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V
arious plasmonic particles includ-
ing nanoshells,1�3 nanorods,4

nanocages,5,6 and nanoroses,7

which scatter and absorb in the NIR region
(650�900 nm), where soft tissues and
blood are most transparent, can be used
for molecular-specific imaging, therapy, and
multimodal applications.1,4,5,7�11 Intrave-
nous administration of nanoparticles pro-
vides an effective method for rapid deliv-
ery throughout the body. In general,
particles with dimensions between 6 and
100 nm exhibit sufficiently long blood resi-
dence times for accumulation at disease
sites such as cancer and cardiovascular
plaques.12�15 Particles smaller than �6 nm
can be removed too rapidly by the kidneys
to be effective for imaging and therapy,16

whereas particles larger than 100 nm be-
come more susceptible for clearance from
the circulation by the spleen.17 Within this
size range, plasmonic nanoparticles with

larger geometrical dimensions have stron-
ger optical cross sections that are advanta-
geous for imaging and therapy. Presently,
metal nanoparticles with strong NIR absor-
bance are typically larger than 50
nm.1,4,5,18�20 As these inorganic particles
are not biodegradable, concerns about
long-term toxicity16,21 have restricted their
translation into the clinic. The safe transla-
tion of plasmonic nanoparticles to clinical
practice for systemic targeting of diseases
would require efficient clearance of the par-
ticles from the body. Previous studies
strongly indicate that nanoparticles with
sizes less than �6 nm are needed to
achieve this goal.16 Thus, this dilemma in
the particle size needed for delivery, imag-
ing, and therapy versus efficient body clear-
ance creates a serious conflict in biomedi-
cal applications of NIR-absorbing plasmonic
nanoparticles.

Here, we address this problem by devel-
oping a flexible platform for the kinetically
controlled assembly of sub-5 nm gold par-
ticles to produce �100 nm biodegradable
nanoclusters with strong NIR absorbance
for multimodal application. The nanoclus-
ters are stabilized with a small amount of a
weakly adsorbed biodegradable triblock co-
polymer of polylactic acid and polyethyl-
ene glycol, PLA(2K)-b-PEG(10K)-b-PLA(2K).
The polymer degrades under physiological
conditions to release the constituent clear-
able gold nanoparticles. These clusters can
provide sufficient blood residence time for
clinical application, while facilitating effec-
tive clearance from the body after bio-
degradation (Figure 1a). The close spac-
ing between gold nanoparticles within
the 100 nm clusters, resulting from the
small amount of polymer, which is lo-
cated primarily near the exterior cluster
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ABSTRACT Metal nanoparticles with surface plasmon resonance (SPR) in the near-infrared region (NIR) are

of great interest for imaging and therapy. Presently, gold nanoparticles with NIR absorbance are typically larger

than 50 nm, above the threshold size of �5 nm required for efficient renal clearance. As these nanoparticles are

not biodegradable, concerns about long-term toxicity have restricted their translation into the clinic. Here, we

address this problem by developing a flexible platform for the kinetically controlled assembly of sub-5 nm ligand-

coated gold particles to produce metal/polymer biodegradable nanoclusters smaller than 100 nm with strong

NIR absorbance for multimodal application. A key novel feature of the proposed synthesis is the use of weakly

adsorbing biodegradable polymers that allows tight control of nanocluster size and, in addition, results in

nanoclusters with unprecedented metal loadings and thus optical functionality. Over time, the biodegradable

polymer stabilizer degrades under physiological conditions that leads to disassembly of the nanoclusters into sub-

5 nm primary gold particles which are favorable for efficient body clearance. This synthesis of polymer/inorganic

nanoclusters combines the imaging contrast and therapeutic capabilities afforded by the NIR-active nanoparticle

assembly with the biodegradability of a polymer stabilizer.

KEYWORDS: plasmonic nanoparticles · biodegradation of nanoparticles · near-
infrared nanoparticles · clearance of nanoparticles · nanoclusters
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surface, facilitates strong NIR scattering and absorp-
tion. The PEG loops in the center block of the poly-
mer extend into the aqueous environment and pro-
vide steric stabilization for the clusters.

