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CONSPECTUS

Gold, enigmatically represented by the target-like design of its ancient
alchemical symbol, has been considered a mystical material of great
value for centuries. Nanoscale particles of gold now command a great deal
of attention for biomedical applications. Depending on their size, shape,
degree of aggregation, and local environment, gold nanoparticles can appear
red, blue, or other colors. These visible colors reflect the underlying coher-
ent oscillations of conduction-band electrons (“plasmons”) upon irradiation
with light of appropriate wavelengths. These plasmons underlie the intense
absorption and elastic scattering of light, which in turn forms the basis for
many biological sensing and imaging applications of gold nanoparticles. The
brilliant elastic light-scattering properties of gold nanoparticles are suffi-
cient to detect individual nanoparticles in a visible light microscope with ~10% nm spatial resolution.

Despite the great excitement about the potential uses of gold nanoparticles for medical diagnostics, as tracers, and for
other biological applications, researchers are increasingly aware that potential nanoparticle toxicity must be investigated
before any in vivo applications of gold nanoparticles can move forward. In this Account, we illustrate the importance of sur-
face chemistry and cell type for interpretation of nanoparticle cytotoxicity studies. We also describe a relatively unusual live
cell application with gold nanorods. The light-scattering properties of gold nanoparticles, as imaged in dark-field optical
microscopy, can be used to infer their positions in a living cell construct. Using this positional information, we can quanti-
tatively measure the deformational mechanical fields associated with living cells as they push and pull on their local envi-
ronment. The local mechanical environment experienced by cells is part of a complex feedback loop that influences cell
metabolism, gene expression, and migration.

The alchemical symbol for gold.
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Introduction

Gold has been the object of long-standing fas-
cination for its supposed ancient medicinal
value and for its ornamental value. 3 “Red
gold” for stained glass was known to medieval
artisans to be “finely-divided” gold, dispersed in
plain glass.'~* Michael Faraday’s samples of
“colloidal gold”, which he made in solution are
still on display at the Faraday Museum, Lon-
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don.® We now know that nanoscale (~100 nm
or less) particles of gold are responsible for
these brilliant colors.

What makes nanoparticulate gold appear red
or purple or colors other than the “gold” of its bulk
counterpart? The quantitative answer is in some
ways surprisingly complicated,® but qualitatively
the picture is reasonably clear. In the range of
~5-200 nm in diameter, gold nanoparticles are
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SCHEME 1. Pie Chart Depicting the Different Biomedical
Applications of Gold Nanoparticles®

9 Pie slice sizes roughly correspond to the length of time that there is litera-
ture in the area (e.g., sensing since the 1970s, tracking and photothermal ther-
apy since the early 2000s). Chemical sensing can be based on particle
aggregation, changes in local refractive index due to chemical binding, or sur-
face-enhanced Raman scattering (SERS) due to inelastic scattering of light from
vibrations in molecules near the surface. Tracking of nanoparticles in a com-
plex biological system is possible using dark-field optical microscopy or two-
photon luminescence microscopy. Therapeutic applications of gold
nanoparticles (drug delivery and photothermal therapy, wherein gold nano-
particles rapidly release heat into their local environment upon light absorp-
tion) are discussed in other Accounts in this issue.

large enough to support a conduction band, are comparable
to the mean free path of electrons in the metal at room tem-
perature (~100 nm), but are rather small compared with the
wavelengths of visible light (~400—750 nm). Irradiation with
light at certain frequencies results in a collective oscillation of
electrons known as “plasma oscillations” or “plasmons”® that
are generally pictured as washing over the surface of the par-
ticle (“surface plasmons” or “localized surface plasmon reso-
nance”, LSPR). The optical properties of small metal
nanoparticles are dominated by such collective oscillations
that are in resonance with the incident electromagnetic radi-
ation. For gold, it happens that the resonance frequency of this
oscillation, governed by its bulk dielectric constant, lies in the
visible region of the electromagnetic spectrum.®

