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ABSTRACT: Samples of suspended gold nanoparticles in the
diameter range 10 to 100 nm were subjected to a single 7 ns
pulse from a 532 nm laser to determine the effect of laser
power on particle size distribution, mean size, and
morphology. The experimental techniques used were dynamic
light scattering (DLS), depolarized dynamic light scattering
(DDLS), electrospray-differential mobility analysis (ES-DMA),
ultraviolet−visible absorption spectroscopy, and transmission
electron microscopy (TEM). For 60 nm particles, a laser pulse
of fluence 10 mJ/cm2 was sufficient to produce observable
changes. In the range 10−72 mJ/cm2, DLS indicated little
change in mean particle size but a more than three-fold
reduction in the polydispersity index (significantly tightened
distribution) and a decrease in scattering intensity. TEM showed that the particles became highly spherical and that there was a
growing population of particles <10 nm in size that could not be detected by DLS and ES-DMA. Fused dimers were also
observed, which suggest that heated particles can interact prior to cooling. DDLS showed a decrease in scattering due to shape
anisotropy with a 20 mJ/cm2 pulse and a decrease in the diffusion time constant. At higher power, the mean particle size
decreased until all particles were <10 nm in size. The threshold for observable changes decreased with increasing particle size in
the range 10 to 60 nm but increased for 100 nm particles. These results will be useful for potential therapeutic applications for
pulse-heated nanoparticles and demonstrate the use of a simple laser treatment for modifying and improving nanoparticle
properties.

■ INTRODUCTION

A promising avenue of nanomedicine research centers on the
laser heating of metal nanoparticles (NPs) that have been
delivered to a targeted part of the body for thermal therapies1−10

or to trigger release of an encapsulated drug.11−14 Gold NPs have
received significant attention because of the advantages of
biocompatibility,15 ability to be functionalized, and a surface
plasmon resonance (SPR) that enhances the optical absorption
of the NP relative to its surroundings. A variety of particle shapes
have been investigated for laser heating applications, including
metal nanospheres,16 nanoshells ,1 ,7 ,17−24 nanorods
(NRs),9,10,25−36 nanocages,37 and nanopyramids.38 Nonspher-
ical shapes have been used with the purpose of tuning the peak
wavelength of the SPR.
Energy absorbed by the NP is conveyed to the environment of

the NP through thermal diffusion. Continuous-wave (CW) laser
exposure has been used to achieve temperature increases suitable
for therapeutic effects.8,19,24,34,39 Laser CW heating does not
result in a significant temperature gradient between particles and
their surrounding environment; however, essentially all of the
thermal energy absorbed by a particle is used to increase the
temperature of the particle’s environment.40−43 It has been
shown that the energy relaxation in a Au NP takes place on a

picosecond time scale.44−46 Thus, the use of pulsed laser
radiation can produce significant heating on the submicrometer
scale, both because much higher power levels can be used and
because the thermal diffusion length over the duration of the
pulse will be short. Nanosecond pulsed lasers have been used to
kill cancer cells with a mechanism that can involve the generation
of high-energy fragments4 or the formation of an explosive
bubble around the NP.6,16,47−52 Delivering 30 nm NPs to cancer
cells, Huang et al.52 found that a 7 ns pulse from a 532 nm laser
resulted in comparable cell death rate to a CW laser but with a
total energy deposition reduced by more than a factor of 105.
The fundamental nature of the processes that occur on the

nano- and microscale during the pulsed heating of NPs is of
continuing intense interest. Takami et al.53,54 treated silver and
gold NPs in aqueous solution with a repeated nanosecond pulsed
laser and observed, by transmission electron microscopy (TEM)
analysis, a reduction in the particle size. Using silver 40 to 60 nm
NPs under repeated 20 ps pulses at 7.5 mJ/cm2, Kamat et al.55

