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46 ABSTRACT

50 The present work shows for the first time the production of mass sensitive polymeric biosensors
52 by 3D printing technology with intrinsic functionalities. We demonstrate the feasibility of mass
sensitive biosensors in the form of microcantilever in a one-step printing process, using acrylic

57 acid as functional co-monomer for introducing a controlled amount of functional groups that can
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covalently immobilize the biomolecules onto the polymer. The effectiveness of the application of
3D printed microcantilevers as biosensors is then demonstrated with their implementation in a
standard immunoassay protocol. This work shows how 3D microfabrication techniques, material
characterization and biosensor development could come together to obtain an engineered
polymeric microcantilever with intrinsic functionalities. The possibility of tuning the
composition of the starting photocurable resin with the addition of functional agents, and
consequently control the functionalities of the 3D printed devices, paves the way to a new class

of mass sensing MEMS devices with intrinsic properties.

Introduction

Resonant mechanical structures have been widely used in the last decades as highly sensitive
mass sensing devices.! Thanks to their high resolution and simplicity of measurement,
microresonators were successfully implemented for biological, chemical and agroindustrial
applications.”* Moreover, the need of pushing forward the limit of detection to analyze small
particles like viruses, DNA or nanoparticles, increased the development of mechanical resonators
shrinking geometry and mass of the devices, with a noteworthy enhancement of the sensitivity.
Mass resolution in the zeptogram range was obtained decreasing thickness of the silicon
resonator in the nanometer scale’ and even yoctogram sensitivity was reached using bottom-up
integrated nanomechanical resonators such as carbon nanotubes.® However, these micro and
nanoresonator devices mostly require expensive and time consuming micro and nanofabrication
techniques, which limit their implementation as standard chemical and biological sensors. In
addition, cantilever sensors are usually fabricated in silicon or silicon based materials (such as

silicon dioxide or silicon nitrate) and thus present an inert surface, which interacts with
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molecules mostly by physisorption phenomena, without any selectivity.” ® An additional
functionalization step is then needed to reach the sensitivity and selectivity required to detect
biological or chemical analy‘[es.9 This process further increases the sensor preparation time and
often requires the implementation of hazardous and/or persistent chemicals in an anhydrous

environment.

In order to overcome these functionalization issues, different kinds of polymers have been used
to prepare ultrasensitive biosensors'’ and to develop polymeric cantilevers. In fact, the use of
polymeric materials allows easier integration of the biorecognition elements, both by
incorporation'' or chemical reaction,'” taking advantages of the functional groups already
present. In particular, cantilever based on SU8 (a photocurable epoxy resin)'>* ', PDMS" ' and
PEGDA'"'® were developed. However, the fabrication of these devices is still very complex and

time consuming since it is based on standard lithographic techniques.

The fabrication of 3D microstructures is typically complex and requires time-consuming
multistep processes. In this context, 3D printing represents an intriguing alternative in order to
overcome both technological and functionalization issues, allowing the fabrication of reliable
and ready-to-use mechanical resonator sensors in a single fabrication step. In fact, 3D printing
allows the direct fabrication of objects starting from CAD files, which represents a time-saving
and cost-effective approach both in sensor prototyping and in fabrication. The digital image of
the object is sliced by a dedicated software and the component is built in the printer layer-by-
layer."” Among the different 3D printing methods for polymeric materials, the technologies
based on photopolymerization (such as steoreolithography (SLA), digital light processing (DLP),
and two photon polymerization (2PP)) result particularly helpful for the fabrication of functional

materials.”® In fact, those techniques involve the use of liquid photocurable resins which could be
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easily modified playing on the ingredients in the starting formulations, tailoring the final

21,22

properties of the printed objects. For instance, it is possible to introduce novel functionalities

23-25

to the polymer networks adding in the printable formulation fillers or precursors of

26-28

metallic/ceramic phase or properly selecting photocurable monomers with chemically active

groups. 29-32

To the best of our knowledge, few examples of cantilever produced by 3D printing technologies
are reported in the literature: Watanabe et al. produced light responsive hydrogels with a
cantilever shape by 2PP,** whereas Gomez et al. used a 2PP approach for the production of
microcantilever (MCs) made of Molecular Imprinted Polymers.>* More recently, Credi et al.
reported about nanocomposites containing magnetic nanoparticles printed by SLA with a
cantilever shape in the millimeter range.”” Therefore, 3D printing technology can be exploited to
fabricate in a single step polymeric microcantilevers; however, in most of the cases the cantilever
shape was chosen just for investigating mechanical/deformation properties and not as functional
mechanical structure for sensors. Thus, it is possible to envisage the production of chemical and
biological sensors with intrinsic functionalities by properly tailoring the formulation

composition.

