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Abstract
In the last years, the increasingly explosive evolution of the nanobiotechnologies applied to proteins, namely
proteomics, both structural and functional, and speci�cally the development of more sophisticated protein arrays,
has enabled scientists to investigate protein interactions and functions with an unforeseeable precision and wealth
of details. Novel proteins of unknown functions are the legacy of the post-genomics era and protein arrays indeed
make possible a high-throughput 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. 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 puri�ed proteins, this �eld of research has attracted a lot of interest from the
scienti�c community. Moreover, protein arrays can be coupled with label-free approaches: the so-called cell-free
protein arrays. Label-free analysis do not require the use of any reporter elements \(such as �uorescent,
luminescent, radiometric, or colorimetric components), it can provide direct information on analyte kinetics and
binding in the form of mass addition or depletion.

Introduction
In the last years, the increasingly explosive evolution of the nanobiotechnologies applied to proteins, namely
proteomics, both structural and functional, and speci�cally the development of more sophisticated protein arrays,
has enabled scientists to investigate protein interactions and functions with an unforeseeable precision and wealth
of details. Novel proteins of unknown functions are the legacy of the post-genomics era and protein arrays indeed
make possible a high-throughput 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. 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 puri�ed proteins, this �eld of research has attracted a lot of interest from the
scienti�c community. Moreover, protein arrays can be coupled with label-free approaches: the so-called cell-free
protein arrays. Label-free analysis do not require the use of any reporter elements \(such as �uorescent,
luminescent, radiometric, or colorimetric components), it can provide direct information on analyte kinetics and
binding in the form of mass addition or depletion. We already reported and discussed some preliminary results of
protein expression of genes related to cancer and other medical issues with potentially clinically relevant
implications \(the reader is kindly referred to the list of references). In particular, 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 were CDK2, P53, MLH1, BRIP1, JUN and
ATF2, very biologically and clinically relevant for cancer. 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 coimmobilized with the
expression clone on the microarray surface. Those interactions occur only between properly folded, non-denatured
and bioactive proteins, demonstrating that the proteins on the array are properly functioning. NAPPA microarrays
can be useful in biomarkers discovery and for other clinical applications, especially in the effort of moving towards
Personalized Medicine. NAPPA can be used also as a sensing system platform enabling the development of
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biosensor. To the best of our knowledge, we coupled for the �rst time QCM_D with NAPPA technology for
biomedical applications. 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: Δf/f0 = - m/Aρl where f0 is the fundamental frequency,
A is the surface area covered by the adsorbed molecule and ρ and l are the quartz density and thickness,
respectively. Quartz resonators response strictly depends on the biophysical properties of the analyte, such as the
viscoelastic coe�cient. 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 2Γ, according to the following equation: D = 2Γ / f where f is the peak frequency value. In our analysis we
introduced also a “normalized D factor”, DN, that we de�ned as the ratio between the half-width half-maximum \(Γ)
and the half value of the maximum value of the conductance \(Gmax) of the measured conductance curves: DN =
2Γ / Gmax DN is more strictly related to the curve shape, re�ecting the conductance variation. Brie�y, IVTT
procedures were performed using HeLa lysate mix, 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 μl 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 �ux 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). 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, we
conducted �uorescence experiments in parallel, experiments that enabled us to validate the QCM_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 allowed 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 �uorescence and labeled techniques. 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 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 �rst 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. Using the calibration coe�cient, we estimated the amount of molecules
immobilized on the quartz surface at the end of immobilization protocol \(m). To estimate the amount of proteins
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anchored on the QC surface after the NAPPA expression we had to take into account for the human IVTT lysate
molecules nonspeci�cally adsorbed on the quartz surface. Assuming that on each QC surface there was the same
speci�c 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 \(“IVTT addition”) and that acquired at the end of the protein anchorage \(“90 min IVTT addition”); this
value is 450 Hz, that correspond to 2 μg of molecules speci�cally adsorbed \[10]. The values of immobilized BRIP1
molecules, therefore, was 2.28 μg while the amount of JUN was 1.69 μg. 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). The data here
presented have been obtained employing a further improved version of our conductometer aimed to determine
proteinprotein interactions; the NAPPA-QCs employed were printed with a 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 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 a 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 �rst 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 �rst 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 �rst 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 con�rmed our hypothesis. The conductance curves obtained
showed that protein expression and capture and protein-protein interactions were successfully performed. Applying
the calibration coe�cients, we were able to estimate the amount of protein immobilized on the biosensor surface.
To estimate the amount of molecules aspeci�cally captured on the QC surface after the NAPPA expression \
(human IVTT lysate molecules not speci�cally adsorbed on the QC surface) we employed a reference QC \(MM QC)
and we estimated an amount of 2 μg of molecules aspeci�cally adsorbed. For BRIP1 quartz we obtained 2.28 μg \
(that is to say, a concentration of 0.02 nM), while for JUN quartz the amount was 1.69 μg \(corresponding to 0.04
nM). 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. 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 can be
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. Moreover, we tested also interaction
between gene/protein and drug, such as temozolomide \(bran name Temodar).

