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Abstract

A novel dual nanoparticle amplification approach is introduced for the enhanced surface
plasmon resonance (SPR) detection of a target protein at subattomolar concentrations.
Thrombin was used as a model target protein as part of a sandwich assay involving an anti-
thrombin (anti-Th) modified SPR chip surface and a thrombin specific DNA aptamer (Th-
aptamer) whose sequence also includes a polyadenine (Aso) tail. Dual nanoparticle (NP)
enhancement was achieved with the controlled hybridization adsorption of first polythymine-
NP conjugates (T20-NPs) followed by polyadenine-NP’s (Asz-NPs). Two different
nanoparticle shapes (nanorod and quasi-spherical) were explored resulting in four different
NP pair combinations being directly compared. It was found that both the order and NP shape
were important in optimizing the assay performance. The use of real-time SPR measurements
to detect target concentrations as low as 0.1 aM is a ten-fold improvement compared to single
NP-enhanced SPR detection methods.



Introduction

Metallic nanoparticles with controlled size, shape and surface chemistry have enabled a wide
range of new opportunities to be explored for performing very sensitive optical measurements
of biomolecular interactions.® When combined with surface plasmon resonance (SPR) chip-
based techniques as part of a sandwich assay format, detection limits ranging from the low
picomolar to attomolar (aM) have been reported.®* In comparison, a typical SPR detection
limit based on the specific adsorption of a target protein onto a planar gold film with no
further signal amplification is ~1-10 nM.®!® Most NP-enhanced SPR studies reported
previously have focused on a single nanoparticle specific adsorption step.8-%-14 Alternative
amplification strategies such as surface polymerization,**!"*8 metal deposition,'*?' enzyme-
substrate turnover,?>?> can also be highly sensitive. However, achieving good control over
both signal reproducibility and dynamic range in such multi-step amplification processes is

challenging.

In this article, we demonstrate for the first time a controlled dual nanoparticle SPR
amplification approach capable of detecting a target protein at subattomolar concentrations.
The incorporation of two different gold nanoparticle shapes, nanorods (NRs) and quasi-
spherical nanoparticles (gsNPs), into the enhancement methodology is explored with both
having at least one dimension of ~50 nm. Recently, we have shown that both these particle
types resulted in a greater signal enhancement compared to other shapes and smaller particle
sizes.'>1426 This was for a single NP amplification step and the aim here was to create a two-
step amplification strategy and determine if this resulted in an improved sensing performance.
The clustering of magnetic particles on an SPR chip surface has been previously reported for

signal amplification.?” Also, the development of sensing platforms based on nanoparticle pair
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formation has been described as part of a lateral flow assay?® and also directly measuring
individual nanoparticle pairs and single particles.?®3! However, an approach based on two
separate NP amplification steps following a protein molecule bioaffinity adsorption step onto
a SPR surface has not been previously described to our knowledge. To address this, we
employed thrombin as a model target, which is a well-established biomarker for anti-
coagulation.323® The main reason for this selection is our approach requires a sandwich assay
where at least one of the affinity probes is a nucleic acid aptamer. Also, SPR sensing using an
anti-thrombin and DNA aptamer pair has been previously demonstrated by us'? and provides
a starting point for developing the amplification approach described here. This involves
appending a polyadenine tail to the aptamer probe sequence as a platform for the sequential
hybridization adsorption of complementary DNA-NP conjugates. A number of parameters
including the combination of NPs used and the order they were introduced to the SPR chip
surface as well as NP concentration were considered to successfully optimize the dual NP
sensor performance resulting in a ten-fold enhancement compared to that of a single NP

amplification.

Experimental Section

Further details on the chemicals and protocols used beyond the key points covered below are

provided in the Supporting Information.