The present work shows for the first time the production of mass sensitive biosensors by 3D
printing technology with intrinsic functionalities. The printed device, composed by an array of
MCs, was prepared from an acrylic-based formulation with the addition of acrylic acid acting as
functionalization agent. Acrylic acid (AA) was chosen as a co-monomer to control the number of
carboxyl group available on the microcantilevers. This approach is alternative to the classical
functionalization step, normally based on an anhydrous 3-aminopropyltriethoxysilane (APTES)

silanization, needed toward biosensing to prepare the silicon surface of standard microcantilevers
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for the immobilization of biomolecules. At first, a chemical and functional characterization of
the material has been performed. Afterwards, an immunoassay was used as a proof of concept of
the application of 3D printed microcantilever as biosensors, demonstrating the possibility to

fabricate devices with intrinsic properties by tuning the composition of the printable formulation.

Experimental Section

Materials and chemicals: Bisphenol A ethoxylate diacrylate, BEDA (EO/phenol 2, Mn 512) and
Acrylic Acid (AA) were purchased from Sigma Aldrich and used as received. Bis-(2,4,6-
trimethylbenzoyl) phenylphosphineoxide (Irgacure 819, BASF) was selected as initiating system
for his absorbing characteristics in the deep blue to near UV and was added to the formulations.
Reactive Orange 16 (RO, Sigma Aldrich) was also added as a dye to limit light penetration
during printing. The recombinant protein G (PtG) was purchased from Thermo Scientific
(Fischer Scientific, Milan, IT). The horseradish peroxidase conjugated goat anti-mouse IgG (Ab-
HRP) was bought from Merk-Millipore (Milan, Italy). During each step water from MilliQ (
Merck-Millipore) was used. 3-aminopropyltriethoxysilane (APTES, anhydrous, 99%), succinic
anhydride (SA, 99%), toluene (anhydrous, 99.8%), tetrahydrofuran (THF, 99.9%), triethylamine
(TEA), 2-(N-morpholino)ethanesulfonic acid (MES, 99.5%), sodium chloride (99.5%), sulphuric
acid (98%, w/w), hydrogen peroxide (30%, w/w), 3,3',5,5'-tetramethylbenzidine (TMB), 1-ethyl-
3-(3-dimethylaminopropyl)-carbodiimide (EDC, 99%), N-hydroxy-sulfo-succinimide sodium
salt (sulfo-NHS, 98%), Dulbecco’s Phosphate Buffer Saline (PBS), polyoxyethylene-glycol-
sorbitan monolaurato (Tween-20™), and bovine serum albumin (BSA, protease free, 98%) were

purchased from Sigma Aldrich (Milan, Italy) and used without further purification.

3D samples and microcantilever array preparation: Mixtures containing BEDA, Acrylic Acid

(0, 5, 10, 20 % wt. in the monomer formulation), photoinitiator (2 per hundred resins, phr) and
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RO were prepared (0.2 phr). A Freeform Pico Plus 39 DLP printer (Asiga) with XY pixel
resolutions of 39 microns using a LED light source (405 nm, intensity 22 mW/cm?) was used as
printing equipment (see Figure S1 for the printing scheme). The build area is 50 mm % 30 mm x
150 mm and the layer thickness is adjustable from 10 to 100 pm. For every formulation, flat
specimens (30 mm x 30 mm x 0.5 mm) were printed; the layer thickness was fixed to 25 um, the
exposure times used ranged from 0.6 s to 1 s per layer accordingly to the printed formulation.
For the microcantilever array structure the layer thickness was fixed to 25 um with an exposure
time of 0.8 s per layer for the selected formulation (10 % AA). A post curing process performed
with a medium pressure mercury lamp (5 minutes in a lamp provided by Robot Factory, light
intensity 10 mW/cm?®) followed the printing process. The digital models of structures were

designed and converted to STL file format for 3D printing.

