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Abstract

We designed a Bragg mirror structure with an SiO2 top layer to create a reso-
nance in the ultraviolet wavelength range, near the absorption peak position of
various proteins. We demonstrate that the wavelength of enhanced sensitivity
can be adjusted by proper design of the 1D photonic structure. The possibil-
ity to design the wavelength of enhanced sensitivity supports measurements of
better selectivity, optimized for the absorption of the target material. Since the
width of the resonant peak in the reflectance spectra can be sharper than those
of plasmonics, and they can be positioned at more favourable regions of the in-
strument and material (e.g., in terms of intensity or selectivity), the sensitivity
can exceed those of plasmon-enhanced measurements. In this study we demon-
strate the main features of the concept at the example of in situ spectroscopic
ellipsometry of fibrinogen adsorption in the Kretschmann-Raether configura-
tion. We realized a resonant peak with a full width at half maximum of 3 nm
near the wavelength of 280 nm, which coincides with the absorption maximum
of fibrinogen. The influence of depolarization and surface roughness on the mea-
surements, and the potential for improving the current experimental detection

limit of 45 pg/mm? is also discussed.
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1. Introduction

Optical biosensors are of fundamental role in their field of label-free charac-
terization of various processes related to biomolecules due to the outstanding
sensitivity and non-destructive characteristic [Il 2]. Among the numerous op-
tical sensing approaches surface plasmon resonance (SPR) spectroscopy [3} 4]
is one of the most widely used technique for capturing the typically minute
changes in the signal, related to e.g., protein adsorption or conformation changes
of biomolecules. Biological changes are accompanied with a change in the op-
tical properties and thus biological processes can be studied in SPR approach
by measuring the reflectance of a p-polarized probe light. In case of SPR spec-
troscopy usually a thin Au film is used as a sensing layer. With the help of
the so-called Kretschmann-Rather configuration [5] propagating surface plas-
mon oscillation can be excited by incident light at the interface of Au layer
and aqueous ambient. If appropriate conditions are fulfilled, the incident light
couples with surface plasmons, thus a dip appears in the reflectance spectrum.
The exact wavelength (\) value of this dip is highly dependent on the thickness
(d) and optical properties of the Au layer [6], the angle of incidence () of the
light beam, the optical properties of the configuration and most importantly
the optical properties of the investigated ambient near the Au surface.

Enhanced sensitivity can be reached by various approaches in SPR spec-
troscopy. One may not only monitor the reflectance, but also the phase in-
formation provided by novel measurement setups [7] or by spectroscopic ellip-
sometry (SE) [§]. SE is a method with outstanding sensitivity to the optical
properties of a solid surface that makes it ideal for biosensing applications [9].
The combination of SE and SPR spectroscopy can be realized reasonably [10].
This combined configuration is usually referred in the literature as total internal

reflection ellipsometry (TIRE) [II]. TIRE has several advantages, such as the
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large freedom in terms of the 6 and A range compared to a traditional SPR con-
figuration of either a A- or a f-tracking principle. Compared to the biological
measurements through the liquid ambient with SE, TIRE is far more sensitive
as well as the available )\ range is wider since the absorbance of the aqueous
ambient is not present anymore.

Constructing novel layer structures can also contribute to the enhanced sen-
sitivity [12]. By using not only a bare Au layer but also one or more 2D layers
(e.g., graphene, molybdenum-disulfide) on top of the Au film may lead to a
superior sensing performance [I3] [[4]. Another layer structure with improved
sensitivity utilizes the so-called long range surface plasmons (LRSPRs) [15, [16].
LRSPRs are special surface modes that are usually enhanced when using a
thin metal layer positioned between two dielectric media with similar refractive
indices (n).

It is also possible to realize a TIRE biosensor without a thin Au layer and
the absence of any SPR related material (usually metal) in a sensing structure
has already been proposed [I7, 18], 19, 20]. As an example, a new configuration
has been introduced recently for biosensing applications, the so-called Bragg-
mirror structure (BMS) [21], 22] 23] 24] 25]. Similar to SPR, electromagnetic
waves (the so-called Bloch surface waves) are confined to the surface of the
layer structure which show an exponential decay of the field inside the layered
medium and in the liquid ambient. These tailored periodic layer structures
have several improved features compared to the usually used Au layers [26].
One of the most important advantages is the large freedom they provide in
terms of operating wavelength (OW). Carefully choosing the optical properties
and thickness of the layers in the BMS one can achieve basically any OW that is
aimed. The resonance peaks are usually narrower — due to the small absorption
of the dielectric materials constituting the structure — leading to an improved
performance over the SPR sensor, and in case of BMS, s-polarized light can
also be used for surface wave excitation. Surface chemistry can also be more
convenient, since dielectric materials (e.g. SiOs) are allowed instead of a Au

