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Abstract

perspectives and developments.

In this manuscript, we report some proofs-of-principle and preliminary applications and results regarding the
analytical quantification of protein expression of some genes biologically and clinically related to cancer.
Experiments have been carried out coupling Nucleic Acid Programmable Protein Array (NAPPA) with a recently
improved nanogravimetric apparatus which exploits the quartz crystal microbalance with frequency (QCM_F) and
quartz crystal microbalance with dissipation monitoring (QCM_D) technologies. The selected proteins are BRIP1,
JUN and ATF2. Clinically relevant implications for cancer are envisaged and discussed, as well as future

Keywords: Cancer; Quartz Crystal Microbalance with Dissipation
monitoring (QCM_D); Quartz Crystal Microbalance with Frequency
monitoring (QCM_F); Nano-biosensors; Nucleic Acid Programmable
Protein Array (NAPPA); Protein detection; Protein-protein
interaction

Introduction

In the last years, the increasingly explosive evolution of the
nanobiotechnologies applied to proteins, namely proteomics, both
structural and functional, and specifically the development of more
sophisticated protein arrays, has enabled scientists to investigate
protein interactions and functions with an unforeseeable precision and
wealth of details [1,2]. Novel proteins of unknown functions are the
legacy of the post-genomics era [3] and protein arrays indeed make
possible a high-troughput characterization and screening of thousands
of interacting proteins, ranging from protein antibodies, protein-
protein, protein-ligand/protein-receptor, protein-drug, to enzyme-
substrate screening and multianalyte medical diagnostic assays [4,5].

Advancements in protein science and in recombinant technologies,
such as clone engineering, have directly linked DNA sequences and
protein arrays, and since is more easier to store DNA and express it
than obtaining purified proteins, this field of research has attracted a
lot of interest from the scientific community [3]. Moreover, protein
arrays [6-8] can be coupled with label-free approaches [9,10]: the so-
called cell-free protein arrays, such as the Protein In Situ Array (PISA),
the in situ puromycin-capture, the nano-well array format, and the
DNA Array to Protein Array (DAPA). Label-free analysis do not
require the use of any reporter elements (such as fluorescent,
luminescent, radiometric, or colorimetric components), it can provide
direct information on analyte kinetics and binding in the form of mass
addition or depletion [10 and references therein,11].

In this manuscript, we report and discuss some preliminary results
of protein expression of genes related to cancer. Experiments have

been carried out coupling Nucleic Acid Programmable Protein Array
(NAPPA) with a recently improved nanogravimetric apparatus which
exploits the quartz crystal microbalance with frequency (QCM_F) and
quartz crystal microbalance with dissipation monitoring (QCM_D)
technologies. The selected proteins are BRIP1, JUN and ATF2 and
their role and biological roles will be discussed further in this
manuscript.

We chose NAPPA since this innovative technology avoids any
time-consuming task in the difficult process of obtaining highly
purified proteins, relying instead on the production of proteins from
high quality super-coiled DNA [3]. For this purpose, complementary
DNAs (cDNAs) of selected genes tagged with a C-terminal glutathione
S-transferase (GST) are spotted on the microarray surface and
expressed using a cell-free transcription/translation system (IVTT, in
vitro transcription and translation). The newly expressed protein is
captured on the array by an anti-GST antibody that have been co-
immobilized with the expression clone on the microarray surface [6,7].

The advantages and benefits of NAPPA technologies can be
summarized in these highlights:

It spares time and the challenging process of obtaining highly
purified proteins since expression, purification, stabilization and
preservation of the protein and its subsequent spotting on the assay
are replaced by a single step;

Availability of cDNAs and clones;

Protein integrity and stability, being freshly expressed in a cell-free
mammalian system at the needed time, avoiding any not natural
folding or post-translational modifications.

Proteins expressedon the NAPPA arrays are properly folded and
biologically active. NAPPA microarray has, in fact, been successfully
used for the study of different kinds of protein-protein interaction [6,
and references therein] and more than 85% of the interactions that had
been biochemically demonstrated and proved with purified proteins
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were detected on the array. Those interactions occur only between
properly folded, non-denatured and bioactive proteins, demonstrating
that the proteins on the array are properly functioning.

