvement in stability in high saline media

for conjugates, relative to citrate-capped AuNPs, can be attrib-
uted to the inherent solubility associated with the dendron
molecular structure91 coupled with the addition of a salt-
insensitive steric repulsive force arising from the bulky, and
strongly anchored, dendrons grafted to the Au surface. Among
the conjugates, Au-SH-G1-COOH exhibited the most stable
behavior in PBS (see Figure S3 in the Supporting Information),
with the stability order (based on UV�vis spectral analysis) as
follows: Au-SH-G1-COOH > -TA-G1-COOHg -G2-COOH
> -G1-COOH. This order suggests that increased density of S
bonding on the Au surface could increase the stability in
physiologically relevant media.

The pH stability is an important consideration for therapeutic
applications of orally administered NPs, as well as other potential
biomedical uses.92 For instance, highly acidic conditions exist in
the human stomach (approaching pH 2), while proceeding into
and through the intestines, the pH gradually increases to mildly
basic conditions (≈ pH 8). Lysosomes within mammalian cells

Figure 6. (Left): Stability of conjugates in different media (dilution factor f = 10): in DI water (circles), in 2 mmol/L NaCl (squares), and in PBS
(triangles) monitored by DLS over 2 weeks. Results shown for (a) Au-G1-COOH, (b) Au-G2-COOH, (c) Au-SH-G1-COOH, and (d) Au-TA-G1-
COOH. (Right): Stability of Au-SH-G1-COOH in (e) PBS by UV�vis over 2 weeks, (f) citrate AuNP over 1 day in PBS at 20 �C.

Figure 7. SPR bands for theAu-TA-G1-COOH conjugate as a function
of pH (f = 10). The behavior exhibited here is generically similar for all
dendron conjugated AuNPs.
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are characterized bymoderately acidic pH levels between 4 and 5,
and the pH of the bloodstream is generally about 7.4. Hence,
particles can experience a broad range of conditions within a
biological system, ranging from very acidic (pH 2) to mildly
alkaline (pH 8).
The SPR bands of conjugates (Figure 7) were evaluated within

the range of pH from 2 to 10, immediately following dilution into
each pH buffer solution (f = 10). Since all dendron conjugates
precipitated at pH 2 those results are omitted.
As shown in Figure 7, at pH 3 the SPR bands were generally

observed to red shift (Δλmax = 25 to 45 nm), which suggests
formation of aggregates. In general, conjugates were unstable
under highly acidic conditions (e4) and stable frommildly acidic
to basic conditions (pHg 6). In lowering the pH into the acidic
range, the negatively charged conjugates are effectively neutra-
lized by protonation of the carboxyl termini (pKa ≈ 4). Conse-
quently, a decrease in electrostatic repulsion should lead to
decreased stability resulting in aggregation.93 However, the
electrostatic repulsive forces associated with the charged depro-
tonated carboxyls is also effectively screened at high salt con-
centrations (e.g., in PBS), yet this has been shown not to cause
significant short-term loss of stability. This suggests there are
other factors involved, one of which could be an increase in

hydrogen bonding between protonated carboxyl termini at pH
values near or below their pKa; carboxyls are known to self-
associate when fully protonated.94 Another possibility is that
highly acidic solutions reduce the chemical stability of the Au�S
bond that anchors the dendrons to the Au surface; loss of
chemical stability would lead subsequently to a loss of colloidal
stability as the protective layer is degraded.
Conjugates and citrate-capped AuNPs exhibit distinctly dif-

ferent stability behavior in strongly acidic media (pH 3). The
SPR absorption spectrum for citrate-capped AuNPs evolves over
time (see Figure 8a), such that the characteristic peak near
520 nm decreases in magnitude and a broader absorption peak
gradually develops between (650 and 670) nm. This suggests the
coexistence of two physical states, with the primary particle
population being depleted at the expense of larger aggregates. On
the other hand, for Au-TA-G1-COOH at pH 3 (Figure 8b), the
SPR peak shows a rapid red shift during the initial 2 h, eventually
stabilizing near 560 nm; the SPR peak then decreases in intensity
but does not red shift further. This suggests the rapid formation
of a new physical state (i.e., clusters) that are then relatively stable
toward further physical modification.
DLS measurements conducted under the same conditions