DNA Functionalization of Au Nanoparticles: A detailed procedure can be found in the

Supporting Information. The Au quasi-spherical and rod shaped nanoparticles were
synthesized using the methods described by Murphy et al.** and Nikoobakht et al.*®

respectively. The nanoparticles were then stabilized with 11-mercaptoundecanoic acid



(MUA) followed by the covalent attachment of 5-end amine modified DNA (i.e. T2, Ao, Aso,
C20) via EDC/NHSS linking chemistry. Nanoparticles were characterized utilizing UV-vis
spectroscopy and transmission electron microscopy (TEM) analysis. In addition, further UV-
vis measurements were performed for monitoring the mixing of DNA-NPs with
complementary or non-complementary DNA-NPs (see Figures 2, S3-6); the first nanoparticle
colloid was coated with T2o and the nanoparticles subsequently added were coated with Aao.
For negative control measurements, Coo functionalized particles were used instead of Aso.
When two different nanoparticle shapes were mixed the relative ratio of extinction values at
the LSPR Amax for gsNP : NR was 1:2 and when the same nanoparticle shapes were mixed, a
1:1 ratio was used. Any resulting changes in the UV-vis spectra due to hybridization were

recorded every 30 min.

Fabrication of Antibody Biochips for SPR Measurements: Bare gold chips for SPR were

purchased from Biacore. Anti-thrombin was immobilized on a chemically modified gold
surface using EDC/NHSS linking chemistry. Briefly, a mixed monolayer was formed by
soaking bare gold chips in the mixed ethanolic solution of 60% 1 mM MUA and 40% 1 mM
PEG-SH (MW = 1530, Paraon Ltd.) for 12 h followed by washing the chip with ethanol and
DI water. The use of PEG was essential for reducing possible non-specific adsorption. Next,
the chip was exposed to the mixture of 7.5 mM EDC and 1.5 mM sulfo-NHS solution for 30
min resulting in the formation of a carboxylic acid terminated surface. The chip was then
rinsed thoroughly with DI water. 1 uL of 1 uM anti-thrombin was then dropped on to the chip
and covered with a cover slip and placed in a humidity chamber for at least 3 h. The antibody
chip was then rinsed with DI water and kept at room temperature prior to measurements. 20
mM  N-(2-hydroxyethyl)piperazine-N-(2-ethanesulfonic acid) (HEPES, Sigma-Aldrich)

buffer containing 150 mM NaCl, 2 mM CacCl; (pH 7.4) was used throughout the experiments.
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A Biacore 3000 SPR system was used with a constant flow of 5 uL/min for all experiments.
This instrument has four different sample injection channels on each SPR chip with two of
the channels utilized for thrombin detection and the remaining two channels used for control
measurements. Also, for all SPR measurements in Figures 3-4 and S7-8, only NR batches
were used which had a Amax Of 767(x7) nm after DNA modification. Similarly, only qsNP’s
with a Amax Of 531(x2) nm were utilized. For thrombin detection, the target was flowed over
the antibody immobilized gold chip for a minimum of 1 h to reach a steady-state surface
coverage. This procedure was repeated for all thrombin concentrations and control
measurements. The concentration of Th-aptamer used for the formation of the sandwich assay
was maintained at 100 nM for all experiments while the concentrations of the gsNP and NR
DNA conjugates were fixed at 0.10 nM and 0.13 nM, respectively. Control adsorption
measurements were simultaneously performed in the chip reference channels with the choice
of negative controls listed in Table 1 depending upon each set of measurements. Details of
additional supporting experiments involving dark-field imaging of nanoparticle adsorption on
a functionalized gold chip surface are described in the Supporting Information along with

further details on the materials and methods used.

Results and Discussion

Dual NP-enhanced Detection Methodology: An overview of the dual nanoparticle enhanced

SPR detection method is outlined in Figure 1 along with the different combinations of
nanoparticles that were investigated. The first key step involves creating a sandwich assay on
an antibody modified SPR chip (see the central dotted box in Figure 1). Thrombin was
chosen as a model target as it has two separate epitope sites enabling specific binding to an

antibody (anti-thrombin) and a DNA aptamer (Th-aptamer) simultaneously. Also, this
6



enabled the advantages of the dual nanoparticle approach to be readily assessed by comparing
to previous work by ourselves'? for the same target. Following the specific binding of
thrombin to anti-thrombin, the SPR chip surface is exposed to a modified Th-aptamer
sequence also featuring a long Aso tail at the 3' end. Amplification of the SPR response is
then achieved through the specific hybridization adsorption of a T.o DNA-NP conjugate
followed by a second step involving the specific binding of an Az DNA functionalized

nanoparticle.

