&y

2 b = Universiteit Utrecht

NS

Opleiding Natuur- en Sterrenkunde

Towards absolute scattering cross section
of nanoparticles and single molecules

BACHELOR THESIS

Zeyu Kuang

Supervisors:
Dr. Siddharth Ghosh

Debye Institute for Nanomaterials Science

Dr. Sanli Faez

Debye Institute for Nanomaterials Science

May 26,2017



Abstract

Elastic scattering signal from optically active molecules below the Rayleigh regime can
be detected by probing its absorption band. Within the absorption band, the optical
scattering cross section (SCS) of the molecule is a rapidly varying function of light
frequency. Knowing the absolute SCS of a single molecule has many applications like
learning about the internal molecular levels (orbitals), or identifying molecules or some
chemical processes. For this reason, we proposed an experimental scheme for measuring
the absolute SCS of nanoparticles and single molecules. We developed a setup for this
measurement, from where, currently, we obtained relative SCSs of particles with low
extinction. Further improving the setup and samples will lead us towards absolute SCSs
of small particles (like single fluorophores) and quantitative description of resonance
light scattering.
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1 INTRODUCTION 1

1 Introduction

How do we see any objects in our daily life? Lights from the sun incidents on the objects
and the scattered light from the object gets detected in our eyes by certain photosensitive
receptors. Light scattering governs optical phenomena like reflection and refraction. The
analysis of the scattered light can reveal information about the structure of a material.
There are two kinds of scattering processes: elastic scattering and inelastic scattering [1].
In elastic scattering, the wavelength of the light remains the same during the scattering
process, while in inelastic scattering, it changes. In elastic scattering, if the wavelength of the
incident light is much larger than the size of the particle, then this scattering process is called
Rayleigh scattering [2]. For a certain wavelength, the intensity of the Rayleigh scattering is
proportional to the sixth power of the size of the particle [3]. Elastic scattering signal will
drop as the size of the particle decreases. Normally, when the size of the particle is below
nanometer scale, the elastic scattering signal of a single particle is no longer recognizable from
other molecules in the environment. However, using inelastic scattering, one can separate
molecules by their specific frequency response. Thus, for single molecules detection, people
often use inelastic scattering, such as fluorescence spectroscopy [4H6] and Raman scattering
[7H9], rather than elastic scattering.

Motivation

Two decades ago, a technique was proposed by Robert F.Pasternack and Peter J.Collings[10],
called resonance light scattering (RLS), from where elastic scattering was used for measuring
aggregation and identifying certain proteins. This technique has the potential to perform
high resolution spectroscopy in contrast to state of the art fluorescence spectroscopy [11] be-
cause elastic scattering does not suffer from bleaching [12-14] or blinking [I5-17]. Although
many works have been done in this area [I8-22], none of them has measured RLS quantita-
tively. This motivates us to develop an experimental setup for measuring the absolute SCS
of nanoparticles and single molecules. In the future, this can be used to measure the absolute
SCS of the fluorophores, which will give a quantitative description on the RLS.

Summary

In this thesis we presented a scheme for measuring the absolute SCS of nanoparticles and
single molecules. Based on the scheme, we developed a setup to demonstrate relative SCSs
of particles with low extinction. We tested the setup by measuring the relative SCSs of gold
nanoparticles (Au NPs), whose theoretical SCSs were also calculated using Mie theory. We
found a good agreement between experimental and theoretical relative SCSs of Au NPs. This
confirmed the reliability of our setup. Furthermore, we used this setup in two applications:

1. We measured the relative SCSs of pH-sensitive particles (negatively charged Polyacrylic
acid-decorated small polystyrene nanospheres or CPSAA) under different pH. CPSAA’s
size is dependent on pH. We analysed sizes at different pH by analysing the change of
SCS of CPSAA.

2. We measured RLS of fluorescent dye molecules.
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Outline

The remainder of the thesis is organized as follows. In chapter 2, section 2.1 gives an overview
of Mie theory and corresponding methods to simulate the SCS of nanoparticles. Section 2.2
describes the scheme we used for measuring the SCS of nanoparticles and single molecules.
Section 2.3 presents our experimental setup. This setup was also tested by gold nanoparticles
using the scheme described in section 2.2. In section 2.4, we demonstrate how our method
was put into practice by measuring the size of CPSAA, as well as the RLS of fluorophores. In
chapter 3, we conclude the thesis by discussing the main findings and future improvements
on the setup.
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2 Methods

In this chapter, we present a setup and methods for measuring the SCS of nanoparticles
and single molecules, as well as a way to simulate it using Mie theory. We demonstrated the
validity of our measurement by comparing relative SCSs of Au NPs from both simulation and
experiment. Additionally, we made two observations using our the setup. Firstly, we observed
the size change of the pH-sensitive particles. Secondly, we measured RLS of fluorophores and
observed their elastic scattering signal.