Quantification of the available carboxyl groups: The density of carboxyl groups available for
biomolecules covalent binding was estimated by Toluidine Blue O (TBO) colorimetric titration.
This cationic dye binds electrostatically to deprotonated carboxyl acid functionalities in an
equimolar ratio at high pH values (pH =10), and it can be measured by visible absorption at a
wavelength of approximately 600-650 nm.*® *’ In order to promote the interaction, the samples
containing different concentration of AA were incubated with 3 mL of 0.5 mM TBO aqueous
solution (pH 10) at 37 °C for 5 h. A sample without RO (called BEDA) was also included as a
control. To remove the unbound dye, the substrates were rinsed thrice with 3 mL of 0.1 mM
NaOH solution. The release of the dye molecules reacted with the —-COOH terminations of the
AA functionalities was promoted by 1 mL of 50% (v/v) acetic acid solution at pH<2. The optical
density (OD) of the recovered solutions was measured at 630 nm (dye maximum absorption) by

means of a 2100-C microplate reader (Ivymen Optic System). To determine the density of
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available carboxyl groups, a calibration curve made of TBO serially diluted in 50% (v/v) acetic
acid at various concentration was also measured and used to estimate the number of TBO
molecules, and subsequently of AA functionalities, according to the Lambert—Beer Law.*® Each
condition was analyzed in triplicate and the mean values + their half-deviation were calculated.
In order to obtain a relative quantification of the carboxyl groups available for biomolecule
binding, the average value obtained by the BEDA sample was used as a background and

subtracted from the other ones.

Functional evaluation of the binding capability by PtG/Ab-HRP colorimetric bioassay: The
samples (BEDA + different AA %) were activated by using the protocol by Chiado er al. *° In
details, samples were equilibrated in MES buffer (100 mM MES, 150 mM NacCl, pH 4.7) for 15
minutes, then incubated in a mixture of EDC (4 mM) and sulfo-NHS (10 mM) in MES buffer for
15 minutes. Afterward, the samples were rinsed thrice in PBS supplemented with 0.05% Tween-
20™ (PBS-t) to remove the excess of EDC and sulfo-NHS, and incubated overnight at 4 °C with
50 pL of 50 pg/mL of PtG in PBS-t. The same activation protocol was used for the APTES/SA
functionalized silicon controls. Negative controls (no PtG) were also included. The day after, the
samples were rinsed thrice with PBS-t, incubated in 1% BSA in PBS for 1 h at room temperature
and finally with 50 pL of 2 ug/mL of Ab-HRP for 1 h at room temperature. In conclusion, the
substrates were washed three times with PBS-t, colorimetrically developed with TMB liquid
substrate and stopped with 0.5 M H,SOy, at a 1:1 TMB:H;SO4 ratio. The OD of the solution was
immediately measured at 450 nm and at 630 nm by means of a 2100-C microplate reader
(Ivymen Optic System). To quantify the amount of proteins immobilized on the surface, an in-
liquid titration curve with serially diluted Ab-HRP in PBS-t was prepared and the related OD

was measured. The OD values related to the samples were normalized and transformed in
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surface density (molecules/cm®) by comparison with the in-liquid titration curve, as previously
reported.9 In the tests, three replicates for each experimental condition were used and data
reported are the mean values + their half-deviation. The same protocols were applied to MC
arrays, unless that after each incubation the MCs arrays were rinsed thrice with PBS-t, and thrice

with Milli-Q™ water, as usually performed with other MC bio-functionalizations.’

As comparison, silicon squared samples (5x5 mm?) were silanized and further derivatized to
expose a homogeneous layer of carboxylic groups as previously described elsewhere.” In
details, the samples were cleaned with a piranha solution (3:1 H,SO4:H,0,) and silanized with a
1% (v/v) solution of APTES in anhydrous toluene at 70 °C for 10 minutes. Then, APTES/SA
samples were obtained by incubation in 50 mM SA and 5% TEA in THF for 2 hours at room

temperature.