observed photofragmentation into 5 to 20 nm. Pump−probe
experiments that showed a bleaching effect on the SPR suggest a
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mechanism that includes electron ejection from the NP. Link et
al.44,56 investigated the melting, fragmentation, and reshaping of
Au NRs with femtosecond and nanosecond laser pulses. They
reported that with femtosecond pulses only melting of the NRs
occurs, but for nanosecond pulses fragmentation occurs, which
they explain as being due to the absorption of photons by the hot
lattice. Giammanco et al.57 proposed a model for laser ablation of
NPs that considered the processes of ionization and evaporation
for reducing particle size. For their 3.5 nm particles and 20 ps
pulse conditions, a dominant ionization process best fit the data.
Matsuo et al. and Muto et al.58,59 applied single 532 nm laser
pulses to 80 μm diameter droplets containing 11 nm NPs and
observed fragmentation into smaller particles that then
aggregated. Yamada60 obtained transient absorption spectra
from 8 nm Au NPs subjected to 10 ns 355 nm laser pulses and
assigned the particle fragmentation to a Coulombic explosion
process. Hleb and Lapotko61 have reported a detailed
comparison of the photothermal properties for nanosecond
pulses of three particle shapes: nanosphere, NR, and nanoshell.
Among the interesting findings in this article is the observation
that the plasmon properties of NRs and nanoshells are markedly
different at high fluence (near the laser-damage threshold)
compared with the properties at low fluence, so that even though
the engineered particles have an absorption maximum in the IR
the threshold for damage is lower in the visible. Nanobubble
generation around the NPs was also characterized in that work by
both stroboscopic photography and defocusing of a 633 nm
probe beam. From the data presented in the article, one can
conclude that nanobubble generation is at intensities at or above
the threshold for particle damage. Lapotko et al.62 have also
demonstrated that nanobubbles may be used for optical
detection.
From the works cited above, it is clear that laser-induced

damage is a critical factor in the application of pulsed lasers for
the heating of NPs. The absorption of energy depends on the size
of the particle. Pitsillides et al.16 observed that when ablated by 20
ns, 532 nm laser pulses with an amplitude of 0.5 J/cm2, 30 nm
particles caused cell death while 20 nm particles only altered the
permeability of a cell membrane.
In this study, we report the spectroscopic and structural effects

of a 7 ns, 532 nm frequency-doubled pulsed Nd:YAG laser on
particles with five different sizes, 10, 20, 30, 60, and 100 nm, as a
function of laser fluence ranging from 4 to 390 mJ/cm2. This size
range is important for nanomedicine applications because NPs
smaller than 10 nm are rapidly eliminated through the kidney
while particles in the range 10 to 100 nm travel throughout the
bloodstream and can be transported into the tumor tissue.63 We
focus on the effects of a single laser pulse rather than a series of
pulses delivered over a specific time interval. If damage is
occurring to the particle, it is most likely that the most significant
therapeutic effect will occur during the first pulse. To probe for
changes in the particles in their liquid environment, we make use
of dynamic light scattering (DLS), which provides information
on the size and concentration (based on overall scattering
intensity), electrospray-differential mobility analysis (ES-DMA),
which provides particle size distributions, and ultraviolet−visible
absorption spectroscopy (UV−vis), which provides evidence of
changes in the particle’s plasmon resonance. In addition, we have
used TEM to characterize changes in particle morphologies.

■ EXPERIMENT
Commercially available monodisperse, citrate-stabilized, Au
colloids (with nominal diameter, concentrations of 10 nm, 5.7

× 1012 particles/mL; 20 nm, 7.0 × 1011 particles/mL; 30 nm, 2.0
× 1011 particles/mL; 60 nm, 2.6× 1010 particles/mL; 100 nm, 5.6
× 109 particles/mL; from Ted Pella64) were used in this
investigation. Laser exposures were performed with a Q-switched
Nd:YAG laser, Surelite II, with the 1064 nm line frequency-
doubled to produce a 532 nm beam. The full width at half-
maximum time for the laser pulse was measured to be 7.46 ns.
The beam intensity profile was measured by moving a 0.5 mm
pinhole across the diameter of the ∼7 mm beam spot. It was
found that the power decreased from a maximum at the center to
80% of the maximum at a radius of 2 mm. The samples were
typically 300 mL in volume and were divided into equal 100 μL
aliquots for laser exposure. This procedure assured that the
Beer’s law attenuation caused insignificant variation in the
exposure of particles in the 3 mm depth of the liquid container.
The liquid container was a 0.65 mLmicrocentrifuge tube with an
outer diameter of 4 mm for a 100 μL aliquot. The beam was
directed downward to the open top of the container. The beam
fluence applied to the sample was varied from 0 (untreated) to
390 mJ/cm2 through the use of neutral density filters. A fresh
sample was used before each exposure to the laser.
Backscatter DLS measurements were performed using a

