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Gold nanoparticles can be visualized in far-field multiphoton laser-scanning microscopy (MPM)
based on the phenomena of multiphoton induced luminescence (MIL). This is of interest for bio-
medical applications, e.g., for cancer diagnostics, as MPM allows for working in the near-infrared
(NIR) optical window of tissue. It is well known that the aggregation of particles causes a redshift
of the plasmon resonance, but its implications for MIL applying far-field MPM should be further
exploited. Here, we explore MIL from 10 nm gold nanospheres that are chemically deposited on
glass substrates in controlled coverage gradients using MPM operating in NIR range. The sub-
strates enable studies of MIL as a function of inter-particle distance and clustering. It was shown
that MIL was only detected from areas on the substrates where the particle spacing was less than
one particle diameter, or where the particles have aggregated. The results are interpreted in the con-
text that the underlying physical phenomenon of MIL is a sequential two-photon absorption pro-
cess, where the first event is driven by the plasmon resonance. It is evident that gold nanospheres in
this size range have to be closely spaced or clustered to exhibit detectable MIL using far-field
MPM operating in the NIR region. © 2015 Author(s). All article content, except where otherwise

noted, is licensed under a Creative Commons Attribution 3.0 Unported License.

[http://dx.doi.org/10.1063/1.4936554]

Gold nanoparticles have been explored within biological
research for more than a decade.' They demonstrate potential
for a great variety of applications. Initially, gold nanopar-
ticles were introduced as immunolabeling contrast for trans-
mission and scanning electron microscopy (SEM).>* Later,
the unique optical properties and high biocompatibility of
gold nanoparticles have stimulated interest within the bio-
medical optics field as contrast agent in connection to optical
imaging modalities,*® with the potential facilitate multimo-
dal optical imaging. Multiphoton microscopy (MPM) is a
far-field laser scanning optical microscopy technique, ena-
bling high resolution non-invasive imaging of biological tis-
sue applied for, e.g., non-invasive cancer diagnostics;”'®
however, improved contrast mechanisms are required to
fully take advantage of the method. In this respect, gold
nanoparticles are interesting, given their ability to exhibit
multiphoton induced luminescence (MIL, a.k.a. multiphoton
absorption induced luminescence MAIL) upon irradiation of
fs-pulsed near-infrared (NIR) laser light.>**!""!> The com-
bination of MIL and MPM has a unique potential for non-
invasive optical nanoplasmonic sensing in vivo. This is a
direction that has been recently demonstrated to have a great
potential in the biomedical field.'®
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MIL from gold was described already in 1986, as an
blue-shifted emission obtained from roughened gold surfaces
when irradiated by NIR light.'” As the emission was not
observed from smooth gold surfaces, MIL was ascribed to be
related to the nanostructure of the surface. The physical ori-
gin of MIL has been attributed to a sequential absorption of
multiple photons,'*'* which should not be confused with the
coherent two-photon excitation exhibited by organic fluoro-
phores generally utilized in MPM. It is generally accepted
that gold nanorods exhibit substantially stronger lumines-
cence signal compared to gold nanospheres (AuNSs).'>!%19
The strong MIL from gold nanorods can be utilized for non-
invasive imaging in vivo, but is not suitable for selective op-
tical sensing as unspecifically bound particles in tissue will
increase the background and obscure the signal. Thus, means
for being able to tune the MIL emission should be explored,
particularly in connection to far-field laser scanning optical
microscopy, in order to develop protocols allowing for
in vivo optical sensing.