Two different nanoparticles were employed in this study: gsNPs with an average diameter of
50(x5) nm, and NRs with an average aspect ratio of 5 (length 50(x10) nm, width 10(£2) nm).
Representative TEM images are shown in the Supporting Information (Figure S1) and
extinction measurements of both Au nanoparticle solutions before and after DNA conjugation
are provided in Figures 2a-b and S2. The qsNPs have a LSPR Amax value of 533(£3) nm

compared to 767(x7) nm for the NR sample.

To achieve dual nanoparticle amplification, different combinations of both nanoparticle
shapes were investigated resulting in the four distinct signal enhancement strategies
highlighted in Figure 1. In each case (a)-(d), the first amplification step involves either a T2o
modified gsNP or NR interacting specifically with the surface bound Aso tail of the Th-
aptamer/Th/anti-thrombin complex. Dual amplification is then achieved by next exposing the
SPR chip surface to a colloidal solution of either the same nanoparticle shape or the other
with the particles instead modified with Asp. In addition to observing a shift in the LSPR Amax
upon DNA modification (see Figures 2a-b and S2), a series of UV-vis measurements were

performed for each of the four nanoparticle combinations. Examples of these measurements



are shown in Figures 2c-d where the interaction between Aszo-gsNPs and T2-NRs and also
between As-NRs and T20-NRs are monitored, respectively. In both cases, a significant
broadening and red-shift in the LSPR peaks occurs as expected for NP aggregate
formation.>3%37 Further nanoparticle combinations and controls are shown in the supporting

information (Figures S3-6).

Subattomolar Thrombin Detection: The main focus of this study was to explore if a surface-

based dual nanoparticle amplified SPR approach could be successfully applied for the
detection of a non-modified thrombin target and quantify the resulting improvements in
sensing performance. Figure 3 compares a series of detection and non-specific control
(labeled NC) measurements for each of the four sensing configurations outlined previously in
Figure 1. In each case, the anti-thrombin modified SPR chip was first exposed to a 0.1 aM
solution of thrombin at a constant flow rate of 5 pL/min for at least 1 h to ensure a steady-
state surface coverage is reached due to the slow Langmuir adsorption kinetics at such low
concentrations. A 100 nM solution of the secondary Th-aptamer probe is then flowed across
the SPR chip for a fixed period of 20 min to form the surface-based anti-thrombin/Th/Th-
aptamer complex. The Langmuir adsorption coefficient between thrombin and the Th-
aptamer sequence has been previously measured by us'? as 2.2(x3) x 10" M while an
adsorption coefficient of about 10-102 M has been reported for the anti-thrombin
interaction.®3% At such a low target concentration, no detectable signal change occurs when
the SPR chip was exposed to both the thrombin and 100 nM Th-aptamer solutions; however,
upon injection of the first nanoparticle solution, a signal increase is observed due to a
combination of both specific and non-specific nanoparticle adsorption as well as a temporary

change in refractive index of the bulk solution. Following a brief HEPES buffer rinse for 15



min, the second nanoparticle solution is then introduced. For all measurements, the
nanoparticle injection times were also fixed at 30 min. While this results in an overall
analysis time of close to 3 h, prior sample modification or pre-concentration steps is not

required to achieve very sensitive measurements.

The concentrations of the functionalized nanoparticles used to amplify the SPR detection
signal were kept at the same values for all the measurements reported here. Based on UV-vis
measurements, the extinction of the DNA-NPs conjugates was maintained at 0.5 for the NR-
DNA conjugates and a value of 0.25 for the gsNP conjugates. Corresponding measurements
using a Nanosight LM20 instrument were performed from which particle concentrations of
the stock solutions were estimated. For the gsNPs, this corresponded to 0.10 nM with a
calculated extinction coefficient of 2.4 x 10° M? at the LSPR Amax While for the nanorod
stock this was 0.13 nM with the measured extinction coefficient of 4.0 x 10° Mt comparable
with that expected from the literature.®® Note that these nanoparticle concentrations are
slightly lower than those used in our previous work'? which focused on optimizing the
enhancement from a single nanoparticle amplification step. This was necessary as the use of
higher NP concentrations resulted in the unsuccessful implementation of the dual
amplification due to saturation of the SPR response. Also, in all experiments, a fixed
nanoparticle injection time of 30 min was consistently applied for simplicity even though the

SPR signal did not reach a steady-state value for every measurement.