Malvern Zetasizer-Nano ZS. The laser wavelength was 633 nm
(He−Ne). The scattering angle was 173°. Measurements were
made at 20 °C. Typically 12 scans were averaged for each
measurement and 5 to 8 measurements were performed for each
sample after the laser exposure. The autocorrelation function was
analyzed by the cumulants method in the instrument software
according to ISO13321 Part 8.65 The analysis yields a mean
particle size expressed as a diameter and a polydispersity index
(PDI). The PDI is a measure of the width of the size distribution.
If the size distribution is a single Gaussian, then the standard
deviation σ of the distribution will be σ = (PDI)1/2x, where x is
the mean size. This analysis is considered to be valid for
monomodal systems. For bimodal distributions (which occurred
only for the 10 nm NPs and as a result of the highest laser
exposure to the 100 nm NPs), the mean particle size was
analyzed with a non-negative least-squares (NNLS) fit.66 The
average scattered intensity signal was also collected for each scan.
The instrument reports scattered intensity as kilocounts per
second, which is regarded as an arbitrary intensity unit. With each
sample (and therefore each fluence value) the scattering intensity
of the sample prior to the laser pulse treatment was collected and
used to normalize the intensity data after the laser pulse. Error
bars represent the standard deviation in the scatter of the
measurements taken on each sample.
Additional experiments were carried out with a second DLS

apparatus for the purposes of corroborating the results at a
different scattering angle and to make use of the capability of the
second apparatus for performing depolarized dynamic light
scattering (DDLS), which can provide information about shape
anisotropy. This apparatus used a diode-pumped solid state laser
at 532 nm wavelength to produce a linearly polarized laser beam
of 0.7 mm diameter. The beam was focused with an f-180 mm
achromatic doublet lens in the center of a square quartz sample
cell. The spectroscopic cell had internal dimensions of 10 mm ×
2 mm that required ∼0.125 mL of solution. Light, quasi-
elastically scattered at 90°, passed through a rotatable polarizer
(analyzer) and was collected by an f-8 mm aspherical lens and
coupled to a single-mode fiber with 4.3 μm core size. The
bifurcated fiber was connected to a two-avalanche photodiode
photon counter and counts were cross-correlated by a
Brookhaven Instruments BI9000AT digital correlation board.
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The incident laser power of 35 mW was reduced by a set of
neutral density filters to keep the photon count below 1 MHz in
the detector’s linear range. With a vertically aligned analyzer
(VV), DLS data were obtained with a 2min collection time, while
DDLS with crossed polarizers (HV) required a 10 min collection
time. The DLS data were fit with quadratic cumulant and
CONTIN methods provided by Brookhaven Instruments
software to determine the hydrodynamic diameter and
polydispersity. DDLS were fit by the quadratic cumulant method
and analyzed to estimate the rotational diffusion coefficient (Θr)
using the relationship, ΓHV = Dtq

2 + 6Θr, where ΓHV is the
measured decay rate, q is the scattering vector, and Dt is the
translational diffusion coefficient determined by DLS.67 The Θr
provides sensitivity to changes in NP shape anisotropy before
and after laser-pulsed treated gold NPs.
The optical absorption spectra were obtained using a Perkin-

Elmer Lambda Bio-20 UV−vis spectrometer. The samples were
measured using a 1 cm path length quartz cuvette. The
absorption spectrum was measured from 900 to 400 nm at a
scan rate of 240 nm/min and a step size of 1 nm.
Electrospray differential mobility analysis (ES-DMA) was

employed as an orthogonal characterization technique for
comparison of the effects of lower laser power on the particle
size. The ES-DMA system has been previously described.68 It
consisted of an electrospray aerosol generator (model 3480,
TSI), a differential mobility analyzer column (model 3080n,
TSI), and a condensation particle counter (CPC, model 3025,
TSI). Flow handling to the DMA column and the interface of the
instruments employed a home-built design. A 40 μm capillary
was used inside the ES, and the NPs were driven toward the
DMA by air at a flow rate of∼1.2 L/min. A sheath flow rate of 10
L/min was used inside the DMA, and the CPC was used at high
flow mode. Under the operating conditions the maximum
variability in size and concentration is ∼0.3 nm and ∼15%,
respectively.69 Aliquots of 1000 mL that contained gold NPs of
nominally 30 and 60 nm diameter that were either laser-treated
(at 72 and 31 mJ/cm2 respectively) or left untreated were
concentrated in a centrifuge70 for 5 to 10 min at a relative
centrifugal force of 16110 g. About 800 mL of the supernatant
was removed, increasing the concentration of the analyzed
samples by a factor of 5. Two replicate samples were used for
each set of conditions. The standard deviation (as a percentage)
in concentration was 3.7 and 8.3% for the 60 and 30 nm particles
respectively. The sources of variation are in order of importance:
(a) variation in the ES cone, (b) counting statistics in the CPC,
and (c) variation from fluctuations of sheath and aerosol flow.
TEM bright-field images were collected using a Philips/FEI