It is well known that AuNSs in close proximity will red-
shift the surface plasmon resonance peak in the absorption
spectra by acting together as a dipole.”*>* It has been dem-
onstrated that the generation of MIL is also affected by field-
enhancement by varying the spacing between spherical par-
ticles,'>** implying that aggregates of AuNSs exhibit stron-
ger MIL signal compared to individual particles. However,
further understanding is required, particularly in the context
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of biomedical applications in combination with far-field
MPM. In addition, there are recent reports claiming detection
of MIL from AuNSs at the single particle level.**” Recent
results in our lab demonstrate that well-dispersed polyethyl-
ene glycol (PEG) coated spherical gold nanoparticles
(AuNPs) with diameter less than 40 nm do not exhibit MIL in
water solution using excitation powers relevant to biological
experiments (unpublished data). Instead, MIL could only be
detected when the spherical AuNPs were deposited on glass-
coverslips. This led to the question whether or not MIL can
be obtained from well-dispersed spherical particles at biologi-
cally relevant conditions using far-field optical microscopy,
or if aggregation and clustering of the particles are necessary.
In this letter, we explore MIL from commercially avail-
able substrates (Cline Scientific AB, Gothenburg, Sweden)
comprising 10nm AuNSs created by chemical reduction
using citrate and thereafter deposited on glass surfaces, form-
ing controlled particle concentration gradients®®* (Figure
I(a)). These AuNS gradient substrates, originally designed
for cell culturing experiments, were implemented here as a
suitable model for methodical studies of MIL from deposited
particles.30 Figures 1(b) and 1(c) demonstrate the MIL emis-
sion acquired along a gradient plate using a commercial
MPM-set up (LSM 710 NLO, Carl Zeiss Microlmaging
GmbH, Germany) equipped with a Mai Tai DeepSee tunable
NIR Ti:Sapphire fs-laser (Spectra-Physics, Newport
Corporation, USA). SEM images (included in Figure 1(b))
illustrate the particle distribution at different locations along
the gradient-plate. The particle coverage was assessed from
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the SEM images and represented as ratio of projected area
using MatLab (Mathworks, Inc., Natick, MA, USA). In addi-
tion, inter-particle distance and cluster size were assessed
from the SEM images. As seen from the figure, the emission
signal is strongly correlated with the particle coverage. The
intensity of the luminescence deviates from a linear depend-
ency (Figure 1(c)), validated by a log-log analysis.’® The
non-linear dependence is particularly evident for coverage
above 20%, corresponding to regions where cluster forma-
tion is present. Further AFM analysis confirmed that the
observed effect can be attributed to the formation of clusters,
rather than a simple volume effect.®® This implies a non-
linear enhancement of the emission as the inter-particle dis-
tance becomes smaller and the degree of -clustering
increases, supported by earlier reports.'*!”

Absorption spectra (Figure 2(a)) of the substrates were
obtained using a Varian Cary Eclipse 5000 (Varian, Inc.,
USA) spectrophotometer at two different locations corre-
sponding to areas with particle coverage of approximately 15
and 30%. All spectra demonstrate the characteristic surface
plasmon resonance peak located at 520 nm, corresponding to
AuNSs of 10nm size.*' The increased absorption in the NIR
region acquired for areas corresponding to 30% particle cov-
erage is attributed to the expected red shift** due to aggrega-
tion of the spheres.

