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1. Introduction

Nanoparticles (NPs) have attracted much interest
due to their unique chemical and physical properties

Gold Layer

[1]. They are finding applications in many areas in-
cluding electronics, medicine, textiles, cosmetic pro-
ducts, and so on [2]. The development of NPs as
drug carriers and imaging agents in the biomedical
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field makes them a novel functional material [3, 4].
Their small size enables them to pass through biolo-
gical membranes and interact with biomolecules
such as proteins. The interaction between NPs and
proteins can alter the protein conformation, thus af-
fecting the cellular functionality, resulting in toxicity
[5]. Consequently, there is a growing concern about
NP toxicity and biocompatibility which compels
further investigation of protein-NP interaction [6, 7].

The interactions between NPs and proteins are
dynamic events marked with continuous association
and disassociation processes, where the rates of
these processes depend on the protein and particle
types. Several methods have been used to investi-
gate the NP-protein interactions, including measure-
ments of binding affinity and ratios [8, 9], conforma-
tional variations [10, 11], and kinetic binding proper-
ties of the NP-protein interactions [5, 12]. Surface
plasmon resonance (SPR) is one of the most well-
known and commonly used techniques to study NP-
protein binding kinetics [S]. However, the SPR tech-
nique has some drawbacks. The underlying gold film
which is in direct contact with NPs has a large ther-
mal conductivity [13] which can create thermal fluc-
tuations [14, 15]. This effect can cause thermal dena-
turing [16] of the protein layer resulting in false mea-
surement results. Moreover, resonance broadening
of the NP-modified SPR sensor [17], caused by the
increase in surface plasmon damping [18], also un-
dermines the accuracy of detecting the resonance an-
gle. This problem is less significant in quartz crystal
microbalance method which is another technique for
real-time kinetic analysis [12, 19].

In this paper, we propose a new approach for ki-
netic study of the NPs based on a plasmon wave-
guide resonance (PWR) sensor. A PWR sensor con-
sists of a thin metallic layer loaded with a thick di-
electric layer that can simultaneously guide both TM
and TE polarized modes [15]. The ability to carry
out spectroscopic measurements using two orthogo-
nal polarizations with sharp resonances, instead of
one broad resonance in the case of SPR sensor (only

Normalized poynting vector (a.u.)

TM polarization), allows the PWR sensor to extract
more information with better accuracy from the spe-
cimen. Furthermore, the presence of the thick di-
electric layer between the metal film and the speci-
men reduces the aforementioned thermal heat ef-
fects of the metal on the analyte [15]. Finally, to
study the AuNP-protein interactions, the AuNPs can
be functionalized while immobilized on the sensing
layer (top dielectric) of the PWR sensor. On the
other hand, in the case of SPR, both the sensing sur-
face and NPs’ material are gold which requires func-
tionalization of the AuNPs prior to the immobiliza-
tion on the sensing layer in order to only allow for
interaction between NPs (but not the sensing sur-
face) and the target molecules. As a proof of con-
cept, interactions between biotinylated-AuNPs of
two different sizes with streptavidin protein are in-
vestigated via dual polarization spectroscopy.

2. Principle of operation

Figure 1(a) shows the schematic of the PWR sensor
based on Kretschmann configuration in which the
AuNPs are immobilized on the top surface. The light
is incident on the substrate through a prism and the
reflected light intensity is measured as a function of
the incident angle. Two different resonance modes
(TM and TE) can be excited based on the polariza-
tion of the incident light. The field profiles of both
TM and TE modes are shown in Figure 1(b). As the
figure shows, the TM mode has a larger penetration
depth into the fluid (up to 9 pm) while the TE mode
is mostly confined within the dielectric layer with a
small tail (up to 300 nm) extending into the fluid.
The sharp resonances of the PWR modes [Figure 1(c)]
can be used to improve the accuracy of the sensor by
reducing the standard deviation of the output signal
[15].

