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ABSTRACT

Photonic crystal (PC) enhanced fluorescence has been proposed as a novel tool for early disease detection
in liquid biopsy. Photobleaching of the emitters has never been deeply investigated, despite its cross section
is expected to increase due to the large field intensity enhancement in PC. Herein, we report on the
experimental investigation of the anisotropic effects arising when fluorescence excitation and emission are
coupled to differently polarized modes of the same PC structure. In particular, we experimentally
characterized the anisotropic photobleaching taking place during the operation of one dimensional PC
(1DPC) biosensors sustaining Bloch surface waves (BSW) at their truncation edge. The experimental
results are compared to the description provided by our theoretical model reported in a twin article. We
demonstrate experimentally that photobleaching affects the response of a cancer biomarkers’ detection
assay and propose a procedure to compensate for it. Moreover, we describe the experimental use of BSW
coupled fluorescence and of the strong localization of the BSW at the 1DPC surface to selectively probe
the rotational diffusion kinetics of proteins bound at the 1DPC surface with high spatial resolution and for

different binding strengths.



1. INTRODUCTION

Recently, in a theoretical article, we addressed the modeling of photobleaching (PB) of fluorescent dye
molecules bound at the surface of one dimensional photonic crystals (LDPC) [1]. In particular, we analyzed
the consequences arising from the action of anisotropic PB on the reliability of fluorescence based 1DPC
biosensors and the possibility to exploit it to probe the orientation of the emitters. We evidenced that PB
cannot be neglected in biosensing applications, especially when targeting analytes concentrations are very
close to their limit of detection [2], in relation to the relevant literature [3].

Here, we report on experiments aimed at characterizing anisotropic PB in real fluorescence biosensing
assays carried out with 1DPC biochips. In particular we used 1DPC fluorescence biosensors sustaining
Bloch surface waves (BSW) at their truncation interface [4—6]. Similarly to the surface plasmon polariton
(SPP) case [3], fluorescence emitters in proximity of the surface of the 1DPC can couple to the BSW,
leading to enhanced excitation rates and BSW-coupled emission [7], therefore providing opportunities for
new fluorescence sensing schemes [8].

In literature on photonic crystal (PC) biosensors, despite the large intensity enhancement factors
reported, PB was either not cited or only offhandedly discussed, except some isolated cases in which it was
investigated experimentally during the operation of PC biosensors [9], without however addressing the
anisotropic effects [3] arising when the fluorescence excitation and emission are coupled to differently
polarized modes of the same PC structure. Also for 1DPC biosensors, PB was never deeply
discussed [6,10]. Usually, in both PC and 1DPC enhanced stationary fluorescence biosensors, the
orientational distribution of emitters is assumed to be isotropic, even if the excitation is polarized [7,8,11],
based on the assumption that fluorescence depolarization always dominates [3,12]. However, for emitters
bound at a surface, as for most of PC or 1DPC fluorescence biosensors, such an assumption could be wrong
since rotational motion might be hindered.

On the other hand, since BSW can be either TE or TM polarized [4], contrarily to SPP, a significant
portion of the emission of a fluorescently labelled protein in proximity of a LDPC can couple to the available
BSW, either TE or TM [13], owing to the large local density of optical states (LDOS) provided by the
1DPC [11]. Detecting the relative intensities of the TE and TM BSW components can therefore permit to
trace back to the emitters/proteins’ orientation and eventually to their kinetics under non equilibrium
conditions [1]. It is therefore of particular interest to perform time resolved BSW fluorescence emission

experiments.



The prospect of observing conformational changes of proteins by detecting changes in the dipole
orientation of a rigidly attached probe [14] is among the most exciting possibilities opened up by room-
temperature fluorescence polarization anisotropy techniques, in their ensemble [3,15] and single molecule
versions [16-19]. It is of particular interest to characterize rotational motion of biomolecules which are
either immobilized at a surface [20,21] or embedded in a membrane / layer. [15,22]

Here, we report on the experimental use of BSW coupled fluorescence and of the strong localization of
the BSW at the 1DPC surface to selectively probe rotational diffusion only of those proteins that are bound
at the 1DPC surface. The experimental results should be compared to the results provided by our theoretical
model. [1]

2. FABRICATION OF THE 1DPC BIOCHIPS

The 1DCP biochips used in the present work were designed to sustain BSW in the visible range when
operating in water environment [1]. The design was transferred to real devices by depositing the 1DPC onto
optical quality organic substrates with a prism shaped cross section that permits to operate in the attenuated
total internal reflection (TIR) configuration (Kretschmann-Raether) [23], as shown in Figure 1a-b. The
substrates were obtained by replica molding [24] a cyclic olefin copolymer (TOPAS 5013 LS) [25].
Additionally, a two-component flow cell was molded (Figure 1a), consisting of a hard polymer cover that
can be clicked onto the chip. Inside this cover an elastomer defines three straight micro channels
(0.8 x 0.1 mm? cross section) as well as perpendicularly aligned fluid connectors. In the present work we
used only the middle micro channel.