Excitation and emission spectra (Figures 2(b) and 2(c))
were obtained from two different locations on the AuNS gra-
dient substrate corresponding to particle coverages of approxi-
mately 15% and 35%, corresponding to well-dispersed and
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FIG. 1. (a) Schematic illustration of the manufacturing process of the gradient substrates (not to scale). A glass substrate (size: 8.7 x 8.5 mm) (i) modified with
APDES is vertically positioned in a solution of AuNSs (d = 10nm) and low ionic strength. A high ionic strength buffer (ii) is injected from the bottom, where-
upon ions diffuse upwards causing an ionic strength gradient, triggering a backfill (iii) of the particles becoming deposited on the surface. (Redrawn with per-
mission from Lundgren et al., Part. Part. Syst. Charact. 31(2), 209 (2014). Copyright 2014 John Wiley and Sons.) (b) Emission signal (560-680 nm) acquired
along the gradient substrate using MPM. A tile of 22 consecutive images scanned across the substrate (field of view: 0.425 x 9.45 mm) is presented in both
false color and grayscale. All settings, i.e., excitation wavelength (740 nm), laser power, scan speed, gain, and offset, were kept constant. SEM images are also
included (field of view 545 x 545 nm), illustrating the particle distribution at different locations across the substrate. Unintentional scratches on the substrate
are observed as irregular dark lines of the emission signal. A conceptual illustration of the correlation between emission and particle distribution is included.
(c) Analysis of the emission acquired from three substrates (n = 3) as function of particle coverage. Maximum coverage measured from the SEM images was
37%. Laser power was increased from 7.5mW to 13.5mW (measured at back aperture of objective lens) to elevate signal from regions with low coverage
(<13%). Included in figure is polynomial (y:x3) and linear fit to demonstrate deviation from linear dependency. Error bars show standard deviation of
acquired intensity variation within 5 selected regions corresponding to the same particle coverage.
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FIG. 2. (a) Absorption spectra obtained from substrate at locations with varying coverage of 10 nm AuNSs. Spectra are normalized with respect to maximum
absorption at the plasmon resonance peak (i.e., 520 nm). Multiphoton excitation ((b), emission 560-680nm) and emission ((c), excitation 740 nm) spectra
acquired from the substrate at locations corresponding to 15% (o) and 35% (*) coverage, corresponding to purely well-dispersed and predominantly clustered
particles. The drop-off at 670 nm in the emission spectrum (c) corresponds to the cut-off wavelength of the dichroic mirror in the MPM setup. The excitation
and emission spectra have been normalized with respect to maximum intensity of emission for clarity. The acquired slope values extracted from the emission
intensity as function of laser power plotted as a function of particle coverage (d), the inter-particle distance (e), and average size of particles/clusters (f) for

data acquired at different locations along the substrate.

predominantly clustered AuNSs, respectively. Excitation
spectra (Figure 2(b)) were acquired by sequentially changing
the excitation wavelength in 10nm increments, detecting the
emission in the range of 560-680 nm. The luminescence was
found to be strongly dependent on excitation wavelength for
the well-dispersed spheres (15% coverage). A flatter excita-
tion spectra was observed at higher particle coverage (i.e.,
35%) which implies that the emission signal is less sensitive
to the excitation wavelength at such coverages. Emission
spectra (Figure 2(c)) were acquired using the spectral detector
of the MPM and 740 nm excitation, demonstrating a continu-
ous increase in emission intensity with wavelength for the
35% particle coverage. The sharp drop-off is caused by the
cut-off from the dichroic mirror. The general shape of the
emission spectrum resembles data from gold nanorods.'> A
wavelength-dependency could not be discerned due to the low
signal from the regions with sparsely distributed particles.

To determine the physical origin of the emission, the
slope values™ were investigated by analyzing the depend-
ence of the emitted signal on the laser power. As non-linear
dependency was expected for MIL, slope values above one
were expected. The average intensity for each examined
region of the gradient plate was plotted against the laser
power on a logarithmic scale and the slope values were
obtained by linear regression using MatLab. In Figures
2(d)-2(f), the calculated slope values from the emission data
are presented as function of particle coverage, the inter-
particle distance, and cluster size. As shown by the figure, a
non-linear dependency corresponding to MIL signal, i.e., a
slope value around 2, was only observed from regions of the
substrate where the inter-particle distance was measured to
be less than around 10nm (Figure 2(e)). When the inter-
particle distance increases, the non-linearity vanishes. This

effect is consistent with the fact that enhanced plasmon cou-
pling between closely spaced particles have been con-
firmed.? Furthermore, MIL was only observed when the
particles size was increased because of clustering (Figure
2(f)). A size above 20nm corresponds to clusters of at least
two AuNSs. The same low slope value was found in low par-
ticle coverage areas of the substrates. The origin of the linear
emission, i.e., slope values around 1, can either be attributed
to a superposition of the background noise and a weak MIL
at the detection limit, or to one-photon induced anti-Stokes
emission, which has been reported from gold nanostruc-
tures.>*3® The particles are expected to be heated during the
illumination by fs NIR laser light, and thereby become ther-
mally excited. Thus, it is likely that slope values around 1
most likely correspond to anti-Stokes emission.