Despite the fact that HeLa cell lysate mix contains intrinsic GST
[12], it has been verified that that the signal is coming from in situ
expressed protein instead of intrinsic GST [13].

Our previous data taken together with data already extensively
published in the literature show that proteins displayed on the array
can be used for functional assays up to 24 hours after the protein
expression. Moreover, NAPPA arrays printed with the ¢cDNAs of
interest can be even stored for more than six months. The expression
of the proteins is performed just when the microarray is needed, and
for this reason it is not necessary to worry about protein stability above
the 24 hours window.

NAPPA microarrays can be useful in biomarkers discovery and for
other clinical applications [8,14], especially in the effort of moving
towards Personalized Medicine [4,15].

NAPPA can be used also as a sensing system platform enabling the
development of biosensor [10]. For this task we coupled NAPPA with
a new generation of conductometric devices, namely QCM.

QCML_D indeed appears a promising tool to study protein-protein
interactions especially in the field of oncology, both cellular and
molecular. Some scholars have developed an acoustic QCM for
studying the bio-mechanical and adhesion properties of tumor cells,
namely epithelial cells (human embryonic kidney, HEK) 293T and
cervical cancer (HeLa) and fibroblasts (African Green Monkey kidney
cells, COS-7), deposited onto functionalized gold surfaces. They found
QCM signature was unique for each kind of tumor cell line and even
characterized the cell growth phase, enabling a precise and detailed
identification [16]. Zhou was able to replicate these findings for
mammary tumor, demonstrating a unique QCM fingerprint and a
peculiar change in viscoelastic, dissipative and resistance properties of
the cancer cells [17].

From a molecular point of view, Chen investigated the effects of
EGF on cancer cells [18], while Prakrankamanant et al. implemented a
biosensor for the sensing of Papillomavirus type 58 [19].

Chen and collaborators designed a QCM-based sensor for detecting
ovarian cancer [20], while Bianco et al. exploited QCM_D for clinical
uses, in order to early detect pancreatic ductal adenocarcinoma [21].
Wang and co-workers coupled label-free technologies with label
approaches for the detection of acute leukemia [22]. Saint-Guirons
focused instead on metastatic tumors [23].

QCM has proved to be a valuable tool to study the kinetics of
antiblastic drugs, namely the signal transducer and activator of
transcription 3 (STAT3) oncogene inhibitors [24]. Shang studied the
structure of herceptin with QCM [25], its binding kinetics and affinity.
Another intriguing pharmaceutical application of QCM is given by the
dynamic measurements carried out by Zhou, that show that
ginsenoside Rh(2) (G-Rh(2)) could inhibit the proliferation of
adriamycin-resistant human breast cancer MCF-7 cells (MCF-7/ADR)
in a concentration-dependent way [26].

In conclusion, QCM has been used for drugs investigation and for
the study of biomarkers [27-30], alone and/or with other
nanobiotechnologies, such as SPR (Surface Plasmon Resonance) and
nanoparticles or aptamer-conjugated magnetic bead [31-33].

To the best of our knowledge, we coupled for the first time QCM_D
with NAPPA technology for biomedical applications.

The objective of the present research regards the analysis of
multiple protein-protein interaction towards potentially useful clinical
applications, namely in the field of cancer studies.

2. Experimental Section
QCM_D Conductometer

Nanogravimetry makes use of functionalized piezoelectric quartz
crystals (QC), which vary their resonance frequency (f) when a mass
(m) is adsorbed to or desorbed from their surface. This is well
described by the Sauerbrey's equation:

Af/f0 = - m/Apl -(1)

where f0 is the fundamental frequency, A is the surface area covered
by the adsorbed molecule and p and 1 are the quartz density and
thickness, respectively.

Quartz resonators response strictly depends on the biophysical
properties of the analyte, such as the viscoelastic coefficient. The
dissipation factor (D) of the crystal's oscillation is correlated with the
softness of the studied material and its measurement can be computed
by taking into account the bandwidth of the conductance curve 2T,
according to the following equation:

D=2r/f )
where f is the peak frequency value [10 and references therein].