The 1DPC were deposited onto the substrates by plasma ion assisted electron beam evaporation (P1AD)
of inorganic dielectric layers under high vacuum conditions (3x10* mbar, Leybold Optics APS904 coating
system) [26]. Since PIAD permits to coat at low substrate temperature (< 100 °C), it is suitable for the
1DPC deposition on plastics. After cleaning, the substrates were preconditioned by plasma etching at low
ion energies for 60 s. The 1DPC was then obtained by evaporating tantalum oxide (Ta20s), silicon dioxide
(SiO2) and titanium dioxide (TiO2). In order to achieve low internal stress and absorption losses in the
layers, a medium level argon ion assistance with ion energies of about 80 eV was applied.

The geometry of the 1DPC is shown in Figure 1c and is based on two pairs of bilayers, each constituted
by a Ta>;0s and a SiO; high and low refractive index layers with the thicknesses of du =120 nm and d. =
275 nm, respectively. An additional SiO> layer with thickness d. was first deposited onto the substrate to
improve the reliability of the stack. The 1DPC was topped with a TiO2 / SiO; bilayer, with thickness of

both layers dr = 20 nm. A quartz crystal oscillator was used for thickness monitoring during the deposition.
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The PIAD deposition technique allows for a precision better than 1.5% for the thick layers and better than
1.5 nm for the thin layers [26]. In Figure 1c we also show a FESEM image of the cross section of a 1DPC
deposited on a reference cover slip substrate after coating with a thin graphite layer (~10nm). Within the
resolution provided by the FESEM under the conditions achievable with an insulating sample, the
thicknesses of the layers match the design values.

The complex refractive indices at A_r = 670 nm of Ta,O0s, SiOz and TiO- are 7iy; = 2.160 + j5 X 1075,
fi, = 1474 +j5%x107® and 7y =2.28+ 1.8 x 1073, respectively. They were measured by
reflectance/transmittance spectroscopy of single layers deposited on reference substrates. The extinction
coefficients were too small to be determined by spectrophotometry and were obtained by measuring the
BSW reflectivity of reference 1DPC in a broad angular range [27]. The substrate and water / solution
refractive indices at ALr are nsyp = 1.526 and nsoi = 1.328, respectively.
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Figure 1 (color online) (a) Photographs of (left) organic substrate with the 1DPC deposited onto the surface, (middle) two
components flow cell cover, (right) assembled biochip. (b) Schematic of the chip cross-section. (c) FESEM image of the 1DPC
cross section and 1DPC geometry.

3. OPTICAL READOUT APPARATUS

The 1DPC biochips, including microfluidics, were mounted on an optical read out apparatus, whose
operation principle is sketched in Figure 1b. During an assay the biochip was kept at constant temperature
(Tm = 30°C).



In the label-free (LF) mode, a TE polarized laser beam at A.r was focused at the surface of the biochip
through the coupling prism in a wide range of 6 (FWHM above 4 deg) and above the TIR angle. BSW
excitation at the biochip’s surface causes dissipation of the incident intensity and the appearance of a
resonant dip at 6ssw in the angular spectrum of the reflected beam. Ossw depends on the dispersion of the
BSW at ALr [1]. The role of the top TiO2 layer was to tune absorption and scattering, therefore optimizing
the contrast of the dip [28]. In a LF assay, binding of biomolecules perturbs the surface refractive index
and Ossw. Tracking 6ssw permits monitoring the binding kinetics and evaluating the surface density of
bound biomolecules [29].

In the fluorescence (FLUO) mode, the biochip was excited at an angle y above TIR by a TE polarized
and slightly focused (Ayexc = 0.64 deg) laser beam at Aexc = 635 nm. In a FLUO assay, any fluorescently
labelled protein that is captured at the biochip surface can be excited and emit. As fluorescent labels we
selected either Dylight 650 or Alexa Fluor 647 [30], since Aexc and ALr match their absorption and emission
peaks, respectively [1]. y was tuned to excite the BSW at Aexc with a resonantly enhanced intensity at the
1DPC surface, giving rise to an increased fluorescence excitation rate [8]. The emission at Aem > Aexc Was
channelled to both the TE and TM polarized BSW modes, given their large LDOS [11], and then radiated
through the substrate. Each spectral component at Aem was emitted at a different angle o <y due to the
spectroscopic role played by the BSW dispersion, which is polarization dependent [1].

In Figure 2 we show the layout of the optical apparatus that implemented the functions sketched in

Figure 1b.