layer on the top at the reaction interface.
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In this work, a novel BMS of alternating SiO5 and ZrO, layers on fused silica
substrate was introduced that can be used as a biosensor in the ultraviolet (UV)
range of the wavelength spectrum. Other techniques [27] working with a plas-
monic structure have also been proposed [28],29] for biosensing in the UV range,
however, BMS can offer additional attractive properties. The tailored OW can
be chosen in the range of A = 265 — 365 nm (near to the absorption peak of
several proteins [30]), depending on the angle of incidence. The sensor perfor-
mance of the proposed BMS was demonstrated by investigating its response to
glycerol solutions in a wide %(w/w) range as well as to bovine fibrinogen (Fgn)
solution in phosphate buffered saline (PBS). The results are compared to the
performance of an SPR-based structure consisting of a single Au layer. The char-
acterization of these structures was performed using spectroscopic ellipsometry
(SE), thus the phase information was also measured providing more information
and enhanced sensitivity. The SE measurements with BMS (BMS-SE) and SPR
(SPR-SE) were evaluated by constructing appropriate optical models. The ef-
fect of various imperfections (e.g., surface roughness, angular spread of the light

beam) to the sensitivity were numerically analyzed.

2. Materials and methods

2.1. Preparation of model solutions

For characterizing the optical biosensing performance of BMS-SE glycerol so-
lutions (from VWR, glycerol bidistilled 99.5%) of various concentrations (rang-
ing from 0 to 29% (w/w)) in ultrapure deionized (DI) water as well as Fgn (from
Sigma-Aldrich) solution in prefiltered 10-mM PBS with a concentration of 0.5

mg/mL were prepared at room temperature (RT).

2.2. Refractometry

A standard automatic refractometer (J157 Automatic Refractometer) was
used to measure the refractive index (RI, n) of glycerol solutions at RT with
an accuracy of RI £ 0.0001 and thus to obtain an independent measurement to

compare with the SE results both on the BMS-SE and SPR-SE structures.
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2.8. Spectrophotometry

Proteins usually have an absorption maximum at 280 nm due to the ab-
sorbance of two aromatic amino acids tryptophan (Trp) (max. at 280 nm) and
tyrosine (Tyr) (max. at 275 nm) and to a smaller extent also cystine (i.e.,
disulfide bonds) [31].

The peptide groups of the protein main chain absorbs light with a maximum
at about A = 190 nm. The aromatic side-chains of Tyr, Trp and phenylalanine
(Phe) also absorb light in this region and besides, they also absorb in the A\ =
240 — 300 nm range. Disulfide bonds that form between two cysteine residues
also show an absorbance band near A = 260 nm.

To obtain the UV and visible absorbance spectra of the glycerol and protein
solutions spectrophotometric measurements were carried out. The spectropho-
tometer (Agilent 8453) used in this study had two light sources, a tungsten-
halogen and a deuterium lamp, both for covering a wide A range from the UV
to NIR (ca. between 190 and 1100 nm). The light from the sources passed
through a monochromator and was focused into the fused silica (FS) cuvette
filled with the investigated solution. Subsequently, the transmitted light was
detected by a photomultiplier.

The absorbance (A) was calculated from the transmittance (T') given as
T = I/1y, where I is the transmitted light intensity and I is the intensity of
the light beam before the | = 10 mm long cuvette. The absorbance was then
calculated as A = —log;o T

All the measured absorbance spectra were measured at RT and the spectrum
of ultrapure deionized (DI) water with a resistivity of 18.2 MQcm was used as

a background measurement.

2.4. Spectroscopic ellipsometry

A Woollam M-2000DI rotating compensator spectroscopic ellipsometer was
used in the range of A = 191 — 1690 nm at variable 6 utilizing the Kretschmann-
Raether (KR) geometry that allows 6 up to 75° when using the focus extension.

The dual-source equipment allows high intensities in the UV spectral range,
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which is of primary importance in the current study. We also utilized an im-
proved hemisphere for the KR ellipsometry (KRSE) setup that contributed to
the outstanding signal-to-noise ratio in the crucial spectral range below 300 nm.
The KR cell can be mounted on the mapping stage of the ellipsometer [32], and
the optical adjustment of the system is supported by the control of the mapping
stage. The optical parameters of the KR setup (focusing lenses, hemisphere,
glass slide, index matching liquid) enabled us to use the A = 200 — 1690 nm
spectral range of the ellipsometer. The spectral resolution bandwidth is around
5 nm and 10 nm in the UV/VIS and in the near infrared wavelength ranges,
respectively. The spectral density of the experimental data points is about 1.6
nm and 3.4 nm in the UV/VIS and in the near infrared wavelength ranges,
respectively. The angular divergence is smaller than 0.3° without focusing, that
can be significantly higher while using KRSE.

