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Abstract: We present a method to perform hyper Rayleigh scattering from
aqueous solutions and second harmonic scattering measurements from
unlabeled interfaces of liposomes and nanoparticles in dilute solutions. The
water and interfacial response can be measured on a millisecond timescale,
thus opening up the possibility to measure label-free time dependent
transport processes in biological (membrane) systems.
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1. Introduction

Many biological and chemical properties that involve nano- and micron-sized objects, like
colloids, micelles, viruses, liposomes and living cells are depending on processes occurring at
the object/medium interface. Examples include transport of proteins and reagents trough
membranes, uptake of oxygen in blood cells, formation of fibrous plagues related to
Alzheimer’s’ disease, and electrostatic current flow through the outer membrane of dendrites
and axons of neural cells [1-3]. Such processes are usually confined to a 1 nm thin layer that
surrounds the object. In addition they exhibit fast kinetics in the (sub)-ms regime.
Second-order nonlinear optical techniques are sensitive to non-centrosymmetry as the
second-order susceptibility vanishes in isotropic bulk media (in the electric dipole
approximation). Second harmonic (SHG) and sum frequency (SFG) generation have therefore
become valuable tools for studying interfacial properties [4, 5]. SHG and SFG have also
shown to be applicable as light scattering techniques (termed hyper Rayleigh scattering
(HRS), second harmonic scattering, (SHS) and sum frequency scattering, (SFS)). HRS is an
incoherent light scattering technique that originates from local density/orientational
fluctuations that exist in any medium on the time scale of the laser pulse. The HRS response
is very weak for gases and liquids and it mostly used to characterize the incoherent nonlinear
optical response of molecules (usually chromophores) [6—11]. Although HRS and SHS both
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depend on the generation and detection of SH photons, we choose to use different names to
differentiate between the incoherent (HRS) and coherent nature (SHS) of both methods [12].
SHS and SFS are used to measure the interfacial properties of nanoscopic particles, droplets,
and vesicles in liquid and solid matrices [13—17]. In an SHS experiment a femtosecond pulsed
laser beam is focused into a sample cell or a jet containing droplets or particles. The scattered
SH light is emitted in a typical scattering pattern from which the surface properties can be
deduced [18-20]. Being able to detect interfacial properties from nanoparticles in solution or
otherwise arranged in three dimensional space offers great opportunities for designing
nanomaterials, biosensors, and metamaterials [21, 22].

Both SH and SF scattering are candidates for label-free detection of kinetics, self-
assembly, and transport processes in biological systems on the ms timescale. Indeed, SFs and
SHS have been used label-free to detect structural changes, and electrostatic potentials [23—
26], but time dependent (kinetics) measurements have been performed using the help of a
marker with a resonance at the SH frequency [27-29]. This is caused by the relatively low
efficiency of the off-resonant interface selective SHG and SFG processes.

Here, we employ an optical scheme for SHS, which is optimized for label-free detection.
Since the SH efficiency scales linearly with repetition rate but quadratically with the pulse
energy a high detection efficiency can be expected [30]. We show this indeed to be the case.
First we perform experiments on polystyrene (PS) beads in aqueous solution to ensure that the
surface response of the PS particle is measured. This is followed by HRS measurements on
water, which can be used as a benchmark for comparing our detection efficiency to earlier
published results. Finally we show scattering results for PS particles, liposomes and Au
nanoparticles and compare the relative scattering efficiency.

