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Abstract

We report on the combined label-free/fluorescence use of one-dimensional photonic crystals to optimize cancer biomarker
detection in complex biological media. The optimization of the assay working parameters permits us to maximize the final
response of the biosensor. The detection approach utilizes a sandwich assay, in which one-dimensional photonic crystals
sustaining Bloch surface waves are modified with monoclonal antibodies in order to guarantee high specificity during biological
recognition. The multiple outcomes generated by such optimization experiments permitted us to determine the effective capture
efficiency and the repeatability of the immobilization process, which was estimated to be close to 5%. By exploiting the
resolution of the fluorescence operation mode, we studied non-specific interactions in different blocking agents, different analyte
diluting buffers, and diverse concentrations of the detection antibody. As a clinically relevant biomarker, we selected the trans-
membrane receptor tyrosine kinase HER2. HER2 regulates a variety of cell proliferation, growth, and differentiation pathways
and its over-expression occurs in approximately 20-30% of breast cancer worldwide. As a final application, we transferred all the
optimized working parameters to HER2 cancer biomarker assays in a complex biological environment. The label-free and
fluorescence results obtained by analyzing MCF-7 (HER2 low positive) and 32D (HER2 negative) cell lysates demonstrate that
we can successfully discriminate the two lysates.
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Introduction pathologies with the aim to improve early diagnosis as well as
therapy monitoring. With this regard, optical immunoassays
The analysis of cancer biomarkers has great potential in the  attracted increasing interest in the field of clinical immunolo-
identification of cancer-related molecules in a wide span of gy because they exhibited the following interesting features:
high sensitivity, high selectivity, non-invasive operation, reli-
ability, and rapid signal generation [1-3]. Thanks to the favor-
able combination of both the optical analysis and the high
affinity of antibody-antigen interaction, optical immunoassays
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researchers can implement biotin-avidin recognition systems
[4], enzyme-mediated reactions [2, 5], and detection antibody
directly or indirectly conjugated with either organic dyes [6, 7]
or nanoparticles [8]. The three intermediate steps, capture an-
tibody immobilization, analyte recognition, and detection an-
tibody, can be tailored by varying the working conditions in
order to obtain an optimized biosensor response.

Usually, the performance of the complete sandwich assay is
heavily influenced by variables that are primarily associated
with the bio-conjugation step, such as surface chemistry, com-
position of the immobilization buffer, and the selection of a
proper passivation strategy.

In order to find the optimized conditions, one should test all
possible combinations of variables in terms of factors (type of
parameters) and levels (values of the parameters), obtaining
the so-called full factorial design. Such an optimization pro-
cedure foresees to vary a single input parameter keeping the
others constant and to monitor the related output. Such labo-
rious approach is called one-factor-at-time (OFAT) method
(multifactorial approach) [6]. In addition, OFAT method could
be influenced by an incorrect evaluation of the initial condi-
tions because the optimal level of a factor could vary depend-
ing on the level of other factors. More efficient strategies, i.e.,
design of experiments (DoE), explained by Montgomery [9]
as a methodology to apply statistics in optimization proce-
dures, are nowadays preferred to mere OFAT methods [10].
For example, in DoE strategies, only a subset of all possible
combinations are experimentally tested following a statistical
strategy that maximizes the possibility to find the optimum.
Indeed, one of the most widely used DoE in quality engineer-
ing process is the Taguchi method [11] but its application in
biological research is still underappreciated [12].

In this work, we made use of a modified OFAT strategy to
optimize iteratively the variables of an immunoassay for the
detection of the HER2\neu (HER2) breast cancer biomarker,
where the initial parameter choices were deduced from our
previous experimental results [7].

HER?2 is a member of the epidermal growth factor receptor
family. It regulates a variety of cell proliferation, growth, and
differentiation pathways crucial to neoplastic transformation
[13], and is the major cancer driver in a potentially aggressive
(but now curable) molecular subset (the HER2 subtype) com-
prising 20-30% of all breast cancers [14]. Molecular diagno-
sis is placed by a combination of gene amplification and pro-
tein over-expression tests, and determines access for the pa-
tient to a rich arsenal of approved, highly effective drugs in-
cluding small molecules, antibodies, and antibody-drug con-
jugates (ADC). HER2 protein tests to quantitatively estimate
the degree of HER2 over-expression are of interest for at least
two reasons: (a) they may be integrated into routine diagnostic
procedures and the current standard of care; (b) amplification
wanes as a result of adaptive negative selection to HER2
blockade, which may result in the exhaustion of the
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therapeutic effects of HER2 blockade [15]. Therefore, quanti-
tative longitudinal HER2 monitoring is likely to become man-
datory in future precision oncology approaches.