It is important to point out that the depolarization caused by angular spread
and spectrometer bandwidth is hard to separate, since their effect on the mea-
sured spectra is similar. Thus, a bandwidth value specified by the manufacturer
was used in this analysis and only the angular spread was fitted simultaneously
with the ellipsometric angles.

As a result of the measurement, usually the ellispometric angles ¥ and A
are presented for a wide 6§ and A range (where ¥ and A describe the complex
reflection coefficient of p = r,/rs = tan(¥)-exp(¢A)). The optical properties
and other physical parameters are obtained by fitting the parameters of an op-
tical model utilizing the transfer matrix method (TMM) using the Levenberg-
Marquardt algorithm [33] (calculated by the commercial software of Comple-

teEASE).

2.5. Flow cell design

In order to exploit the potential of SE for in situ TIRE measurements, a
10-pl flow cell has been realized with a KR configuration consisting of an FS
hemicylinder (Fig. [IJA). This configuration makes the investigation of the optical
properties possible in a liquid ambient in the range of A = 200 — 1690 nm, and
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also in a wide angle of incidence range of § = 45 — 75°. For ensuring the best
performance (e.g., due to ensuring a normal incidence at the air/hemisphere
interface over the whole illuminated spot), a focused light beam is used during
the measurements with a spot size below 1 mm.

It is not exploited in this work, however, there is room for miniaturization
[34] using the same concept. Although with the current hardware the beam
cannot be focused below a diameter of approximately 300 micron, if the scanning
capability is not used, the lateral size of the flow cell can theoretically be as small
as the spot itself, with a depth also smaller than a millimeter, which results in a
microliter-size cell. With a restricted wavelength range the spot size can also be
smaller. This approach can also be combined with imaging ellipsometry having

a lateral resolution down to one micron.

3. Results and discussion

3.1. Fabrication and characterization of the BMS and SPR structures

BMS was fabricated by electron beam evaporation on a FS glass slide. The
stack consists of alternating SiOs and ZrOs layers with d = 165 and 42 nm,
respectively (Fig. ) These thickness values and the optical properties of the
layers were custom-designed to have a sharp reflectance dip in the UV range.
Note that electron beam evaporation may produce porous oxide layers [35] that
can adsorb water from the ambient causing a drift in the measured signal. In
this study we found, however, that after a relaxation time of a day, all these
drifts were eliminated and the signal was stable.

The freshly prepared samples were then cleaned using a rinse of DI water
and blown by nitrogen stream. The characterization was carried out in A =
200 — 1690 nm and 6 = 60 — 70° with a step of 5°. An optical model was built
consisting of all the thicknesses and optical parameters (Fig. left hand-side).
It was supposed that all the layers with the same composition have the same
complex refractive indeces (7 = n + ik, where k is the extinction coefficient),

thus their values were coupled in the analysis. The optical properties of the
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alternating SiOy and ZrOs layers were described using the Cauchy term:

Be  Cc
n()‘):AC‘f‘ﬁ"‘ﬁa (1)

where A\ corresponds to the incident wave in vacuum in unit of um, the param-
eter Ac is dimensionless, while B¢ and C¢ are in the units of pm? and pm?,
respectively. For describing the absorption of ZrO, layers the Urbach-tail was

also included in the optical model:
K\ = Do+ exp {Fell24um(A~" =y~ 1]}, 2)

where D¢ is the amplitude, Fo is an exponent factor and ~y is the band edge
in the unit of um. Since it is correlated with the other parameters, the band
edge was not fitted, and its value was fixed at the lowest measured wavelength
value of A\ = 0.2 um. The dielectric optical properties of the FS substrate was

described by using the Sellmeier term:

Ag)\?

e
n(A) = (Eoo + m — EsA ) ) (3)

where e, Ag, Bs and Eg are the offset, amplitude, center energy and position
of a pole in the IR region, respectively. These parameters were fixed at values
of Ag = 81.533 1/um?, Bg = 10.895 um? and Eg = 0.0155 1/um? and only
€oo Was fitted. The relation between the complex dielectric function (€) and 7
is described as € = g1 + ieq = P2,

During the fitting process, the root mean square error (RMSE) was min-

imized and we accepted the calculated values of the parameters as the true

physical values at lowest value of the RMSE [36]:

2
1 & [ NeEr - Neat 5P — s\ (557 geal 2
3 p P p
P—m i IN; 7c; 7si

where p is the number of the measured A values, m is the number of the unknown

parameters in the model, ’exp’ and ’cal’ denote the measured and calculated
N = cos(20),C = sin(2¥) cos(A) and S = sin(2¥) sin(A) values, while o is the

standard deviation of the measured data. The depolarization is given in % and
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defined as Depol. = (1 — P?)-100%. Here P denotes the polarization calculated
as P = /(N2 +C?+ 5?).