CM300FEG64 operating in the high-resolution (HR) bright-field
TEM mode at 300 kV. Specimens initially were prepared by
dropping 20 μL of the laser-treated Au NP suspensions onto SiN
TEM windows; however, because NP suspensions frequently
agglomerated upon drying, obscuring much of the information
that might otherwise be obtained from the TEM images, a drop-
on-rinse-off method was used. Treated suspensions were
dropped onto chemically functionalized grid windows, allowed
to stand for 1 min, then rinsed off with deionized water. This
method resulted in specimens that were found to have only
minor agglomeration of NPs and little residual salt.

■ RESULTS
Figure 1 presents the DLS results for averaged scattered intensity
and particle mean diameter as a function of the exposure of a
fresh sample to a single pulse of a 532 nm laser. As the laser pulse

fluence is increased, the trace for each starting size of NP shows a
drop of scattered intensity (Figure 1a). The larger initial size NPs
exhibit this drop beginning at lower fluence and over a wider
range of fluence than the smaller NPs. The observations were not
monotonic with size: for example, the 60 nm NPs showed the
laser-induced changes at a lower fluence than for the 100 nm
NPs. The 20 nm NPs required a much higher fluence of laser
pulse to yield a change in scattered intensity, but the drop in

Figure 1. (a) Normalized light scattering intensity at a wavelength of
633 nm, (b) DLS mean particle size (nm), and (c) DLS polydispersity
index as a function of the fluence of a single pulse of 532 nm laser
irradiation. The data appearing below a fluence of 2 mJ/cm2 are the
results from untreated samples, included for comparison. Each data
point is a separate sample exposed to only one laser pulse. Average
starting particle size is as indicated in the legend. For most points in
panels a and b error bars are smaller than the data point size. The PDI for
390 mJ/cm2 for 100 nm particles was 0.52, outside the plotted range in
panel c.
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signal occurred more rapidly with laser pulse fluence. This trend
continued with the 10 nm NPs, for which the maximum fluence
for our experimental arrangement only reduced the scattering
intensity by one-half.
As for the effect of the laser pulse on particle size (Figure 1b),

we do observe, in most cases, a regime of reduced particle size as a
result of the laser exposure. Surprising, however, is that for each
size of particle, the reduction in size happens at higher fluence
than for the drop in scattered intensity (Figure 1a). For 100 nm,
60 nm, and slightly for 30 nm particles, there is a small increase in
DLS particle size before the drop in size at higher pulse fluence. It
is interesting, for example, to compare for the 60 nm particle the
scattered intensity and DLS particle mean size at 31mJ/cm2. The
scattered intensity was reduced by ∼50% from the untreated
sample, a substantial indicator of the laser’s effect on the sample,
while the mean particle size increased by 2.7 nm. Because the
scattered intensity goes as the sixth power of particle diameter,71

the expectation would have been that if the intensity decreases as
a result of a laser pulse exposure, the particle size would also
decrease rather than increase.
Figure 1 c shows the dependence of the PDI on laser pulse

fluence. For mean diameters of 10 and 20 nm, there is no
significant change in the PDI with increasing pulse intensity (up
to 100 mJ/cm2). For the 30, 60, and 100 nmNPs, the PDI shows
a decrease at lower exposure fluence, followed by an increase for
pulse intensities >70 mJ/cm2. For these particle sizes, there is a
regime between 10 and 70 mJ/cm2 where the laser treatment
narrows the DLS size distribution significantly, with the PDI
decreasing by more than a factor of 3. This effect is evident in the
DLS intensity distribution for the 100 nmNPs shown in Figure 2.