Any refractive index variation on the surface of
NPs or inside the bulk fluid alters the propagation
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Figure 1 (a) Schematic diagram of the NP-modified PWR sensor. (b) z-component of the Poynting vector for both TM and
TE polarizations in the optimized PWR sensor at the resonance angles of 61.65° and 65.23°, respectively. (¢) Reflectance
spectrum for the optimized PWR-TM and PWR-TE in black and red lines, respectively. The fluid refractive index is 1.33.
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constant of the modes by different amounts due to
the difference in their field profiles. This difference
in response of each mode to the surface or bulk
properties manifest as a change in the resonance an-
gle (Afwv or Abr:) and can be used to decouple the
surface and bulk effects. Assuming that the reso-
nance angle shifts are linearly dependent on the sur-
face and bulk effects and that the sensitivity factors
are known (calculated from simulation or measured
during calibration process), variations in the protein
concentration surrounding the NP surface (Ac) and
the bulk refractive index change (Ang) can be differ-
entiated using the following equations [20]:

_ SEMF x AOrg — SFRE* x Afry

Ang = 1

® 7 SFYK x SFY — S x SF W
SFsurf AO o SFsurf AO

Ac — TE X ™ ™ X TE (2)

- bulk surf surf bulk
SFRUK ST — SFST x SF2U!

Where, SFK and SFRuX are the bulk sensitivity
factors in degree/refractive index unit (RIU) for the
TM and TE polarizations, respectively; and SFkT"f\'}‘
and SF3UK are the surface sensitivity factors in de-
gree/concentration for the TM and TE polarizations,
respectively [21].

Theoretically, the bulk sensitivity factor can be
determined by calculating the change in resonance
angle due to the change in bulk fluid refractive in-
dex. On the other hand, the surface sensitivity factor
can be estimated by calculating the change in reso-
nance angle due to the change of refractive index in
the NPs’ surrounding medium within a few nano-
meters from the dielectric-fluid interface (while the
bulk solution refractive index remains unchanged).
In order to calculate the surface and bulk sensitivity
factors, a transfer matrix method is used to deter-
mine the reflectance from a multilayer structure
along with an effective medium theory to model the
nanoparticle arrays embedded in a homogenous

Au film Au film

Au film

medium. The effective medium model used here is
based on the Maxwell-Garnett effective medium the-
ory [22], which is useful in estimating the effective
permittivity of random composites. Accordingly, the
effective index of AuNP arrays embedded in a solu-
tion of water can be expressed as:

B ‘eg(l +2f) +2¢(1 - f)
e e (= f) + 12+ 1)

3)

where, fis the filling fraction of the AuNPs (g,) in-
side the fluid (¢7). The theoretical and experimental
results are discussed in Section 4.

3. Experimental setup

3.1 Sensors fabrication and functionalization

We obtained 1 cm x 1 cm BK7 glass substrates coated
with 48 + 1 nm gold layer [Figure 2(a)] from the
SSENS Ltd. [23]. These samples were initially
cleaned with a piranha solution at 90 °C for 20 min to
remove organic contaminations. After the initial
cleaning, the samples were further cleaned in an ul-
trasonic bath with acetone, isopropanol, and deio-
nized (DI) water for 10 minutes each. To fabricate
the PWR sensors, a silica layer of 550 + 5 nm thick-
ness which is close to the optimized thickness of
545 nm [5] was deposited on the gold film using a
plasma enhanced chemical vapor deposition
(PECVD) by mixing silane (SiH4) and nitrous oxide
(N,O) in vacuum at approximately 300 °C [Fig-
ure 2(b)]. The PWR sensors were then rinsed with
DI water and ethanol and incubated at room tempera-
ture in a solution of a bifunctional siloxane 3-amino-
propyltrimethoxysilane (APTMS; 1 mMin ethanol)
for 10 minutes and then spun out at 2000 rpm for
30 sec to uniformly cover the sensor with a layer of
APTMS [Figure 2(c)]. The sensors were then rinsed
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Figure 2 (a) Schematic diagram of the BK7 glass substrate with 48 nm of gold film. (b) Deposition of 550 nm silica on the
gold film using PECVD. (¢) The PWR sensor coated with a layer of APTMS. (d) Binding AuNPs on the APTMS.