The spectra of the measured ellipsometric angles and the fitted curves are
shown in Fig. 2JA. In this analysis not only the measured values of U and A
were fitted but simultaneously the depolarization and the measured transmission
intensity (the latter from an independent measurement on the same sample)
were also taken into account (Fig. ) The depolarization emerges from the
back-side reflection of the light beam due to the transparency of the relatively
thin F'S substrate. If the depolarization is zero, there is no back-side reflection.
In case of depolarization, however, incoherent interference modeling must be
included in the model. This effect is present mainly in the range of A = 200 —
1000 nm for all investigated 6.

The optical properties and thicknesses of the layers shown in Fig. 2D and
Table [I] were calculated from the fitted spectra of Fig. and from Fig. [2C.
The optical model includes 14 fitted parameters: 2 Cauchy parameters for the
SiOq layers (C¢o was fixed at zero), 5 Cauchy parameters for the ZrOy layers
also describing k(\), and six d values (the bottom SiOs was fixed at 165 nm
due to its n similar to the substrate); e, was also fitted to describe the optical
properties of the FS substrate. It is notable that in spite of the relatively large
number of fitted parameters, the confidence limits (as shown by the confidence
limit values in Table|l|) and parameter correlations are small. This is partly due
to the large differences in the values and spectral distributions of n and k of
the subsequent layers, as shown in Fig. 2D. The onset of absorption for ZrOs
at A = 300 nm and downwards is necessary for the good performance of the
structure.

The optical properties of the layers determined above were used in the KR
configuration applying the transfer matrix method (TMM) and in the finite ele-
ment (FE) field distribution calculations by the CompleteEASE and COMSOL
software, respectively. All n and k values were imported from the measurements
of Fig. [2] and Table This step was vital, since a significant depolarization

was evident from previous measurements in the KR configuration due to the
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Table 1: Calculated thicknesses (d) and Cauchy parameters of the BMS with 90% confidence
limits (from the top of the structures). The confidence limits of the Cauchy parameters are

better than 5%.

Layer d [nm]

Si09 10.62 + 0.06

ZrOq 10.15 £ 0.03

Si0q 172.39 + 0.11

YALOD) 46.70 = 0.04

SiO2 166.71 + 0.11

ZrOq 46.75 £+ 0.06

SiO9 165 (fixed)
Cauchy-parameters (Ac, Bo[um?], Ce[um?], Do, Fc)
Si0s (1.43, 4.24-1073, 0, 0, 0)
710, (1.95, 3.41-1073, 9.97-10~4, 0.49, 2.63)

angular spread of the focused beam and to the spectrometer bandwidth [37].
This depolarization has usually a huge effect on the measured spectra in KRSE
(Fig. [1B).

As the first step, intensity spectra for both polarizations were calculated for
A =200 — 400 nm at 6 = 74° using TMM and FE (Fig. . An excellent agree-
ment was found ensuring that the calculations are physically relevant in terms
of the exact position and full-width at half maximum (FWHM) of the resonant
features. Subsequently, a typical spectrometer bandwidth and angular spread
value of 1.0° was added to the TMM model, that introduced depolarization to
the system as presented in Fig. [IB. The depolarization has a strong effect on
the intensity spectra, as the sharp s-polarized dip at 281 nm almost disappears,
and a new one at 256 nm emerges, exactly at the position of the p-polarized in-
tensity dip, implying polarization mixing. At the same time, the depolarization
enhances the dip of p-polarized light at A = 256 nm.

From the FE calculation the penetration depth can be estimated as the depth

10
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where the field intensity decays to 1/e of its value on BMS surface. Thus the
calculated penetration depth in the liquid ambient is close to 50 nm for both
polarizations at § and \ values presented in Fig. [I] Note that the penetration
depth of SPR is usually several hundred nanometers [3].

The FS slides used for the 40 nm Au layers were identical to those of the
BMS. For Au layer plasmonics d = 40 nm was chosen as the most sensitive one,
based on previous results from Ref. [6]. The thin Au layer was also character-
ized by SE at 6 = 60, 65 and 70°, and the result of a transmission intensity
measurement was fitted simultaneously. The optical model for this structure is
presented in the inset of Fig. [3] In this case the only fit parameter was the thick-
ness of the Au layer, while its optical constants were from a Kramers-Kronig

consistent fit of data from Ref. [38].

3.2. Optical properties of Fgn protein solutions

Fgn solution was prepared with a protein concentration of 0.5 mg/mL in
10-mM filtered PBS. The absorbance spectra of Fgn solutions were measured
using spectrophotometry, shown in Figs. {A and [[C, respectively. The Fgn
solution shows an absorption peak at the wavelength of ~280 nm, and a region
of increasing absorbance below 250 nm toward the smaller wavelengths.