Reagents
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- Argon, - cysteamine 2mM, - ethanol, - HeLa lysate mix \(1-Step Human Coupled IVTT Kit, Thermo Fisher Scienti�c
Inc.), - NucleoPrepII anion exchange resin \(Macherey Nagel), - NAPPA printing mix \(1.4 μg/ul DNA, 3.75 μg/ul
BSA, Sigma-Aldrich; 5 mM BS3, Pierce, Rockford, IL, USA; 66.5 μg polyclonal capture GST antibody, GE
Healthcares), - PBS.

Equipment
- A microarray printing device, such as the Qarray II from Genetix, - 9.5 MHz AT-cut quartz crystal of 14 mm blank
diameter and 7.5 mm electrode diameter, produced by ICM. The electrode materials were 100 Å Cr and 1,000 Å Au.
Microarrays were produced on the quartzes as highly sensitive transducers.

Procedure
- Wash crystal quartzes three times with ethanol, - dry them with Argon, - incubate them over night at 4°C with 2 mM
cysteamine, - wash quartzes again three times with ethanol to remove any unbound cysteamine, - dry quartzes with
Argon - transform plasmids DNA coding for GST tagged proteins into Escherichia coli, - purify DNA using the
NucleoPrepII anion exchange resin \(Macherey Nagel), - prepare NAPPA printing mix with 1.4 μg/ul DNA, 3.75 μg/ul
BSA \(Sigma-Aldrich), 5 mM BS3 \(Pierce, Rockford, IL, USA) and 66.5 μg polyclonal capture GST antibody \(GE
Healthcares), - prepare negative controls, named master mix \(hereinafter abbreviated as “MM”), replacing DNA for
water in the printing mix, - incubate samples at room temperature for 1 hour with agitation, - print them on the
cysteamine-coated gold quartz using the Qarray II from Genetix, - perform in vitro transcription and translation \
(IVTT) using HeLa lysate mix \(1-Step Human Coupled IVTT Kit, Thermo Fisher Scienti�c Inc.), according to the
manufacturers’ instructions, - incubate the quartz, connected to the nanogravimeter inside the incubator, for 10 min
at 30°C with 40 μl of HeLa lysate mix for proteins synthesis, - acquire the conductance curve \(“IVTT addition
curve”, prior protein expression), - decrease the temperature to 15°C for a period of 5-10 min to facilitate the
proteins binding on the capture antibody \(anti-GST), - acquire the conductance curve \(“IVTT addition at 10 min”,
after protein expression), - after the protein expression and capture, remove the quartzes from the instrument and
wash at room temperature, in 500 mM NaCl PBS for 3 times, - after protein expression, capture, wash the quartzes
in PBS at increasing concentrations at 22°C, - acquire the conductance curve \(“Post-wash curve”, after the �nal
washing process with PBS).
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Figure 1
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QCM_D biosensor prototype scheme. The quartz was positioned in a �ow chamber that also guaranteed the
temperature control. Temperature and �ux rate were settable trough the controllers and D factor and frequency
values are visible on two displays. On co

Figure 2

Conductance curves of MM_MLH1 expressing QC plus Temozolomide. The curves were collected in different steps
of NAPPA process, as reported in the legends and after the addition of increasing concentration of Temozolomide.
From Reference 7.

Figure 3

Addition of increasing concentration of Temozolomide. From Reference 7.