at pH 3 (Figure 8c) correlate with the previous SPR results. The

Figure 8. Time-dependent studies of AuNPs in acidic media (pH 3). UV�vis absorbance spectra for (a) citrate-capped AuNPs and (b) Au-TA-G1-
COOH; vertical marker (•••) indicates 520 nm. (c) Z-average size versus time for (b) citrate-capped AuNPs and (O) Au-TA-G1-COOH. (d, f) AFM
height and (e, g) amplitude images of citrate-capped AuNPs (d, e) andAu-TA-G1-COOH (f, g) after 48 h at pH 3; scale bars are 100 nm, z-scale is 20 nm
for height images. (h) Cartoon depiction of cluster formation mechanism comparing citrate-capped AuNPs and AuNP�dendron conjugates under
acidic conditions.
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z-average size of citrate-capped AuNPs continuously increased
over time; however, the Au-TA-G1-COOH size increased to
about 90 nm during the first 2 h, after which it exhibited a
relatively slow but steady increase. It should be noted that within
≈24 h citrate-capped AuNPs crashed out of solution, forming a
black precipitate that settled to the bottom of the cell. In contrast,
the solution of modified conjugates gradually became purple in
appearance, then settled out of solution after several days.
AFM height and phase images (obtained after 48 h) for the

acidified citrate-capped AuNPs (Figure 8d,e) clearly show large
aggregate structures with Au cores apparently fused or in direct
contact. In contrast, the acidified Au-TA-G1-COOH conjugate
(Figure 8f,g) is characterized by small clusters of a few primary
particles with distinct cores still visible (i.e., core fusion is not
apparent in the AFM image).
The combined UV�vis, DLS and AFM results suggest that

citrate primarily provides stability for AuNPs via electrostatic
repulsion arising from deprotonated carboxyl groups at pH
values above the pKa, and that because of the small size of citrate,
under acidic conditions citrate provides no protection against
aggregation thus leading to relatively rapid intercore fusion.
Whether the citrate is actually displaced under these conditions,
or is simply neutralized by the acid, is not clear and would require
additional experiments beyond the scope of the present work. In
contrast, the acidified Au-TA-G1-COOH conjugate provides
both electrostatic repulsion and a stable steric protective layer
that prevents intercore fusion under acidic conditions. Thus
clusters formed with Au-TA-G1-COOH-protected AuNPs in-
itially form weak agglomerates rather than fused aggregates
(Figure 8h). Moreover, the conjugates exhibit excellent stability
(based on DLS and SPR results) over the pH range from mildly
acidic to mildly alkaline (i.e., pH 4 to pH 10); see for instance
Figure S4 (see the Supporting Information).
Nanomaterial formulations intended for therapeutic applica-

tion are most often intravenously infused. An appropriate
neutral, hydrophilic, and stable coating minimizes protein bind-
ing to the particle, reduces immune system recognition, and
prolongs systemic circulation to localize in tumor tissue through
enhanced permeability and retention. Because serum contains
thiolated proteins that can potentially replace the surface bound
gold�thiol bonds and thereby facilitate reticuloendothelial sys-
tem recognition and uptake, an ideal nanoparticle carrier should
have a stable coating resistant to such displacement. Hence, the
relative chemical resistances of different surface bound dendritic
ligands were investigated. It is well-documented that cyanide ion
(CN �) acts as a strong complexing ligand for Au(I) ions, to the
extent that addition of KCN rapidly etches Au surfaces on the
basis of Elsner’s reaction95

4Auþ 8CN� þO2 þ 2H2O f 4AuðCNÞ2� þ 4OH�

Digestion of Au colloids by cyanide ions is therefore a useful
means to evaluate the chemical stability of Au conjugates. When
CN� is able to access the AuNP surface, the characteristic ruby-
red color gradually changes to a colorless solution by formation
of the soluble Au(CN)2

� complex. In classical evaluations of
cyanide digestion of modified Au colloids by Whitesides,90

Murray,96 and Rotello,97 longer or bulkier alkylmonothiol shells
protected the Au core from cyanide attack more efficiently
(relative to less bulkier shells) by providing a thicker steric
barrier against CN� approach to the Au surface (see the branch
effect, in Figure 9a).