Supporting measurements were also carried out using SE in the same config-
uration. The solution was measured in the same quartz suprasil cuvette (from
Hellma Analytics) and the transmission intensity data were collected by SE.
The baseline was DI water for this investigation, and the absorption coefficients
were calculated using an optical model only consisting of a 10 mm layer (rep-
resenting the solution). The optical properties were fitted using a wavelength-
by-wavelength approach which is especially helpful for describing n without any
assumptions for the dispersion. The measurements were analyzed in the range
of A = 200—400 nm and ¢ was fitted at each measured A - presented here by the
absorption coefficient (o = 47k/A) in 1/cm (Fig. and D). It is important
to point out that this method is practically insensitive to the real part of 7,

however, valuable information was extracted regarding k of the solutions.

11
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The SE and spectrophotometric results of Fgn show an excellent agreement
for A &~ 230 — 400 nm, with an increasing deviation from A = 230 nm toward
the smaller wavelengths.

Similar measurements of glycerol solutions are also presented in the Sup-

porting Information with the measured spectra.

3.8. Sensing the bulk optical properties

For calculating the sensing performance of BMS to bulk n variations, glycerol
solutions of different concentrations were measured in the KR cell at the flow of
1 pL/s. The same measurement was carried out on the SPR layer as a reference
of the BMS-SE measurement and a comparison regarding its performance. 6
was fixed at values of 73.5° (BMS-SE) and 75° (SPR-SE) from previous opti-
mizations for the best sensitivity. Note that while the ellipsometer of this study
using a compensator rotating at 20 Hz is theoretically capable of measuring a
whole spectrum within less than 50 ms, the uncertenities in the measured re-
fractive indices will also rise. For an ideal time resolution and signal-to-noise
ratio, an integration time of 3 s was used during the in situ measurements. The
refractive indices of the glycerol solutions were measured in repeated sequences
similar to the one presented in Fig. [(JA and the calculated n values were found
the same within our sensitivity range.

Measured ¥ and A spectra are presented in Figs. [ and [f]A. The illustration
of KR configuration is shown in Fig. [JA, together with the measured and fitted
¥ and A spectra for both the BMS and SPR structure with the optical models
in the inset (Fig. ) The absolute vale of the measured complex reflectance
ratio (|p| = tan(¥)) is also presented in Fig. [[C. Figs. [fA and show a
map of ¥ for each time slice for both SPR-SE and BMS-SE, respectively. The
glycerol concentration was increased step-wise from 0 to 29% (w/w) supplied by
a peristaltic pump. From this figure we conclude that the BMS structure has a
much favorable FWHM of only a~3-4 nm, in contrast to the =~61-63 nm of the
SPR approach. Another notable feature is that the shift of the resonant dip in

the case of the SPR layer is approximately eight times larger but less significant

12
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than that of BMS-SE, when normalized to the FWHM (Fig. [6F).

The spectra of Figs. [(A and were evaluated using the BMS and SPR
structure and the depolarization caused by the angular spread of the focused
light beam was also fitted. The shift in the measured data caused by the stress
in the hemicylinder was taken into account using offset values. The dispersion
of n for the glycerol solution, fitted using the Sellmeier model of Eq. [3] was
determined as a function of the concentration. The n values at A = 633 nm
were calibrated using refractometry (RM) as shown in Fig. Ep A comparison
with both the BMS and SPR approaches (Figs. @D) reveals a good agreement.
Note that the concentration dependence of n is available for the whole measured
range of A =200 — 1690 nm from the SE measurements.

Taking advantage of the 3 s temporal resolution of the SE measurements, n
was plotted as a function of time (Fig. [6E) for both the BMS-SE and SPR-SE
approaches at A = 633 nm in order to be comparable with the RM results of Fig.
[BIC. The difference between the BMS-SE and SPR-SE curves of Fig. [GE is less
than 1073 refractive index unit (RIU). The slight deviation might be caused by
the different surface materials (Au vs. SiO3) influencing the adsorption process.
Fig. @F shows the shift of the position of ¥,,;, dip (relative to the position
corresponding to the DI water) normalized to the FWHM (AW,,,;,,/FWHM is
also called figure of merit (FOM) [39]), revealing an almost two times better
resolution for BMS-SE.

The phase information, represented by the A ellipsometric angle was also
investigated for both structures (Fig. [7)). The most sensitive wavelengths were
identified for each glycerol solution transition (An;; = n; —n; @ 633 nm, where
¢ and j denote the regions marked in Fig. @A) and the maximum of absolute
changes in A were plotted at a given wavelength in Fig. [(B. For demonstrating
this method four curves were plotted in Fig. [7JA for transitions between glycerol
samples '5’—’6’ and '6’—’7" at four different wavelengths. From this analysis the
measurement of BMS-SE shows an enhanced sensitivity compared to SPR-SE.