Interestingly, a decreasing emission signal similar to
rapid “photo-bleaching” was observed during the scanning
of the plates. This phenomenon is illustrated by Figure 3.
The intensity of the emission from the exposed area dropped
to 30% of the original signal after exposure, using a laser
power of 3 mW, scanning the area for 150 s. The emission in
the exposed area recovered to 90% of the original intensity,
and repeated exposure using the same light dose resulted in a
similar reduction in signal. This result was unexpected as
gold nanoparticles are referred to as photostable.*?” The
effect can possibly be attributed to temporary damping of the
plasmon resonance due to creation of a ‘“hot,” non-Fermi
electronic distribution, which has been reported in pump-
probe experiments.*** Another plausible explanation is
photo-oxidation caused by stripping electrons from the par-
ticles reducing the plasmon resonance.*® The signal returns
as the gold is reduced by the surrounding molecules. The ir-
reversible part of the observed “photo-bleaching” is most
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FIG. 3. Luminescence signal as function of laser exposure (740 nm) of high
coverage area of the substrate during (a) first exposure and (b) repeated ex-
posure after recovery.

likely attributed photothermal decomposition of the particles.
Given the average powers used in the experiment, the pulse
energy deposited in the focus can be estimated to 1pJ.
Estimating the focal area of 0.2 um?, and given the diameter
of the particles is 10 nm, each particle will be exposed to 5 fJ
per pulse. The energy required to melt dispersed gold nano-
rod has been measured to be approx. 60 f.*! Given the pixel
dwell time and repetition rate of the laser, each particle will
be subject to approx. 200 pulses, causing the total deposited
energy per particle during exposure to be well above this
melting threshold. Particle melting is thus a possible cause of
the irreversible loss of MIL.

The physical principle behind MIL is attributed to a se-
quential absorption of multiple photons, followed by photolu-
minescence caused by recombination of conduction band
electrons with holes in the d-band.'***** This process is sche-
matically illustrated in Figure 4. During the absorption of the
first photon, one electron from the partially filled sp-band is
excited above the Fermi-level, leaving an electron hole. This
intra-band transition is interpreted to be related to the excita-
tions of the plasmon (as will be further discussed below). The
hole in the sp-band is subsequently filled by an electron that is
excited from the d-band by the sequential absorption of a sec-
ond photon and can be considered a single particle excitation.
The sequential process creates an excited system, with energy
greater than the incoming photon-energy. In competition with
other thermalization processes, the excited d-hole can decay
radiatively giving rise to luminescence.**** When the hole in
the d-band is recombined with the excited electron in the sp-
band, a photon with greater energy than that of the single
exciting photons is emitted. By changing the pulse length of
the exciting photons, the sequential process can be tuned
between two-, three-, and four-photon processes.>> Based on
the square power dependence, it is evident that the MIL signal
from the aggregated particles in this study is based on a two-
photon absorption process.

It is known that clustering of single AuNSs elevates the
one-photon plasmonic absorption spectrum in the red region
(also observed in our absorption measurements in the shape
sensitive region of the spectra, Figure 2(a)). This increased
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FIG. 4. Schematic diagram of the band structure of Au near the X (a) and L
(b) symmetry points, as calculated by Eckardt e al.** The physical process
leading to MIL is conceptually illustrated as a sequential absorption'>* of
two NIR photons (approx. 1.5eV). The absorption of the first photon (1)
leads to an intra-band indirect transition within the sp-band from a conduc-
tion electron, leaving behind a hole below the Fermi-level. This hole is then
filled by an electron from the d-band by absorption of a subsequent photon
(2). The bent arrows imply that electronic transitions are coupled to phonon
excitations. The luminescence is represented as an inter-band transition
occurring when an sp-band electron refills the hole in the d-band. The
dashed arrow indicate that thermalization and scattering might precede tran-
sition.*** Eg. indicates the Fermi surface. (Band structure redrawn with per-
mission from Eckardt et al., J. Phys. F: Met. Phys. 14(1), 97 (1984).
Copyright 1984 IOP Publishing.)