Because nanoparticles have a high surface area to volume
ratio, the plasmon frequency is exquisitely sensitive to the
dielectric (refractive index) nature of its interface with the local
medium. Any changes to the surroundings of these particles
(surface modification, aggregation, medium refractive index,
etc) leads to colorimetric changes of the dispersions.*° Par-
ticle aggregation leads to the coupling of plasmons, with a
concomitant shifting of plasmon frequencies, resulting in a sur-
face sensitivity that has been widely used for chemical sens-
ing (Scheme 1), assuming that particle aggregation is
controlled by surface chemistry.”® Not only is light strongly
absorbed by plasmons, it is also Rayleigh (elastically) scat-

tered by them, and as the particle gets larger, a larger propor-
tion of the outgoing light is scattered, compared with that
absorbed.> Because the light scattered from gold nanopar-
ticles is in the visible portion of the electromagnetic spectrum
in accord with their plasmon bands, it is possible to optically
track the position of individual nanoparticles, paving the way
for imaging applications (Scheme 1).

In the past decade or so, numerous advances in the chemi-
cal synthesis of gold nanoparticles that are not spherical, espe-
dially anisotropic shapes such as nanorods, have opened up even
more possibilities for sensing and imaging applications, for sev-
eral different reasons. First, gold nanorods typically display two
plasmon bands (one in the visible and another either in visible
or in near-infrared, NIR) that are tunable depending on the
dimensions of the nanorod; these two bands correspond to short-
axis (transverse) and long-axis (longitudinal) plasmon modes (Fig-
ures 1 and 2).>%97'2 Thus, if one wanted gold nanoparticles to
absorb at a certain wavelength or frequency of light in the visi-
ble or NIR, one could synthesize particles of appropriate shape.
Second, anisotropic nanoparticles may have different chemical
reactivity for different crystal faces.'® "2 This property may lead
to new assembly strategies or chemical sensing strategies; for
instance, the longitudinal plasmon band, but not the transverse,
will red-shift upon end-to-end aggregation of gold nanorods.'?

Chemical Synthesis of Gold Nanoparticles
of Different Shapes and Sizes

Simple reduction of metal salts by reducing agents in a con-
trolled fashion generally produces spherical nanoparticles,
because spheres are the lowest-energy shape. Some of the
most well-known and frequently used methods to synthesize
spherical gold nanoparticles include (a) the Turkevich method
(1951) involving the reduction of gold chloride by citrate to
produce 15 nm gold particles in boiling water, (b) the related
Frens method (1973), (¢) the Brust method (1994) for smaller
(~2 nm) gold nanoparticles, in which an aqueous solution of
gold ions is transferred to an organic phase, mediated by a
phase transfer agent, followed by reduction with borohydride,
(d) the microemulsion method wherein gold salts are reduced
in the aqueous core of inverse micelles, and (e) the seeding
method that we and others use, in which gold seed particles
(prepared by one of the other methods) are used to grow
more gold in the presence of a weak reducing agent.'® For
detailed procedures, readers are advised to see refs 7—11.
Studies on growth kinetics and proposed mechanisms of
anisotropic growth for metal nanorods have been documented
elsewhere.®~2° We also note that silica nanospheres with a
nanoscale overcoat of gold (‘nanoshells”) also have tunable
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Increasing Particle Size

increasing dimensions. Corresponding transmission electron microscopy images of the nanoparticles are shown; all scale bars = 100 nm.
The difference in color of the particle solutions is more dramatic for rods than for spheres. This is due to the nature of plasmon bands (one
for spheres and two for rods) that are more sensitive to size for rods compared with spheres. For spheres, the size varies from 4 to 40 nm
(TEMs a—e), whereas for rods, the aspect ratio varies from 1.3 to 5 for short rods (TEMs f—j) and 20 (TEM k) for long rods.

absorption in the visible and NIR, and these materials are the
subject of another recent review.?”

How Toxic Are Gold Nanoparticles?