www.biophotonics-journal.org

© 2016 by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim



Journal of

PHOTONICS

F. Bahrami et al.: Analysis of nanoparticle-protein interactions using a plasmon waveguide resonance

with ethanol, DI water, N, dried, and placed in a
100 °C oven for 1 hour to complete Si—O bond forma-
tion. The AuNPs were assembled on the sensor sur-
face by incubating the sensors with AuNP solution
for 10 minutes [Figure 2(d)]. The samples were then
spun out at 2000 rpm for 30 sec, rinsed with DI water,
N, dried, and placed in a 100 °C oven for 1 hour to
improve the affinity between the AuNPs and
APTMS.

Two different solutions of AuNPs with two dif-
ferent sizes (20 nm and 100 nm) were immersed on
the PWR sensors. Figure 3(a) and (b) shows the
SEM images of the AuNPs immobilized on the
PWR sensors with diameters of 20 nm and 100 nm
and surface densities of 7.6 x 10, and 3.7 x 107 par-
ticles/cm?, respectively.

3.2 Instrumentation

Figure 4(a) shows the optical setup used to charac-
terize performance of the PWR sensor. A super con-
tinuum laser beam (Fianium SC-450) is passed
through a tunable filter (Photon Etc) and a single
mode optical fiber. The light is then directed
through an achromatic lens (L1) in order to colli-
mate the light rays. The collimated light is then
passed through a system composed of a linear polar-
izer and a liquid crystal variable retarder acting as a
polarization switch. A second achromatic lens (L2)
is used in order to achieve a converging beam to
cover a desired range of angles. The converging
beam is focused on the PWR sensor which is at-
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Figure 3 SEM images of the gold
nanoparticles on the PWR sensor
with diameters of (a) 20 nm with
surface density of 7.6 x 10° parti-
cles/cm?, and (b) 100 nm with sur-
face density of 3.7 x 107 particles/
cm?.

tached with immersion oil (Cargile Lab) to the back
surface of the prism. The diverging light that is re-
flected from the sample (sensor) surface is collected
by a CMOS camera (Thorlabs Inc.) to analyze the
angular spectrum of the beam intensity. A Labview
program was written to process images recorded by
the CMOS camera, which in addition determined
the minimum position of the angular curves by using
a polynomial interpolation.

Figure 4(b) shows the normalized reflectance
spectrum (Rty/Rtg) obtained from the PWR sensors
covered with 20 nm and 100 nm AuNPs at the opti-
mized wavelengths of 780 nm and 720 nm, respec-
tively. The optimized wavelengths and layers’ thick-
nesses are obtained with an in-house code using a
genetic algorithm. The first resonance for both sam-
ples appears close to 61° and corresponds to the TM
mode. The second resonance appears close to 67°
which corresponds to the TE mode, but since the
TE reflectance is in the denominator it appears as a
peak in the normalized spectrum.

4. Results and discussion

In order to use the PWP sensor to investigate the
NP-protein interactions we have used the biotin-
streptavidin complex, as it provides a strong affinity
and high specificity of interaction. To functionalize
the AuNPs with biotin, a solution of biotinylated
PEG alkane thiol is passed over the PWR surface
(covered with AuNPs) for two hours. The functio-
nalized sensor is then fixed between the prism and

(b)

TE resonance
{
Figure 4 (a) Optical setup used to
detect the resonance angles. (b)
The normalized reflectance spec-

trum measured for 20nm and
100 nm AuNPs immobilized on the
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Figure 5 Angular positions of the resonance angles vs. time for (a) 20 nm and (b) 100 nm AuNP immobilized on the PWR
sensor. Solutions are (1) PBS, (2) 1 pg/mL Streptavidin, (3) PBS, (4) 10 pg/mL Streptavidin, (5) PBS, (6) DI water, (7) 1%

ethanol, and (8) DI water.

the flow cell [Figure 4(a)] using the oil matching in-
dex.