Materials and Cantilever Characterization: Real-time rheological measurements were
performed using an Anton Paar rheometer (Physica MCR 302) in parallel plate mode with a
Hamamatsu LC8 lamp with visible bulb and a cutoff filter below 400 nm equipped with 8§ mm
light guide. The gap between the two rheometer plates was set to 0.1 mm. During the
experiments, the sample was kept at a constant temperature (25 °C) and under a constant shear
frequency (10 Hz); according to preliminary amplitude sweep tests, all the measurements were
performed within the linear viscoelastic (LVE) range at a strain amplitude of 0.2%; the
irradiating light was turned on after 2 min in order to stabilize the system prior to initiate the
photopolymerization process. Concomitant changes in viscoelastic material moduli during

polymerization were measured as a function of exposure time.
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ATR spectra were collected on a Tensor 27 FTIR Spectrometer, 16 spectra were collected per

each sample with a resolution of 2 cm™ in the range 4000-600 cm.

DMTA measurements were performed on 3D printed flat samples (20x10x0.5 mm) with a Triton
Technology TTDMA. All the experiments were conducted with a temperature ramp of 3 °C/min,

applying a force with frequency of 1 Hz and with 20 um of displacement.

Contact angle measurements were performed with water (y = 72.8 mN/m) by means of First Ten
Angstroms (Portsmouth, VA, USA) 1000 C instrument, equipped with a video camera and image
analyzer, at room temperature with the sessile drop technique. Optical images of the samples

were collected with a Leica DM2500 microscope.

Resonance frequency spectra of 3D printed microcantilever were measured with a laser Doppler
vibrometer system (MSA-500, Polytec Gmbh). The samples were mounted with an adhesive tape
on a piezoelectric disk actuator placed inside a vacuum chamber. During the measurement, a
vacuum level around 10”7 mbar was reached by means of a turbomolecular and membrane pumps
connected in series (MINI-Task System, Varian Inc. Vacuum Technologies). For the bioassay,
resonance frequencies of the 3D printed MCs were measured on the as-prepared samples, after
the PtG incubation and after the Ab-HRP step. Before each vibration characterization, the MCs

were dried in dynamic vacuum conditions.

Results and Discussion

Preliminary studies on printable formulations
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The aim of this work was to develop a method for producing cantilevers to be used as
microgravimetric sensors by 3D DLP printing technique. Based on previous experience,'® BEDA
was chosen as fundamental oligomer since, when exposed to light in the presence of a suitable
photoinitiator, it forms a polymer network that is in the glassy state at room temperature and
rigid enough to be tested for the envisaged application. AA was directly added as a co-monomer
in the liquid formulation, in order to obtain, in a single fabrication step, functionalized
microstructures with a controlled number of carboxyl groups that can be exploited to immobilize

the biomolecules used for biosensing.

Prior to the printing step, the influence of the addition of different amounts of AA on the visible
light-induced polymerization kinetics was investigated by means of photorheology. The variation
of G’ modulus during light irradiation was measured under constant oscillation frequency.
Figure 1A reports the curves relative to the pure BEDA formulation compared to the ones
containing different amounts of AA. The plots show that an increasing amount of AA causes a
slight delay on the beginning of the rise of elastic modulus since the addition of a
monofunctional reagent leads to the formation of a more loosely cross-linked network with a
lower elastic component. The observed delay suggests the need of longer exposure time during
printing. In any case, the gel point, that gives an estimate of the time at which the resin begins to
gel (represented as the crossover point G’=G’’, see supporting info, Fig. S2), always reached in
less than 18 seconds for a layer thickness of 100 pm. On the basis of our experience, these times

are suitable for DLP-3D printing process.*®*’