Laser  POL CL1 DBS o3

MODULE CL4
Z00M
N
L CLS

) cL2
SN e
w4 5/ HwP

e /S

Figure 2 (color online) Sketch of the optical readout apparatus.

In the LF excitation arm, a laser module included a TE-polarized laser diode at A.r, the beam shaping and
collimating optics and a rotating scatterer that destroyed the spatial coherence to avoid speckles upon
detection. The polarization was refined by a polarizer (POL) aligned to the TE direction and the beam was
focused onto the biochip by a cylindrical lens (CL1). In the detection arm, the illuminated line was imaged

by a cylindrical Fourier lens (CL3) along the long axis of a monochrome CCD camera (Apogee Ascent,
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Sony ICX814 chip). The cylindrical optics permitted to illuminate a line at the surface of the biochip and
to access in a parallel manner to any spot along such a line. The angular field of view was 2.7 deg, as
determined by CL3 and the width of the CCD array (12.50 mm, 3388 pixel). The spots along the
illumination line were imaged along the short axis of the CCD array (10.00 mm, 2712 pixel) by a telecentric
optical system, constituted by two cylindrical lenses, CL4 and CL5. Such a lateral optics cold image a6 mm
wide region along the illumination line with a lateral resolution below 100 pum, therefore allowing for the
simultaneous analysis of 60 spots.

In the FLUO excitation arm, a laser module included a TE-polarized laser diode at Aexc, a half wave
plate (HWP) that was used to adjust the polarization direction and an excitation filter (EXF, Chroma ZET
635/20). A cylindrical lens CL2 focused the beam into a line at the chip surface in the same position of the
LF case. The laser module could be translated by means of a motorized stage, thus tuning the average
incidence angle y. The excitation beam was directed towards the biochip in an epifluorescence configuration
by means of a dichroic beam splitter (DBS, Chroma ZT 640 RDC), which reflected the excitation beam
and transmitted the fluorescence emission. Since Aem was around Arr we could make use of the same
collection optics used for the LF case. However, an extra zoom lens (ZOOM) was inserted in the path in
order to increase the angular field of view to 8 deg. Moreover, an emission filter (EMF, Chroma 655 LP

ET) was placed along the path to cut stray light from the excitation beam.

4. BIOCHEMICAL FUNCTIONALIZATION

The 1DPC biochips were chemically and biochemically modified making use of different procedures. We
prepared sets of biochip types, from B1 to B6 as listed in Table 1, with the aim to obtain a wide spectrum
of the binding strengths of dye-labelled proteins to the 1DPC surface. Such chips were used in experiments
with labelled neutravidin proteins aimed at studying PB and rotational diffusion under different conditions.
Some of the type B6 biochips were functionalized with specific antibodies to give the B7 type and used in
cancer biomarkers detection assays.

Biochemical reagents

Sulfuric acid (95-98%), hydrogen peroxide (30% in H20), (3-Aminopropyl) triethoxysilane (APTES,
99%), ethanol (99.8%), glutaraldehyde solution (GAH, grade I, 50% in H20), sodium bicarbonate (99.7%),
sodium cyanoborohydride (NaCNBHs, 95%), bovine serum albumin (BSA, 98%), and Dulbecco’s
Phosphate Buffered Saline 10X, (D-PBS 10X, 100 mM) were purchased from Sigma-Aldrich and used as

received. For the experiments with biochip types B1 to B6, we used as a labelled protein NeutrAvidin
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Protein, DyLight 650 (NAv650) and, only for the B5 type, a biotin-based crosslinker (EZ-Link NHS-
Biotin), both from Thermo Fisher Scientific. For the cancer biomarker detection assay, biochip type B7,
we labelled the detection antibodies with Alexa Fluor 647 NHS Ester purchased from Thermo Fisher
Scientific.

Table 1 Biochip types and their chemical termination. C is the concentration of the NAv650
solution injected in each assay, washing indicates whether the FLUO measurements were
performed with the NAv650 solution in the fluidic channel or after washing with D-PBS 1X,

kgT/{ and ol,,. are the parameters values fitted from Figure 7.

c kBT/( O-Iexc

Biochip Termination Washing - -
[ ng/mi] [10°s?] [10°s?]

B1 Bare 1 No >13.3 19.0
B2 Piranha 1 Yes 0.54 34.8
B3 BSA 10 No >4.5 16.1
B4 APTES 1 Yes 1.5 8.0
B5 Biotin 0.5 Yes 0.79 6.0
B6 GAH 0.2 Yes 1.7 25.8

Surface modification of the 1DPC biochips

The first step of the chemical surface functionalization for all biochip types, except for the B1 type (bare),
was a piranha treatment [31] to increase the hydroxyl groups density and remove contaminants, leading to
the B2 biochips.