2.1 Mie theory and simulation

We measured SCSs of various nanoparticles with the concentration at single particle level. We
simulated the SCS of a nanoparticle using Mie theory [23]. In the simulation, we consider the
geometric shape of the nanoparticle as a sphere. The Mie theory calculates the scattering
field from the Maxwell’s equations of a sphere with homogeneous refractive index in the
absence of surface charges or currents. The key parameters in the Mie theory are the Mie
coefficients (a,, b,, c,, and d,), where a,, and b, account for the scattering field and ¢, and
d,, account for the internal field.

We focus primarily on a,, and b, because we need to obtain the scattering field for calcu-
lating SCS [24]:

) m2jn(mx)[:cjn(fc)] Jn (@) [ma jin (ma)] (1)
2 (ma)[zhl) (1)) — b (@) [maj, (ma))
_Jn(ma)[zjn(2)) — ( )[maj, (ma)]’ (@)
: ©
dn(ma)ehi ()] = b (x) [maja (ma))’

where m is the refractive index of the sphere relative to the surrounding medium, = = ka
is the size parameter, a is the radius of the sphere, k(= 27 /)\) is the wave number, and A
is the wavelength in the surrounding medium, with relative permeability equals to 1. The
functions j,(z) and h,(ll)(z) = jn(2) + iy, (2) are spherical Bessel functions. Scattering cross
section, 0., is defined as:

W,
o_sca — [SC(Z (3)
nc
where [, represents the intensity incident on the surface of the particle and Wy, is the
scattered energy. The relation among o, a,, and b, is:

2 Nmaz

Oea = k_g 3@+ ) (janf + baf?). (4)

n=1

All the infinite series can be truncated after n,,,, terms [23], which is determined by x:

Nymaw = T + 4x5 + 2 (5)

Using the equation (4), we calculated 0., of Au NPs for different diameters (d) as shown
in Figure 1, where water is the surrounding medium. This result agrees with the others [26].
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A (nm) to 578 nm.

2.2 Experimental schemes

In this section, we proposed experimental schemes for measuring the absolute SCS of small
particles. Afterwards we simplified the scheme for particles with low extinction. In the end,
we further modify it to measure only the relative SCS.

Setup illustration: As shown in Figure 2, placed in the center is the particle solution
with low concentration to avoid aggregation effect. Light from incident channel illuminates
the particles with incident poweIEL P;(M\).  Scattering channel records part of scattered
power, P,,;(\), while transmission channel records the transmitted power, P;(\). More than
one particle is presented in the intersection between the detection and illumination area.
However, as long as the particle concentration, C,, is low enough that there’s no aggregation
effect, we can obtain the SCS of a single particle by dividing the scattering signal by the
number of particles after proper geometrical considerations.

2.2.1 Absolute scattering cross section

(a) Measurement scheme for small particles: For small particles, the ratio between
P,.1(A\) and P,()) is proportional to C, added by background, b,(A):

Pout<)\)
Py(A)

= kp(A)Cp + by(A) (6)

with k,(\) proportional to oZ,,(A) with the coefficient, A()), caused by the instrumentf}

sca

kp(A) = AN a5, (A). (7)

sca

In reality, we used lenses to focus the incident light.
2Equation (6) and (7) are derived in Appendix A
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Figure 2: Setup illustration: In our scheme, particles inside the solution are illuminated
by the incident light with power P;,()). Scattering channel collects part of the scattered
power, P,,:(\), while the transmission channel records the transmitted power, P;(\).

Based on equation (6), we measure Py, (A\) and P;(\) for different C), to get the linear
dependency, k,(A). Once we obtain k,(A) from the measurement, we are able to calculate
oP (M) as long as we know A(A). In order to know A(M), a reference with known SCS,
ol ..(N), is measured using the same setup. We recorded P,,;(\) and P;(\) for the reference
with different concentration, C,., to obtain their linear dependency, k,.(\):

Pout()\>

AV =k, (N\)C, + b,(N) (8)
The relation between k() and o7, () is:
kr(A) = AN, (A) (9)

Combining equations (8) and (9), o2, (A) is:

o ) = B2 ey (10)

sca

(b) Measurement scheme for particles with low extinction: In general cases, both
the scattering and the transmission signal need to be monitored. However, for particles with
low extinction, only the scattering signal is necessary for determining the absolute SCS.

If we assume P, () stays constant, then P, () is proportional to Cp:

Pour(A) = kp(A)Cyp +0,(A) (11)
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with a new k,(\) defined as:
kp(A) = AN P (N) o2, (N). (12)

sca

A reference is tested under the same setup, which gives us

kr(A) = AN Pin(N)0ea (). (13)

sca

Combining equations (12) and (13), we get

kp(N)
kr(/\) Usca(/\)' (14>

Equation (14) looks the same as equation (10), but their k,(\) and k, () are defined differ-
ently, which only requires measuring scattering signal, Py, ().

al (A) =

sca

2.2.2 Relative scattering cross section

It is always a challenge to know the absolute concentration of the particle. Without the
knowledge of the absolute concentration, what we calculate could only be relative SCS.
Nonetheless, the relative SCS still contains useful information and worth investigating.