After the evaluation of the behavior of the formulations under irradiation, the most suitable
printing parameters (i.e. layer thickness and exposure time, see Experimental Section) were

defined for each formulation. ATR experiments were performed on the printed samples in order
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to confirm the copolymerization between the BEDA and AA monomers (see SI for full IR
analysis and spectra, Figure S3-S9). The decrease of the peak correspondent to the acrylic double

bond stretching (1640 cm™) demonstrates that the AA effectively enters in the polymeric

©CoO~NOUTA,WNPE

network, copolymerizing with the BEDA bifunctional monomer.
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The influence of the presence of AA on the thermal/mechanical properties of the printed
networks was evaluated by means of DMTA analysis (Figure 1B and Figure 1C). As expected,
the introduction of increasing amount of AA in the photocurable formulations induces a decrease
of crosslinking density (evidenced in E’ value in the rubbery plateau)*' and an increase of T,
(maximum of tan & curve) to values closer to 100 °C (T, of polyAA is around 110 °C).*
Moreover, tan & peak shows an important broadening that could be related to a widening in the
cross-linking density range. Everything could be explained considering that during
photopolymerization the AA copolymerizes with the BEDA monomer, as demonstrated by ATR
measurements. Since AA is a monofunctional monomer, its presence leads to the formation of
networks with lower cross-linking density with a random distribution of chain length between
two cross-linking points. As a result, the DMTA curves show a broader tan d peak and an evident
decrease of E’ values in the rubbery plateau with the increase of AA amount in the formulations.
Those effects are in good agreement with the literature® and confirm that copolymerization
occurred during 3D printing of samples, resulting in matrices containing an increased amount of

carboxyl moieties.

The influence of hydrophilic AA monomers could be evaluated also by water contact angle
measurements. As expected, the hydrophilicity increased along with the AA content (see Figure
2). In detail, the value determined for the BEDA sample was of 77.9 + 0.4 °, while the presence
of the dye into the polymer matrix slightly increases the hydrophilicity (64.2 + 2.2 °). The more
hydrophilic sample was the one prepared with 20% of AA, which gave the lowest value (43.4 +
0.1 °). This value is comparable with those obtained by plasma polymerization of AA on silicon

substrates, or by means of the APTES/SA functionalization. A similar result was obtained also
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with the sample prepared from 10% of AA (46.6 £ 0.2 °), indicating the saturation of accessible

carboxyl groups.

As a result, adding AA in the printable formulations leads to polymeric networks with lower
crosslinking density and higher hydrophilicity. However, not all the carboxyl groups coming
from the AA monomers will be available for the functionalization step due to intrinsic hindering.
For this reason, an evaluation of available carboxyl groups was performed with Toluidine Blue O
(TBO), a dye that is positively charged in basic conditions, it interacts electrostatically with

36,37

negatively charged groups and can be easily detected by visible spectroscopy.**

In order to quantitatively estimate the number of available carboxyl groups, a colorimetric
titration with TBO has been performed on the different samples (BEDA + different AA %). A
sample of pristine BEDA was also included as a control. The average value obtained by the
BEDA samples was subtracted from the other ones, in order to obtain a relative quantification of
the carboxyl groups available for biomolecules binding.
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Figure 2. Relative quantification of the relative carboxyl groups with TBO, and water contact

angle of BEDA samples (top).

As reported in Figure 2, the higher is the amount of AA in the polymer formulation, the higher is
the final number of available carboxyl groups. In particular, the highest density of —-COOH
groups was reached with 10 and 20 % of AA, with a relative value of about 3.23 +0.85 x 10"
and 3.56 £0.46 x 10" molecules/cm?, respectively. At the same time, the presence of Reactive
Orange (RO) dye was uninfluential on this kind of titration (0% sample), even if this Azo dye
can be positively charged in basic conditions. Finally, this test confirmed the increased number
of carboxyl groups into the polymer matrix, highlighting the possibility to tune the properties of

the 3D printed device for the final biosensing application.