A subset of B2 biochips was de-activated allowing to react with a 1 mg/mL BSA solution in D-PBS 1X
(blocking solution), leading to the B3 biochips. A second subset of B2 biochips was immersed in 2% (3-
aminopropyl) triethoxysilane (APTES) in a mixture of ethanol/water (95/5v/v) for 1h at ambient
temperature, followed by sonication, washing in ethanol, and soft-baking on a hot plate at 110 °C for 1 h,
leading to the B4 biochip.

A subset of B4 biochips was biotinylated making use of EZ-Link NHS-Biotin to exploit the high affinity
of biotin for the labelled neutravidin. Biotinylization was followed by a de-activation step in the blocking
solution, leading to the B5 biochips. A second subset of B4 biochips was immersed in 2% GAH in
bicarbonate buffer for 1h at ambient temperature adding NaCNBH3, followed by sonication and washing
in deionized water, leading to the B6 biochips.

Finally, a subset of B6 biochips was tailored with monoclonal antibodies for specific antigen recognition,
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leading to the B7 biochip. Details on the cancer biomarker protocol and specific antibodies are in the next
paragraph.

Such different chemical terminations can hinder the rotation of bound proteins to a larger/smaller extent,
which however does not necessarily correspond to a larger/smaller protein capture efficiency and mass

surface cove rage.

Protocols for the cancer biomarker detection assay

As an application of 1DPC biochips to cancer biomarkers detection, we addressed the tyrosine kinase
receptor (ERBB2) involved in a variety of cell proliferation, growth and differentiation pathways. In
particular, ERBB2 gene amplification/overexpression occurs in approximately 20-30% of breast
cancers [32]. An ERBB2 positive cell line, BT474, was selected as a source of ERBB2 cancer
biomarkers [33]. Cells were counted by Trypan Blue exclusion and lysed under non-denaturing conditions
with an ice-cold lysis buffer supplemented with 1mM phenyl-methane-sulfonyl fluoride. Yields of whole
cell lysates were assessed by the bicinchoninic acid (BCA) assay.

Biochips of the B7 type were prepared by immobilizing in three regions of the surface along the
illumination line, a specific capture mAb (cAnti-ERBB2), a non specific mAb (L31) and BSA, which was
the negative reference. Finally, the whole biochips’ surface was de-activated by immersing in the blocking
solution overnight at +4°C.

The specific capture mAb (cAnti-ERBB2) was the custom antibody W6/300G9 [34]. The non-specific
mADb used for internal referencing, was the irrelevant specificity L31 antibody, which binds human Major
Histocompatibility Complex class | (MHC 1) molecules [35]. For FLUO detection, we used as a detection
mADb the proprietary antibody W6/800E6, which was conjugated to the NHS ester of Alexa Fluor 647 to
provide a fluorescent detection mAb (dAnti-ERBB2). All mAbs were dissolved in D-PBS 1X. cAnti-
ERBB2 and dAnti-ERBB2 were developed to target distinct epitopes of the ERBB2 ectodomain [34,35]

for capture and detection, respectively.

5. PLATFORM OPERATION

The inset in Figure 3a shows the CCD image acquired in the LF mode for a bare biochip (B1 type) operating
in water. The BSW excitation at A_r appeared as a dark vertical line. The superimposed curve is the angular
reflectance averaged between the two dark dashed lines, corresponding to a 0.56 mm wide spot of the

illuminated line. Ossw slightly changed along the line, due to the 1DPC inhomogeneity. The sensitivity with



respect to changes of nso was measured in experiments with calibrated refractive index solutions and was
Sv = 00Bsw/ onsol = 34.1 deg / RIU, where RIU is refractive index units.

Figure 3a shows sensorgrams recorded when 220 pl of a 1 pg/ml solution of NAv650 in D-PBS 1X were
continuously injected in a biochip at 1.35 pl/s flowrate. The relative shift ABgsw(t) = Ossw(t) - Ossw(0) was
continuously tracked in order to monitor in real-time the NAv650 capture at the surface. The curves were
recorded in three different assays carried out with biochips of the B1, B2, and B4 type. The sensorgrams
are the average of the curves recorded in ten different 0.11 mm wide spots. Clearly, the biochip prepared
with APTES (B5) captured much more NAv650 than the piranha treated (B2) and bare (B1) biochips. At
the end of the NAv650 incubation, at t = 15 min, the biochips were washed by injecting D-PBS 1X. The
residual shifts ABres were 1.2 mdeg, 9 mdeg and 112 mdeg, for the B1, B2 and B4 biochips respectively.
From the ABres values we calculated the surface density of bound NAv650 by means of the De Fejter’s
formula [36].Since each NAv650 bears two Dylight 650 molecules in average [30], the resulting surface
density of fluorescent molecules was 2.0x10'° cm, 1.6x10% cm2, 1.9x10%2 cm™, respectively for the B1,
B2 and B4 biochips.
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Figure 3 (color online) (a) LF sensorgrams recorded when NAv650 in D-PBS was continuously injected in three biochips types:
(dashed) B1, (dotted) B2, (solid) B4. Inset: CCD image acquired in the LF mode at A.r = 670 nm. (b) Background subtracted

FLUO measurements at the end of the LF assay for each biochip (same curve coding). Inset: W vs y for the B4 type case.