In the relative SCS measurementﬂ, instead of the absolute concentration, C,, we use
relative concentration, Cpey, to calculate k,(A):

Pout(A) = kp(A)Cpirery + bp(A) (15)
kp(A) = AN Pin(A)a2D (V). (16)
For the reference whose relative concentration is Cl(,ey, We have
Pout(X) = k(N Crrery + bp(N) (17)
B (V) = A Pa(N)0T (V- (18)

Combining equations (16) and (18), we get

Mar (N). (19)

Up(rel) ()\) = k ()\) sca

sca

In this case, k,(A) is also relative since it is defined by the relative concentration, Cper,
same as k,.(\).

2.3 Experimental setup

We brought up several experimental schemes on measuring the SCS of nanoparticles and
single molecules. In this section, we present our setup and test its reliability. In the reliability
test, we implemented the ‘relative scattering cross section measurement’ scheme on Au NPs of
different sizes. We used one size as a reference to calculate the relative SCSs of others. We also
simulated their theoretical SCSs. We compared the theoretical SCSs with the experimental
SCSs to get the reliability of our setup.

3This scheme follows the ‘Measurement scheme for particles with low extinction’. One can easily draw an
analogy for measuring the relative SCS of particles with high extinction.
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2.3.1 Setup

The setup diagram is shown in Figure 3. We used a super continuum laser source [27] to
produce a broadband laser light. We coupled the light into our monochromator by an optical
fiber. We built our monochromator in a way that it has two modes: broadband mode and
monochromatic modeﬂ. We coupled the light coming out of the monochromator into fiber 1,
then focused the light to the entry of the fiber 3 through several lenses inside the focusing
part. Along its way inside the cuvette, light was scattered by the particle solution. A portion
of the scattered light was collected by fiber 2 and received in the spectrometer 1. Most of
the transmitted light was collected by the fiber 3 after being attenuated by a diffuser. In the
end of the fiber 3, spectrometer 2 collected the attenuated transmitted light.

Focusing part

Cuvette
Diffuser
Cuvette holder
Fiber 1
Spectrometer 2
Super
continuum Monochromator Fiber 2
laser
source

Spectrometer 1

Figure 3: Setup diagram for measuring the SCS for nanoparticles and single molecules. Setup
has five major parts - Laser source, monochromator, cuvette holder, spectrometer 1, and
spectrometer QH Cuvette, diffuser, focusing part, fiber 1, fiber 2, and fiber 3 are integrated
in the cuvette holder.

2.3.2 Reference measurement

In ‘relative scattering cross section” measurement scheme, a reference with known SCS was
measured in order to obtain information about the instrument response, which was used to
calculate SCSs of the other particles. This reference measurement is important because any
error within the reference will effect the analysis of other measurements. So before measuring
the SCS of any other particle, a measurement on the reference needed to be conducted.

4Broadband mode allows the broadband light pass through the monochromator. This mode is used for
measuring non-fluorescent particles. Monochromatic mode selects one wavelength in the broadband light.
This mode is used for measuring fluorescent particles.

5See the appendix B for further information on the setup.
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(a) Instrument response function: Every instrument will have a certain amount of
effect on the original signal, either attenuate its intensity or shift its frequency. In order to
extract the original signal, we need to measure instrument response function, / RF'(\), which
is the ratio between the obtained signal and the original signal from a standard reference
[28].

In our case, obtained signal, P,,;()), is proportional to k,.()). Original signal is propor-
tional to o7, (\). We define IRF()) as:

sca

kr (M)

IRF(\) = . 20
ey 2
Combining equations (19) and (20), we can obtain o4 (A):
kp(A)
pred () = 22 21

Thus, we separate our measurements into two parts:

1. Measure the scattering signal of the reference to obtain k.()\), and divide it by its
theoretical SCS, o7, (), to obtain TRF()).

sca

2. Measure the scattering signal of the particle of interest to obtain k,()), and apply
IRF()) to obtain o2& (N).

(b) Reference - 30 nm diameter of gold
nanoparticles: We choose the 30 nm diameter of 600
Au NPs (30 nm Au NPs) to be our reference. It is
chosen because we can calculate its theoretical SCS,
as we discussed in section 2.1. The theoretical SCS
00, (A), of a 30 nm Au NP is shown in Figure 4.
Since 30 nm Au NPs have low extinction, we fol-
lowed the ‘relative scattering cross section’ measure-
ment Schemeﬂ As proved in this scheme, if we assume
that the input power stays the sameﬂ we only need 0 : : :
to measure the scattering signal. 00 >0 Atzz?n) 10 800
In the measurement, we prepared a dilution series
of 30 nm Au NPs. For the one with certain relative Figure 4: Theoretical SCS, oy, (A),
concentration, Ci(,), we measured its scattering sig- for a Au NP with d = 30 nm. o[, (A)
nal, P,,;()\). Based on equation (17), we extracted the s calculated using Mie theory.
linear coefficient, k,(\), between P,,;(\) and Cy ¢y for
each A. Cy(e) changes from 1x, 10x to 10000 ><E|. Poui(X) for all these different C,(,.;y were

shown in Figure 5(a).