2. Experiments and results

The experiments were performed using a pulsed Yb:KGW femtosecond laser system (Light
Conversion Ltd) delivering 190 fs pulses centered at 1028 nm with a 200 kHz repetition rate.
The selectively polarized pulses were focused into a cylindrical glass sample cell (4 mm
optical path length (Scott)) down to a ~50 um beam waist. The scattered light was then
collimated with a lens, polarization selected and spectrally dispersed onto an intensified
charge coupled device (CCD) camera (PiMax 3, Princeton Instruments). The angle of
acceptance was controlled by an aperture placed in front of the collimating lens and was
controlled between 1 and 5°. Filters were used to separate the SH photons from the
fundamental and any background signal. Figure 1 illustrates the optical layout of the
experimental setup. Unless specified otherwise, the power was kept at 118 mW as measured
before the sample. The SH intensity (Isy) was measured from the aqueous particle solutions
as well as the HRS signal (Iyrs) from the (particle free) aqueous solutions. The surface SH
response (Isuspp-lnrspp) Was normalized by the HRS intensity from water: (Isyspe-
Inrspp)/Inrsss [25]. The polarization combination for the SHS was PP, which is most
sensitive to the interfacial structure. The interfacial response is obtained by subtracting the
response from the particle free solution in the same polarization combination. We normalized
that signal with the SS response of the water, which is angle independent and the strongest
response for the HRS process. P refers to horizontally and S refers to vertically polarized
light.
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Fig. 1. Optical setup used for SH scattering measurements. P: Polarizer, LP: long pass filter,
FL: focusing lens, CL: Collimating lens, BP: band pass filter. The detection arm can be
adjusted to any orientation from —120° to 120°.

PS nanoparticles (Polysciences.Inc) with a diameter of 500 nm were used. The surface of
the particles carried a negative charge due to the presence of sulfate groups. The PS beads
were used as received and dispersed in aqueous solution with a fixed concentration of 0.026
v.v%. 1-palmitoyl-2-oleoyl-sn-glycero-3-phospho-(1'-rac-glycerol) (POPG, Avanti polar
lipids, INC) liposomes were prepared by evaporating a 12.5 mg/mlsolution of POPG in
chloroform under vacuum for more than 4 hrs. The resulted film was hydrated by adding PBS
buffer. POPG vesicles were then formed by extrusion through 100 nm polycarbonate film at
room temperature and the liposome solution was diluted 40 times for the SHG measurement.
The Au nanoparticles contained 12 pg/ml of particles with an average diameter of 8 nm and
were provided by Randy Patrick Garney and Prof. Francesco Stellacci [31]. The aqueous
solutions were prepared with ultrapure 18 MQ water.

To proof that the observed signal originates from the surface of the particles and not from
non-linear bulk processes, we performed a number of experiments. First, by varying the focus
of the incident beam and using sample cells of different optical path lengths, it was shown
that the SH light did not originate from either the input or output windows of the cells. This
was further verified by using a liquid jet produced in a pump driven flow system as in Ref
[17]. Second, we examined the spectrum of the SH signal and verified that the SH spectrum
appears exactly at the double frequency and has the pulse limited width. By placing a f-BBO
crystal in the fundamental beam and recording the spectrum, we observed that the SHS
spectrum was identical to the generated SH spectrum.

Figure 2 displays two further characteristics of SH scattering: a quadratic dependence on
the laser pulse intensity and a linear dependence on the particle density. Figure 2(a) highlights
this behavior, for the case of an aqueous solution of 500 nm diameter PS particles. Finally, in
order to probe the incoherent nature of the scattering process, we investigated the dependence
of the SH intensity on the density of scatterers in solution. Figure 2(b) illustrates the obtained
results for aqueous solution of 500 nm PS particles over a range of particles densities of 1-
10x10° / cm®. The observed linear dependence indicates that the nano-particles do not exhibit
coherent interactions. If this was the case, a nonlinear dependence of the SH signal on particle
density would be the result [15]. The same linear dependence is observed for the liposomes
and the gold nanoparticles.
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Fig. 2. a)The power dependence in PP polarization of SHS from a 0.026 v.v. % solution of PS
beads. The power was measured in mW before the focus. The scattered light was detected at
30° degrees with an angle of acceptance of 2° and 10 s acquisition time. (b) SH intensity as a
function of particle density from aqueous solutions of PS particles with a diameter of 500 nm,
recorded under the same experimental condition as in a. The best fit solid line indicates a linear
dependence.