Figure 3b shows the CW angular fluorescence emission spectra recorded by the CCD camera under TE
polarized excitation at Aexc and at resonant angle y. The three curves were obtained for the same biochips,
of the B1, B2 and B4 type, used in the LF assays shown in Figure 3a. For each biochip, the curves are the
difference between the spectra recorded in D-PBS after and before incubating the NAv650 solution and are
averaged over the same rows of the CCD image used for the LF case. The experimental data are in good
agreement with the predictions based on our theoretical models, showing two TM and TE angularly
dispersed bands. [1] The inset of Figure 3b shows the measurement of the fluorescence power W =

[I(a)da as a function of the detuning of the excitation angle from the resonant excitation condition
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y —msw, for the B4 type case, indicating that resonant excitation and emission were reached when vy
matched the yssw resonant angle at Aexc. The quality factor of the fluorescence excitation curve shown in
the inset was QrLuo = yssw /4ewnm = 11.1. All curves reported in figures showing I («) distributions that
will follow were obtained at yssw.

The results of the LF and FLUO measurements shown in Figure 3 are in a good agreement. As an
example, the ratio of the ABres values found in the LF mode for the B4 and B2 biochips is 12.4, which

corresponds quite well to the ratio of the P values found in the FLUO mode that was 13.2.

6. EFFECT OF THE ANISOTROPIC PHOTOBLEACHING

We report here on real-time experiments on anisotropic PB and orientational diffusion of proteins bound at
the 1DPC surface to be compared to our theoretical models [1]. Since we refer to some specific observables,
we briefly recall here the Smoluchowsky-Einstein equation that governs rotational diffusion of an ensemble

of rod-like molecules in a host medium and taking into account PB:

of(0.@t) _kgT 1 0 ( : Qaf(e,w,t)) kgT 1 0*f(0.0.0)

ot { sinf 96 a0 { sin%20  d¢? — 0lexcf (0, 9, t)sngsmz‘p 1

where f (6, ¢,t) is the orientational distribution function, kzT is the thermal energy and C is a friction
coefficient between a molecule and the host medium [38]. 6 = 0 is the normal to the 1DPC and molecules
can undergo PB with cross section ¢ by a TE polarized (6 = ¢ = n/2) illumination field with intensity lexc.
Full details on the solution of the Eq.(1) are given elsewhere [1]. The two observables that we shall deal
with experimentally are al,,. and kzT/{.

Figure 4a shows a sketch of the 1DPC surface with labelled proteins bound to different extents. The dye
probes orientation wobbles in a cone [39] (red) while the overall orientation of the probe-protein complex
can change due to orientational diffusion (grey). Such a condition is generally referred to as cone-in-a-cone
model [40]. Here we assume that wobbling is very fast [18] and that dye probes are aligned along the cone
axis. Contrarily, we assume that the depolarization of the complex is slow, based on our experimental
observation that evidence very long time scale effects during the experiments discussed below.

For the moment, as an example, we limit the description of our experiments to the case of a biochip of
the B6 type. The biochip was mounted on the readout system, the fluidic channel was filled with D-PBS 1X
and the fluorescence background was acquired. Then, 160 ul of a 200 ng/ml NAv650 solution in D-PBS

1X were injected into the fluidic channel and 10 ul of the solution were recirculated back and forth for
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15 min (20 times) during incubation and binding of NAv650. At the end we washed with D-PBS 1X and
kept the biochip in dark.

(a) dye-cone  dye-label

N

(b) .y

Figure 4 (color online) (a) 1DPC surface with bound dye-labelled proteins; (b) Selective PB by means of a TE polarized field;

(c) Depolarization of proteins.