SWe only measured the relative SCS because we did not know the absolute concentration of 30 nm Au
NPs.

“This assumption was being verified in the section 2.3.4.

81x is the lowest relative concentration in the dilution series. Nx has the concentration N times of the
lowest one.
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Figure 5: Scattering signal of 30 nm Au NPs dilution series: The units of P, (\)
on both vertical axises are Relative Counts / ms. (a) P, (A) of 30 nm Au NPs for different
Crirety (b) Poye of 30 nm Au NPs as a function of Cy(re) at A = 541 nm.

As we can see in Figure 5(a), P, (\) decreases approximately 10 times after each 10
times dilution. The linear relation between P, (\) and C, () in Figure 5(b) shows that the
30 nm Au NPs are not aggregating and we are in the single particle Concentrationﬂ k.(A) is
calculated by fitting a linear function to P, (\) and Ci¢.¢y for each .

(c) Obtaining instrument response function: We obtained the IRF()) from equation
(20). The result is shown in Figure 6.
Based on equations (18) and (20), IRF()) is:

125 IRF(X) = A(\) P (N). (22)
o 1007 The wavelength dependence of Pj,()) is encoded in
S s the IRF()).
5 =4
o 20 2.3.3 Reliability measurements
—~

" We obtained I RF()) from the scattering signal of the

400 500 600 700 <00 reference (30 nm Au NPs). In this section, we mea-

A (nm) sured the scattering signal of 10 nm, 40 nm, and 100

nm Au NPs, and then applied ITRF()\) to calculate

Figure 6: TRF(\) of the setup. The their relative SCSs. In comparison with the experi-

unit of TRF'(\) on the vertical axis is mental SCSs, we also calculated their theoretical SCSs
Relative counts / (ms - nm?). using Mie theory mentioned in section 2.1.

Among all the samples, 100 nm Au NPs were taken

as an example to illustrate the process of measurements and the data analyzing: We first

9This only confirms the linearity on A = 541 nm, a more sufficient validation of the linearity over all range
of )\ is present on section 2.3.4.
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prepared a dilution series of 100 nm Au NPs. For each concentration, we measured scattering
signal, then applied ITRF'()\) calculated in section 2.3.2 to obtain the SCS of 100 nm Au NPs.
In the end, we compared this result with the theory to get the reliability of our setup.

(a) Obtaining the relative SCS of 100nm Au NPs: We measured P, (\) of the
dilution series of 100 nm Au NPs, as shown in Figure 7(a). For the one with certain relative
concentration, Cp(rery, Pout(A) is given by the equation (15). We obtained k,(A) in the same
method described in section 2.3.2. The relative SCS of 100 nm Au NPs, 625%™ (1), was given
by equation (21). The result is shown in Figure 7(b).

1500 125 A
— 0x

1x . 100
1000 - — 10x B

5 — 100x £ 754
§ — 1000x g

- —— 10000x S 501
=3
Y]

© 25

0 /\_ .
400 600 800 1000 400 500 600 700 800
A (nm) A (nm)
(a) (b)

Figure 7: (a) Poyu(A) of 100 nm Au NPs for different Cpep. The unit of P, (M) is Relative

Counts / ms. 0x is the contrast group (0 nM of Au NPs). (b) Experimental 024" of 100
nm Au NPs; obtained using 30 nm Au NPs as the reference.

(b) Comparison with the theory: Apart from 100 nm Au NPs, o) of 10 and 40 nm
were also measured where 30 nm Au NPs was considered as a reference. We normalized these
2D over their peak values, as well as their theoretical counterparts. The result is shown
in Figure 8.

By comparing the experimental and theoretical SCSs, we see that the surface plasmon
resonancﬂ of Au NPs is captured in our measurement. For 10 nm and 40 nm Au NPs,
the resonance peak positions are the same as the theory. There are broadening around their
peak shoulders and abnormalities from 400 to 450 nm. The peak position of the SCS of 100
nm Au NPs is red shifted 14 nm compared to the theory. These mismatch is due to the size
distribution of the Au NPs.

Our reliability test shows that our setup is capable of measuring relative SCSs of nanopar-
ticles. In order to measure their absolute SCSs and improve the precision, two more mea-

surements are required:

10Syrface plasmon resonance is a collective resonant oscillation of the free electrons of the conduction band
of the metal[29] [30].
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1. measure the absolute concentration of Au NPs to obtain its absolute SCS.

2. measure the size distribution of Au NPs and take it into account when calculating its
theoretical SCS.

1.0 1.0
= d = 30 nm = d = 10 nm
= d = 10 nm = d = 30 nm
0.8 1 d = 40 nm 0.8 1 d = 40 nm
= d = 100 nm = d = 100 nm
=~ 0.6 1 =~ 0.6 1
0.4 1 &) 0.4 1
0.2 0.2 1 \
0-0 T T T . 00 T T T
400 500 600 700 800 400 500 600 700 800
A (nm) A (nm)
(a) (b)

Figure 8: Normalized SCS for different diameters of Au NPs: (a) Experimental Bl
calculated using 30 nm Au NPs as a reference. Experimental o2a? of 30 nm Au NPs is the
same as the theory. This is because 30 nm Au NPs are used as the reference. (b) Theoretical

o?r simulated using Mie theory.