The optical technique used in this study is based on one-
dimensional photonic crystals (1IDPCs) sustaining Bloch sur-
face waves (BSW) [16—-18] to develop and to optimize HER2
detection protocols. As recently demonstrated by some of the
authors, 1DPCs have the peculiarity to operate simultaneously
in both a label-free (LF) and a fluorescence (FLUO) mode,
with two different dynamic ranges [4, 7, 19]. For HER2 in a
cell lysate complex matrix, the LF mode can attain the limit of
detection LoDy =16 ng/mL whereas the FLUO mode ex-
tends such a limit down to LoDgy yo = 0.3 ng/mL [7].

The aim of the present work is the monitoring and OFAT
optimization, with a single multimode technique and within
the same assay, of the biomolecular interactions taking place
during all the key steps constituting the HER2 immunoassay.
The LF mode is used when the interactions involve binding of
large quantities of proteins at the sensors’ surface, namely
during the bio-conjugation step. The FLUO mode is used
when a lower limit of detection is needed, namely when char-
acterizing non-specific interactions or recognition/detection at
a low HER2 concentration.

By using such an approach, we determined the optimum
capture antibody concentration and immobilization condi-
tions, the best performing blocking agent, the optimum con-
centration of the detection antibody, and the role of the com-
position of the analyte buffer. Hence, the combined label-free/
fluorescence operation modes provided by 1DPC biochips
contributed to set up a robust and reliable basis in engineering
HER?2 detection assays. In summary, this work wants to detail
some of the issues that bioassay developers are faced with, as
well as some solutions for improved bioassay development
and validation of HER2 detection in complex biological
matrices.

Materials and methods

1DPC sensors’ design, fabrication, and readout
system

The 1DCP biochips used in the experiments were designed to
sustain BSW in the visible range to operate with protein solu-
tions in aqueous environment [20]. The biochips were obtain-
ed by depositing the 1DPC onto optical quality plastic sub-
strates made of cyclic olefin copolymer (TOPAS 5013 LS)
[www.topas.com] with a prism-shaped cross section allowing
to operate in the attenuated total internal reflection (TIR) con-
figuration (Kretschmann-Raether) [21]. Fabrication was car-
ried out by plasma ion—assisted evaporation under high vacu-
um conditions by means of an APS904 coating system
(Leybold Optics) [20]. Moreover, the 1DPC chip is equipped
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with a two-component flow cell consisting of a hard polymer
cover that can be clicked on it. Inside the flow cell, an elasto-
mer defines the micro channel and guarantees the sealing and
the connection with the fluidic handling system [22].

The structure of the 1DPC is based on two pairs of bilayers,
each constituted by a high Ta,Os and a low SiO, refractive
index layers with a thickness of di; = 120 nm and d; =275 nm,
respectively. In order to improve the adhesion onto the
TOPAS substrate, an additional layer of SiO, with thickness
dy was first deposited. The optimized 1DPC forecasts a further
TiO,/Si0, bilayer, with a thickness for the two layers of dr =
20 nm (Fig. 1a) [20]. The complex refractive indices of the
layers’ materials were as follows: n(SiO,) = 1.474 +j5 x 1079,
n(Tay05) =2.160 +j5 x 107>, n(Ti0,)=2.28 +j1.8 x 107 at
Ao =670 nm [23].

The 1DPC biochips were read out, in either LF or FLUO
mode, as shown schematically in Fig. 1b and c, respectively.
For the sake of simplicity, we do not sketch all the optical
components used to manage the light beams (for a complete
description of the optical layout, one can refer to our precedent
work [4, 19]). The system is based on cylindrical optics and
can read out simultaneously several different regions aligned
along a line over the imaged 1DPC biochip surface.

In the LF mode, the 1DPC biochip is illuminated through
the integrated prism coupler in TIR conditions [4, 7, 19] by a
TE polarized and focused laser beam at Ay =670 nm and the
reflected beam is Fourier imaged on a CCD detector. A typical
LF angular reflectance spectrum recorded in one region is
shown in Fig. 1d. The angular range sampled by the CCD is
2.9°. The 1DPC was designed, optimized, and fabricated to
work at 0y gsw =69° and the thin TiO, layer was tailored to
get a narrow width and large depth of the resonant dip [23].