Note that in the case of BMS-SE we suppose that due to its sharp-resonance

manner we are not necessarily able to find the biggest change in A ellipsometric

13
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angle due to the final wavelength resolution of 1.5 nm and thus we obtained a
smaller value to the Anys transition compared to the other transitions in Fig.
[7B.

A limit of detection (LOD), as the smallest detectable bulk refractive index
change was calculated using the expression LOD = 3 - 0eqs5/5, where opeqs
is the standard deviation of A time-point values of a given wavelength for a
baseline for the same solution. S is the sensitivity defined as S = AA/An.
Sensitivity of A is usually higher than for W, thus in the further analysis all
values were calculated using the phase information. Based on the measurements
a bulk refractive index LOD of 4.35-107° RIU and 3.32-107° RIU were found
for BMS-SE and SPR-SE, respectively. This result shows that BMS-SE has
almost the same biosensor performance as SPR-SE, even in the presence of a
higher measurement noise.

Further supporting calculations based on numerical TMM calculations are
also presented in the Supporting Information, emphasizing the significance of

the effect of emerging depolarization on the measured ¥ and A spectra.

3.4. Investigation of Fgn adsorption

The spectral range of in situ bioellipsometry is usually limited either by
the transparency of the water [40, 4], the optical components or the lack of
information of the dispersion of protein in the UV range. The n and k spectra of
protein can usually be fitted using a polynomial [40] and an exponential function,
respectively. However, as the transmission and absorption results in Fig. S1
show, the polynomial and exponential dispersions must be completed with an
oscillator model for an accurate description of the features below A ~ 280 nm.

One of the most important applications of the proposed layer structure and
also of plasmonic layers is the monitoring of various bioprocesses near the sens-
ing surface. For demonstrating the performance of BMS-SE, Fgn was chosen
as a model protein to study the adsorption onto the surface of SiOy (BMS-SE)
and Au (SPR-SE). The dispersion of n for this kind of adsorbed protein layer

is usually described by the Cauchy-dispersion. However, due to the absorption

14
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of Fgn in the UV region, further investigations were needed prior to the optical
modelling. For this reason, Fgn adsorption was also monitored in a conven-
tional flow cell (introduced in Ref. [40]) where the light beam travels through
the window and the liquid, to be reflected from the surface of SiO5 on the Si
substrate. An appropriate optical model was built to describe the system with-
out the adsorbed protein layer (consisting of a Sellmeier ambient (PBS) with
a SiO9/Si structure), thus after a 30-min protein adsorption process only one
additional layer was needed in the model to describe the optical properties of
the formed protein layer. It is important to emphasize that the buffer ambient
was the same for describing the structure without/with the protein layer. A
point-by-point analysis was performed with a fixed d = 6.5 nm corresponding
to the thickness of an adsorbed monolayer. From this analysis two peaks were
identified in k, which were fitted by two Kramers-Kronig consistent Gaussian
oscillators. 5 for the jth oscillator is given by
Enj

E— E+ E,; E—En:\2 E+FE,;\?
v =y [r = a2 i (o { - (222 ) e { - (222) )
J J J J

(5)

where E is the photon energy of incident light in eV, o; = Brj/2\ﬂln 2). Here,
Ag is the amplitude, F,, is the center energy in eV and Br is the broadening in
eV. ' is a convergence series that produces a line shape for €7 in a Kramers-
Kronig consistent manner [42]. An additional parameter, a constant value from
KK-integration egs was also fitted, and was found to be egoo = 1.27+0.03. k
is in turn the imaginary part of (¢, + ie3)/2. The calculated results are shown
in Fig. and in Table 2] where n and the oscillator parameters of the Fgn
layer are presented. Note that the calculated optical properties may be valid
only for an Fgn layer with a given volume fraction, since numerical random
sequential adsorption models showed that there is a maximum coverage that
can be achieved during protein adsorption [43].

During protein adsorption the 7 values of the Fgn layer (nggy) were fixed

and only the thickness of the layer (dpg,) was fitted. The surface mass density
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Table 2: Values of the oscillator parameters from Eq. [5| fitted on a measurement of Fgn ad-
sorbed on a Si wafer. The uncertainty values behind the ”+” sings refer to the 90% confidence

limits. The last column shows the center energy of the oscillators in nm.

Oscillator parameter Ac ‘ Br (eV) ‘ E, (eV) E, (nm)
j=1 0.18£0.01 | 0.43£0.03 | 4.41+£0.01 | 280.1£0.6
j=2 0.25+£0.01 | 0.80£0.05 | 5.79£0.02 | 214.0+0.9

(SMD, I'pgy) was calculated from dpg, using the de Feijter equation [44]:

d n n -
Fan _ Fg (ana nPBS)’ (6)

where nppg is the refractive index of the PBS ambient, and a denotes the
refractive index increment of the Fgn solution (ns) with the Fgn concentration
(dns/depgn) at the wavelength value of 632.8 nm. The value of ¢ was fixed at
0.18 mL/g. T'pyy, is calculated in the unit of ng/mm?.