In our analysis we introduced also a “normalized D factor”, DN,
that we defined as the ratio between the half-width half-maximum (T)
and the half value of the maximum value of the conductance (Gmax)
of the measured conductance curves [10]:

DN =2I' / Gmax (3)

DN, is more strictly related to the curve shape, reflecting the
conductance variation.

NAPPA Experiments

The QC-NAPPA arrays were printed at the Biodesign Institute,
Arizona State University (Tempe, AZ USA) with 100 spots per QC, to
enhance their sensitivity (in the previous experiments we utilized QC
with a density of only 16 spots). For gene expression and protein
production we employed a human lysate as IVTT system. Moreover
the QCM_D software has been improved enabling the acquisition of
the conductance curves at higher resolution [10].

We selected BRIP1, JUN and ATF2 for their clinical
relevance. FANCJ/BRIP1/BACHI1 (Fanconi anemia complementation
group ] protein/BRCAl-interacting protein 1/BRCAl-associated C-
terminal helicase 1) is a 1249 amminoacids protein involved in breast,
cervical and ovarian cancers, as well as in Fanconi anemia, which is a
genetic cause of anemia, leading to acute myelogenous leukemia or to
bone marrow failure. It is a DNA-dependent ATPase and helicase of
the family RecQ DEAH, which interacts with the BRCT repeats
domain of BRCAL. As helicase, it has an important role in preserving
the chromatin structure and in facilitating and driving the replication
process. It is encoded by the locus 17q22-q24, which is 184 kilobases
long and has 19 exons [34], and is situated near to the locus encoding
the BRCA1 protein.
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JUN encodes the c-Jun protein, which is a well-known oncogene,
being the putative transforming gene of avian sarcoma virus 17. It
encodes indeed a protein with a strong similarity to the viral protein. It
is encoded by the locus 1p32-p31 and its alteration leads to several
malignancies [36].

ATF2 gene (chromosome 2q32) encodes a 505 amino-acids long
transcription factor, that belongs to the leucine zipper family of DNA-
binding proteins. Also ATF2 is an important component of signaling
pathways whose alterations are a cause of malignant transformation
[36,37].

The viscoelastic properties of the NAPPA quartzes during binding
process were monitored by a QCM_D instrument jointly developed
with Elbatech srl (Marciana - LI, Italy). The quartz is connected to an
RF gain-phase detector (Analog Devices, Inc., Norwood, MA, USA)
and is driven by a precision Direct Digital Synthesizer (DDS) (Analog
Devices, Inc., Norwood, MA, USA) around its resonance frequency,
thus acquiring a conductance versus frequency curve (“conductance
curve”) which shows a typical Gaussian behaviour. The conductance
curve peak is at the actual resonance frequency while the shape of the
curve indicates how damped is the oscillation, i.e. how the viscoelastic
effects of the surrounding layers affect the oscillation. The QCM_D
software acquired simultaneously the frequency and dissipation factor
variation versus time. Moreover, the software measures also the
“normalized D factor”, DN (for further information, the reader is
referred to [10]).

