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Abstract: Printed electronics have led to new possibilities in the detection and quantification of a wide
range of molecules important for medical, biotechnological, and environmental fields. The integration
with microfluidics is often adopted to avoid hand-deposition of little volumes of reagents and
samples on miniaturized electrodes that strongly depend on operator’s skills. Here we report design,
fabrication and test of an easy-to-use electrochemical sensor platform with microfluidics entirely
realized with Aerosol Jet Printing (AJP). We printed a six-electrochemical-sensors platform with AJP
and we explored the possibility to aerosol jet print directly on it a microfluidic structure without any
support material. Thus, the sacrificial material removal and/or the assembly with sensors steps are
avoided. The repeatability observed when printing both conductive and ultraviolet (UV)-curable
polymer inks can be supported from the values of relative standard deviation of maximum 5%
for thickness and 9% for line width. We designed the whole microfluidic platform to make the
sample deposition (20 µL) independent from the operator. To validate the platform, we quantified
glucose at different concentrations using a standard enzyme-mediated procedure. Both mediator and
enzyme were directly aerosol jet printed on working electrodes (WEs), thus the proposed platform is
entirely fabricated by AJP and ready to use. The chronoamperometric tests show limit of detection
(LOD) = 2.4 mM and sensitivity = 2.2 ± 0.08 µA/mM confirming the effectiveness of mediator and
enzyme directly aerosol jet printed to provide sensing in a clinically relevant range (3–10 mM).
The average relative standard inter-platform deviation is about 8%. AJP technique can be used for
fabricating a ready-to-use microfluidic device that does not need further processing after fabrication,
but is promptly available for electrochemical sample analysis.
Keywords: voltammetric sensors; Aerosol Jet Printing; glucose sensing; 3-D printing;
support-material-free microfluidics