The basis for demonstrating dual nanoparticle amplification is to show a greater SPR signal
enhancement for the specific adsorption of complementary DNA functionalized nanoparticles

across both the first and second NP binding steps compared to non-complementary control



measurements. Comparison of the data sets in Figure 3 show that the data curves for 0.1 aM
detection are all consistently higher for the various NC curves (which are discussed in more
detail further below). For the first nanoparticle amplification step the signal change is higher
for the gsNPs than for the NRs when analyzed alongside the corresponding NC data curves.
This observation agrees with our previous study where a greater signal enhancement for the
gsNPs was associated with the larger volume particle, which results in a larger refractive
change at the SPR chip surface compared to the smaller NR’s for the same number of surface
binding events.'? It is also the main reason why the NR concentration described above was
higher than that of the gsNP conjugates. More interestingly, the amplification strength of the
second nanoparticle surface binding step differs from the trends observed for the first stage.
In Figure 3a, the signal amplification associated with the secondary qsNP surface binding
step is 10.8 times greater than that of the first NR amplification. On reversing the qsNP and
NR order (Figure 3b), a much smaller enhancement in signal was observed due to the second
NR adsorption step. However, when two NRs are utilized (Figure 3c), the second NR
adsorption step results in an amplified SPR response 3.8 times greater than that associated
with the first NR measurement. Overall, the largest combined enhancement across both
nanoparticle steps is for the gsNP pair shown in Figure 3d, where the signal amplification
was approximately similar for both steps. However, the largest second step amplification is

observed for the T20-NR / A3z0-qSNP combination.

Figure 4 displays the results for a series of measurements acquired at different thrombin
concentrations using the T20-NR / Azo-qsNP dual amplification. The normalized change in
SPR signals shown in Figure 4b were calculated by subtracting the highest of the NC control

values from the thrombin detection channel signal. A linear response range was obtained over
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a relatively narrow concentration range (0.1 to 2 aM), above which further increases in signal
were considerably smaller. This small dynamic range is typical of SPR measurements
involving large signal amplification strategies and different protein concentrations can be
targeted depending on the nanoparticle bulk concentration.’* Attempts to measure thrombin
concentrations below 0.1 aM were unsuccessful, however this is still a significant ten-fold

improvement on previous measurements involving a single nanoparticle amplification step.*?

An entire repeat set of the measurements described in Figures 3 and 4 including controls are
shown in the supporting information (Figures S7 and 8) where the only difference is that the
polyadenine sequence used in the second nanoparticle amplification step is 20 bases long
instead of 30. The same data trends described in Figures 3 and 4 were observed again with no
significant difference in the detection performance. In general, when a NR is used in the first
amplification step, a much higher signal increase is observed for the second step for both
qsNP’s and NR’s. On the other hand, when gsNPs are used in the first amplification step, a
secondary nanorod step results in little further enhancement. These observations raise a
question on whether it is a relative difference in binding affinity between the nanoparticle
conjugates (due to shape and DNA surface coverage) or if there are stronger SPR and LSPR
plasmonic coupling effects depending on the NP binding order. The qsNP’s consistently
result in a higher enhancement compared to the NR’s for a single binding event in either the
first or second steps. Also, the NR SPR data curves do not always reach a steady-state surface
coverage over the same injection timescale, which suggests a lower DNA surface coverage
than for the qsNP’s. However, attempting to disentangle the LSPR and physical NP
contributions to the overall enhancement requires a further detailed study at the single

nanoparticle level. While there has been work demonstrating the plasmon shifts associated
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with single metallic particles on gold films*! and also experimental and theoretical studies of
nanoparticle pairs,*>** a spectral investigation of individual NP pairs comparing both in the
presence and absence of a gold film has yet to be performed that we are aware of and an

investigation is now underway.