Potential applications of gold nanoparticles in biomedicine
include chemical sensing and imaging applications.®~'2 While
bulk gold has been deemed “safe”, nanoscale particles of gold
need to be examined for biocompatibility and environmental

impact if they are to be manufactured on a large scale for in vivo
usage.?®2° Several groups have examined the cellular uptake
and cellular toxicity (cytotoxicity) of gold nanoparticles. While
nearly anything can be toxic at a high enough dose, the more
relevant question is: how toxic are gold nanoparticles at the
potential concentrations at which they might be used (which we
estimate to be ~1—100 per cell)?*° At present, relatively few
reports have appeared in the primary literature.
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FIGURE 2. Optical spectra of gold nanoparticles of various shapes,
showing positions of the plasmon bands. The sphere diameter is 8
nm; aspect ratio of the short rods is 3; aspect ratio of the long rods
is 20.

We have examined the uptake and potential toxicity of a
series of gold nanoparticles in human leukemia cells.2° The
nanoparticle library consisted of gold nanospheres that var-
ied in both size (4, 12, and 18 nm diameter) and surface mod-
ifier. The surface modifiers included a range of anionic,
neutral, and cationic groups: citrate, cysteine, glucose, biotin
(aka vitamin B7 or H), and cetyltrimethylammonium bromide
(CTAB). CTAB is the structure-directing agent that we use to
control gold nanorod shape, and it appears to form a tightly
bound cationic bilayer on gold nanoparticles, with the cat-
jonic trimethylammonium headgroup exposed to the
solvent.2'32 The K562 leukemia cell line was exposed to the
nanoparticles for three days, at which time the cell viability
was determined using a colorimetric MTT assay, which mea-
sures mitochondrial activity in viable cells. The data (Figure 3)
suggested that none of the spherical gold nanoparticles were
toxic to the human leukemia cells up to ~100 M in gold
atom concentration, even though they were being taken up
into the cells (confirmed by transmission electron microscopy
of cell slices). Similar viability studies with immune system
cells also showed that gold nanoparticles were not cytotoxic
and that they reduced the amount of potentially harmful reac-
tive oxygen species in the cells.>® However, we did find that
the nanoparticle precursors, CTAB and the gold salt HAuCl,,
were toxic to the cells at ~10 nM concentrations.?° Free CTAB
(which may result from incomplete purification of the gold
nanorods or desorption from the bound bilayer) is expected
to be toxic to cells, because it is a detergent that can break
open cell membranes.° Hence, proper purification of the gold
nanorods will be a key step for any in vivo work.
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FIGURE 3. Human K562 cell survival data upon exposure to gold
nanoparticles (cell exposure = 3 days; cell viability measured by
MTT assay): (A) survival of cells exposed to 18 nm citrate-capped
(red circle) or biotin-capped (blue star) gold nanospheres and to the
HAuCl, precursor (green squares)—concentrations are in gold atoms
and range from 0 to 2.5 x 10™* M (corresponding to 0—1.4 nM in
particles); (B) survival of cells exposed to unpurified 18 nm CTAB-
capped gold nanospheres (blue spheres), purified 18 nm CTAB-
capped gold nanospheres (red squares), and CTAB alone (green
triangles)—concentrations range from nanomolar to micromolar in
gold atoms for the particles, in molecules for CTAB; (C) transmission
electron micrographs show the cells with gold nanoparticles. The
image on the right is the high magnification image of a small
region in the cell cytoplasm containing gold nanopatrticles. Original
data are from ref 30.

Other laboratories have investigated the cellular toxicity of
gold nanoparticles with regard to particle size, shape, and sur-
face group (Table 1).

Rotello et al. have investigated the toxicity of 2 nm gold
nanoparticles functionalized with both cationic and anionic
surface groups in three different cell types.* The results sug-
gested that cationic particles are generally toxic at much lower
concentrations than anionic particles, which they relate to the
electrostatic interaction between the cationic nanoparticles and
the negatively charged cell membranes.>* Chan et al. have
examined the uptake of gold nanoparticles of various sizes
and shapes into HelLa cells, a well-known line of human cer-
vical cancer cells.*>* They did not examine toxicity but did
measure absolute gold concentrations in the cells by diges-
tion and subsequent inductively coupled plasma atomic emis-
sion spectroscopy. They found that 50 nm spheres were taken
up more quickly by the cells compared with both smaller and