The distribution of the TE polarized BSW energy density
calculated at Ay and in resonance conditions is shown in Fig.
la (red curve). The BSW is confined at the interface between
the 1DPC and the external medium, where the field decays
exponentially with a penetration length L., = 117 nm. Such a
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Fig. 1 (a) 1DPC geometry including functionalization chemistry (not to
scale). Sketches of the label-free (b) and fluorescence (c) operation
modes. (d) TIR angular reflectance profile, with the biochip in buffer

strong localization of the BSW provides a very sensitive tool
to follow refractive index changes in close proximity to the
Si0, outer layer, resulting from protein binding events.

In the FLUO mode, the biochip is excited by a TE polar-
ized and slightly focused laser beam at the wavelength Apxc =
635 nm, matching the absorption peak of the Alexa Fluor 647
dye selected for the assays. The angle Ogxc is set so that
resonant excitation condition of a BSW at Apxc is achieved,
therefore enhancing the excitation intensity and giving rise to
an increased fluorescence emission. Moreover, the dye fluo-
rescence is channeled via the BSW modes, radiated into a
narrow angular range through the substrate, and finally im-
aged by the CCD (Fig. lc) [4, 19, 24]. A typical angular
fluorescence intensity (F) spectrum recorded in a 8° angular
range is shown in Fig. le. In the following sections, W is the
angularly integrated F. In all measurements reported here, the
background fluorescence intensity, due to either stray light
from the excitation or fluorescence of the 1DPC, was always
measured before the assays and subtracted from the final
result.

Chemical functionalization of the 1DPC

Among all possible bio-conjugation strategies [25], here, we
made use of a surface modification technique via (3-
aminopropyl)triethoxysilane (APTES) and glutaraldehyde
(GAH) covalent linkage [26, 27]. The bare BSW biochips
were first cleaned in a piranha solution for 10 min, rinsed
thoroughly with double-distilled water (DDW), and dried un-
der a stream of air. The clean 1DPC chips were allowed to
react with a 2% solution of APTES in a mixture of ethanol/
water (95:5 v/v) at room temperature (RT) for 1 h. Then, they
were immersed in ethanol, sonicated, dried under a stream of
air, and baked on a hot plate at 110 °C for 1 h. Then, the
APTES-modified chips were allowed to react with 1% (v/v)
glutaraldehyde in 100 mM sodium bicarbonate buffer
(pH 8.5) in the presence of 0.1 mM sodium cyanoborohydride
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(PBS 1x). (e) Fluorescence emission spectrum (F) at the end of the bio-
assay where HER2 was detected (violet curve); the TE and TM bands are
also marked
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for 1 h at RT. Lastly, after a second washing procedure in
DDW, the glutaraldehyde-activated 1DPC biochips were
complemented with the two-component fluidic cell and
mounted on the optical readout system to be used in a cancer
biomarker detection assay.

Cell biology and biochemistry

Three different cell lines were used in our experiments. The
KPL-4 and MCF-7 breast cancer cells were used as a conve-
nient source of HER2 molecules since they over-express or
express at low level the HER2 gene. By contrast, the murine-
derived hematopoietic cell line 32D was selected as a negative
control because it lacks HER-kinases [28, 29]. Details on the
cell lines growth and cell characterization are in the Electronic
Supplementary Material (ESM, Section S1).

The monoclonal antibodies (mAbs) W6/300G9 (Anti-
HER2) and W6/900 (detection Anti-HER2) were used to bind
distinct epitopes of the HER2 ectodomain [30, 31]. In order to
introduce fluorescence features, the detection Anti-HER2 was
conjugated to the NHS ester of Alexa Fluor 647, at an approx-
imate molar ratio of 10:1 to give a fluorescent detection anti-
body (Anti-HER2%). For the optimization experiments, we
made use of the recombinant-HER2-Fc¢ chimera (from R&D
Systems). All mAbs were dissolved in phosphate-buffered
saline 1x (PBS 1x, 10 mM). All the chemical reagents, i.e.,
sulfuric acid (95-98%), hydrogen peroxide (30% in H,O), (3-
aminopropyl)triethoxysilane (APTES, 99%), ethanol
(99.8%), glutaraldehyde solution (grade I, 50% in H,O), so-
dium bicarbonate (99.7%), sodium cyanoborohydride (95%),
hydrogen chloride (2 M), glycine (99%), bovine serum albu-
min (BSA, 98%), and PBS 10x (100 mM), were purchased
from Sigma-Aldrich. All blocking agents, human serum albu-
min (HSA), skimmed milk (SM), ethanolamine (MEA), and
casein, were purchased from Sigma-Aldrich and were dis-
solved in PBS 1x. Alexa Fluor 647 NHS Ester (1 mg/mL)
was purchased from Thermo Fisher Scientific.