RESULTS AND DISCUSSION
Nanocluster size and physical properties, espe-

cially interparticle spacing, are controlled by vary-
ing particle volume fractions during solvent evapo-
ration. The changes in electrostatic, van der Waals

(VDW), depletion, and steric interactions upon the

concentration of the gold nanoparticles and poly-

mer micelles govern the kinetic assembly of the

nanoclusters, as well as their disassembly after poly-

mer degradation. Without the presence of a poly-

meric stabilizer, irregular micrometer-sized aggre-

gates of gold nanoparticles have been formed by

varying the particle charge upon adjusting pH, for

particles capped with lysine,22,23 cysteine,24 or glu-

tathione25 ligands. Alternatively, nanoclusters of

Figure 1. Schematic of synthesis and degradation of gold nanoclusters. (a) Illustration of a biodegradable nanocluster, which
is composed of �4 nm primary gold particles held together with a biodegradable polymer. Upon polymer degradation, cata-
lyzed by low pH in endosomal compartments of cells, the nanocluster deaggregates into primary gold nanoparticles. (b)
Schematic of nanocluster formation process, in which primary gold nanoparticles aggregate in the presence of a polymer
in a controlled manner to yield sub-100 nm clusters. Polymer adsorption to the nanoparticle surface and an increase in the
volume fraction of particles, �, via solvent evaporation promote cluster formation.

Figure 2. Electron microscopy characterization of gold nanoclusters. (a) TEM of initial 4 nm lysine/citrate-capped gold
nanoparticles before clustering. (b) SEM and (c) TEM micrographs of nanoclusters templated using PLA(2K)-PEG(10K)-PLA(2K)
at a 16/1 polymer/Au ratio (w/w). For TEM micrographs, the stage was tilted at an angle of �40, 0 (no tilt), and 40°.
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metals may be formed by equilibrium self-assembly

with polymer templates.26�28 However, the high

polymer concentrations required for the equilib-

rium assembly lead to metal loadings and interpar-

ticle spacings that are not sufficient for strong NIR

absorbance. Additionally, the templating agents are

highly specialized. In contrast, our kinetically con-

trolled assembly platform requires only small con-

centrations of common copolymers as stabilizers

and simple biocompatible capping ligands on gold,

such as citrate and/or lysine.

Cluster growth is controlled through mediation

of the interactions between ligand-capped gold par-

ticles with the biodegradable polymer, as shown in

Figure 1b. Gold nanoparticles stabilized with citrate

ligands were synthesized based on a previously pub-

lished method.29 A solution of 1% lysine in pH 8.4

phosphate buffer (10 mM) was added to 1.2 mL of

a 3.0 mg/mL colloidal gold solution to yield a final

lysine concentration of 0.4 mg/mL and an average

diameter of 4.1 � 0.8 nm (Figure 2a and Table 1). The

dispersion was stirred for 12 h.23 PLA(2K)-PEG(10K)-

PLA(2K) (Sigma Aldrich Co., St. Louis, MO) (60 mg)

was added to the aqueous gold dispersion, yielding

a final polymer concentration of 50 mg/mL. The dis-

persion was sonicated in a bath sonicator for 5 min,

during which the dispersion changed from ruby red

color to a darker red-purple color. Upon evaporation

of �80% of the solvent, the dispersion turned blue,

indicating absorption in the red. Complete solvent

evaporation over 2 h produced a smooth blue film.

Reconstitution of the film with deionized (DI) water

to a concentration of �0.3 mg/mL yielded a dark

blue dispersion. The fact that this dispersion con-

sists of sub-100 nm clusters composed of primary

gold nanoparticles is indicated by scanning electron

(SEM) and transmission election microscopy (TEM)

(Figure 2). TEM images taken at various angles re-

veal closely spaced primary gold nanoparticles

throughout the porous cluster. The average hydro-

dynamic diameter measured by dynamic light scat-

tering (DLS) was 83.0 � 4.6 nm (Figure 3a and Table

1), in agreement with the TEM results. In the SEM im-

age (Figure 2b), a polymer-rich shell a few nanome-

ters thick is apparent on the exterior of the clusters,

which potentially provides steric stabilization of the

dispersion.