In order to have a stable control of the temperature, the
experiments were conduced in a temperature chamber. Microarrays
were produced on standard nanogravimetry quartz used as highly
sensitive transducers. The QC expressing proteins consists of 9.5 MHz,
AT-cut quartz crystal of 14 mm blank diameter and 7.5 mm electrode
diameter, produced by ICM (Oklahoma City, USA). The electrode
material is 100A Cr and 1000A Au and the quartz is embedded into
glass-like structures for easy handling. Each quartz was functionalized
and printed with 100 NAPPA spots. The microarray production was
performed at the Virginia G. Piper Center for Personalized
Diagnostics, the Biodesign Institute at Arizona State University (ASU),
Tempe, Arizona, USA. Quartzes gold surfaces were functionalized and
coated with cysteamine to allow the immobilization of the NAPPA
printing mix. Briefly, quartzes were washed three times with ethanol,
dried with Argon and incubated over night at 4°C with 2 mM
cysteamine. Quartzes were then washed three times with ethanol in
order to remove any unbound cysteamine and dried with Argon. DNA
plasmids expressing GST tagged proteins were transformed into E. coli
and DNA were purified using the NucleoPreplII anion exchange resin
(Macherey Nagel). NAPPA printing mix was prepared with 1.4 pg/ul
DNA, 3.75 pg/ul BSA (Sigma), 5mM BS3 (Pierce) and 66.5 g
polyclonal capture GST antibody (GE Healthcares). Negative controls,
named master mix (MM), were obtained replacing DNA for water in
the printing mix. Samples were incubated at room temperature for 1
hour with agitation and then printed on the cysteamine-coated gold
quartz using the Qarray II from Genetix. In order to enhance the
sensitivity, each quartz was printed with 100 identical features of 300
microns diameter each, spaced by 350 microns center-to-center. There
were immobilized different genes from DNASU plasmid repository,
http://dnasu.asu.edu. Gene expression was performed in the
laboratories of the Department of Experimental Medicine (DIMES),
University of Genoa, immediately before the assay. Briefly, in vitro
transcription and translation were performed using HeLa lysate mix
(1-Step Human Coupled IVTT Kit, Thermo Fisher Scientific Inc.),

prepared according to the manufacturers’ instructions. The quartz,
connected to the nanogravimeter inside the incubator, was incubated
for 1.5 hr at 30°C with 40 ul of HeLa lysate mix for proteins synthesis
and then, the temperature was decreased to 15°C for a period of 30
min to facilitate the proteins binding on the capture antibody (anti-
GST). After the processes of protein expression and capture, the quartz
was removed from the instrument and washed at room temperature,
in phosphate buffered saline (PBS) for 3 times. The quartz was then
placed in the flux chamber for the protein-protein interaction analysis.
The protocol described above was followed identically for both control
QC (the one with only master mix (MM), i.e, all the NAPPA chemistry
except the cDNA) and protein expressing QC.

The sensitivity of our NAPPA based biosensor was previously
determined by the QC characteristics and the sensitivity of the
nanogravimeter. At the moment, the minimum frequency shift
detectable is of 0.05 Hz that corresponds to about 0.3 ng of detected
molecules (the reader is referred to [10]). Comparing our sensitivity
data with the data available in the literature, QC characteristics appear
in the range of other well-established techniques and procedures, such
as SPR.

In our previous proofs-of-principle (described in more details in
[38], to which the reader is referred), we conducted fluorescence
experiments in parallel, experiments that enabled us to validate the
QCML_D results, sensitivity and selectivity. QCM_D results have been
calibrated up to the nanogram level, monitoring up to 1 Hertz
variation in frequency.

Moreover, QCM_D technique measures the viscosity of the
expressed proteins linked directly to the structure and superfolding of
the given protein, providing the scholars precious biophysical and
biochemical information relevant to the protein structure and
conformation. These details indeed allowe us to discriminate among
different proteins of the same quantity being expressed in the same
spot where different genes have been immobilized, a task that is a
challenge even with fluorescence and labeled techniques. In [10,38] we
demonstrated that Jun, CdK2 and p53 could be discriminated in terms
of the D-factor.

Reproducibility of the experiments was assessed computing the
coefficient of variation (CV, or ¢*), using the following equation (4):

ot =o/u(4)
where o is the standard deviation, and  is the mean.

The total amount of the expressed protein was computed in grams,
being the usual unit of measurement in nanogravimetry, and later
converted to molar concentration.

Results and Discussion

We analyzed the conductance curves acquired in NAPPA-QCs in
different steps of the expressing and capturing process. Figures 1 to 2
show the conductance curves for NAPPA-QCs expressing BRIP1 and
JUN (before and after ATF2 addiction). The curves were acquired
both before the expression of NAPPA and after the protein
expression/capture and washing process. The curves have been
centered to their maximum frequency to better visualize the changing
in bandwidths and conductance. These data pointed to a unique
conductance curve shape for each protein and suggested the possibility
to identify the expressed proteins by QCM-D even when combined on
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the same expressing QC (as can bee sen in Figure 2). The conductance
curves were acquired in different steps of NAPPA expression process.