The FWHM of the resonance modes in the PWR
sensor with AuNPs on top is 0.45 degree for TM po-
larization and 0.44 degree for TE polarization. This
is larger than the FWHM of the PWR sensor with-
out AuNP (0.32 degree for TM polarization and 0.31
degree for TE) due to the increased surface rough-
ness in the presence of nanoparticles which increases
the radiation loss and therefore widens the reso-
nance bandwidth [20].

Figure 5 shows the measured sensograms which
are the result of attaching streptavidin to the biotiny-
lated AuNPs of two different sizes. Each sensogram
is obtained at different wavelength — since the opti-
mized wavelength, that provides the narrowest re-
sonance for each mode, is different for different
sizes of AuNPs. These wavelengths are 780 nm for
the 20 nm AuNP-PWR and 720 nm for the 100 nm
AuNP-PWR.

In all experiments, phosphate buffered saline
(PBS) solution is used as the buffer for the strepta-
vidin diluted solution. The solutions are introduced
to the sensor in the following order: (1) First a pure
PBS solution is passed over the sample for 25 min-
utes to create a baseline. (2) A streptavidin solution
with concentration equal to 1 pg/ml is passed during
25 minutes in the flow cell to study the sensor re-
sponse to a low concentration of the analyte. (3) A
rinsing step is introduced for 10 minutes by flowing

pure PBS solution to dissociate the weakly bounded
molecules from the surface. (4) 10 pg/ml streptavidin
solution is passed for another 25 minutes to get a
streptavidin saturated surface. (5) Another rinsing
step is performed. (6) At this point, to investigate
the response of PWR sensor to variations in the
bulk refractive index only, the PBS buffer solution
is switched to the deionized water (DI, MilliQ
182 MQ cm). (7) 1% Vol. ethanol solution (water
diluted) is passed for 5 minutes. (8) Finally, DI
water flows over the sample to recreate the base-
line.

As evident from the Figure 5(a), the TM mode is
more sensitive to the bulk index variations which
can be seen by comparing the changes in resonance
angles when the PBS buffer solution is switched to
the DI water (step 5 to 6 in Figure 5), or equally
well, when the DI water is switched to 1% ethanol
solution and back to the DI water (steps 6 to 7 and
7 to 8 in Figure 5). Stronger sensitivities of the TM
mode to the bulk and the TE mode to the surface
variations are in agreement with the theoretical re-
sults depicted in Figure 1(b), where the TM mode
penetrates longer distances into the solution whereas
the TE mode is more tightly bounded to the surface.

Table 1 displays theoretically calculated and ?ex-
perimentally measured ratios of the surface and bulk
sensitivities for two different AuNP sizes (20 and
100 nm). While the agreement between theory and
experiment is good, results for the 20 nm AuNP

Table 1 Comparison between experimental and theoretical values of the sensitivities’ ratio.

Method 20 nm AuNP-PWR 100 nm AuNP-PWR
s Sy sr! S
S st i) st
Experiment 5.33 0.4 1.17 0.38
Theory 5.6 0.32 1.05 0.36

www.biophotonics-journal.org
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Table 2 Variations in wavevectors due to perturbation of the refractive index of AuNPs, surrounding medium.

Polarization 8k: 20 nm AuNP 8k: 100 nm AuNP
TE mode 3.9 x 104 2x 105
TM mode 3.4 x 103 1.5 x10°

shows that, when sensing surface properties, the TE
mode is 5.33 times more sensitive than the TM <?
A3B2 twb.mode. On the other hand, the TM mode
is 2.5 = 1/0.4 times more sensitive than the TE mode
when sensing bulk index variations. However, in the
case of 100 nm AuNP both TE and TM modes have
similar surface sensitivities, although not the same
bulk sensitivities. The change in resonance angle
and the change in the solution refractive index are
determined with accuracy of 0.05 degree and 8.2 x
10-6 RIU, respectively.