larger spheres in the 10—100 nm range and that spheres
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TABLE 1. Summary of Selected Cytotoxicity Date for Gold Nanoparticles, 2004—2007

author size (nm) shape surface group cell line toxicity results
Shukla®® 35+07 sphere lysine, poly(t- RAW264.7 mouse macrophage cells 85% cell viability after being
lysine) exposed to 100 «M gold
nanoparticles for 72 h
Connor3° 4,12,18 sphere citrate, cysteine, K562 human leukemia none of the spherical nanoparticles
glucose, were toxic at the micromolar
biotin, CTAB ranges used
Goodman?3 2 sphere quaternary COS-1 mammalian cells, mammalian cationic nanoparticles were found to
ammonium, red blood cells, Escherichia coli be much more toxic than anionic
carboxylic acid particles of the same size
Niidome3® 654+5x 11+1 rod CTAB, PEG Hela cells 80% cell death with 0.05 mM
CTAB-coated nanorods, only 10%
cell death at 0.5 mM PEG-coated
nanorods
Huff*® rod CTAB human tumor KB cells gold nanoparticles were rapidly
taken into the cells and formed
permanent aggregates, but the
cells remained healthy
Patra®! 33 sphere CTAB, citrate BHK21 baby hamster kidney cells, nontoxic to BHK21 and HepG2 cells,
Hep2G human liver carcinoma but toxic to A549 cells
cells, A549 human carcinoma lung
cells
Takahashi®” 65 x 11 rod phosphatidyl- Hela cells phosphatidylcholine-modified gold
choline nanorods were much less toxic
than CTAB-coated nanorods
Khan®® 18 sphere citrate Hela cells gold nanoparticles did not cause

were taken up more efficiently than nanorods that had dimen-
sions in the 10—100 nm range.>*

In contrast to our results with CTAB-capped gold nano-
spheres, it has been reported that CTAB-capped gold nano-
rods are cytotoxic, as judged by the MTT assay with a different
cell line, Hela cells.>®> However, this group was able to reduce
cytotoxicity by overcoating the nanorods with poly(ethylene
glycol) (PEG), which is well-known to reduce nonspecific bind-
ing of biological molecules to surfaces.>> Analogous cellular
uptake experiments showed that the uptake of PEG-coated
gold nanorods was only 6% relative to the original CTAB-
coated gold nanorods.3® Phosphatidylcholine is another bio-

ST

FIGURE 4. lllustration of digital image correlation. Blue dots denote
positions of pattern markers within the sample before deformation.
After deformation, the pattern positions are denoted by black dots.

This mapping allows the measure of displacement.

significant gene-expression patterns

or cyotoxicity even though they

were internalized in the cells.
compatible overcoating molecule that reduces the reported
cytotoxicity of CTAB-coated gold nanorods.?” Free CTAB, we
believe, is the likely culprit in these toxicity assays, rather than
the gold nanorods per se. More recently Chan et al. have
reported that gold nanorods coated with CTAB and subse-
quently overcoated with polyelectrolytes show 90% cell via-
bility for Hela cells and cause little change in levels of gene
expression: only 35 out of 10 000 genes examined were
mildly down-regulated.®® These results are similar to that of
Khan et al. for 18 nm citrate-capped gold nanospheres.>°

It is important to differentiate between cytotoxicity and cel-
lular damage. Nanoparticles that show little or no cytotoxic-
ity via several standard assays may be still able to cause
serious cellular damage. For example, 13 nm citrate-capped
gold nanospheres were not toxic according to an assay in skin
cells, but the particles did apparently promote the formation
of abnormal actin filaments, which led to decreases in cell pro-
liferation, adhesion, and motility.*°
Cytotoxicity also depends on the type of cells used. For