Results and discussion

In this section, the optimization routes will be detailed in terms
of the input parameters and levels chosen in the experiments.
Once the optimization is carried out, such conditions will be
transferred to a HER2 assay in a complex biological medium
such as a cell lysate.

Bioassay format
In order to optimize the assay, two crucial steps must be ad-
dressed accurately. First, we must guarantee a high density of

functional biological probes (bio-conjugation step). Second,
we must tune the detection conditions to maximize the
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response (detection step). The detailed study of such two steps
can generate via the OFAT approach those factors and levels
that optimize the assays. Figure 2 shows the signal recorded in
LF mode during the two steps of a typical assay reported
herein. In the figure, we also mark the time when the FLUO
measurements are carried out.

Figure 2a refers to the bio-conjugation step, which is con-
stituted by the immobilization of the Anti-HER2 and the
blocking procedure (BLK), each followed by a washing step
in a simple buffer (pure PBS 1%, 5 min each). ABcap and
ABg; x are the residual LF signals in the buffer, in CCD cam-
era pixels units, after either immobilization of Anti-HER2 or
blocking, respectively. Making use of the calibrated sensitivity
16.5 pg/(mm? pix) in the LF mode and in linearity regime
[22], the residual shifts (pixel) could be quantitatively convert-
ed to the surface density of the biomolecules (pg/mm?) finally
bound at the surface of the biochip. Moreover, the density and
the refractive index of the protein layers show a clear depen-
dence on the size of the molecules; proteins with larger mo-
lecular weight form a less dense layer whereas adsorbed small
proteins relate to the formation of a more dense protein layer
[32]. However, since here we are performing a comparison
between the results obtained when changing factors and
levels, dealing with the surface density or with the residual
shift is equivalent. Therefore, in the following we keep the LF
signal in pixel.

While the concentrations, the working conditions, and the
blocking agents were matter of optimization, the working tem-
perature 7=30 °C, the contact time of solutions =15 min.,
the flow rates fi = 1.3 uL/s, and the volume of the samples
injected v=160 puL were kept constant during all the
experiments.

Figure 2b refers to the detection step, which consists of
the interaction with the analyte (HER2) solution and with
the detection antibody (Anti-HER2%*), followed in both
cases by a washing procedure in running buffer
(5 min)to remove the unbound excess proteins. ABygr»>
and ABpgt are the residual LF signals in the buffer, in
CCD camera pixels units, after either analyte recognition
or detection with Anti-HER2*, respectively. Again, 7=
30 °C, t=10 min, f; =1.3 uL/s, and v=160 uL were
the same for all detection experiments. Moreover, the
fluorescence angular spectra were recorded before
(background) and after (signal) the interaction with the
labeled Anti-HER2* as indicated in Fig. 2b.

Capture antibody immobilization step

Figure 2a shows that the signal recorded in the LF mode
allows to monitor and quantify in real time the Anti-HER2
immobilization process by directly relating the angular resid-
ual shifts to the amount of attached ligands.
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Figure 3 reports the residual LF signals ABcap, ABugro,
and ABpgt recorded in three different complete assays carried
out with different biochips and by the same protocol. The only
difference was the pH of the buffer in which the Anti-HER2
antibodies for the immobilization step were dissolved. We
explored three pH values, 7.4, 8.5, and 9.6, including a pH
value very close to the isoelectric point of the Anti-HER2
(pI=8.6). In the assays, the concentrations of the bio-
reagents were as follows: Anti-HER2 (0.1 mg/mL), BSA for
blocking (1 mg/mL), HER2 (0.5 pg/mL), and Anti-HER2*
(10 pg/mL). The running buffer was pure D-PBS 1x
(10 mM).