Non-specific_Adsorption: One of the main challenges of performing measurements at

extremely low target concentrations is the issue of non-specific adsorption of nanoparticles
onto the SPR chip surface. Consequently, all of the SPR measurements described above were
supported by a number of non-specific controls (NC1 to NC16) covering all four dual
nanoparticle combinations, with each described in Table 1. These were designed to enable a
direct comparison of specific and non-specific interactions for both nanoparticle types at each
of the first and second amplification steps. For example, NC1-4 applies to the NR (first) /
gsNP (second) combination where, for NC1 to 3, the initial anti-thrombin/Th/Th-aptamer
surface complex is formed under identical conditions to that within the detection channel. For
NC4, the same combination of nanoparticle-DNA conjugates is used as for the actual
measurement except no target or aptamer was introduced to the SPR chip surface. The same

pattern of controls was also applied for the remaining three NR and gsNP dual combinations.

Representative control curves obtained from the SPR chip reference channels during repeat
runs are presented in each of the data series in Figures 3 and S7. The most likely explanation
for non-specific behavior is electrostatic interactions between the nanoparticle and SPR chip.
Across all the control measurements listed in Table 1, it is possible to compare the overall
change in SPR signal over both amplification stages as well as compare relative changes

between the two amplification steps and nanoparticle types. Firstly, increases in background
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signal following rinsing with buffer can be clearly seen for all NC measurements indicating
some degree of non-specific adsorption. In terms of the absolute change in the SPR response,
both the positive and control signals are generally lower for the NR’s than the gsNP’s. When
comparing relative differences between the positive and NC data curves, some general
comments can be made. If the 1%t amplification step involves a nonmatching NP (e.g. NC 2,
14) then the background signal is lower for both NP types than when the 15t NP matches that
of the positive data (e.g. NC 7, 15). In addition, the control signal tends to be lowest when no
target or aptamer is introduced to the reference channel (e.g. NC 8, 12). There are exceptions
to these generalizations due to variability of the non-specific adsorption, hence why all data
measurements were compared with the highest non-specific response among the controls.
However, it is clear from the acquired data that the ratio of specific to non-specific signal is

consistently higher for the gsNP’s than for the NR’s.

To gain some further insight and provide direct evidence of specific and non-specific
nanoparticle adsorption behavior, a series of in-situ dark-field imaging measurements were
performed. This is described in the supporting information where images were acquired of
particle adsorption on the same chip area before and after each amplification step for both the
NR / gqsNP (Figure S9) and the NR / NR (Figure S10) dual amplification combinations. A set
of control measurements is also shown in each figure. The experimental conditions were kept
the same as for the SPR measurements except a different Au chip with a thin glass cell
window enabling in-situ imaging is used. In both sets of measurements, a number of
scattering features can be observed in the optical path before exposure of the surface to DNA-
nanoparticle conjugates. Following the first nanoparticle adsorption step, the presence of

adsorbed particles can be easily detected. For the NR / NR combination, no significant

13



changes in particle density are discernible between the first and second amplification steps
with the surface coverage double that of the control measurement. For the NR / gsNP
combination, an increase in particle density is observed after each step for both sample and
control with the differences in surface coverage less than ~8%. These preliminary
measurements highlight the importance of non-specific controls and further efforts are
underway to combine SPR and in-situ dark-field imaging to improve detection performance
at very low target concentrations. It is also worth pointing out that the surface area probed in
a single channel on the SPR chip is ~36 x greater than the field of view in the dark-field
measurements which will enable greater discrimination in changes in particle surface

coverage compared to the microscope field of view.