absorption will in turn contribute to an increased probability
for the first plasmon driven intra-band transition and the cre-
ation of the first electron hole in the sp-band, as illustrated
by Figure 4. This is in line with earlier observations,'*!?
demonstrating that the plasmon along the long axis of gold
nanorods is resonantly coupled to the photoinduced lumines-
cence. The wavelength dependence observed in the excita-
tion spectra (Figure 2(b)) further supports the conclusion that
the MIL is related to excitation of plasmon resonances of the
particle aggregates in the NIR region, as the excitation spec-
tra resembles the shape one-photon absorption spectra in this
range. This field enhancement and plasmon coupling caused
by formation of elongated chain- and rod-like structures will
enhance the emission.'”'®* The sequential two-photon
induced luminescence can be described by*’

dNy, Ny

= OpspNF (1) — _f‘;: — 04N F (1), (1)
dN, Ny
— = gy N, F (1) — ==, 2
di Od—splVsp ( ) T 2

N is the electron density in the sp-band, N, and N, are the den-
sities of holes created below the Fermi-level in the sp and
d-bands, respectively. 7y, and 7, are the relaxation times of the
sp and d-holes. F(t) is the photon flux and o, .y, and 0,4,
represent the cross sections of first and second absorption
event. The third term in (1) can be neglected as Ny, < N. Since
aggregation and/or clustering of the gold nanospheres will
increase the cross section of the first event (o,_,) in the NIR
region, it follows that more holes are created in the sp-band
(Nyp). Subsequently, the formation of holes in the d-band (V)
will increase according to (2), giving raise to the observed
enhancement of MIL signal from the clustered particles.

Thus, our results demonstrate that clustering is crucial
in order to observe MIL using MPM. Signal from mono-
meric spherical particles with diameter below 40 nm should
not be expected in far-field MPM mainly because the
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one-photon absorption of NIR is too low to allow for the
sequential absorption process to take place.’® This is con-
tradictory to what is implied by other reports.”*2” A forth-
coming study demonstrates that the same effect as
discussed herein also applies for particles dispersed in solu-
tion (manuscript in preparation). Therefore, despite being a
simplistic model, the conceptual insights attained in the
present study are highly relevant to understand the underly-
ing physical processes also in more complex systems such
as in three dimensions.

It is known that gold nanorods exhibit substantially
stronger MIL signal compared to AuNSs. #8191t has also
been earlier implied that aggregating spherical particles ex-
hibit stronger MIL signal compared to individual par-
ticles.'*'> A complete understanding of this process is of
importance for novel biomedical applications such as, e.g.,
optical sensing in vivo. Since nanorods have a strong lumi-
nescence also when dispersed, they will give rise to a signal
despite not being bound to a specific target, leading to a
strong background and reduced contrast and signal-to-noise
ratio. If instead nanospheres are applied, MIL is only present
when particles are clustered and/or aggregated. By choosing
a system where aggregation occurs only at a specific physio-
logical condition, this will dramatically improve the signal-
to-noise ratio and improve contrast.

Taken together, the results are of importance for future
studies, particularly when applying MIL in biomedical appli-
cations, as the spherical AuNPs have to be either closely
packed or clustered, in order to give rise to MIL signal in a
commercial MPM setup. Detection of MIL signal from sin-
gle 10nm AuNSs in a biological environment is unlikely.
We also report on a “photo-bleaching” effect, possibly attrib-
uted to a combination of plasmon damping and photo-
oxidation. Future work should be undertaken to investigate
AuNSs of other sizes using the same methodology, as well
as explore how the clustering can be controlled in a biologi-
cal environment, e.g., to develop approaches for in vivo opti-
cal sensing.
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