The surface density of the Anti-HER?2 after the immobili-
zation procedure ABcap, appears to be significantly increased
at pH 7.4, with respect to the other two cases pH 8.5 and
pH 9.6. We point out that the density of functional groups at
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Fig. 3 LF residual shift related to the capture antibody immobilization
(ABcap) and detection assay steps (AOygro, ABpgt) in three different pH
immobilization conditions for the capture antibody (pH =7.4, 8.5, 9.6).
The residual shift was averaged on 7 spots along the 1DPC biochip
surface. The error bar corresponds to the standard deviation calculated
over 7 sensorgrams at the end of the washing procedure. Inset:
background subtracted integrated fluorescence for the three pH cases

the surface of the biochip after APTES and GAH chemistry,
was checked to be almost constant, within 6% relative error
(1std), by performing repetitive HER2 detection assays under
the same conditions and with several different biochips (ESM,
Fig. S2).

Therefore, the differences observed for AOcap are effec-
tively due to the pH and not to the starting conditions of the
biochip. Such differences were transferred through the two
subsequent steps of the bioassay, in terms of ABygr, and
ABpgT, respectively. For all pH cases, AOygr» and AOpgr were
always comparable proving that a 1 to 1 interaction occurred,
as expected for such a biological interaction model [31]. The
inset of Fig. 3 shows that the FLUO intensities, which are
proportional to the total amount of Anti-HER2* finally bound
at the surface, confirmed the behavior obtained for AOpgr in
LF, showing a slight prevalence of the case pH 7.4 as well.

It is worth observing that in Fig. 3, the marked difference
between the ABcp values recorded for pH 7.4 and 9.6 (57 +
3.7 pix) does not match the observation of comparable values,
within the limit of the errors, for ABygro (5.3 £3.7 pix). On
the other hand, the FLUO signals shown in the inset of Fig. 3,
which are proportional to the total amount of Anti-HER2*
finally bound at the surface, confirm such observation with a
better confidence, with a slight prevalence of the case pH 7.4.
Such a result could be ascribed to a better orientation and
capture efficiency of less densely packed capture Anti-HER2
on the biochips prepared at pH = 9.6.

Based on the results of Fig. 3 and following the suggestion
by Whitesides et al. [33] to use pH value 1 point below the pl
of'the antibody to be immobilized, we selected pH = 7.4 as the
working condition for all subsequent assays.

In addition, further assays were carried out by varying the
concentration of Anti-HER2 solution (5, 25, and 100 pg/
mL) during the immobilization (ESM, Fig. S3). The results
of the analysis demonstrated that the largest Anti-HER2
concentration that was tested (100 ug/mL) guarantees an
optimal number of receptors linked at the surface.
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Passivation step

Five different molecules were tested to block the surface
to for prevent non-specific interactions: BSA, HSA,
MEA, SM, and casein. Five different IDPC biochips were
prepared within the same functionalization batch until the
GAH step and then exposed to the five different blocking
agents, with the aim to investigate the resulting different
degree of passivation. Then, all biochips were used with
the same standard bioassay detection protocol (HER2 and
Anti-HER2#). In agreement with their ideally inert nature,
the sensorgrams recorded in the LF mode for all five
IDPC biochips did not show any significant residual an-
gular shift (not shown here), within the limited resolution
provided by the LF mode. However, by exploiting the
better resolution of the FLUO mode, we could measure
reliable FLUO signals and rank the blocking agents.
Figure 4a shows the integrated fluorescence W values,
obtained as the mean over seven different spots, for all
five blocking agents. The results show that passivation
with SM, casein, and BSA provided the three lowest W
values and thus are better suited for blocking.

However, the success of a passivation strategy can be
influenced dramatically by the specific recognition proto-
col that is used after the blocking step. As an example, the
streptavidin-biotin interaction has been successfully used
in a number of applications including the detection of
proteins, nucleic acids, and lipids as well as protein puri-
fication [www.rockland-inc.com]. It is used routinely to
link proteins in immunoassays by exploiting the very
high affinity of such an interaction and we wish to
preserve the possibility of using it in our protocols. With
this in mind, despite their better blocking capability, SM
and casein should be avoided because of their residual
biotin content, which could interfere with the assay.
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Fig.4 (a) Integrated fluorescence intensities for five different passivation
routes on 1DPC biochips; (b) integrated fluorescence intensities as a
function of three different HER2 diluting buffers: PBS 1x (red curve),
BSA solution (dark curve), and BSA with 0.05% of Tween 20 (green
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As a consequence, when biotinylated Anti-HER2* were
used, we selected 0.1% BSA as a blocking agent, as also
supported by the literature that identifies 0.1-2.0% BSA frac-
tion V as a valid approach [www.rockland-inc.com]. In the
case of the cancer biomarker detection assay we show below,
in which we made use of Anti-HER2* directly conjugated to a
dye, SM is the preferable option and was therefore used for
blocking.