2.3.4 Uncertainties

rel

Though the general shape of P of 10 nm Au, 40 nm Au, and 100 nm Au are captured,
there are still several artifacts: broadening of the peak, abnormality from 400 to 450 nm,
and the red shift of the resonance of 100 nm Au NPs. All these disagreements between
experiment and theory are largely due to the size variation in our gold samples, which we

shall discuss in this part, as well as other uncertainties.

(a) Size variance of Au NPs: In our theoretical 30 -
calculation, we didn’t consider size distribution of Au
NPs. This is the dominant cause responding for the
disagreement between experiment and theory. As we
can see in Figure 9, in 100 nm Au NPs solution, most
particle diameter are around 110 nm. This causes the
red shift of its relative SCS. Additionally, the large >
span of the size distribution leads to the broadening 0"
of our resonance peak. Likewise, in reference mea-

surement we calculated the SCS of the reference (30

nm Au NPs) without considering its size distribution. Figure 9: Size distribution of 100 nm

Au. Diameter: 101.5 + 15.1 nof"}
"From datasheet of 100 nm PVP Gold provided by the company nano Composiz.

25
20 A

15

Relative %

10

0 20 40 60 80 100120 140 160 180 200

Particle Diameter (nm)
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This causes error in I RF(\) and will effect all other measurements. Hopefully, this problem
can be solved by taking the size distribution into account when calculating the theoretical
value, for both tested samples and the reference.

(b) Polarization effect: There should be a certain degree of polarization in the continuum
laser source. Since polarization will affect the scattering behavior of the particle [31], the
scattering signal would depend on the polarization of the laser source. One way to overcome
this problem is to insert polarizers at both incident and scattering channels. This makes sure
that the polarization of both the incident light and the scattered light is the same for each
measurement.

1.000 1.000 Wr o v “W
0.999 - 0.999
= =
3 3
~ ~
0.998 1 0.998 A
0.997 T | T 0.997 | T |
400 500 600 700 800 400 500 600 700 800
A (nm) A (nm)
(a) (b)

Figure 10: Coefficient of determination in two analyses: (a) R?(\) of the linear fitting
for 30 nm Au NPs (b) R?()) of the linear fitting for 100 nm Au NPs.

(c) Possible aggregation checking: In section 2.3.2, we checked the linear relation be-
tween P, (A) and Cy ey for 30 nm Au NPs at A = 541 nm. Two methods are provided here
to confirm that there is no aggregation involved for both 30 nm and 100 nm Au NPs.

1. In statistic, the coefficient of determination, R?, gives information about the goodness
of fit of a model [32]. We calculated R%*(\) for both linear fittings we used in 30 nm
and 100 nm Au NPs. As shown in Figure 10, in both cases, R*()\) are above 0.998.
This confirms the linear dependency between the scattering signal and the relative
concentrations for both 30 nm and 100 nm Au NPs. Hence, we can assume that our
nanoparticles are at single concentration level where no aggregation involves.

2. Instead of fitting a linear function, we calculated o= (A) of 100 nm Au NPs for each

Cp(rery directly. The result is shown in Figure 11(a). Uffégel)()\) for different concentra-
tions agree well with each otheIH. This high degree of overlap confirms that 100 nm

Au NPs are at single particle concentration.

12The fluctuation of 1x is due to the low signal to noise ratio.
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1.0
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400 A 10x
— — 100x 0.8 7
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Figure 11: (a) 024 (A) of 100 nm Au NPs for each Cyprery- (b) Transmitted power, P,(\), was
recorded five times. Blue line is their mean value and green line is their standard deviation.
The unit of P,(\) on the vertical axis is Relative Counts / ms.

(d) Fluctuation of the input power: We assumed that P,,()\) stays the same in both
reference and reliability measurements. Whether this assumption is valid need to be verified
by the reproducibility test of our laser. In this reproducibility test, we recorded P;(\) for five
rounds, where each round was measured after the laser was restarted. Mean value and the
standard deviation were shown in Figure 11(b). P;(\) does not fluctuate very much during
the measurements. Since P;(\) scales with P;,()), this reliability measurement confirmed
that P, () is stable during our measurements.

2.4 Applications

We presented the setup for measuring SCS of small particles. In this section, we implement
the same reference (30 nm Au NPs) and experimental scheme to two particles: CPSAA
and Rhodamine 6G (R6G). CPSAA is a pH-sensitive nanoparticle. Its size depends on the
pH value of the solution. By observing the change of its relative SCS, we analysed the
change of its size. The other particle is R6G, a highly fluorescent dye. It emits high elastic
scattering signal at certain wavelength, called resonance light scattering (RLS). We measured
its scattering signal through our setup.