The temporal evolution of I'pg, is shown in Fig. for both the BMS-SE
and SPR-SE measurements. From the similar profiles we conclude that there is
only a slight difference between the two adsorption curves stemming probably
from the different surface materials of the BMS and SPR structures (SiO2 vs.
Au, respectively). The calculated SMD is in good agreement with several other
results published before [45] [46], 47]. The absolute changes in ¥ and A during
the adsorption are also presented for the most sensitive A in Figs. [fA and [§B.
The variations corresponding to the BMS are comparable with those of the SPR,
revealing an excellent sensitivity in both cases. Apart from the amplitude ratio
(tan(¥) = |p| = |rp/7s|) the phase (A) of p is also measured by SE showing
a variation that is six times larger than that of ¥ (Fig. vs. ) for both
the BMS and SPR structure, which leads to a sensitivity that is significantly
larger than that of simple amplitude and intensity measurements [6]. Also
note that apart from the capability of the accurate sensing at the selected A
and 0, SE adds a modeling opportunity due to the large number of data in a
broad spectral range. Although most of the spectral regions do not offer a high

sensitivity, the models can be used to have an insight in the layer structures and
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inhomogeneities, to have a better understanding of the complex processes that
occur during the high-sensitivity variation of the signal at the most favorable \.

The limit of detection was also calculated for the smallest detectable surface
mass density by using the expression of LODgyp = 3 Oumeas/Ssmp, where
Omeas 1S the standard deviation of A at a given wavelength for several time
points, circulating only PBS in the flow cell, and Sgpsp is the sensitivity in A to
the protein adsorption. For both SPR-SE and BMS-SE LODg/p was calculated
and were found to be 16.50 pg/mm? and 43.39 pg/mm? respectively. Note that
the reason of the slightly worse LOD for BMS-SE is the significantly higher
Omeas i1 the UV wavelength range. It means that the BMS-SE method used for
absorption features above the UV range can reveal a much better sensitivity.
There is also room for the improvement of ¢ in other areas of instrumentation

that increases the signal-to-noise ratio and the stability.

3.5. Selectivity properties of BMS

The biosensing capability and properties of BMS in terms of bulk and thin
film sensitivity and adsorption monitoring was discussed in the above sections.
Although it was not investigated here in detail, it is important to point out the
potential of the proposed approach for a high-selectivity measurement of pro-
cesses in non-adsorbing solutions and various proteins with different absorption
peaks. The individual sensitivities of bulk n variations and layer formations
can be estimated by simulations using the optical parameters of the systems
determined above. Numerical TMM calculations were performed to calculate
the deviation of A between PBS and DI water using the values of the measured
dispersion of n (ADT = 0.908 and AEBS = 0.914, respectively, in the Sellmeier
model of Eq. . Using the CompleteEASE software a typical amount of noise
was added to the simulation stemming from the measurement equipment and
also from the layer structure. The sensitivity in this case is given as the variation
in n or SMD corresponding to the smallest detectable change in A defined as
five times the noise of a A spectra at a given angle of incidence. The simulation

was performed in the range of A = 200 — 600 nm and 6 = 60 — 75° in steps
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of 0.05°. The same calculation was also performed with/without a 6.5 nm thin
Fgn layer that has the optical properties as shown in Fig. [§C. The results are
presented for n (bulk) and SMD (layer) sensitivity in Fig. [0} It is remarkable
that in the range of A < 300 nm completely different structures appeared in
the sensitivity maps. These calculations are also supported by measurements
for the same ranges of A and 6, shown in Figs. OIC and [9D including the ex-
perimental noise of the measurements. From the simulation minimum values of
1.23-107% RIU and 6.7 pg/mm? were identified as the smallest detectable bulk
refractive index change and SMD change, respectively. From the measurements

these values were found to be 6.55-107% RIU and 10.4 pg/mm?.