Conclusions

In this article, we have successfully demonstrated a new strategy for the enhanced SPR
detection of protein bioaffinity interactions based on the controlled sequential adsorption of
two different NP-DNA conjugates onto a chip surface. This was achieved through the use of
a sandwich assay involving a nucleic acid aptamer whose sequence can be easily modified
with an extended polyadenine tail to provide a binding site for specific NP adsorption. A
significant advantage of the use of aptamers compared to antibody probes is that this
approach can be readily adapted to any aptamer/antibody or aptamer/aptamer sandwich assay
combination with the number of examples of both continuing to rise in the literature.*-
Furthermore, by exploring different nanoparticle shapes we highlight the versatility of this
approach and we also expect the use of different modified DNA sequences binding to the
aptamer will expand this approach to other surface-based signal transduction mechanisms

such as electrochemistry.*® As well as developing a new amplification mechanism, it was
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demonstrated that even further improvements in sensitivity could be achieved compared to
previous efforts focusing on a single nanoparticle amplification step. For measurements at
higher concentrations than the very low ~0.1 — 4 aM range used here, it is likely that a single
NP amplification strategy will be sufficient, especially if a larger NP size such as the ~50 nm
qsNP’s used here is employed. However, the issue of non-specific adsorption of nanoparticles
on sensor surfaces remains a significant challenge as highlighted by the dark-field
measurements here. As the field of nanoparticle enhanced sensing continues to evolve with
systematic studies of different nanoparticle types and surface chemistries we believe that the
dual amplification strategy outlined here will be a valuable route towards more sensitive

surface bioaffinity measurements.
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Figure 1. Schematic outlining different combinations of the dual nanoparticle enhanced SPR

strategy for thrombin detection. The dotted box exhibits the formation of a surface sandwich
complex of Th-aptamer/Th/anti-thrombin via the specific adsorption of the Aso tailed
thrombin aptamer followed by the adsorption of thrombin onto the surface tethered anti-
thrombin. In (a)-(d), different approaches are described where a T2o modified nanoparticle
(gsNP or NR) binds specifically to the surface Th-aptamer followed by the hybridization
adsorption of Aszp modified gsNPs or NRs, resulting in four different possible dual

combinations.
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Figure 2. Representative extinction spectra of gold NRs (a) and gsNPs (b) comparing before
(dotted line) and after (solid line) functionalization with T2o and Aaso respectively. Extinction
spectra monitoring both (c) T20-NR / Azo-qsNP, and (d) T20-NR / Aszo-NR self-assembly due to
DNA hybridization. In each case, curve (i) represents the starting NR conjugate solution
before the addition of an equal volume of the second nanoparticle solution. (ii)-(iv) spectra
were obtained at times of 10 sec, 30 min and 2 h, respectively, following mixing. Different
batches of nanorods were used in these experiments which explains the ~15 nm variability in

the starting LSPR.
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Figure 3. A series of SPR sensorgrams comparing four different nanoparticle pair
combinations for the amplified detection of thrombin. Each measurement shown as a red line
in (a) through (d) corresponds to the detection scheme indicated previously in Figures la-d.

The thrombin target concentration was fixed at 0.1 aM for each measurement. The control

measurements (NC1-NC16) are represented by the black data curves and correspond to the

configurations summarized in Table 1.
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Figure 4. (a) Representative SPR sensorgrams for the dual T2o—NR / Az—qsNP amplified
detection of thrombin at various thrombin concentrations from 0.1 aM to 2 aM. (b) Plot
showing linear SPR response range (dotted line) within thrombin concentrations measured
from 0.1 aM to 4 aM with the normalized values calculated by taking the detection channel
signal response and subtracting the highest NC signal. Error bars were calculated from an

average of three repeat measurements.
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Table 1. Schematic summary of negative controls used for investigating the non-specific
adsorption of nanoparticles during the dual nanoparticle amplified SPR detection of thrombin.
The columns labelled (a), (b), (c) and (d) correspond to the positive data curves in Figures 3

and S7. Note that A2 coated NPs were used instead of Azo-NPs in Figure S7.

NC3 | NC4| (b) | NC5 NC6 NC7 NC8 | (c) | NC9 |[NC10 NC11|NC12| (d) |NC13|NC14|NC15 NC16

\_)\é

Number| (@) | NC1

2""”"55‘)g"}BSSS'"SS‘"SSSS'"SS”'SS'KS"}
S

Az | Az Az Az | Aso Az | Aso

Aszp
S 1513

) i

TN e
&

ASD

Chip
Surface

% -
&

\«gq@g F\Nn

\ﬁgz .(‘j\gfgb\n’

K2 2K

o
o

22



SPR response

For TOC only

23