2.4.1 Size measurements of pH-sensitive particles

(a) Introduction to CPSAA: CPSAA is synthesized by decorating polyacrylic acid
(PAA) brush on the surface of polystyrene nanosphere [33]. The thickness of PAA layer
depends on the concentration of the hydrogen ion in the solution, as illustrated in Figure 12.
Based on coated sphere model in Mie theory [34], change of the coating thickness leads to
change of SCS. Hence, the SCS of CPSAA is dependent on the pH of the solution.

By implementing our setup, we observed the pH-sensitive behavior of CPSAA through its
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SCS. We simulated this process using coated sphere model in the Mie theory. By adjusting
the thickness of the coating, we fitted our theory to the experimental data and extracted the
size information of CPSAA.

(a) (b)

Figure 12: Illustration of the pH-sensitive behavior of CPSAA: (a) CPSAA at high
pH environment: brush streches. (b) CPSAA at low pH environment: brush gets suppressed
by the hydrion.

(b) Measuring relative SCS of CPSAA: We prepared 8 groups of dilution series of
CPSAAE Each group has different pH value, varying from 0 to 7. We obtained relative
SCSs o7 of CPSAA for different pH Valueﬂ, as shown in Figure 13. From the result, we
see that the 07¢ is dependent on the pH. As shown in Figure 13(a), after pH drops below 2,
the relative SCS decreases along the pH. This implies that CPSAA shrinks as pH decreases
at this range. In Figure 13(b), we normalized the relative SCSs over their peak values. We
only investigated the normalized SCSSEl.

(c) Theoretical Fitting: If we consider CPSAA as a sphere with coating layer, we can
simulate its SCS using Mie theory [35]. We fit the theoretical SCS to our experimental result.
The fitting parameter is the thickness of the coating. Based on the TEM image of CPSAA
shown in Guo Yong’s report [33], we set other parameters as follows:

Refractive index of the core 1.59
Refractive index of the coating | 1.508
Radius of the core | 202 nm

I3CPSAA was provided by Kegel group, Utrecht University

14The procedure of measurement and analysis is the same as section 2.3.3.

15We do not analyse the change of relative intensities because we can not justify that the concentration of
CPSAA is the same for every pH.
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Figure 13: Relative SCS 07¢ of CPSAA in different pH: (a) 07¢ of CPSAA in different

pH (b) normalized "¢

T respect to the peak value.

g 5
S " S e
S osl ’ pH O Fitting | | S osl! ’ pH 7 F|tt|ng‘ |
© c
E o6} € o6l
= 2
~ 04r < 04
_— —~
< <
- 8 0.2 -8 0.2
L7 Lo
S S
0 0
© ‘ ‘ ‘ < ‘ ‘ ‘
3 02} 1 3 02} 1
O -02f 1 O 027 1
m -0.4 . L L D: -0.4 L L L
400 500 600 700 800 400 500 600 700 800
A (nm) A (nm)

Figure 14: Normalized relative SCS ¢7¢ ()\) and fitting for CPSAA particles at pH 0 and 7.
For each fitting, residuals are plotted below. Fitting used Mie coating theory with refractive
index of the core as 1.59, refractive index of the brush as 1.508, and radius of the core as 202
nm. Thickness of the coating is used as a fitting parameter which changed from 19.3 nm to

14.9 nm as pH decreased from 7 to 0.

We fitted 07¢ of CPSAA for pH 0 and 7. The fitting results are shown in Figure 14.
From the fitting result, thickness of the coating changes from 19.3 nm to 14.9 nm from pH 7
to pH 0. This agrees with our anticipation that the thickness of the coating decreases when

pH becomes smaller.



2 METHODS 16

(d) Conclusion and outlook for CPSAA: By measuring relative SCSs of CPSAA and
fitting them to Mie theory, we found out that the thickness of the coating shrunk 5 nm while
pH drops from 7 to 0. This shows that we can qualitatively detect small change of the size
of CPSAA through the scattering signal, while modulating the pH of the solution.

Since our setup can detects the pH response, it has the potential to become a pH-sensor.
This requirs us to calibrate the scattering signal and the pH value. After the calibration, we
should be able to measure the pH of solutions by scattering signal. Thus, with the help of
CPSAA, our setup has the potential to be used as a pH-sensor.

(e) Uncertainties: Though we observed 5 nm change of the radius through the fitting
function, the degree of change is not the same as others. In the report of Guo Yong [33], the
change is 15 nm. This might due to several uncertainties stated below:

1. Uncertainty from the reference: As stated in section 2.3, the SCS of the CPSAA particle
is highly dependent on the reference. Any uncertainty in the measurement of the
reference would be inherited to the SCS of CPSAA.

2. Uncertainty from the fitting function: In the theoretical fitting, only one fitting param-
eter was used: coating thickness. However, the refractive index of the coating should
also change along the process. The more compressed the coating material is on the
surface of the core, the larger its refractive index would become. The ignorance of it is
another reason for the disagreement between the simulation and experiment.