Analyte buffer

By keeping the bio-conjugation and detection assay parame-
ters fixed, we dissolved a concentration of 0.1 pg/mL of
HER?2 in three different buffers: PBS 1%, a BSA solution of
1 mg/mL in PBS 1%, and the same solution adding a 0.05% of
Tween 20. In this case, we directly compare the FLUO signal
levels. Figure 4b plots the integrated fluorescence intensities
(W) as a function of the three different diluting buffers com-
pared with the blank signal. The blank was measured by using
same protocol parameters except for the HER2 injection,
which was replaced by 0.1% solution of BSA in PBS 1x.
The three W values (Fig. 4b) were comparable with a slight
prevalence for the PBS 1x and BSA cases. The addition of the
0.05% of Tween 20 to the BSA buffer intended to prevent
sticking of proteins on tubing and fluidic cell but did not
improve the final response, contrarily to what is expected.
Therefore, in all experiments in which the HER2 analyte is
spiked in a buffer, we made use of PBS 1x. In experiments
with lysates, the dilution buffer was the lysis buffer.

Detection step
An additional study on the influence of the Anti-HER* con-

centration on the detection assay was also carried out. The
Anti-HER2* was directly conjugated with an Alexa Fluor
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curve). As a reference, we reported the W of the blank (blue curve). In
both cases, the fluorescence spectra were averaged on 7 spots, while the
error bars represent the standard deviation
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647 and used in the assay. Adopting the optimized bio-
conjugation conditions and keeping the HER2 concentration
constant (¢ =0.5 ug/mL), we varied the Anti-HER2* concen-
tration. As shown in Fig. 5a, the FLUO signal Wat the end of a
complete assay increases when increasing the Anti-HER2*
concentration. The fluorescence signal saturates within the
experimental error at concentrations above 5 pg/mL.

On the other hand, in assays carried out by means of
fluorescence-activated cell sorting (FACS), we found that a
large Anti-HER2* concentration increases the contribution
of non-specific interactions as well as the fluorescence back-
ground. In Fig. 5b and 5c, we show the results of the FACS
assays carried out with selected HER2-negative (32D) and
HER2-positive (KPL-4) cell lines for increasing concentra-
tion, from 1 to 10 pg/mL, of the same Anti-HER2*. In both
cases, the FACS are compared with a reference cell line (gray
shadow curve). Figure 5a confirms what observed with the
1DPC biochips: for the KPL-4 positive line, with concentra-
tions larger than 1 pg/mL, the number of counts, i.e., the
detection efficiency, is almost constant and well separated
from the reference. Contrarily, Fig. Sc shows that the non-
specific signal recorded for the negative line scales with the
Anti-HER2* concentration, therefore giving rise to an increas-
ing non-specific signal.

Such considerations therefore suggest to use a concentra-
tion of Anti-HER2* in the range of (1 + 2.5) pg/mL, which by
the way also matches the recommendations of the suppliers of
ELISA kits for HER2 detection based on different proprietary
capture and detection antibodies [www.rndsystem.com)].

Optimized HER2 assays in cell lysates

After optimizing all intermediate steps of the protocol, the bio-
conjugation and detection parameters were implemented in a

IDPC biochip assay for the detection of HER2 in a complex
biological medium. As a biological source of HER2, we made
use of two different lysates from cell lines: MCF-7 (low HER2
expression) and 32D (HER2 negative, used as reference) [28,
29]. The two lysates were ranked by Western blotting (ESM,
Fig. S1). In the bio-conjugation step, the concentration of
Anti-HER2 was 100 pg/mL in D-PBS 1x at pH 7.4. The
concentration of Anti-HER2* was 1 pg/mL. Since the Anti-
HER2* was directly conjugated to the dye (no biotin-
streptavidin recognition step), the blocking agent was SM.
In all cases, the buffer was D-PBS 1x at pH 7.4, with the only
exception of the cell lysates, which were diluted in a cell lysis
buffer. The flow rates, the interaction times, and the working
temperature were kept constant to the values quoted above.