Thermogravimetric analysis indicated that the nano-

clusters contained only 20 � 5% organic material (poly-

TABLE 1. Characterization of Gold Primary Particles and Nanoclustersa

ligand absorbance (750 nm) Davg,primary particle (nm) Davg,cluster,pH�7.4 (nm) Davg,deag,pH�5 (nm)

lysine/citrate 1.10 4.1 � 0.8 83.0 � 4.6 4.4 � 0.8
citrate 1.09 4.0 � 0.8 119.4 � 22.5 4.0 � 0.9

aAbsorbance measurements were recorded at gold concentrations of �56 �g/mL. All nanoclusters were formed at 100% evaporation using the polymer PLA(2K)-b-
PEG(10K)-b-PLA(2K). Average hydrodynamic diameters, Davg, for nanoclusters were determined by DLS. Davg for primary particles and deaggregated particles (Davg,deag) were
measured by image analysis of TEM micrographs.

Figure 3. Degradation of gold nanoclusters in solution. (a)
Hydrodynamic diameter (DLS) in pH 7.4 media initially and
after 168 h (1 week) of incubation. (b) UV�vis�NIR absor-
bance spectra of (1) colloidal dispersion of lysine/citrate-
capped gold nanoparticles, (2) biodegradable nanoclusters
(pH � 7.4), and (3) deaggregated nanoclusters (pH � 5). (c)
Size distribution after deaggregation in pH � 5 media, as de-
termined by image analysis of TEM micrographs (�200 par-
ticles). Inset: TEM micrograph of nanoclusters after incuba-
tion at pH � 5 for 1 week.
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mer and ligands), 10�15% of which was polymer. These
low polymer loadings allow close spacing of the gold
primary particles. Interparticle distances between con-
stituent gold particles within the cluster were estimated
to be 1.80 � 0.6 nm based on the more discernible par-
ticles in the periphery of TEM images (Supporting Infor-
mation Figure S1). This spacing is consistent with the
length scale of a lysine�lysine dipeptide in solution of
1.49 nm.22 The ability to simultaneously control cluster
size and spacing of gold nanoparticles within the nano-
cluster was achieved through manipulation of particle
volume fractions upon solvent evaporation, as well as
control of the electrostatic, VDW, depletion, and steric
interactions between the gold primary particles and the
polymer (see Supporting Information). This approach
provides greater control over the nanocluster morphol-
ogy, relative to nanoclusters formed during reduction
of gold precursors without a polymer stabilizer.30,31

Control of the depletion interactions, along with the
propensity of hydrophilic PEG blocks to migrate to the
exterior of the clusters at the interface with water, facili-
tates low polymer loadings within the clusters.

Optical extinction spectra changed markedly upon
cluster formation as shown in Figure 3b. The initial dis-
persion of gold nanoparticles had a maximum absor-
bance at 520 nm, which is characteristic of isolated gold
spheres. The blue nanocluster dispersion had a broad,
relatively constant absorbance in the NIR region from
700 to 900 nm. The extinction coefficient at the maxi-
mum absorbance, �703, was 0.020 cm2/�g of gold for a
56 �g/mL gold dispersion. When it is assumed that the
gold nanoparticles are in a closest packed state (based
on SEM and TEM images in Figure 2b,c), the estimated
nanocluster extinction cross section was �10�14 m2 (see
Supporting Information), comparable to the value for
nanoshells,1,8 nanocages,5 nanorods,8 and nanoroses.7

The high NIR absorbance observed for nanoclusters
may be attributed to a combination of the following
factors: close interparticle spacing between constitu-
ent gold nanoparticles, non-uniform spatial distribution
of the constituent particles within the nanocluster,
roughness of the nanocluster boundary surface, and fi-
nally, any deviation in the overall aspect ratio of the en-
tire nanocluster from that of a sphere. The close spac-
ing between gold particles is well within the fraction of
the particle diameter known to produce significant red
shift in the SPR.8,32�37 TEM images (Figure 2) also show
that short oligomers of primary particles and subclus-
ter domains can be clearly observed, indicative of a
non-uniform volume-packing distribution of the con-
stituent particles. When combined with strong plas-
monic coupling, this non-uniform distribution signifi-
cantly enhances the red shift of the SPR.8,34 The NIR
absorbance per total particle mass is much higher com-
pared to previous composite particles with smaller
amounts of gold nanoparticles templated with lipo-
somes, block copolymer micelles, or DNA.26,28,38

Nanoclusters with strong NIR absorbance were also
produced by clustering more negatively charged
citrate-capped gold nanoparticles, which possess a �

potential of �44.0 � 4.9 mV, compared to �30.1 � 2.4
mV for the lysine/citrate-capped nanoparticles (Table
1). The remainder of the paper will focus on the lysine/
citrate-capped nanoclusters due to their slightly smaller
sizes.