In Tables 1 and 2 are reported the values of peak frequency (f), half-
width half-maximum (T') and the maximum value of the conductance

(Gmax) of the obtained conductance curves of Figure 1. There are
reported also the D factor values (D) and the values of the normalized
D factor, DN = 2I'/Gmax.

BRIP1 conductance curves cv f(Hz) I(Hz) Gmax mS) D108 DN (Hz/mS)
IVTT addition(5 minutes) 4.8% 9466204 5709 0,47 1,21 24322,25
10 minutes IVTT 4.7% 9466065 5720 0,47 1,21 24491,54
15 minutes IVTT 5.0% 9465877 5480 0,46 1,16 23938
Post-capture 5.2% 9465172 5484 0,41 1,16 26751,21
Post-wash 5.5% 9463509 4637,75 0,25 0,98 37102

Table 1: Main parameters of BRIP1 conductance curves, being collected at different steps of the NAPPA expression protocol ; ‘CV=Coefficient of

variation. We performed three independent experiments

We can notice an evident frequency decrease due to the human
IVTT lysate addition and a change in viscoelastic properties of the
quartzes after the human IVTT lysate addition, leading to a
measurable increase of the bandwidth. During the incubation, on the
contrary, the frequency and bandwidth variations were minimal. This
effect could be related to two main effects: the first merely due to the
IVTT lysate addition on the QC surface - when the QCM contacts
with a solution, there is a decrement in frequency that is dependent

upon the viscosity and the density of the solution, and there is a
decrement in damping the resonant oscillation; the viscous loss is
manifested as an increment in resistance of the QCM resonator; and
the second due to the change of the composition of both QC surface
and IVTT lysate after the gene expression and the protein synthesis
and immobilization. The conductance curves acquired after PBS
washing evidenced the further changes of solution in contact with the

QC.

BRIP1 conductance curves Af(Hz) Al'(Hz) AG'max (mS) AD™103 ADN' (Hz/mS) m' (ug)
IVTT addition (10 minutes) -139 11 0 0 169,29 0,6
IVTT addition (15 minutes) -327 -229 -0,01 -0,05 -384,25 1,42
Post-capture -1032 -225 -0,06 -0,05 2428,96 4,48
Post-wash -2695 -1071,25 -0,22 -0,23 12779,75 1,42

Table 2: Shift of the main parameters of BRIP1 conductance curves after lysate addition and relative amounts of protein immobilized onto the
quartz surface. These calculations have been carried out in relation to the moments immediately after IVTT addition.

Using the calibration coefficient [10], we estimated the amount of
molecules immobilized on the quartz surface at the end of
immobilization protocol (m).

To estimate the amount of proteins anchored on the QC surface
after the NAPPA expression we had to take into account for the
human IVTT lysate molecules nonspecifically adsorbed on the quartz
surface. Assuming that on each QC surface there was the same specific
adsorption, we could estimate it from reference quartz conductance
curves. In particular, we considered the frequency shift between the
reference QC conductance curves acquired immediately after the
human IVTT lysate addition (“7VTT addition”) and that acquired at
the end of the protein anchorage (“90 min IVIT addition”); this value
is 450 Hz, that correspond to 2 pg of molecules specifically adsorbed
[10]. The values of immobilized BRIP1 molecules, therefore, was 2.28
pg while the amount of JUN was 1.69 pg. In terms of molar
concentration, we found 0.02 nM for BRIP1 (having a molar weight of
~ 130kDa) and 0.04 nM for JUN (having a molar weight of ~ 39kDa).

Conclusions

In this manuscript, we have presented the results obtained applying
our innovative conductometer, realized by combining NAPPA
technology with QCM_D, to the characterization and analytical
quantification of protein expression and protein-protein interactions
in a multiparametric way, taking advantage of the multiple
information provided by the analysis of the conductance curves (i.e.
conductance, viscoelasticity and adsorbed mass).