At t=0 we started exciting under CW conditions the biochip in the FLUO mode at Aexc, at resonant yssw
and with TE polarization. Figure 5 shows the background subtracted angular fluorescence I(a) that was
continuously acquired at fixed time intervals. The curves were averaged over 0.34 mm wide spots. During
the CW illumination I (a) decreased along time, due to the overall decrease of the number of active emitters

that were undergoing PB. However, a more detailed analysis of the curves shows that the relative peak

amplitudes of the TE and TM bands, I7:%* and 125 changed along time, indicating that not only the
number of emitters but also that their orientational distribution was changing. As sketched in Figure 4b, the
excitation beam photoselects those dye molecules with a component of the transition dipole moment along
the TE direction [3], leading to an anisotropic PB. Due to the reduced orientational mobility of the NAv650
complexes, which are bound at the biochip surface, anisotropic PB prevails over depolarization, whose
effect is depicted in Figure 4c, and f (8, @, t) is modified. Thus, since coupling to the TE and TM BSW
depends on the emitters’ orientation, the relative intensities of the bands change along time. The curves in
Figure 5 are in very good agreement with the results of our theoretical model, involving the full calculation
of the polarization dependent emission rates. [1]

Figure 6a shows a semi-log plot of the time dependence of I75%* and IP5** during the experiment, both
showing a multiple exponential decay. Due to the resonant CW excitation and field enhancement at yssw,
the PB process is very fast. For the fluorescence excitation laser power used in the experiments (4mW),
17’3;“" decreased by a factor 10 in 0.38 min and by a factor 100 in 3 min. This result sets a serious obstacle
to the quantitative evaluation of the absolute intensity in cancer biomarker detection assays based on

photonic crystal enhanced fluorescence, especially when low concentrations are targeted and long
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integration time intervals are involved. For longer illumination times the curves continue decaying with
longer time constants.
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Figure 5 (color online) I(a) recorded at fixed time intervals during CW fluorescence excitation for NAv650 bound at the
surface of B6 biochips.

In Figure 6b we plot the temporal dependency of the ratio R = IP£** /IP** showing that indeed it was
not constant during the measurement. The ratio was about R(0) = 6.1 at t =0, as it is expected for an

isotropic orientational distribution of the emitters under TE excitation [1]. In a first phase (light grey
background), R(t) decreased and reached the value 3.5 after about 7 min, when IP:**and I25** had
decreased by a factor 165. The inset of Figure 6b shows the detail of the experimentally measured
R(t)during such a first phase together with the result of our theoretical model (red solid line). The
experiment is consistent with the theoretical model, when setting for the PB rate and the rotational diffusion
coefficient the values ol,,, = 0.0258 s~ and kzT/{ = 0.0017 s~ 1, respectively [1].

In a second phase (white background), R(t) increased again. Such an increase was due to the fact that
the collected fluorescence was originating both from proteins bound at the biochip surface and from residual
proteins in solution and in proximity to the biochip surface. Such latter proteins could freely rotate and
were therefore characterized by an isotropic orientation distribution with a constant R(0) = 6.1. During
the first phase, the contribution of the bound proteins dominates. However, during the second phase, the
distribution of the dye emitters conjugated to the proteins bound at the surface was more and more depleted
along the illumination direction and the residual fluorescence originated from those in solution, therefore
driving R(t) back towards R(0).

Figure 6a (dark grey background) also shows that, when the fluorescence excitation beam was shut

(t = 42.3 min) and then opened again (t = 53.9 min), there was a recovery of the fluorescence intensity and
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again a steep decay. Such result indicates that when the excitation beam was turned off the £ (8, ¢, t) of the
surface bound emitters relaxed to the isotropic distribution, leading to a partial recovery of R(t) towards the

isotropic value.

100 200 300 400
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0 ' 50 100
t[ min]

Figure 6 (color online) (a) IX:* and 2™ and (b) R(t) measured during CW fluorescence excitation for NAv650 bound at the
surface of B6 biochips. The dark grey band marks the interval when the FLUO excitation laser was shut. The inset is a detail of

the light grey shaded region.

7. DISCUSSION

The results shown in Figure 6 and their agreement with our theoretical model indicate that anisotropic PB
strongly affects fluorescence of organic molecules in proximity of the surface of a 1DPC biosensor
sustaining BSW and in general of resonant PC structures.

On one hand, as widely accepted in fluorescence microscopy [3], labels with as minimum as possible
PB cross section o should be used when designing reliable assay formats for biomarkers detection with PC
biochips. Core-shell semiconductor quantum dots have been proposed as a solution [3]. However, single-
molecule spectroscopy reveals that also quantum dots can readily photobleach and photoblink [41], casting
doubts on their application in biosensing when very small biomarkers’ concentrations are targeted [42].
Therefore, whatever the labeling, PB and its strong polarization dependency must be anyhow mastered
when dealing with highly resonant PC biosensors.
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On the other hand, BSW mediated anisotropic PB can be exploited to probe rotational diffusion of any
protein labelled with fluorescent emitters. Due to their surface localization, BSW permit to probe only those
proteins bound at the interface. Moreover, the polarization dependent spectroscopic role played by the
1DPC permits to analyze simultaneously two polarizations within a relatively simple optical layout. Thus,
when properly mastered, anisotropic PB becomes an opportunity rather than a problem.

In the following we report two examples in which PB is either exploited for the investigation of protein

rotation or compensated in cancer biomarkers’ detection assays.