Once the material was physico-chemically characterized, in order to compare the grafting ability
related to different AA content, a functional evaluation of the binding capability of the BEDA
samples has been performed. The samples were firstly treated with EDC/sulfo-NHS to activate
the carboxyl groups, then incubated in a solution of protein G (PtG) and finally with a goat anti-
mouse IgG horseradish peroxidase conjugated (Ab-HRP). APTES/SA functionalized silicon
samples, with the same dimension of BEDA+AA ones, were also included as reference for the

well-known biomolecules binding ability of this procedure.” **

ACS Paragon Plus Environment

14



Page 15 of 29

©CoO~NOUTA,WNPE

ACS Applied Materials & Interfaces

5x10"

BEDA (NoPtG/Ab-HRP) | EZZ NoPIGIAb-HRP

I BEDA (PtG/Ab-HRP) , [__ PtG/Ab-HRP
'

4x10""

;
!
:
:
:
|

3x10"
'
'
;
'

2x10""

Ab-HRP (molecules/cm?)

1x10" |

0 = T T T
BEDA 0% 1% 5% 10%  20%  Functionalized
Silicon

Content of Acrylic Acid (%)

Figure 3. Comparison of the binding capability of BEDA and functionalized silicon samples by

PtG/Ab-HRP bioassay

As shown in Figure 3, there is a strong correlation between the amount of AA in the polymer
formulation and the Ab-HRP molecules density that is directly related to the PtG grafting ability
of the different samples. Increasing the percentage of AA above 5% enhances the binding
capability, obtaining a density of Ab-HRP molecules higher than the one obtained through
silicon samples functionalized with the optimized and well-established APTES/SA protocol.
Moreover, the increase of the binding capability is also combined to a faster sample fabrication
procedure that does not require further functionalization steps, which is necessary for the silicon

samples.

The amount of biomolecules bound to the bare BEDA polymer is probably due to physical
absorption to the polymeric material, but could also be related to the formation of a secondary or
tertiary amine-acrylate adduct, by Michael addition.*® Instead, the presence of the RO dye did

not significantly influence the biomolecules binding, in agreement with the quantification of the
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—COOH functionalities. This functional bioassay demonstrates that the introduction of AA in the
BEDA network enhances the ability to immobilize biomolecules, achieving even better results

than those obtained with APTES/SA functionalized silicon samples.

3D Printing and analysis of microcantilevers

The MC structures were 3D printed according to the prepared CAD files reported in Figure 4A.
In order to obtain a self-standing cantilever, after several experimental tests, the slicing thickness
was set on the machine at 25 um. The MCs were printed with a final device thickness of around
200 pum to strongly reduce bending of the cantilever tip. Then the length of the MCs was defined
to obtain a geometry as close as possible to an ideal plate to gain the best mechanical
performances. The final dimensions of the 3D printed MC were 3000 pm x 700 pm x 200 um
(length x width x thickness, see Figure 4B). In order to match binding capability and mechanical
stiffness, the formulation containing 10% of AA was chosen for 3D printing of the MCs
structures. These samples were subsequently characterized and used in the biological assay test.
Even though the samples based on the formulation with 20% AA showed the higher binding
capabilities, they suffered from a consistent worsening of the mechanical properties (lower

elastic modulus, see Figure 1B) and thus the use of this formulation was not recommended.
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Figure 4. A) CAD design of the 3D printed MCs B) Optical image of the 3D printed MCs.

The mechanical properties of the printed MC were analyzed by means of Laser Doppler
Vibrometer (LDV), which allows highly precise measurement of the vibration amplitude with
sub-picometer resolution. The sensor arrays were actuated through a piezoelectric disk excited
with sinusoidal waveforms at different frequencies and the values of the resonance frequencies
were extracted from the vibration amplitude signal. The peaks related to the first and the second
resonance modes are observable in the vibration spectra (Figure 5) with amplitude signal clearly
above the background noise. Measuring the vibration spectrum in different point of the printed
MC, the LDV is able to reconstruct a 3-D visualization of the device motion for each frequency
(inset of Figure 4). As expected at the first resonance mode frequency of 27.910 kHz the
polymeric cantilever is bending upward and downward with maximum deflection at the tip.
Instead, at 156.748 kHz, the second resonance mode frequency, the microcantilever vibration
shape presents fixed points at two-thirds of its length. Analyzing the cantilevers’ resonant modes,
it is possible to evaluate the elastic properties of the printed objects. In the case of a
homogeneous, single material beam with a fixed end and a free one, the resonance frequencies

arc expressed as:

_ k)R | E
frn = 2w 124 12p (1)
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where, & and / represent the thickness and length of the microcantilever, E the effective elastic
modulus, p the material density and £, is a constant value obtained from the boundary condition

of the beam representing the mode of vibration.