The initial stability and degradation of the nanoclus-
ters were examined at pH 7.4 and 5, simulating normal
cellular environments and the interior of cellular lyso-
somes, respectively.39 After storage for 1 week in pH 7.4
buffer, the DLS peak shifted modestly toward smaller
sizes (Figure 3a). This limited degradation is consistent
with the long half-life of PLA (MW � 2000) of about 4
weeks at neutral pH. In contrast, upon incubation at pH
5, upon addition of 0.1 N HCl, for 1 week, nearly com-
plete nanocluster deaggregation was observed by TEM
(Figure 3c and Table 1). The mean particle size of the de-
aggregated particles was 4.3 � 0.1 nm (over 100 par-
ticles analyzed), comparable to the initial size of the
ligand-capped gold particles of 4.1 � 0.8 nm (Support-
ing Information Figure S2). Upon degradation of the
polymer, a combination of steric repulsion due to the
capping ligands and remaining polymer fragments,
electrostatic repulsion due to the negative charge of
the gold particles, and effective entropic forces are suf-
ficient to completely redisperse the primary gold par-
ticles. The associated extinction spectra undergo a sub-
stantial shift toward the original spectrum of the
colloidal gold spheres, and the color of the dispersion
changes back toward red (Figure 3b). The remaining
discrepancy between these spectra is attributed to the
presence of a small number of clusters (7%) still present
in the dispersion. Deaggregation to constituent nano-
particles was also observed for the clusters produced
using citrate-only capped nanoparticles (Table 1).

Nanocluster biodegradation was also assessed in a
murine macrophage cell line (J477A.1, American Type
Culture Collection, Manassas, VA). Scattering spectra
from hypespectral images of cells (Figure 4a,c), dark-
field reflectance (DR) (Figure 4b,d, top row), and hyper-
spectral (HS) images (Figure 4b,d, bottom row) were ac-
quired at 24, 96, and 168 h time points after cells were
treated with nanoclusters. High nanocluster uptake
was evident in the DR images, where nanoclusters
strongly scattered illumination light; overall scattering
intensity decreased over time as macrophages divided
and nanoclusters were distributed between daughter
cells (Figure 4b, top row). A significant increase in the
red-NIR scattering signal of the labeled cells was seen
compared to unlabeled cells (compare Figure 4a, dark
blue curve, and c), consistent with the high scattering
efficiency of the nanoclusters in solution (Figure 4a,
light blue curve). The relative intensity of the red-NIR
scattering signal decreased after 96 h, and the scatter-
ing from labeled cells showed a marked blue shift to
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�550 nm that is consistent with scattering from the

constituent lysine/citrate-capped gold nanoparticles

(Supporting Information Figure S3). Hyperspectral im-

ages showed a gradual progression from very strong

scattering in the 650�700 nm region at t � 24 h to a

less intense scattering signal predominantly in the

500�550 nm region at t � 168 h (Figure 4b, bottom

row). The endogenous scattering for the control cells

did not significantly change with time (Figure 4c,d).

Note that scattering from the control cells is approxi-

mately 6 times weaker compared to the labeled cells.

In addition, most of the pixels in the hyperspectral im-

ages of untreated cells do not exhibit any distinct scat-

tering peaks that result in black appearance of the im-

ages in Figure 4d, bottom row.

The biodegradation of nanoclusters inside live

cells was further confirmed by TEM (Figure 4e). Af-

ter 24 h, large �100 nm nanoclusters can be ob-

served throughout the interior of cells (Figure 4e,

24 h), whereas after 168 h, cells contain only par-

ticles less than 5 nm in diameter (Figure 4e, 168 h).

These TEM results are in excellent agreement with

optical measurements and with deaggregation re-

sults in solution, providing unambiguous proof of es-

sentially complete biodegradation of the initial

�100 nm nanoclusters into sub-5 nm primary par-

ticles (Supporting Information Figure S2).