To compare the detection efficiency and signal to noise ratio, we compared experimental
parameters and results from the literature [13, 17, 25, 32]. As a reference we used the HRS
signal of water [25]. We then compared the performance of the newly developed setup with
the experimental results of Ref [25], which reports, as far as we are aware, the best detection
efficiency and highest signal to noise ratio. In this study the scattering signal from PS beads
in water is given as well as the angular independent HRS signal of water. We used the same
power and a detection angle of 90° and compared our acquisition time for the HRS
measurements in SS polarization. Figure 3 shows HRS data measured with different
acquisition times. It can be seen that a signal can be measured down to the millisecond time
range. The inset shows the retrieved spectral response for 5 ms (1000 pulses). An acquisition
time of 1 ms is 500 times shorter than what is reported in [25]. We also found that the system
proposed here is shot-noise limited. We anticipate that if the ultralow response of water can
be measured with 1 ms time resolution, then the stronger response of interfaces can be
recorded on timescales that are important for biological processes.
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Fig. 3. HRS intensity from pure water as a function of acquisition time. The inset shows the
response for a time lapse of 5 ms (1000 laser shots). The angular resolution was 5° degrees and
the scattering angle was set at 90°.
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Finally we investigated the dependence of the SH intensity on the surface response of
three different materials. Spectra of 500 nm diameter PS particles in water and 8§ nm Au
nanoparticles are shown in Fig. 4(a). The polystyrene intensity reflects the exact SH spectral
response of the pulse, while the Au nanoparticles exhibit a broader spectrum. The broadening
is due to excitation of the plasmon resonance. Note that we have subtracted the fluorescence
that is present as a broad background. The liposome spectrum has the same shape as the
polystyrene spectrum and is therefore not shown. The signal strength for three different
samples is shown in Fig. 4(b), where Au nanoparticles and polystyrene beads are compared
with 100 nm liposomes (composed of POPG).

Comparison of our findings to literature (polystyrene [25], Au nanoparticles [33], and
liposomes [23, 34]) suggests a marked increase in the performance of the proposed optical
configuration. The reason for this relative increase in performance probably lies in the range
of pulse energies used in combination with gated detection. While our instrument runs at
similar or lower power as [13, 17, 25, 32], we are able to obtain higher signals because the SH
intensity scales quadratically with the pulse energy. When using high efficiency
chromophores our optical layout is relatively inefficient since the optical response of the
chromophores saturates at much lower pulse energies. Therefore, the optimum laser sources
for chromophore experiments (such as two photon spectroscopy or SH microscopy) are those
that deliver ~1 nJ of pulse energy at a high repetition rate (~90 MHz) [35]. For unstained
biological systems it has been shown that the damage threshold for pulse energies is much
higher [36—40]. Furthermore in going from nJ pulses delivered by high repetition rate sources
to pJ pulse energies delivered in the kHz regime the damage mechanism changes from
electron induced chemical decomposition to plasma mediated nano-cavities [39]. Thus for
label free experiments the proposed geometry appears to be extremely efficient and it can
easily be extended towards microscopy.
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Fig. 4. a) SHS spectra recorded (at a detection angle of 30°) from the surface of PS particles in
water (0.026 v.v%, 500 nm diameter), and 8 nm gold nanoparticles in water. The SHS
spectrum of the PS beads follows the shape of the frequency doubled laser spectrum, while the
spectral response from the Au nanoparticles is broadened by the resonance of the SH light with
the 520 nm centered plasmon resonance. b) Comparison of signal strengths for liposomes (100
nm, 0.075 v.v %), nanoparticles (8 nm, 12 ug/ml), and polystyrene particles (500 nm, 0.026
v.v %).

3. Conclusions

In summary, we have presented a method to perform label-free SHS experiments with a high
efficiency and millisecond detection time. We can obtain interfacial responses from dilute
suspensions of nanoparticles and liposomes as well as HRS from water on the millisecond
timescale. The pulse peak powers and fluencies used are well below the threshold for optical
damage of aqueous systems and living cells (~0.5 - 1 TW/ecm® [36, 37, 39]). Therefore,
nonlinear light scattering (or microscopy) experiments using this type of optical layout can be
used to probe kinetic interfacial processes in biological systems label free.
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