The distribution is calculated from the correlogram using the
NNLS algorithm that is part of the software for our instrument.
Between 10 and 72mJ/cm2 there is a substantial narrowing of the
distribution. Between 72 and 390 mJ/cm2 the distributions
become wider, and at 390 mJ/cm2 a second peak at 12 nm
appears.
The second DLS/DDLS apparatus was used to compare

before and after laser-pulse exposure for 60 nm NPs for a laser
pulse fluence of 20mJ/cm2. Results are summarized in table form
in the Supporting Information. The DLS-VV results showed a
negligible shift in the hydrodynamic diameter from 55.6 ± 0.62

to 56.3 ± 0.97 nm that was within the uncertainty of the
measurement but a decrease in polydispersity from 0.155 ±
0.006 to 0.075 ± 0.036. These measurements were in agreement
with the trends from DLS measurements performed on the
backscattering DLS setup. The conclusions were also verified by
a CONTIN analysis that fits the entire autocorrelation function
and yielded a shift in the hydrodynamic diameter of 55.2± 1.4 to
55.0 ± 1.4 nm with relative variance decreasing from 0.019 ±
0.009 to 0.002 ± 0.002 after the laser pulse. The DDLS
measurement tested sensitivity to the NP anisotropy via the
rotational diffusion coefficient. For both 60 nm NP samples,
there was a measurable depolarized scattering signal, indicating
shape anisotropy. The unexposed gold had an average
depolarized scattering count rate of 7.4 kHz with a rotational
diffusion coefficient measured to be 4471 ± 217 s−1. After laser
pulse exposure, the solution decreased in the depolarized
scattering count rate to 2.2 kHz, with a rotational diffusion
coefficient of 1961 ± 151 s−1.
UV−vis spectra of particles with initial mean diameter of 60

nm for varying fluence of the laser heating pulse are shown in
Figure 3. The absorption maximum shifts to shorter wavelength

and is of reduced amplitude as the laser pulse fluence is increased.
Figure 4 shows a summary of the results for different initial NP
size. The behavior is similar for all particles sizes; with the
principle difference being the laser power required to produce
changes increases with decreasing NP size.
It is important to note that the pulsed laser wavelength differs

from the absorption maximum for each NP size. Figure 5 shows
the absorbance at 532 nm normalized to the absorbance
maximum. These data suggest that the effect of the pulsed
laser being detuned from optimal is minimal for NPs with
diameters ranging from 10 to 60 nm and is a small effect
compared with the range of pulse energies applied for the 100 nm
NPs.
Figure 6 shows the results of a DMA comparison between

untreated 60 and 30 nm diameter samples exposed to a laser
pulse fluence of 31 and 72 mJ/cm2, respectively. These cases
were selected because the Figure 1 data show little effect of the
laser pulse on particle size but substantial effects on scattering

Figure 2.DLS distribution of particle sizes with initial mean diameter of
100 nm for varying energy of exposure to a single pulse of 532 nm laser
irradiation. Intensity units are kilocounts per second (kcps) measured by
the detector.

Figure 3. UV−vis spectra of particles with initial mean diameter of 60
nm for varying fluence of exposure to a single pulse of 532 nm laser
irradiation. The amplitude of the peak corresponds inversely to the
exposure fluence: the largest peak is unexposed, the next largest is 23
mJ/cm2, and in order of decreasing peak height, 31, 72, 107, 164, and
390 mJ/cm2.
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intensity and polydispersity. In each graph there is a peak at a
mobility diameter of 20 nm. In ES-DMA there is typically a “salt

peak” that arises from the residual salt, left when an
electrosprayed droplet that does not contain an NP dries. Note
that for the 60 nm particles (Figure 6a) the ratio of the salt peak
to the Au NP peak is much greater than that for the 30 nm
particles. This is because the concentration of particles in the 30
nm samples is nearly ten times higher than that of the 60 nm
suspensions. The nominal 60 nm particles decrease in size from
64 to 63 nm as a result of the single laser pulse. The effect of the
salt crust layer on these particles is only∼0.1 nm, so the reported
size represents the estimated size of the Au material.68 The
nominal 30 nm particles showed essentially no change in size,
with measured sizes of 33.1 and 33.2 nm before and after laser
treatment. For these particles, the salt layer represents 0.8 nm of
the measured particle diameter.
Figure 7 shows TEM images of 60 nm NPs unexposed and

exposed to laser pulses ranging from 10 to 72 mJ/cm2. The Au
NPs as received have a narrow size distribution but exhibit a
variety of shapes, including hexagonal, triangular, and circular, as
can be seen in Figures 7a,b. While some structure is discernible,
the atomic rows indicative of single-crystalline structures cannot
be found in these images, indicating that the particles are likely
polycrystalline. At low fluence, 10 mJ/cm2, as shown in Figures
7c,d, conformational changes are readily observable, in that most

Figure 4. UV−vis results for particles of different initial diameter: (a) Peak wavelength and (b) absorbance at the peak wavelength versus laser pulse
intensity. The data appearing below a fluence of 2 mJ/cm2 are the results from untreated samples, included for comparison.