2.4.2 Resonance light scattering measurements of fluorophores

(a) Introduction to RLS: In 1995, Pasternack proposed the resonance light-scattering
(RLS) technique [I0], to efficiently characterize self-assemblies or self-aggregations of chro-
mophores with good electronic coupling [36]. Incident wavelengths were specially considered
within their absorption envelopes, and high scattering signals were observed. From then on,
it has received an increasing attention by analysts, as a consequence exhibiting more and
more fascinating analytical applications. Due to its absorbing nature, molecules also exhibit
RLS. However, no absolute SCS measurement of single molecules has been conducted.

Motivated by this, we designed our setup to measure the absolute SCS of a single molecule
R6G. R6G is a highly fluorescent Rhodamine family dye [37]. It is chosen because of its high
photostability.

(b) Measurements on Rhodamine 6G: There are two things that need to be taken into
account for measuring the SCS of the dye molecule.

1. Dye molecule fluoresces. In order to measure the SCS of a particular wavelength, the
incident light need to be monochromatic to avoid any fluorescent signal caused by other
excitation wavelength.

2. Due to the large absorption that dye molecule would cause, there is loss in our scattering
signal. This loss highly depends on the concentration of the R6G. Thus, instead of
only measuring the scattering signal, we also need to monitor the transmission signal
to record the absorption of the light.
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We implemented a monochromator in front of our incident channel to solve the first prob-
lem. However, though an experimental scheme for particles with large extinction has been
developed at section 2.2.1, at this stage, we only measured the scattering signal.

In the measurement, we prepared a dilution series of R6G from 0 nM (contrast group)
to 10 uM. For each concentration, we recorded the scattering signal, P, (\), at excitation
wavelength, A\, , from 405 nm to 705 nm, with an interval of 20 nm.

(c) Results and Theoretical fitting: For the contrast group, P,,()\) is from water
molecules and background scattering. For other concentrations, P,,;(\) is from dye molecules,
water molecules, and background scattering. In order to obtain the scattering signal only
from the dye molecule, we subtract P, () by the scattering signal from the contrast group:

Pgut()‘) = Pout(A) - P(?ut(A)’ (23)

0
where P ,

signal only from the dye molecules.

() denotes the scattering signal of the contrast group. PZ.()\) is the scattering

out
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Figure 15: Scattering signal from the dye molecule P2 .()\), and global fitting for
R6G at two excitation wavelength \...:. Global fitting uses three Gaussian functions
to fit P, (), one for the elastic scattering, the other two for fluorescence (a) Py (A) at Aeze.
= 585 nm (b) P, (\) at Aeze. = 425 nm.

In Figure 15, we present P¢,

(A) of 1 uM R6G molecule at A.... = 585 nm and 425
nm. We used three Gaussian functions to fit P4,()\). One Gaussian function fits the elastic

scattering. The sum of the other two fits the fluorescence. As we can see in Figure 15, the
elastic scattering Gaussian at A.,.. = 585 nm is higher than the one at A.;. = 425 nm.

16pd ()\) is normalized to the input power, P, (Aeze.). The relative value of Pj,(Aege.) is measured in

appendix B.
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(d) Shortcoming: The result shows scattering sig-
nals of R6G at two wavelength. However, this is not
enough for the absolute SCS measurement. Because
the dye molecule has a large absorption, the scattered
signal we collected has been attenuated along the light
path inside the cuvette, depending on the concentra-
tion of the dye molecule. For R6G at 100 nM, the
absorption is so strong that P2 ,(\) drops below 0 at
Aeze. = 605 nm.

(e) Conclusion and outlook: We measured the
RLS of R6G and observed scattering signals at single
molecule concentration. However, the absorption of
the scattering signal prevents us from measuring its
absolute SCS. Further measurement will monitor the
transmission signal to offset this absorption.

)

<5 0.5
—1.07 — Aege. = 605 nm
400 600 800 1000
A (nm)

Figure 16: P2,(\) of 100 nM R6G
at excitation wavelength A\... = 605
nm. Unit of P2Z.()\) is Relative

out
Counts / ms.
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3 Conclusion

In this thesis, we developed a setup for measuring absolute SCS of nanoparticles and single
molecules. We tested it using Au NPs. The experimental relative SCSs of Au NPs agree well
with theoretical simulations. This confirms the reliability of our setup. We use our setup in
two applications. The first application on CPSAA shows that we can detect small change
of the size of pH-response particle by measuring its relative SCS. This shows that our setup
has the potential to become a pH-sensor. The second application on R6G measured RLS.
Elastic scattering signals from fluorophores were observed.

Outlook Currently, we can obtain the relative SCS of nanoparticles with low extinction.
In order to measure the absolute SCS of general nanoparticles or single molecules, future
improvements need to be made as follows:

1. The size distribution of the reference need to be taken into account. This would provide
us a better theoretical SCS of the reference. Thus using this reference, we would get
more accurate result when calculating SCSs of other particles.

2. Absolute concentration of Au NPs need to be measured. Since the reason why we
couldn’t get the absolute SCS is that we do not know the absolute concentration of the
Au NPs. Once it’s measured, we would be able to calculate the absolute SCS.