Rotational diffusion of proteins bound to a surface with different strengths

Figure 7 shows the results obtained for B1, B2 and B3 biochips during the first phase of the experiments,
together with the B6 biochip result already shown in Figure 6. For all experiments we used the same
protocol. In the B1 and B3 cases, I (a) was acquired with the microfluidic channel filled with the NAv650
solution, with the aim to probe the emission of freely rotating proteins in solution. All other biochips were
washed thoroughly with D-PBS 1X after NAv650 incubation, in order to remove proteins in solution.

Figure 7 shows that R(t) can be driven very far from the isotropic value R(0) for proteins bound at the
biochip surface (B2 and B6), whereas it keeps close to R(0) for freely rotating proteins (B1 and B3).

The curves in Figure 7 were fitted to our theoretical model [1] with only ol,,. and kT, /{ as free

parameters. In Table I we list the fitted values.
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Figure 7 (color online) R(t)/R(0) measured in experiments with four biochips of different types. The dashed curves are

theoretical fits.

The al,,. values are all of the same order of magnitude. The variations, despite the results were obtained
for the same excitation power, are possibly due to different local values I,,. at the biochips’ surface,

keeping with the fact that the BSW resonance width and the field enhancement factor are influenced by
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surface loading. As an example, the biochip B3 shows the lowest al,,. since the BSA layer keeps the
emitters at a larger distance from the 1DPC surface where I, is smaller [1].

The kgTy /¢ values span over a wider relative range, confirming that indeed rotational diffusion is
strongly influenced by the reactivity of the biochips’ surface. For the B1 and B3 biochips, probably the
signal was due to both a volume and a surface contribution, the latter due to proteins that bound
nonspecifically to either the bare or the BSA de-activated surface. After an initial fast decay due to PB of
the surface emitters, the R(t)/R(0) curves keep constant, as it is expected for a constant population of
freely rotating emitters. Therefore the fitted kT /¢ for the B1 and B3 biochips are likely to be
underestimated.

Table | indicates that a piranha treated surface (B2) hindered rotational diffusion more than any other
case. Proteins were captured less efficiently, as shown by Figure 3, but they were bound more tightly,
probably by multiple bonds. The values for the GAH biochip (B6) show a roughly three times larger
rotational diffusion coefficient, while the bare (B1) and BSA (B3) biochips keep well with the case of freely
rotating emitters.

Further experiments (not shown), carried out with either B4 or B5 biochips, gave the kT, /{ values
listed in Table I, which are between the B2 and the B6 cases. The biotin surface (B5) hindered rotation
more than the APTES one (B4), which was similar to the GAH one (B6). However, the large deviations of
the a1, values suggest that the experiments for the B4 and B5 biochips should be refined.

Table | shows that kzT),/{ increases when increasing the number of intermediates between the surface
and the proteins, from biochip B2 to B4 and to B6. The only exception is the B5 type, which shows to
hinder rotation more than B4 and B6. However, latter case can be explained by the extreme affinity of
biotin for NAv650, which possibly provides multiple binding of NAv650 to the biochip surface.

The values for k5T, /¢ reported in Table 1 are much smaller than those reported in literature for proteins
in solution (2 x 107s™1 > kgT)/{ > 4 x 10°s71)[3] and for proteins in cell membranes (eosin,
kpTy/C ~103s71) [15], as expected since NAv650 was bound at the biochip surface and behaved as a
hindered rotor. We observe that, under such conditions, standard fluorescence anisotropy time-resolved
techniques [3] do not provide a characterization of rotational diffusion, since the diffusion time is much
longer than the fluorescence lifetime. In those cases, such a long living term is modeled by a residual and

constant anisotropy value.

Cancer biomarkers’ detection assays

Figure 8a shows the LF sensorgrams recorded during an assay carried out with a B7 biochip. 6ssw was
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recorded in the three biochip’s regions where c-Anti-ERBB2 (positive), L31 (negative) and BSA
(reference) were immobilized. The curves are the average over 4 adjacent spots, each 45 um wide, except
for the BSA region, where 3 spots were averaged. At t = 0 min, the biochip was filled with the D-PBS 1X
solution. At t =7 min, 220 uL of a BT-474 cell lysate at a whole protein concentration 0.5 mg/ml were
injected at a flow rate of 1.35 uL/s. Once the injection was completed, 20 uL were re-circulated back and
forth 20 times. Att = 17 min, the biochip was rinsed with D-PBS 1X. At t = 22 min, we injected a solution
of D-PBS 2.5X and then rinsed at t = 26 min with D-PBS 1X; the angular shift recorded at the buffer change
was used to calibrate for small variations of the 1DPC LF sensitivity along the biochip surface. At
t =32 min, the platform was switched to the FLUO mode to collect the fluorescence background when
exciting at yssw. Then the platform was switched back to the LF mode at t = 35 min. Att =39 min, 220 puL
of dAnti-ERBB2 in D-PBS 1X at a concentration of 10 ug/mL were injected at a flow rate of 1.35 uL/s and

re-circulated with the same protocol described above.
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Figure 8 (color online) Assay for ERBB2 with a B7 biochip. (a) LF sensorgrams in the regions: (black) BSA, (blue) L31, (red)
cAnti-ERBB2. (b) Differential LF signals during the dAnti-ERBB2 incubation phase: (grey) L31-BSA, (violet) cAnti-ERBB2-