CONCLUSIONS
In this study, we developed a general kinetic as-

sembly platform for the design of hybrid polymer/

gold nanoclusters smaller than 100 nm with closely

spaced gold spheres that produce strong absor-

bance in the NIR. Only small amounts of biodegrad-

able polymers are required to reduce electrostatic

repulsion between the gold particles to stabilize the

clusters. These nanoclusters can simultaneously pro-

vide strong optical cross sections required for imag-

ing and therapy, prolonged blood residence time re-

quired for effective systemic delivery, and

degradation to small sizes required for effective

clearance from the body. The presented method is

readily generalizable, for example, to gold particles

with varying surface chemistries, which play an im-

Figure 4. Biodegradation of gold nanoclusters inside live cells. Scattering spectra (normalized by area under the curve) of
(a) live cells labeled with nanoclusters and (c) control cells without nanoclusters. The spectra were taken at 24, 96, and 168 h
time points after cells were treated with nanoclusters. Dark-field reflectance (DR) images of cells treated with (b) nanoclus-
ters and (d) control cells over time are shown together with corresponding color coded images indicating scattering peak po-
sition at each pixel in the field of view (b and d, bottom rows). Hyperspectral (HS) images and the color bar were used to ob-
tain the color coded distribution of scattering peaks within cells (b and d, bottom row). Pixels that did not have an identifiable
peak in a corresponding spectrum were not assigned a color. The scale bar in the DR and HS images is 10 �m. (e) TEM im-
ages of cells treated with nanoclusters at low magnification (scale bar 2 �m) and high magnification (scale bar 100 nm) at
24 and 168 h. Red boxes in the low magnification images are magnified on the right at each time point.
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portant role in clearance, or to multiple types of pri-
mary particles to allow multiplexing for multimodal
and multifunctional applications. In combination, all

of these benefits will facilitate the translation of plas-
monic nanoparticle applications into clinical
practice.

METHODS
Gold Particle Synthesis: To synthesize the citrate-capped gold

nanoparticles, 100 mL of DI water was heated to 97 °C. While
stirring, 1 mL of 1% HAuCL4 · 3H2O, 1 mL of 1%
Na3C3H5O(COO)3 · 2H2O, and 1 mL of 0.075% NaBH4 in a 1%
Na3C3H5O(COO)3 · 2H2O solution was added in 1 min intervals.
The solution was stirred for 5 min and then removed to an ice
bath to cool to room temperature. The gold particles were then
concentrated using centrifugal filter devices (Ultracel YM-30, Mil-
lipore Co.) to 3.0 mg Au/mL. Gold concentrations were deter-
mined using flame atomic absorption spectroscopy (FAAS), as
described below.

Nanocluster Characterization: The nanocluster morphology was
observed by scanning electron (SEM) and transmission electron
microscopy (TEM). A Zeiss Supra 40VP field emission SEM was op-
erated at an accelerating voltage of 5�10 kV. SEM samples were
prepared by depositing a dilute aqueous dispersion of the
nanoclusters onto a silicon wafer. The sample was dried and
washed with DI water to remove excess polymer. TEM was per-
formed on a FEI TECNAI G2 F20 X-TWIN TEM using a high-angle
annular dark-field detector. A dilute aqueous dispersion of the
nanoclusters was deposited onto a 200 mesh carbon-coated
copper TEM grid for observation. Separation distances between
primary particles within the nanoclusters were measured by ana-
lyzing TEM images using Scion Image software (Frederick, Mary-
land). UV�vis spectra were obtained with a Varian Cary 5000
spectrophotometer and a 1 cm path length. Dynamic light scat-
tering (DLS) measurements of hydrodynamic diameter and � po-
tential measurements were performed in triplicate on a
Brookhaven Instruments ZetaPlus dynamic light scattering appa-
ratus (scattering angle of 90°) at a temperature of 25 °C. Disper-
sion concentrations were adjusted with either DI water for DLS
measurements or pH � 7.4 buffer (10 mM) for � potential mea-
surements to yield a measured count rate between 300 and 400
kcps. Prior to all DLS measurements, the nanocluster disper-
sions were filtered through a 0.2 �m filter and probe sonicated
for 2 min. Data analysis was performed using a digital autocorr-
elator (Brookhaven BI-9000AT) with a non-negative least-squares
(NNLS) method (Brookhaven 9KDLSW32). Reported average di-
ameters correspond to the D50 or diameter at which the cumula-
tive sample volume was under 50%. For � potential measure-
ments, the average value of at least three data points was
reported. Thermogravimetric analysis (TGA) was conducted us-
ing a Perkin-Elmer TGA 7 under nitrogen atmosphere at a gas
flow rate of 20 mL/min. The samples were cleaned to remove ex-
cess polymer by centrifuging nanocluster dispersions at 8000
rpm for 5 min at 4 °C. TGA samples were heated at a constant
rate of 20 °C/min from 30 to 800 °C and then held at 800 °C for
30 min. Flame atomic absorption spectroscopy (FAAS) was used
to determine the gold concentration in the nanocluster disper-
sions using a GBC 908AA flame atomic absorption spectrometer
(GBC Scientific Equipment Pty Ltd.). Measurements were con-
ducted at 242.8 nm using an air-acetylene flame. To determine
clustering efficiency, a dispersion of nanoclusters of known con-
centration was centrifuged at 10 000 rpm for 10 min at 4 °C.
FAAS measurements were conducted on the supernatant.