1. Introduction
The sensitive quantification of specific biomolecules and analytes in biological fluids, drinkable
water, or food has a key role in medicine, biotechnological, and environmental research [1,2].
The presence of specific biomolecules or ions above their normal levels in human fluids affects
biochemical cycles and causes adverse health effects [3]. For example, diabetes is a chronic disease [4]
and it is reflected by blood glucose concentrations higher or lower than the normal range (4.4–6.6 mM) [5].
Early diabetes detection can help to reduce the risk of serious complications [6,7]. Besides, proteins can
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also give important information about patient health and predict a pathology insurgence in time [8,9].
Similarly, the possibility to detect contaminants, specific ions, or metals in drinkable water, beverages,
or food, when still in low concentration, might bring a significant improvement in terms of food waste
and of effects on human wealth [10,11]. Several highly specific and sensitive analytical techniques
have been used to detect target analytes in biological or environmental samples such as enzyme-linked
immunosorbent assay (ELISA) [12], surface plasmon resonance (SPR) [13], surface-enhanced Raman
scattering (SERS) [14] and high-performance liquid chromatography (HPLC) [15]. The disadvantages
are the high costs and the need for expensive equipment and trained personnel [3]. In recent years, the
demand for disposable biosensors with high sensitivity, low limit of detection (LOD), repeatability,
miniaturization, and cost efficiency has received increasing attention for early diagnosis and health
monitoring [16]. Electrochemical biosensors (EB) are good candidates for scalable production of
point-of-care (PoC) disposable devices [3,17,18]. They are a feasible solution for analyzing the content
of a biological fluid sample by directly converting a biological event into an electronic signal [19].
Recently, printed electronics have been increasingly investigated as a convenient and promising
strategy to achieve miniaturization, low cost, and ease of surface modification of EB [20,21]. Presently,
the printing techniques adopted most frequently for these applications are screen printing (SP)
and ink-jet printing (IJP). They both allow resolution up to 50–100 µm, required to provide proper
geometrical properties of electrochemical sensors for a wide range of biotechnological applications such
as chemical detection, DNA, or protein recognition [22,23]. Low-cost examples are the paper-based
microfluidic devices (µPAD) that perform an electrochemical [24–26] or a colorimetric [27,28] assay, and
the multi-working electrodes screen-printed electrochemical sensors commercialized by Dropsens [29].
Even though planar three-electrode electrochemical configurations are the most commonly adopted
for printed EB, they show some practical problems: (i) the functionalization and sample droplets are
commonly deposited by hand using a micropipette. In the presence of small electrodes (e.g., lower
than 1 mm) and low amount of fluid (few µL), deposition is difficult and strongly depends on the
operator, introducing errors and high variability; (ii) the lack of an effective physical barrier that
separates working electrodes (WE) and counter electrodes (CE) can cause an improper functionalization
of the CE and distort the analysis; and (iii) in specific methods of analysis, the sample has to be
split, transported, and collected on functionalized electrodes. In these cases, the fluid could be not
properly split, transported, or collected, and the sensors can overestimate or underestimate the real
analyte concentration.
Focusing on the requirements of precise control of fluids, low reagent consumption, and parallel
multi-analysis, the integration of biosensors with a proper microfluidics environment represents a
valuable strategy, that has been intensely investigated in recent literature [1,3,16,17,24,27,28,30,31].
Thus far, the traditional technique adopted for microfluidic circuit fabrication is poly-dimethylsiloxane
(PDMS)-based soft lithography. Despite the fact that it provides high quality and allows the fabrication
of high-complexity structures [17,31], it requires several slow and expensive steps to get to the final
product, from mask production and PDMS lithography to the assembly with sensors. To overcome
these issues, Additive Manufacturing (AM) methods represent a powerful tool to combine electrodes
with a suitable 3D environment for biological assays [32]. AM techniques have been proposed as
valid alternatives with improved resolution, flexibility, range of materials, ease of processing, and
reduced price [30]. Furthermore, direct microfluidic printing on pre-existing sensors would decrease
discarded pieces, as it would avoid assembly and allow a faster and automated production. Besides,
current AM techniques still have limitations in that sense. Stereolithography (SLA) [33] presents
practical difficulties in the non-solidified resin removal inside microchannels and needs assembly with
sensors. IJP can print low-viscosity ink and therefore requires support material [34,35] to produce
microchannels; its removal can affect the surface and electrical properties of micro/nano-structured
electrodes. Fused Deposition Modeling (FDM) can realize channels without sacrificial material but it
has limitations in the XY resolution, the feature minimum size, and the channel wall roughness [36,37].
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Among AM techniques, Aerosol Jet Printing (AJP) has been investigated in previous works
as promising to improve resolution, high-performance and miniaturized electrical components [38].
As demonstrated in [21], AJP electrodes show that higher resolution, lower LOD, and improved
repeatability could be obtained compared to SP.
In this paper, considering the discussed issues both in terms of electrodes miniaturization and
microfluidic fabrication, we report the design, fabrication, and test of an easy-to-use electrochemical
sensor platform with microfluidics entirely realized with AJP. To the best of our knowledge, it is the