Figure 5. Absorbance at 532 nm, the wavelength of the pulsed laser as a
function of particle size.
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larger particles have formed spheres featuring readily distinguish-
able parallel atomic rows that suggest a greater degree of
crystallinity, while other smaller irregularly shaped particles up to
20 nm in diameter now appear in the images. The laser exposure
at 10 mJ/cm2 also resulted in the formation of some fused dimer
species, as shown in Figure 7d, which were not present in the
untreated samples. Increasing the pulse power to 23 mJ/cm2, as
in Figure 7e,f, generates similar particles to those formed by the
10 mJ/cm2 pulse. At 31 mJ/cm2, Figure 7g,h also shows spherical
particles with reduced size and an increase in the smaller
irregularly shaped particles. At 72 mJ/cm2, the smaller particles
dominate (Figure 7i,j), with most particles exhibiting facets and
sharp edges over their entire surface.

■ DISCUSSION
The different characterization tools provide complementary
information about the changes that occur to suspended Au NPs
with a single laser pulse. DLS provides a rapid characterization of
changes in the scattering intensity and changes to the distribution
of hydrodynamic size of the NPs. The scattered intensity data
showed a strong dependence of the threshold fluence for
observable change with particle diameter to smaller values for
mean sizes 10 to 60 nm. This is consistent with the reduction in
absorption cross section with NP size. By contrast, the 60 nmNP
threshold for observable change was lower than that for the 100
nm NPs (see Figure 1a). This trend was also observed in the
UV−vis results, where the threshold for change in the peak

amplitude also shows the 60 nm NPs more easily damaged than
the 100 nm NPs (see Figure 4b). This suggests that the laser’s
capability to damage a NP does not depend solely on the
absorption behavior that is measured by low-intensity techniques
such as UV−vis spectroscopy. In a similar vein, Hleb and
Lapotko noted that NRs with an absorption cross section
maximumnear 750 nmwere surprisingly more easily damaged by
532 nm laser pulses than with 750 nm laser pulses.61 It should be
noted that the threshold intensities observed for 100 nm Au NPs
were still well below the ablation threshold of bulk Au, reported
by Torrisi et al., to be 10 J/cm2.72

The decrease in scattered intensity with increasing laser pulse
fluence in Figure 1a could be due to one of two factors: (1) a
reduction in the number of scattering NPs (possibly caused by
some fraction of the NPs being shattered by the laser pulse) or
(2) efficiency of scattering by each NP (possibly caused by a
reduction in size or change in shape). For the moderate laser
fluence exposures of 31 mJ/cm2 for the 60 nm and 72mJ/cm2 for
the 30 nmNPs, DMA results showed that the number of NPs was
relatively unchanged by the pulse, whereas DLS results in Figure
1a showed a decrease in scattering intensity, and UV−vis
spectroscopy in Figure 4b showed a decrease in absorption.
Thus, the evidence points toward a laser-induced change in the
efficiency of scattering of each NP in the distribution for these
fluence pulses.
The DLS results for mean size were surprising because while

change to the NPs was evident in the scattering intensity data, the
size data for low to moderate laser pulse fluence showed little
change in size. By contrast, in this fluence range, the UV−vis
spectroscopy data showed the absorption maximum to be
shifting to smaller wavelength. The location of the absorption
maximum in UV−vis spectroscopy has been shown to decrease
with decreasing particle size.73 Thus the UV−vis results seemed
to suggest that the particles were decreasing in size.
TEM images helped to clarify the seemingly conflicting DLS