In Fig. 6a, we show the LF sensorgram (red data points)
recorded during an assay in which the 1DPC biochip
interacted with a MCF-7 cell lysate. S1 is the Anti-HER2
immobilization, S2 is the blocking, S3 is the lysate interaction,
and S4 is the detection. We also plot the result of an assay
carried out with a 32D lysate, only in the S4 phase for the sake
of clarity.

A clear binding kinetics signal is observed during S4
in the presence of MCF-7, while a flat signal appears
when the 32D lysate was allowed to react with the
IDPC biochip. Moreover, such LF findings were sup-
ported by the FLUO result as depicted in Fig. 6b. In
fact, the integrated fluorescence levels are well distin-
guished, thus demonstrating that a successful discrimina-
tion between HER2-negative and low positive cell ly-
sates is achievable in complex biological media. Again,
as experienced in the past [34], the HER2-negative cell
line 32D presented a basal expression of such a biomark-
er when comparing its emitted intensity with the level of
the blank in Fig. 6b.
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Fig. 5 (a) Integrated fluorescence intensities (W) as a function of the
Anti-HER2* concentration; (b) FACS staining of 32D (HER2 negative)
and KPL-4 (HER2 positive) cells with Anti-HER2*, for the indicated
concentrations. The staining was repeated for different concentrations of

Anti-HER2* [ pg/mL ]

Anti-HER2* from 1 to 10 pg/mL. The graphs below (b and c¢) show the
counts as a function of Anti-HER2* concentrations. Shaded histograms
represent the background control

Anti-HER2* [ pg/mL ]
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Fig. 6 (a) Complete LF
sensorgrams related to a breast
cancer assay for HER2 detection.
The optimized assay protocol
consists in four interaction steps:
(S1) capture Anti-HER2 immobi-
lization; (S2) blocking with SM;
(S3) cell lysates MCF-7 (red
curve) or 32D (yellow curve) in-
teraction; (S4) detection of Anti-
HER2* reported for the two cell
lysates. (b) Integrated fluores-
cence intensities for MCF-7 (red),
32D (yellow), and the blank
(gray)

AB [ pix ]

300

200

100

r—...."- e
=
-0
~l
o
s & o

w
N
N
W [Mcounts]
(¥

s1| |[s2| |s3 s4 0

1 O
L el | @é ');" %\
25 50 75 100

t[ min]

Conclusions

In this work, we presented 1DPC biochips combining LF
and FLUO operation modes for bioassay engineering. A
modified OFAT method was used to optimize the experi-
mental variables during bio-conjugation and detection
phases to achieve an efficient HER2 bioassay. Therefore,
with the aim to maximize the 1DPC biochips’ response,
the bio-conjugation process was studied in detail. In this
case, we explored a variety of conditions: different pH of
the capture antibody solution, different concentrations,
different blocking agents. The multiple outcomes generat-
ed from such optimization experiments permitted us to
study the capturing efficiency and the repeatability of
the immobilization process that was estimated to be 6%
(on 9 different 1DPC biochips). By exploiting the resolu-
tion of FLUO operation mode, we were able to study non-
specific interactions for different blocking agents as well
as different HER2 diluting buffers. This allowed to define
the best passivation strategies, e.g., using BSA, SM, or
casein, and to show that PBS 1x is appropriate as a
HER?2 diluting buffer. Moreover, we also addressed the
issue of the concentration of the detection antibody.
Following a complementary cytofluorimetric analysis,
we decreased the amount of Anti-HER2* by an order of
magnitude (from 10 to 1 pg/mL) to reduce FLUO back-
ground signals. Finally, we transferred all the optimized
working parameters to HER2 bioassays in a complex bi-
ological environment. The LF and FLUO results obtained
analyzing the MCF-7 (HER low positive) and 32D (HER
negative) cell lysates demonstrated that we can success-
fully discriminate the two lysates providing clear advan-
tages also in terms of duration time and consumption of
small amounts of precious clinical samples [35]. The tech-
nical improvements described herein will help to develop
robust HER2 detection in complex biological media and
in conventional as well as novel clinical settings, particu-
larly to monitor changes in the levels of actionable HER2
as a result of targeted therapies.
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