first example of aerosol jet microfluidic printing directly on electronics without any support material
by photopolymer Norland Optical Adhesive 81 (NOA 81) jetting and UV curing. AJP microfluidics
does not require assembly steps, it is relatively fast, it minimizes the structural material amount, it can
also be printed on non-planar surfaces, and it opens new possibilities of integration with miniaturized
electronics. In this specific application, we realized a triangular section microchannel with a base
220 µm wide but considering the AJP resolution [39] and the NOA 81 UV-curing results, even channels
in the order of tens of microns could be investigated. To study AJP microfluidic printing capabilities,
we realized a platform composed of six EB in a hexagonal shape integrated with a customized NOA 81
structure with six microchannels that branch off from a central inlet to each WE chamber. We chose
the number six as many examples in the literature have this order of magnitude; multi-analysis
devices with 2, 3, 4, or 6 WEs are reported in [25–30] depending on the application. With AJP, it is
possible to adapt the geometry to the requirements very freely and the only additional cost is the time
taken to draw in Computer-Aided Design (CAD). Validation has been performed quantifying glucose
using a standard enzyme-mediated procedure, directly printing both mediator and enzyme using AJP
technique. The microfluidic platform allows improvement and control of the sample deposition on
WEs, lowering operator dependency and ensuring a proper deposition of reduced sample volumes.
The miniaturization of the electrochemical sensors ensures reduction of electrochemical noise, voltage
drop, and maximization of analyte detection [40]. Finally, the direct AJP of mediator and enzyme
makes the device standardized and ready to use.
2. Materials and Methods
2.1. Platform Design and Material Choice
The schematic representation of the designed microfluidic sensor platform is reported in Figure 1;
each layer and material used in the development of the platform is indicated. Alumina is the selected
substrate material due to its mechanical properties, good adhesion because of its porosity, and ease
of handling. We purchased the substrates in 22 × 22 mm squares. The platform is composed of
six electrochemical cells with a diameter of 3.5 mm, each of them characterized by three electrodes;
WE is designed in AutoCAD with 0.85 mm diameter; the nominal distance between WE and CE is
0.55 mm. A UV-cured material to manage liquid samples surrounds the whole structure. The yellow
central structure in Figure 1 permits the delivery of the sample on WEs by introducing a micropipette
in the inlet and injecting. The six bigger chambers serve to contain the buffer solution. We design
microfluidics to contain 20 µL of sample fluid including the amount that remains in the channels
and inlet. Inner chambers have a diameter of 1.5 mm and the channel length is 2.8 mm. The CAD
geometry of the channel is an isosceles triangle with base angle of 50◦ and base length equal to 300 µm.
The central inlet nominal diameter is about 1.1 mm and it is dimensioned with interference on a 1.1 mm
tip micropipette.
The materials employed for EB are silver chloride (AgCl) for conductive tracks, pads, and Reference
Electrode (RE), and carbon (C) ink for WE and CE. Furthermore, multi-wall carbon nanotube (MWCNT)
ink was selected and printed over WE to enhance both electrical performance and the surface-to-volume
ratio for biofunctionalization. Silver chloride ink (XA-3773) was purchased by Fujikura Kasei Co.,
Ltd. (Shibakouen Minato-ku, Tokyo, Japan) together with its own thinner. The ink was chosen with
Ag/AgCl weight proportion ratio of 8/2. A dilution of the ink, with its specific thinner, was mandatory
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to obtain a proper viscosity for the printing stage (ink starting viscosity was 300 ± 50 dPa·s), following
the equations reported in the literature regarding a two-component blend [41]. Rotational viscosity
measurements were performed using Viscotech VR 3000 MYR Viscometers modelV2-L (C/Lleida,
17-23 · Pol. Ind. L’empalme, 43712 Llorenç del Penedès, Tarragona, Spain) to measure the viscosity after
dilution. The tests were performed in a common range of ambient temperatures, from 19 ◦ C to 25 ◦ C,
evaluating the behavior of the ink for each 0.5 ◦ C in the abovementioned range. Different rotating
speeds were selected: 5, 6, 10, 12, and 20 rpm. Figure 2A shows the linear behavior of AgCl ink for
Figure 1. Schematic representation of the final prototype.
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AgCl, C, and MWCNT inks were printed with two consecutive depositions, followed by their
AgCl, C, and MWCNT inks were printed with two consecutive depositions, followed by their
own specific heat treatments, using a 200 µm nozzle tip. Pneumatic atomization was selected. NOA 81
own specific heat treatments, using a 200 μm nozzle tip. Pneumatic atomization was selected. NOA
printing was performed in a single deposition step and UV curing is performed during the printing
81 printing was performed in a single deposition step and UV curing is performed during the printing
process. The UV Curing System is the Light Emitting Diode (LED) Spot-type Panasonic ANUJ6180
process. The UV Curing System is the Light Emitting Diode (LED) Spot-type Panasonic ANUJ6180
series, model 6423 (Panasonic, Kadoma, Osaka, Japan) characterized by a spot diameter of 3 mm,
wavelength of 365 nm in correspondence of the peak and a peak intensity of 17200 mW·cm−2 at the
distance of 8 mm. The selected power was 8% of the peak intensity. NOA 81 printability requires
particular attention. The AJP pneumatic atomizer produces a mist of micro-droplets dispersed inside
nitrogen (atomizer flow). The virtual impactor permits the reduction and filtering of the mist removing
the smaller droplets by controlling a negative pressure (exhaust flow). The remaining flow (aerosol
flow) is accelerated and collimated in the nozzle through a coaxial nitrogen flow (sheath flow). The ratio
between sheath and aerosol flows (χ) requires fine tuning to reduce overspray. Indeed, as precisely