and UV−vis data. At moderate pulse fluence, particles changed
into spherical shapes with larger crystalline domains without
changing considerably in size, although some shrinkage was
observed directly in the images. Because the normalized DLS
scattering intensity began to fall at low exposures while DLS
particle size remained roughly constant, it can be inferred that the
back scattering intensity decreased as particles became more
spherical. Calculations by Lee et al.25 have shown that gold NRs
have higher scattering efficiencies than equivalent volume gold
nanospheres of diameter 80 nm. The presence in TEM images of
laser-treated samples of particles <10 nm in size indicates that
some reduction in particle volume is taking place in addition to
the reshaping. Because the scattered intensity scales as the sixth
power of the radius, for a 60 nm diameter particle, a 5 nm change
in diameter would result in a 37% drop in scattered intensity. The
dramatic reduction in polydispersity seen in the DLS results, for
both backscattering and 90°measurements, can also be explained
by the convergence of differently shaped particles, including
hexagonal and triangular prisms, to spheres. Because the
nonspherical particles will have different diffusion coefficients
along their different axes, this will result in a spread in the
apparent size distribution compared with the spherical particles
that are formed as a result of the moderate laser pulse.
The DDLS results confirmed the presence of shape anisotropy

in the untreated samples. After the 20 mJ/cm2 exposure, there
was a decrease in the depolarized scattering intensity and a
decrease in the measured diffusion constant. This is consistent
with a smaller population of anisotropic particles but with a larger

Figure 6. DMA results. (a) Size distribution of untreated 60 nm Au
(square) and laser-treated (31 mJ/cm2) 60 nmAu (diamond). The inset
shows a zoom of the 60 nm region. (b) Size distribution of untreated 30
nm Au (square) and laser-treated (72 mJ/cm2) (diamond).
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anisotropy among the contributing particles. This may be verified
by the TEM evidence that shows not only the change in particle
shape but also an increase in the concentration of fused gold
nanocrystal dimers that appear only after laser-pulse exposure.
We hypothesize that DDLS is very sensitive to the increased
formation of these anisotropic NPs in addition to the general

decrease in anisotropy of the individually dispersed NPs of near-
spherical shape. To estimate the change in anisotropic shape
predicted by the DDLS measurements the data were compared
with the rotational diffusion coefficient calculated by Perrin67,74

for an ellipsoid of revolution of semiaxes a and b. The procedure
is described in the Supporting Information. The results suggest

Figure 7. TEM images of the 60 nm diameter NPs (a,b) before laser exposure and exposed to a single pulse of 532 nm laser irradiation at: (c,d) 10 mJ/
cm2; (e,f) 23 mJ/cm2; (g,h) 31 mJ/cm2; and (i,j), 72 mJ/cm2.
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an increase in axial ratio from 1.3 to 1.8 after exposure with the
formation of more prolate-shaped anisotropic particles that are
consistent with fused gold particles.
The considerably smaller particles formed during ablation or

obliteration do not figure into the scattering experiment results;
indeed, only at a laser fluence of 390 mJ/cm2 does the laser pulse
generate enough small particle debris for it to be detectable. This
is due to the strong sixth-power dependence of light scattering on
particle diameter. The shift in the UV absorbance to smaller
wavelength with pulse fluence can be attributed to a dependence
of absorbance on particle shape.75 For example, NRs show an
increase in absorption peak energy with decreasing aspect ratio.76

At higher pulse fluence, the particle size decreased, which also
resulted in a shift to higher energy for UV−vis absorbance.

■ CONCLUSIONS
The effect of single 7 ns laser pulses of varying fluence applied to
gold NPs was characterized for particles from 10 to 100 nm by a
set of NP characterization tools. As particle diameter increased
from 10 to 60 nm, the threshold fluence for causing changes in
NP properties decreased, while at 100 nm, the threshold for
observed damage appeared to increase. At low fluence, the NPs
were reshaped into substantially more round spheres, while at the
same time, fragments of <10 nm were generated. These
fragments were not detected by DLS due to the strong
dependence of scattering intensity on size or by DMA, where
the fragments are obscured by the signal from condensed salt.
For low laser fluence, the PDI reported by DLS, was reduced by
as much as a factor of three, indicating a much narrower
hydrodynamic size distribution. Also, fused dimer particles were
evident, which suggests that particles heated by a pulse can travel
to interact with other particles prior to cooling below the melting
temperature. These dimers may be responsible for the decreased
diffusion constant measured by DDLS. At higher fluence, >100
mJ/cm2, there was substantial fragmenting of all particles.
Because of the initial changes observed in particles as a result of a
single pulse, including the generation of fragments, it is likely that
the use of multiple pulses has limited additional therapeutic
benefit compared with a single pulse. The data suggest that with
filtering of debris particles <10 nm or by further optimization of
the pulse power and duration it should be possible to produce
highly spherical NPs in the diameter range 30−100 nm with a
low PDI.
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