The fact that surface sensitivity of the TE mode
is 5.6 times larger than the TM mode for the 20 nm
AuNPs, while in the case of 100 nm these surface
sensitivities are almost equal (1.05), can be under-
stood in terms of variations of the wavevector (8k).
These variations for the TM and TE modes, which
are proportional to the overlap integral [24], can be
calculated from

S¢-E;-E¢-dr
i f

kiv,
8k ~ ——=— 4
2 e E E-dr @

1%

In Eq. (4), E; and k; are the electric field and its
wavevector before the change in refractive index
due to surface binding, Ej is the electric field after
the change in refractive index, Vj, is the volume of
interaction between the field and the analyte, V is
the total volume covered by the field, and 8k is the
change in wavevector due to the change in permit-
tivity of the analyte (from ¢ to ¢ + 8¢). Table 2 sum-

marizes the changes in wavevectors for both modes
of each sample which is calculated using Eq. (4) and
by estimating the field profiles from a transfer ma-
trix method in which Maxwell-Garnett theory is
used to replace the AuNPs with an effective medi-
um.

As data in Table 2 shows changes in the overlap
integral between the TM and TE modes in the case
of 20 nm AuNPs is much larger (91%) than the case
for 100 nm AuNPs (25%). In other words, calcula-
tions of the overlap integral also indicate that the
difference between the surface sensitivities of the
TE and TM modes are larger in the case of smaller
AuNPs. Lastly, the difference between the theoreti-
cal and experimental values in Table 1 is due to sev-
eral factors such as AuNPs aggregation, their non-
uniform surface coverage, the presence of APTMS
layer which was not included in the simulation, and
the fabrication imperfections.

As stated earlier polarization diversity is an im-
portant advantage of the PWR sensors which allows
the user to decouple the bulk and surface effects.
Figures 6(a) and (b) demonstrate this capability by
applying the linear model of Egs. (1) and (2) to the
data displayed in Figure 5(a) and (b). The black
lines in Figure 6(a) and (b) signify the changes in
surface binding concentrations which increase with
attachment of the streptavidin to biotinylated
AuNPs (steps 1 to 5 in Figure 6), and remain rela-
tively constant when only bulk refractive index is
changed (steps 6 to 8 in Figure 6). On the other
hand, the blue lines in Figure 6(a) and (b), signify
the changes in bulk (buffer) refractive index which

0.000
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0.4+ 0.4+

Ac (arb. units)
(nry) "uy
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Figure 6 Decoupled surface binding concentrations (Ac) and bulk index variations (Ang) as a function of time for (a) 20 nm
AuNP-PWR sensor and (b) 100 nm AuNP-PWR sensor. Solutions are (1) PBS, (2) 1 pg/mL Streptavidin, (3) PBS, (4) 10 pg/
mL Streptavidin, (5) PBS, (6) DI water, (7) 1% ethanol, and (8) DI water.
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mostly take place during the transition from step 5
to 6 and onward to step 8. In short, with the help of
dual mode spectroscopy, made possible via PWR
platform, the changes in protein concentration on
the AuNPs can be decoupled from the variations in
bulk refractive index.

5. Conclusion

A new approach for studying nanoparticle-protein
interactions was proposed based on a PWR sensor.
The AuNPs were immobilized on the PWR sensor
and then functionalized with biotin. The polarization
diversity of the PWR was utilized for dual-polariza-
tion spectroscopy of streptavidin interactions with
biotinylated-AuNP. Two different AuNPs were im-
mobilized on two different PWR sensors, one with
diameter of 20 nm and surface density of 7.6 x 10°
particles/cm? and the other with diameter of 100 nm
and surface density of 3.7 x 107 particles/cm?. Re-
sponses of the TE and TM modes to variations of
the bulk refractive index and changes in the nano-
particle-protein binding concentration were moni-
tored in real time for both samples. Finally, a linear
model was used to decouple the AuNP surface bind-
ing concentration from bulk index variations.
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