wavelength of 365 nm in correspondence of the peak and a peak intensity of 17200 mW∙cm−2 at the
distance of 8 mm. The selected power was 8% of the peak intensity. NOA 81 printability requires
particular attention. The AJP pneumatic atomizer produces a mist of micro-droplets dispersed inside
nitrogen (atomizer flow). The virtual impactor permits the reduction and filtering of the mist
removing
the smaller droplets by controlling a negative pressure (exhaust flow). The remaining flow
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(aerosol flow) is accelerated and collimated in the nozzle through a coaxial nitrogen flow (sheath
flow). The ratio between sheath and aerosol flows (χ) requires fine tuning to reduce overspray.
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stacked lines. The analysis showed a slight lowering of thickness for cantilevered or stacked lines is
because the new line adapts to the real geometry of the previous one. Therefore, we chose h equal
to 20 µm. The channel transversal section geometry that minimizes the layer number necessary to
close the channel is the triangular one with the lowest angle possible (θ) between the wall and the
substrate. Reasonably, θ has a minimum value θcr below which collapse can occur before solidification

(Filmetrics Inc., 10655 Roselle St., San Diego, CA, USA). With the parameter reported in Table 1, the
measured thickness for one single line was about 25 μm and about 10–20% less for cantilevered or
stacked lines. The analysis showed a slight lowering of thickness for cantilevered or stacked lines is
because the new line adapts to the real geometry of the previous one. Therefore, we chose h equal to
20 μm. The channel transversal section geometry that minimizes the layer number necessary to close
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the channel is the triangular one with the lowest angle possible (θ) between the wall and the substrate.
Reasonably, θ has a minimum value θcr below which collapse can occur before solidification (Figure
4C).
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2.3. Geometrical Analysis and Electrical Resistances
2.3. Geometrical Analysis and Electrical Resistances
Geometrical and electrical tests were performed on printed lines. Filmetrics Profilm 3D optical
profilometer
(Filmetrics
Inc., 10655
Roselle
St., San Diego,
CA, USA)
wasFilmetrics
used to evaluate
Geometrical
and electrical
tests
were performed
on printed
lines.
Profilmthe
3Dthickness
optical
of the printed
lines. It isInc.,
based
on state-of-the-art
interferometry
(WLI),
non-contact
profilometer
(Filmetrics
10655
Roselle St., Sanwhite-light
Diego, CA,
USA) was used
to aevaluate
the
optical method
for surface
height
measurement
on 3-D structures,
to interferometry
measure surface
profiles
and
thickness
of the printed
lines.
It is based
on state-of-the-art
white-light
(WLI),
a nonroughness
down
to 0.05for
µm.
The instrument
works in the
range
of 50 nm–10
mm with
substrates
and
contact
optical
method
surface
height measurement
on 3-D
structures,
to measure
surface
profiles
materials characterized by a reflectance from 0.05–100 %. The system implements a 5MP camera, the
Nikon CF IC Epi Plan 20x model (field-of-view: 1.0 × 0.85 mm).
To measure the width of the microfluidic structure in which the liquid sample would be inflated
during glucose sensing, an optical microscope by Orma Scientific NB50T (trinocular zoom 0.8x–5x–LED),
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with its devoted software and HDMI MDH5 camera model, was used to acquire the images and to
evaluate the features of the printed elements (Orma Scientific, Sesto San Giovanni, Milan, Italy).
Electrical resistance was evaluated using the digital bench-top multimeter Hewlett–Packard 34401a
(HP, Palo Alto, CA, USA), applying testing probes to the extremities of each path, in standardized
and repeatable points, thus measuring the resistance offered by all its length. Each measure has
been repeated ten times, to ensure the proper calculation of the mean values and of the standard
deviations. Resistivity was then calculated from the classical equation R = %·l·S-1 where R is resistance,
% is resistivity, l is the length of the considered path and S its section.
2.4. Electrochemical Analysis
The electro-active surface area (Areal ) was evaluated for every electrode-type from Randles-Sevcik
equation (1) for reversible reaction, as well described in [22], by performing Cyclic Voltammetry (CV) at
0.1 V/s scan rate (ν) in a phosphate buffer saline (PBS) (50 mM, pH 7.0) containing a 5 mM concentration
(C) of ferro/ferri-cyanide ([Fe(CN)6]3−/4− ). Indeed, the electrochemical couple Fe2+ /Fe3+ redox process
has a very well-known diffusion coefficient (D = 6.20 × 10−6 cm2 ).
r
I rev = ±0.446 nFAreal C

nFDν
,
RT

(1)