On the other hand, Fox69 and Smith70 have previously reported
that smaller dendron�Au conjugates (prepared by reduction of
HAuCl4 with disulfide dendrons present) were more stable than
larger dendrons, an inverse ligand-molecular mass relationship
compared to the classical alkylthiol protected Au. These authors
suggested that during the ligation process, small dendrons form
“close-packed” conjugates, sterically resisting access of CN� to
the Au core, whereas larger dendrons resulted in “loose-packed”
conjugates that allowed greater access to CN� (see the sulfur
coverage effect in Figure 9b), even as the shell “thickness”
increased. Recently however, Shon et al.74 have observed that
higher generation (i.e., more bulky) dendron-stabilized AuNPs
have superior stability against chemical etching. We hypothesize
that this improvement in resistance to KCN etching is correlated
to the S/Au ratio of their conjugates�sulfur coverage effect�
which should be identical for all AuNP�dendron conjugates in
their study (prepared by convergent dendritic functionalization
of the Au-MUA analog as a starting core material, see Figure 9c).
In the present work, aqueous solutions of the conjugates were

rapidly diluted (f = 10) with an aqueous KCN solution (2.0
mmol/L), then decay of the optical density at 520 nm was
observed over time (Figure 10). The rate constants for decay (k1,
Table 2) were obtained from a general first-order equation, y = y0 þ
aexp(�k1t), where y is the observed absorbance as a function of
time and y0 is a correction for light scattering by the finely
suspended byproduct (assumed to be constant).96 The rate
constant for citrate-capped AuNPs is not given because of the
very rapid loss of optical density.
As shown in Figure 10, citrate-capped AuNPs were dissolved

almost immediately upon treatment with KCN solution. The decay
rate forAu-G2-COOH (Table 2) was observed to be slower than
that of Au-G1-COOH because of the protection efficiency of the

Figure 9. Cartoon depiction of the effects induced by surface con-
formation of functionalized AuNPs in resisting cyanide ions: (a) branch
or chain length effect; (b) sulfur coverage effect; (c) complementary
effects.
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bulkier dendrons on the Au surface, suggesting a classical branch
effect. However, notwithstanding the presence of a thicker outer
shell for Au-G2-COOH, the difference between decay rates for
Au-G1-COOH and Au-G2-COOH is very small. The thicker
shell is apparently counterbalanced by a S coverage (surface
density) for Au-G2-COOH that is about half that for Au-G1-
COOH based on XPS measurements (Table 1). This indicates
that not only the branch effect but also the S/Au ratio (S coverage
effect) is significant with respect to chemical stability of con-
jugates in this thiol-anchored dendron system. The S coverage
effect is clearly stronger relative to the branch effect, as exempli-
fied by the low rate constants for Au-SH-G1-COOH (relative
surface coverage≈0.76) andAu-TA-G1-COOH (≈ 0.93) under
cyanide digestion. If, for purposes of comparison, S/Au values are
assumed to be equivalent to the density of dendronmolecules on
the Au surface, then Au-SH-G1-COOH and Au-TA-G1-COOH
have effectively 2.3 (0.76 � 3) and 1.4 (0.93/2 � 3) terminal
branches, respectively. So, if the branch effect were dominant,
Au-SH-G1-COOH should be more resistive to KCN etching
than Au-TA-G1-COOH; however, the results give clear evi-
dence of the predominance of the S coverage effect for thiol
bonded dendron conjugates in this system. The decay rate
constant for Au-MUA (Table 2) as a control (relative surface
coverage = 1.0, Table 1) strongly supports this hypothesis.
Finally, long-term stability (i.e., shelf life) is an important

parameter for utilization of AuNPs as reference or study materi-
als. Such use requires a stability horizon of 1 to 3 years, at a mini-
mum, in order to be considered viable. The dendron-Au conjugates

described herein exhibited excellent stability when stored under
ambient laboratory conditions for at least 6 months, over which
time significant aggregation as detected by changes in particle
size (DLS) or SPR spectra (UV�vis) was largely absent. This
result suggests the expectation for reasonable shelf life.
Because dry storage is often more suitable for long-term stability,

relative to aqueous-based suspensions, we examined the use of
lyophilization to prepare semidry conjugates by removal of the
solution phase. To evaluate the efficacy of this approach, we
subjected the conjugates to a lyophilization-reconstitution cycle
using the citrate-capped AuNPs as a reference point. After lyo-
philization, citrate-capped AuNPs were highly aggregated when
resuspended in DI water (see Figure S5 in the Supporting
Information), as indicated by the dark gray color and presence
of black precipitate. In contrast, all dendron�Au conjugates yielded
dispersible suspensions, albeit with increased mean particle size
and a broadened size distribution (see Figure S5 in the Support-
ing Information).
Post-resuspension analysis by DLS showed a significant in-