example, 33 nm citrate-capped gold nanospheres were found
to be noncytotoxic to baby hamster kidney and human hepa-
tocellular liver carcinoma cells, but cytotoxic to a human car-
cinoma lung cell line at certain concentrations.*’ A recent
excellent review summarizes data on cytotoxicity of nanopar-
ticles for many types of materials.*?
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FIGURE 5. Fluorescently stained cardiac fibroblasts (top left); scale bar = 100 um. Gold nanorods are present but are not visible by
fluorescence. In the same sample but imaged by dark-field optical microscopy, gold nanorods (top right) scatter orange-yellow light. Contour
plots are of (bottom left) horizontal strain, ¢,,, and (bottom right) vertical strain, &,,- The colored scale bar goes from compressive strain of
—0.12 (purple) to tensile strain of 0.15 (red). The circled region shows that where there was extensive cell movement that deformed the
matrix, significant vertical (syy) and horizontal (e,,) strains are calculated.

Cellular Imaging Using the Plasmon Bands
of Gold Nanorods

The plasmons of metal nanoparticles enable one to image
individual particle location with optical microscopy.*>—>” Two
main imaging modalities have been demonstrated: dark-field
optical microscopy and two-photon luminescence microscopy.
Two-photon luminescence (TPL), which is thought to arise from
coupling of weak electronic transitions in the metal to the plas-

mons in a nanoparticle, relies on the NIR properties of metal-
lic nanorods.>® Implemented as a microscopy experiment,
which requires femtosecond laser pulses, TPL has been used
to image the location of individual gold nanorods as they flow
in blood in vivo and as they target cancer cells by virtue of the
proper surface chemistry.>°9 In dark-field optical microscopy,
transmitted steady-state white light is blocked so that only
steady-state scattered light is detected.**~>7 Because the scat-
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tering propagates as a cone, the spot size is much larger than
the nanoparticle itself. Spatial resolution of ~200 nm is
achievable, and single particles can be imaged.** >’ Gold
nanorods, compared with nanospheres, absorb intensely in
the visible and NIR as a function of nanorod dimension (Fig-
ure 2).

We have taken advantage of this ability to “see” where the
nanorods are via optical dark-field microscopy and use it as
the basis for measuring local deformations in optically trans-
parent materials. As a material is deformed under a mechan-
ical load, the embedded nanorods, visible as “points of light”
in the microscope, move. Matching the original pattern of light
to the deformed pattern allows us to track small scale, poten-
tially heterogeneous, deformations throughout the material.

We use the movement of gold nanorods to observe mate-
rial response under loading. The response we measure is dis-
placement, with a resolution of ~200 nm; strain, which is a
gradient of displacement, can then be numerically approxi-
mated from the displacement field. Engineering normal strain
is defined as the change in length of a line divided by its orig-
inal length, AL/L, and can be calculated in all three coordi-
nate directions. Strain is a dimensionless quantity; by
convention, if a material is lengthened, strain is positive (ten-
sion); if @ material is shortened, strain is negative (compres-
sion). Strain occurs in response to mechanical load,
mathematically defined by stress, force applied per unit area.
Constitutive laws establish relationships between stress and
strain, for example, stiffness, which is the change in stress per
change in strain, or toughness, which is the strain energy
absorption, obtained from the area underneath a stress/strain
curve.®!

To measure displacements, an image correlation analysis
is used. This analysis matches a digital image of a surface
before loading, the undeformed image, to an image taken of
the surface after loading, the deformed image. The surface
must have a visibly distinguishable pattern, either applied or
inherent, where different pixels have different gray scale inten-
sities. The underlying concept is very simple (Figure 4). If an
individual point (x, y) in the first image can be matched to its
new location (X, y) in a second image, then the displacement
of the point is (u, v) = (X — x,  — y). The resulting displace-
ment field will show the relative movement of the material,
stiffer regions moving less than compliant regions under the
same load, and characterize the material’s response. The dif-
ficulty lies in tracking each pixel from its location in the unde-
formed image to its new position after deformation. The
image correlation software VIC-2D (Correlated Solutions) uses
a correlation function to compare the light intensities locally

Gold Nanopaitrticles in Biology Murphy et al.

surrounding each pixel and efficiently search the deformed
image for the best match.52~°°