BSA. (c) I() in the regions: (black) BSA, (blue) L31, (red) cAnti-ERBB2. Inset: CCD image (d) I22**, I2<** and R vs N for

8 repeated FLUO measurements.

The time t = 49 min marks the end of the LF assay, when the biochip was washed with D-PBS 1X to
remove the excess dAnti-ERBB2. In Figure 8b the differential signals, obtained by subtracting to both the
dAnti-ERBB2 and L31 curves the BSA one, are presented. A residual angular label-free shift ABres could

be measured in both the positive and negative regions, as listed in Table 2.

16



The time t = 49 min also marks the beginning of the FLUO assay, in which the background subtracted
I(«) at yesw was collected repetitively for 8 times. Figure 8c shows the I(«) curves averaged over the same
spots used in the LF case. The I(«) curves were extracted from the CCD image shown in the inset of Figure
8c, showing that the cAnti-ERBB2 region is clearly distinguishable and confirming that the ERBB2
biomarker was efficiently captured by the cAnti-ERBB2 region, compared to the BSA and L31 regions.

The effect of PB is clearly visible when comparing the Iy(a) of the 8 successive fluorescence
measurements. Figure 8d shows the fitted values for 175, I25* and their ratio R as a function of the
number of measurement N, for the cAnti-ERBB2 region. Similar data were obtained for the L31 and BSA
regions. The dependence could be fitted with the single exponential behavior predicted by the theoretical
model [1] for short illumination times (that observed in the grey region of Figure 6a ). The fits were used

to extrapolate I25%and 125 to N=0 and to evaluate the PB-free spectra Iy—o (). Finally, the Iy_o(a)
were integrated over a to get the fluorescence power W, which was corrected by dividing by the square of
QrLuo (Figure 3b) averaged over each region. The quadratic normalization originates from the assumption
that, for the small deviations observed for Qr; 0 (£20%), both the coupling efficiency of the fluorescence
excitation beam to the TE BSW [37] and the spontaneous fluorescence rate of the emitters when coupled

to the BSW resonant modes [43] scale linearly with Qg 0.

Table 2 — Results of the combined LF and FLUO ERBB2 assay

Mode  Signal cAnti-ERBB2 - BSA L31-BSA  Ratio

AOges 15.7+2.1 47+15 34%1.6
LF
[ mdeg] (13%) (32%) (47%)
AW 2.96 £ 0.17 0.64+0.02 4.6+04
FLUO
[ MCounts ] (6%) (3%) (9%)

In Table 2, we list the differential power AW, calculated either as W(cAnti-ERBB2)-W(BSA) or as
W(L31)-W(BSA) and their ratio. The result shows that both the LF and FLUO assays distinguish the
positive and negative regions and that, within the errors, they give the same result for the ratio and are
therefore calibrated. Moreover Table 2 confirms that the coefficient of variation of the FLUO assay is
lower that the LF case, providing a smaller limit of detection, as already reported experimentally
elsewhere [31].
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Figure 8d also shows that during illumination Rn grows towards a plateau in the range of that observed
in the first part of Figure 6. Such a behavior is consistent with our theoretical model [1] for emitters that
are preferentially aligned normal to the 1DPC at the beginning. Such a result is possibly due to the fact that
during the LF assay, despite that the illumination power is very low, that the focusing is weak and that ALr
is in the low absorption region for the dye labels, PB took place and modified f (6, ¢, t) by burning a hole
along the TE direction. The result suggests that the LF signal during the dAnti-ERBB2 incubation should

be sampled at low frequency rather than measured under CW illumination.

8. CONCLUSIONS

We experimentally characterized the anisotropic PB effects taking place during the operation of 1DPC
biosensors sustaining BSW. The experimental results are in very good agreement with the description
provided by our theoretical model [1]. We demonstrated experimentally that the LF and FLUO results of
a cancer biomarkers’ detection assay agree when PB is correctly analysed and compensated for. Finally,
we showed that BSW coupled fluorescence, in association with the anisotropic PB and the strong
localization of the BSW at the 1DPC surface, permit to probe selectively the rotational diffusion kinetics

of proteins bound at the 1DPC surface with high spatial resolution and for different binding strengths.
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