4. Conclusion

Three pairs of SiOs and ZrOs layers were evaporated on FS slides to create
a multilayer structure with a sharp (FWHM=3-4 nm) absorption feature in
surface-enhanced internal reflection Kretschmann-Raether configuration for SE.
The thicknesses and optical properties of the layers were designed to position
the absorption near A = 280 nm, at which many protein-based materials absorb
the light. The A and 6 position of the absorption peak can be controlled by
multilayer design, offering opportunities for high-selectivity measurements. The
spectral distributions of 7 for glycerol and Fgn were determined for a spectral
range of A = 200—1690 nm and used in KRSE configuration to reveal a detection
limit of 1075 and below 45 pg/mm? in terms of n (glycerol as bulk medium) and
surface mass density (Fgn layer). The optical modeling capability of SE was
pointed out extending the sensing features with quantitative multiparameter
measurement of complex structures. The SE configuration of this experiment
was capable of achieving a lateral and temporal resolution of ~0.5 mm and
~3 s, respectively. It was shown that imperfections such as the depolarization
caused by the focusing as well as the surface nanoroughness have a large effect
on the measurement and the sensitivity, and therefore must be included in

the optical model. The main advantages of the BMS-SE approach are (1) the
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tunable resonance wavelength, (2) the larger selection of interface materials

most suitable for the chemistry of the investigated process, (3) and its smaller

sensitivity to the surface nanoroughness.
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Figure 1: Cell design, layer structure and distribution of the electric field at the angle of
incidence of 74° (A). Intensity of the electric field together with depolarization at the interface
to the liquid (B) is also shown calculated by the transfer matrix method (TMM) and the finite
element method (FEM).
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Figure 2: ¥ and A spectra of BMS (A) measured from the front-side (layer-side) of the FS slide
at different 6 values shown in the inset. The depolarization from the reflection measurement
and the transmission intensity (C) are also plotted. All the lines present calculated values.
The optical model with the fit parameters and a transmission electron microscopy (TEM)
picture of the structure are also included (B). In graph (D) the calculated optical properties

of SiO2 and ZrO2 are presented with 7 of water used for the simulations.
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Figure 3: Fitted spectra for thin Au layer, solid lines represent the calculated values. In the
insets the fitted transmission spectra and the used optical model are included, from left to

right, respectively.
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Figure 4: Absorption characteristics of Fgn measured spectrophotometry (A) and SE (B).

The inset in A shows the schematic arrangement of the spectrophotometric measurement.
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Figure 5: The schematic arrangement for an ellipsometric measurement in the Kretschmann-
Raether configuration utilizing BMS-SE and SPR-SE (A). (B) Typical measured ¥ and A
spectra for both BMS-SE (red symbols) and SPR-SE (blue symbols). The solid lines show
fitted values by using the optical models presented in the insets (left hand-side). (C) tan(¥),
i.e. |rp/rs|, measured on the BMS (left hand-side) and Au (right hand-side) layer in the whole
wavelength range in the Kretschmann-Raether configuration. The inset in BMS-SE shows the

spectra closer to the BMS resonance wavelength.
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Figure 6: Spectra measured using SPR-SE (A) and BMS-SE (B) during step-wise increase
of the glycerol concentration. Graph (C) shows n of glycerol solutions measured by RM.
In graphs (D, E) the optical properties of these glycerol solutions are shown measured both
on BMS-SE and SPR-SE. In graph (F) the position shift of ¥ dip divided by the full-width
at half maximum is presented for each concentration. In graphs (A) and (B) the different
concentrations are denoted by numbers from 1 to 7 with increasing concentration (DI water
=1).
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Figure 7: Changes in A in absolute values during the circulation of the glycerol. (A) is for

demonstrating the absolute value change between samples '5’—’6’ and ’6’—’7’.

The time

evolution of A is presented at wavelength values of 281.6 nm and 288.0 nm for BMS-SE (red

color) and at 821.2 nm and 867.2 nm for SPR-SE (blue color), respectively. The yellow bands

show the ranges where transitions occur between the solutions. (B) represents the maxima of

absolute changes in A for both BMS-SE and SPR-SE at the most sensitive wavelengths. In

(B) solid lines are plotted to guide the eyes.
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Figure 8: ¥ and A changes (A and B, respectively) in time during Fgn adsorption for both

layer structures in the Kretschmann-Raether configuration.

The complex refractive index

A = n + ik of Fgn from reflection measurement is shown in graph (C) whereas the calculated

surface mass density (SMD) curves are presented in graph (D), .
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Figure 9: Calculated (A,B) and measured (C,D) sensitivity-maps for bulk n (A, C) and I'rgy,
of Fgn (B,D) in refractive index unit (RIU) and ng/mm?, respectively. The smallest values in
the simulated maps of (A) and (B) are 1.23- 1076 RIU and 6.7 pg/mm?, respectively, whereas
the measurements reveal best values of 6.55-10~% RIU and 10.4 pg/mm? in the graphs of (C)

and (D), respectively.
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HIGHLIGHTS

- Surface enhanced measurement of protein adsorption with a variable resonant
wavelength

- Bragg structure for adsorption measurements with enhanced sensing at the wavelength
of 280 nm

- Realization of Kretschmann-Raether ellipsometry utilizing the deep-ultraviolet
absorption

- Resonance position can be adjusted for enhanced selectivity

- Verification of the optical model by a spectroscopic ellipsometry fit

- Quantitative spectroscopy combined with high-sensitivity sensing
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