crease in the z-average size (see Table S1 in the Supporting
Information) for all dendron conjugates (ranging from about
100% to 300% of the prelyophilization size), with an obviously
broadened intensity-weighted distribution (see for example the
hatch marked distribution in Figure S6a in the Supporting
Information). Similarly, the SPR peak was slightly red-shifted
(see Figure S6b in the Supporting Information, Δ = 2�4 nm)
after resuspension, with a small but noticeable increase in absor-
bance at wavelengths above about 600 nm. Despite the apparent
increase in size, these conjugates produce a red translucent
suspension indicative of stable AuNPs. These results suggest that
some residual agglomerates persist following lyophilization�
resuspension, but that most of the material reconstitutes as singlet
particles (see the volume weighted distribution, solid line, in
Figure S6a in the Supporting Information). The results of this
preliminary examination suggest that it may be possible to lyo-
philize the dendron�Au conjugates for long-term storage. How-
ever, the process would require optimization and perhaps the use
of excipients to fully prevent irreversible drying-induced agglo-
meration, and this is beyond the scope of the current study.

’CONCLUSIONS

In this study, we report the synthesis of a new series of
Newkome-type dendrons designed with consideration of several
factors (i.e., generation number, steric effects, number of sulfur
atoms per molecule, hydrophilicity, and surface functionality)
and intended for ligand exchange reaction with AuNPs. Dendron
stabilized AuNPs were successfully prepared by reacting dendron
modifiers with commercially available citrate-capped AuNPs,
resulting in narrow size distribution conjugates. Physicochemical
properties of AuNP-dendron conjugates, such as hydrodynamic
size, size distributions and uniformity, stability, and relative S
surface coverage (as determined by S/Au ratios), were charac-
terized using a combination of measurement techniques (DLS,
AFM, UV�vis, and XPS). Interestingly, XPS analysis revealed
that the steric effect induced by molecular structures associated
with the dendrons limited the surface coverage of the resulting
conjugates. Generally, all AuNP-dendrons exhibited a stable shelf
life, temperature independent stability, and, additionally, most
dendron encapsulated particles survived against a lyophilization-
reconstitution cycle with minimal aggregation compared with
native citrate-capped AuNPs (which strongly aggregate and do

Figure 10. Normalized absorbance decay at 520 nm for AuNPs
following treatment with 2.0mmol/LKCN solution: (�) citrate-capped
AuNPs, (O) Au-G1-COOH, (0) Au-G2-COOH, (4) Au-SH-G1-
COOH, (b) Au-TA-G1-COOH, and ()) Au-MUA.

Table 2. First-Order Decay Rate Constants (k1) of Optical
Density at 520 nm for Conjugates Following Treatment with
2.0 mmol/L KCN Solution

conjugate k1 (s
�1)

Au-G1-COOH 3.7� 10�4

Au-G2-COOH 3.2� 10�4

Au-SH-G1-COOH 1.2� 10�4

Au-TA-G1-COOH 7.1� 10�5

Au-MUA 7.7� 10�6
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not reconstitute). On the other hand, AuNP�dendrons are
unstable under strongly acidic conditions, but exhibit excellent
stability under slightly acidic to basic conditions. Furthermore,
the instability of the conjugates under strongly acidic conditions
over time could be differentiated from the behavior exhibited by
the native citrate-capped AuNPs, suggesting different destabili-
zation mechanisms are active in each case. Overall, a larger S/Au
ratio on the AuNP�dendron surface improves stability for the
conjugates under physiological conditions. The stability of con-
jugates in different media, particularly in PBS was excellent,
thereby enhancing their potential for exploitation in biomedical
applications ranging from hypothesis testing to functionally dense
drug-delivery platforms to downstream conjugation to biological
or small molecule drugs and targeting molecules. Finally, evalua-
tion of chemical resistance against cyanide digestion provides
evidence to support the presence of both a branch effect and a
sulfur coverage effect as described above, but reveals that the
sulfur coverage effect is dominant with respect to protecting the
AuNP surface from attack by strong ligands such as KCN.
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