The data here presented have been obtained employing a further
improved version of our conductometer aimed to determine protein-
protein interactions; the NAPPA-QCs employed were printed with an
higher number of spots (100), gene expression and protein synthesis
was performed through a human lysate as IVTT system (to guarantee
a higher protein yield) and also the QCM_D software has been
updated and improved allowing the acquisition of the conductance
curves at higher resolution.
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Figure 1: Conductance curves of BRIP1 QCs. The curves were collected in different steps of NAPPA expression protocol, as reported in the
legend. The MM+BRIP1 conductance curves acquired with frequency acquisition steps of 1 Hz.

Monitoring protein expression with NAPPA-based QCM_D sensor
0.80

070
080

0.50 — MM
BRIP1

— JUN
JUN_ATF2

Conductance (mS)

010 /// \

94600 94610 94820 94830

94640 94850

Frequency (kHz)

Figure 2: Conductance curves of different proteins and their
negative control (MM, Master Mix). NAPPA-based QCM_D
appears able to monitor and discriminate the protein expression of
different proteins.

The data here presented have been obtained employing a further
improved version of our conductometer aimed to determine protein-
protein interactions; the NAPPA-QCs employed were printed with an
higher number of spots (100), gene expression and protein synthesis
was performed through a human lysate as IVTT system (to guarantee
a higher protein yield) and also the QCM_D software has been
updated and improved allowing the acquisition of the conductance
curves at higher resolution.

The main objective of this communication was to establish some
proofs of principle by choosing proteins such as BRIP1, Jun and ATF2.
A first interesting implication for potential clinical applications
concerned the possibility to drastically reduce the time of protein
expression and capture under our experimental conditions (this is true
especially for BRIP1). Acquiring conductance curves each 5 minutes
we noticed that after the first 15 minutes after IVTT lysate addition at
30°C the position and shape of the curves did not change anymore,
likewise after few minutes at 15°C, for protein capture, position and
shape of the curves did not change anymore. We deduced from these
results that the protein expression took place in the first minutes and

that also their capture needed only few minutes and we performed
experiments reducing the expression time from 90 minutes to 15 (at
30°C) and the capture time from 30 to 5 minutes (at 15°C). The results
presented confirmed our hypothesis. The conductance curves obtained
showed that protein expression and capture and protein-protein
interactions were successfully performed. Applying the calibration
coefficients, we were able to estimate the amount of protein
immobilized on the biosensor surface. To estimate the amount of
molecules aspecifically captured on the QC surface after the NAPPA
expression (human IVTT lysate molecules not specifically adsorbed on
the QC surface) we employed a reference QC (MM QC) and we
estimated an amount of 2 pg of molecules aspecifically adsorbed. For
BRIP1 quartz we obtained 2.28 pg (that is to say, a concentration of
0.02 nM), while for JUN quartz the amount was 1.69 pg
(corresponding to 0.04 nM).

As stated by Guerrini and collaborators [39], until today very few
quantitative data about c-Jun expressions (and even less for BRIP1) are
present in the literature, which presents only relative changes in
magnitude orders during the carcinogenesis. However, taking the data
together and assuming plausible biological perspective, c-Jun and
BRIP1 expression vary from low nanomolar (as in our case) to
micromolar range. Further studies, utilizing different cell lines or
cellular extracts, as well as different plasmids are needed to replicate
our findings.

The conductance curves of the different proteins and their negative
control (MM, Master Mix) are summarized in Figure 2, where the
NAPPA-based QCM_D biosensor appears able to monitor and
discriminate the protein expression of the different selected proteins.

The multi-spot feature of our sensor could be further exploited for
investigating the multi-protein expression and protein-protein
interactions, becoming more clinically relevant. In fact, not single
biomarkers are able to capture the diagnosis and prognosis of cancer,
but a composite panel of proteins that could be properly detected via
high-throughput sensors.

Future perspectives of this biosensor regard its clinical introduction
for assessing cancer prognosis and make a personalized diagnosis
and/or to deliver an individualized treatment. In particular, different
mutations of the selected genes will be evaluated in terms of protein
instability, functioning, and clinical implications for cancer prognosis.
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