Hyperspectral Characterization of Nanoclusters in Solution: Micro-
scope slides were submerged in a warm, aqueous gelatin solu-
tion (3% w/v) for 10 min. The slides were removed from the gela-
tin, and 10 �L of a dilute nanocluster dispersion (�0.01 mg/mL)
was placed on the gelatin-coated slide and covered with a cov-
erslip. The gelatin was allowed to cool for 2 h to allow the nano-
particles to solidify into the gelatin. Hyperspectral images were
acquired under the same conditions as described below for cell
studies.

Cellular Studies of Nanocluster Disassembly: The cells were cultured
in a 12-well plate in phenol-free DMEM media (Gibco, Grand Is-

land, NY) supplemented with 5% fetal bovine serum (Hyclone,
Logan, UT) and antibiotics (Gibco, Grand Island, NY) and incu-
bated at 37 °C in a 5% CO2 environment for 1 week. The nano-
clusters were filtered through a 0.45 �m filter (Corning, Corning,
NY) spun down and resuspended in DMEM medium and, then,
were added to each well with cells (0.4 mg per well). Incubation
of the cells with the nanoclusters occurred over 24 h, after which
the excess of the nanoparticles was removed and the cells were
allowed to proliferate to 96 or 168 h time points. The cells were
washed three times in 0.01 M phosphate buffered saline (PBS),
harvested, and centrifuged at 110g for 3 min. The supernatant
was discarded. The cells were resuspended in 10 �L of PBS,
placed on a microscope slide, and imaged using a combination
of dark-field reflectance and hyperspectral imaging. Dark-field
reflectance microscopy images of the cells and nanoclusters
were taken with a Leica DM6000 upright microscope, and the hy-
perspectral images were acquired with a PARISS spectral im-
ager (Lightform Inc.). The same 20	, 0.5 NA objective and a 75
W Xe light source were used for both imaging modalities. The hy-
perspectral system was calibrated using a standard wavelength
calibration lamp (low pressure Hg, Lightform, Inc.). All hyperspec-
tral spectra from cells were normalized by the spectrum of the
Xe excitation light source on a pixel by pixel basis. RGB images
were taken with a Q-imaging Retiga EXi CCD camera with color
LCD attachment. Images were white balanced with a Spectralon
(Labsphere, North Sutton, NH), and the acquisition settings were
chosen such that all samples were acquired under identical
conditions.

For the TEM studies of the cells, approximately 3 	 104

macrophage cells were seeded overnight on Aclar Embedding
Film (Electron Microscopy Sciences, Hatfield, PA). All samples for
TEM imaging were treated identically and were run in parallel
to the samples used for optical imaging. At each time point, the
cells were fixed in a 1% glutaraldehyde and 1% paraformalde-
hyde solution for 1 h at room temperature and then washed
three times in PBS. Subsequently, cells were stained with 2% os-
mium tetroxide in water for 10 min and washed for 10 min in wa-
ter. The sample was then dehydrated using increasing ratios of
ethanol to acetone solutions and finally embedded in an
epoxy�acetone mixture and allowed to bake at 60 °C for 24 h.
Ultrathin sections were sliced using a Leica Ultracut microtome
(Leica, Deerfield, IL) and imaged with the Tecnai G2 TEM at a volt-
age of
80 kV.
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