Therefore, the effective elastic modulus can be computed as:

2

2m 12
E=120(fr057) @

Normally, for a crystalline or polycrystalline material, like silicon, the elastic modulus can be
assumed independent from the excitation frequency. Instead, in polymeric materials, like BEDA,
elastic modulus increases according with the frequency of the applied stress. In this case, the
elastic modulus computed from the resonance mode analysis is around 0.9 GPa which is higher
than the value obtained at room temperature with DMTA measurement (0.5 GPa measured at 1

Hz).
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Figure 5. (Top) Schematic illustration of the 3D printed MCs arrays and their vibrational
characterization by means of a LDV. (Bottom) Tip amplitude vibration spectrum of a polymeric
cantilever. In the inset the 3-D visualization of the device experimental vibration amplitude at the

first (f;,1=27.910 kHz) and second (f;»=156.748 kHz) resonance frequency are represented.

In order to demonstrate their application as biosensors, the arrays of 3D printed microcantilevers
were tested in a proof-of-concept immunoassay protocol. Four different arrays, of four
cantilevers each, were evaluated: two arrays were used as negative controls, avoiding the PtG
incubation step. The resonance frequencies of the microcantilevers were measured before and
after the incubation with PtG and/or Ab-HRP. The mean relative frequency shift and its standard
deviation were calculated from the average of the signal of the eight cantilevers treated with the
same condition. For both PtG (Figure 6A) and Ab-HRP (Figure 5B) incubations, the cantilever

mean relative frequency shift is conspicuously higher in comparison to the negative control
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signal, due to the binding of the biomolecules to the surface. The 3D printed microcantilevers
treated with PtG registered a 23 times higher signal if compared with the shift of the arrays
incubated only in the buffer solution (negative controls). After the Ab-HRP incubation, the same
cantilever arrays treated with PtG evidenced a mean relative frequency shift 26 times higher than
the negative controls. This relative frequency variation is more than one order of magnitude
higher in comparison to the signal obtain on flat and nanostructured silicon microcantilever
arrays treated with the same bioassay protocol. ** A validation of the results obtained by the
microgravimetric analysis of the cantilever came from the colorimetric development performed
on the MC arrays after their resonance frequencies characterization (Fig. 5D). The difference in
the molecule surface density values obtained on positive and negative control samples is in good
agreement with the results obtained from the analysis of the relative frequency shift. This
demonstrates the feasibility of the proposed approach, introducing 3D printed polymer

microcantilevers for biosensing applications.
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Figure 6 A) Comparison of the mean relative frequency shifts of 3D printed microcantilevers
after PtG incubation. B) Comparison of the mean relative frequency shifts of 3D printed
microcantilevers after Ab-HRP incubation. C) Variation of the resonance frequency before and
after each bioassay step. D) Surface density of immobilized Ab-HRP on 3D printed

microcantilevers obtained by colorimetric assay.

Conclusion

In this work, a novel approach for the fabrication of mass sensing biosensors is reported. Taking
advantage of DLP-3D printing technology, we fabricated an array of microcantilevers in a single
printing step, avoiding the time-costing microfabrication procedures necessary for standard
silicon microcantilevers. Moreover, we were able to control the amount of available active
carboxylic groups on the cantilevers, by adding acrylic acid as comonomer in the printable

formulation, obtaining structures suitable for an easy enzymatic functionalization without any
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further step, which is the case for actual microcantilevers technology. At last, 3D printed
microarrays were tested in a standard immunoassay protocol, demonstrating to be suitable for
biosensing applications. The proposed strategy represents an important improvement in
microcantilever biosensor field, showing that taking advantage of 3D printing technology and
properly controlling the printable formulation it is possible to fabricate sensor structures with
intrinsic functionalities in a single step, paving the way to the development of a new class of

simple mass biosensors.
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