For proof of concept experiments, our group used gold
nanorods (372 nm average length, and 23 nm average width)
embedded in poly(vinyl alcohol) (PVA) or polydimethylsilox-
ane (PDMS) to track deformations in the polymers as the films
were longitudinally stretched.®” Because the stretching was
done on relatively homogeneous materials, we compared the
measurements made by tracking the nanorods to a bulk
approximation for engineering strain, AL/L. The longitudinal
strain, averaged over the full field of view calculated by using
the nanorods, corresponded well to the global bulk estimate.®”

Potentially more useful is the capability of measuring the
deformation of a material expected to be locally heteroge-
neous, for example, soft biological tissue constructs. At the cel-
lular and smaller scales, these materials display significant
heterogeneity, so a complete characterization requires field
measurements of mechanical response over a representative
area, rather than a single averaged bulk response.

Cells are influenced, by external loads or endogenous
forces, through physical connections to their extracellular
matrix (ECM), which in cardiac tissue mainly consists of the
protein collagen.®'°8~74 These loads produce local heteroge-
neous deformations (strains) largely as a result of the locally
varying material properties of the ECM network (density,
microstructure, organization, etc.). The cell’s perception of the
local mechanical environment triggers biophysical and bio-
chemical responses, which can result in adaptive changes to
the mechanical properties of the ECM and alter the cell’s local
mechanical environment. Thus, a complex feedback loop is
used to maintain tissue homeostasis under functional needs.
A number of groups have used microbeads to examine how
single cells deform their surroundings;”*”>7® we have com-
plemented these studies by using gold nanorods as non-
bleaching optical markers to examine local, cell-induced ECM
deformation that occurs between living cells.””

In our work, gold nanorods were added to thin collagen
films and subsequently plated with neonatal cardiac fibro-
blasts, the cells responsible for depositing and modifying the
ECM. Cells were stained with a fluorescent dye and could be
imaged nearly simultaneously with the scattering from gold
nanorods in a combination fluorescence—dark-field optical
microscope (Figure 5).

The positional displacements of the gold nanorods, gener-
ated by the traction forces applied by the cells through their
attachments to the ECM, were tracked, and strain fields were
calculated from the displacements (Figure 5). Clearly, strains
across the field of view are inhomogeneous (tension is red,;
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compression is blue) suggesting either varying material prop-
erties or varied localized application of force by the cells.
These results are consistent with other work on sparsely pop-
ulated collagen matrices’® and provide data that will enable
improved understanding of the biomechanical feedback loops
that cells use.

Prospects for the Future

Gold nanorods are an attractive alternative to traditional
organic fluorescent dyes in that they do not photobleach, they
can absorb throughout the visible and NIR, and they can be
nontoxic under certain experimental conditions. We envision,
in the next 5 years, intensive research activity focused on the
in vivo uses of gold nanoparticles. There is already a healthy
amount of work on in vitro diagnostics. Most of the activity, we
project, will be tied to specific detection, imaging, and ther-
apy for very particular target cells (e.g., certain cancers, bac-
teria). In parallel and for each study, toxicity and side effects
need to be thoroughly examined in the broadest possible con-
text, as a function of nanoparticle size, shape, and surface
coating, beyond simple cell lines, before human subjects can
be exposed to these materials.

Have we learned anything new in biology because of these
nanomaterials? The answer, with several exceptions, is not
really, yet. Once the biomedical community embraces gold
nanoparticles as new tools for in vivo imaging, for longer time
scales and with less background than current fluorescent
probes, we speculate that new knowledge of how cells and
organs work, both internally and externally with others, will be
obtained. We envision, in the 5—10 year time frame, that
increased collaboration between practitioners the fields of biol-
ogy, medicine, nanoscience, and nanotechnology will yield
new fundamental insights into biological systems.

We thank past and present members of our research team for
their work. We especially thank Prof. C. Robinson for his con-
tributions to imaging. We gratefully acknowledge support from
the National Science Foundation, W. M. Keck Foundation, and
the University of South Carolina.
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