3. For the measurement of R6G, we need to monitor the transmission signal to offset the
absorption.

Once these problems are solved, we will be able to accurately measure the absolute SCS
of nanoparticles or single molecules. The future measurement could lead us towards the
absolute SCS of the fluorophores, thus giving a quantitative description of the RLS. The
behavior of RLS under the effect of bleaching will also be investigated by our setup.
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Appendix

A Derivation of the relation between scattering signal
and particle concentration

The input power of the broadband laser is P;,(A). As
illustrated in Figure 17, L;,(7) is the length light trav-
elled from the incident channel to a particle at posi-
tion, 7. The intensity, (7, A), of the incident light at 7
is determined by the transmission factor, a(7, \), and

L@

H

L Incident lfi)ut(‘?) Trans.
extinction, e LextO: channel channel
- o _ Lin(™_
I(T,A) = a(T, \) P (A)e Teat®), (24) Scattering
channel
The extinction is caused by particles in the solution.
Lezt () is the penetration depth of the solution [3§]. ' ' .
The scattered power, Py, (7, A), of a particle at 7 is Figure 17: Setup illustration
Pica(T,A) = 1(77, A)0q(A) (25)

where o®_ is the SCS of a particle. The scattered power dP;.(7) of an amount of particles

with concentration, C), in a volume, dV/, at " is

APsea (T N) = I(T, N) [0, (M) Cp + 0, (V) Cly |V (26)

sca sca

There is also scattered power from water molecules. ol is the SCS of a water molecule. C,,

is the concentration of water molecules. This will be competitive when C), is low. Due to
transmission factor, 5(7, \), and extinction along the length L, (7), only a portion of the
scattering power, dPs., (7, A), will be collected by the scattering channel. So the total output
power, Py, (A), is

Pra(2) = / / / B(F, Ao A dP.a (7 ) + PN, (27)
1%

The integration volume, V', is the intersaction between two acceptance cones [39] of incident
and scattering channels. Pbsgca()\) is the background signal collected by the scattering channel,
caused by strayed light. We assume it is proportional to the input power P;,(\) with a factor,

bsca(A):
Py (A) = bsca(A) Pin(A). (28)

Combining equations (26), (27), and (28):
_Lout(F)“'Lin(F)
Foul®) = /// B Na(r, Ae Fear® = dV][07, (A Cp + 0600 (N Cul Pin(A) + bsea(X) Pin(A).
1%

It is simplified if we assume V' is small enough:

Powa(N) = (7%, (i, e ZeaiI V[0, (\)Cy + 020N Cul P(A) + buca M) Pu(N). - (30)

sca sca
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7o is position vector denotes the center of the cuvette. Scattering length Ly, = L, (7) +

Lout(T_(a)'
For the transmission channel, P;,(\) will be attenuated by the extinction of particles
through transmission length, Ly.qns, with transmission factor, g(\):

Pt</\) - g()\)e_ LLZ:&% Pzn(/\) + btrans()\)Pin()‘)‘ (31>

birans(A) Pin(A) is the background signal collected by the transmission channel. The ratio
between P,,;(\) and P,()\) is:

PN _ BN, ), BN, (N Cu + ba(Ne 2

0 BTGV R ey

(32)

To derive equation (32), two assumptions are made:

1. The scattering length is equal to the transmission length: L., = Lirans-

Lirans

2. The background for the transmission is much less than the signal: by.qns(A) < g(A)e™ Teat™V.

For simplicity, we write the ratio respect to particle concentration:

Pout<)\) _
Pt(>‘> - kp()‘>cp + bp()‘) (33>

The relation between k,(\) and o2, (\) is:
kp(A) = A(N)oLea(N) (34)

where A(\) = %.
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B Light source, monochromator, cuvette holder and
other experimental elements

Light source: High power white light laser. Model number: SC400 supercontinuum laser.
Its power density is shown in Figure 18.

Monochromator: Our home-made monochromator has two modes: broadband mode and
monochromatic mode. They are shown in Figure 19. Broadband mode allows the broadband
light pass through the monochromator. This mode is used for measuring non-fluorescent
particles. Monochromatic mode selects one wavelength in the broadband light. This mode
is used for measuring fluorescent particles. A prism controller was programed in python to
output given wavelength from monochromator. In the monochromator mode, power for each
output wavelength is shown in Figure 20.

Cuvette holder: Cuvette holder is made by 3D-printer in our fab-lab. Its used for con-
necting all the fibers to the corresponding ports, aligning them to the cuvette.

Cuvette: Si-based high precision cuvette, for storing particle solution used in measure-
ments. Only one cuvette is used because different cuvettes have different background and
transmission factors. The position of the cuvette should remain the same in all measurements.
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Figure 18: Power density of supercontinuum laser source, from NKT Photonics [40].

Figure 19: Two modes for the monochromator: (a) broadband mode. Two mirrors are
used to reflect the broadband laser to the slit (b) monochromatic mode. The combination
of the prism and slit selects one wavelength. Four mirrors are used to increaese the optical
distance.
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Figure 20: Relative power P for different output wavelength A,,;. Standard deviation of the
power AP and output wavelength AM\,,; are plotted for each output wavelength. The unit
of P and AP on vertical axises are Relative Counts / ms.
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