Furthermore, an electrochemical characterization was performed to investigate the effect of scan
rate on oxidation and reduction currents and potentials. In detail, multiple CVs in the presence of
5 mM [Fe(CN)6]3−/4− were performed at different scan rates (25, 50, 100, 150, and 200 mV/s) in the
potential range −0.2 to 0.4 V using the commercially available portable potentiostat Palmsens3 EIS
(Palmsens, Compact Electrochemical Interfaces, Houten, Utrecht, The Netherlands).
2.5. Glucose Sensing
Standard solutions of D-Glucose in Deionized (DI) water have been prepared with the following
concentration: 0 mM, 5 mM, 10 mM, 25 mM, 50 mM, 100 mM. For each test, the platforms have been
directly used after printing. 20 µL of D-Glucose solution was injected using a micropipette from the
central inlet, thus to provide the solution only to the enzyme-coated WEs, to allow the following
chemical reactions in presence of GOD (2), producing an amount of electrons proportional to the
concentration of glucose, then transported to the electrodes thanks to the mediator (M) (3–4) (Figure 6):
Glucose + GOD(ox) → Gluconic acid + GOD(red),

(2)

GOD(red) + 2M(ox) → GOD(ox) + 2 M(red) + 2H+ ,

(3)
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Figure 6. Mechanism of enzyme-mediated glucose sensing.
Figure 6. Mechanism of enzyme-mediated glucose sensing.

Five seconds after loading the sample, 10 μl of a buffer solution of DI water containing 50 mM
of PBS as supporting electrolyte (pH 7.0) was dropped onto each electrochemical cell and a potential
of +500 mV vs. Ag/AgCl was applied. Chronoamperometric measurements were recorded for 60
seconds with the abovementioned potentiostat. Current value at 60 seconds was taken as output to
compare the different concentrations. Three microfluidic platforms have been tested for each

Sensors 2019, 19, 1842

9 of 15

Five seconds after loading the sample, 10 µL of a buffer solution of DI water containing 50 mM of
PBS as supporting electrolyte (pH 7.0) was dropped onto each electrochemical cell and a potential of
+500 mV vs. Ag/AgCl was applied. Chronoamperometric measurements were recorded for 60 s with
the abovementioned potentiostat. Current value at 60 s was taken as output to compare the different
concentrations. Three microfluidic platforms have been tested for each concentration.
3. Results and Discussion
3.1. Geometrical Analysis and Electrical Resistances
The measured values of thicknesses, widths, and sections are reported in Table 2. The geometrical
data obtained are in agreement with our previous work [21], presenting a better relative standard
deviation, denoting an improvement thanks to dedicated process parameters. Figure 7 presents the
profiles measured with the optical profilometer. NOA 81 channels’ width presents an average value of
211 µm (relative standard deviation is about 7.8%).
Results from electrical tests show resistivity data in agreement with the nominal values of the
manufacturers, considering the specific process parameters for each ink. The use of the thinner to
achieve the proper final viscosity has affected AgCl experimental resistivity value (89.5 × 10−8 Ω·m)
that is higher compared with the nominal one reported by Fujikura Kasei. Co. Ltd. (56 × 10−8 Ω·m).
Finally, C experimental resistivity (7.7 × 10−4 Ω·m) was slightly decreased compared to the one given
by Creative Materials (25 × 10−4 Ω·m), due to the choice performed during the heat treatment in terms
of duration and temperature and to multiple material deposition.
Table 2. Thickness and sections of deposited inks.
Material

Thickness
(µm)

AgCl
2.71
C + MWCNTs
1.97
NOA
8118, x FOR PEER
26.06
Sensors
2019,
REVIEW

Relative Standard
Deviation (%)

Width
(µm)

Relative Standard
Deviation (%)

3
5
1

51.8
127.8
96.75

3.5
9
4

Section
(µm2 )
136.3
262.74
1580.31
10 of 16

Figure 7. Profiles obtained thanks to Filmetrics 3D optical profilometer for NOA 81, carbon with
Figure 7. Profiles obtained thanks to Filmetrics 3D optical profilometer for NOA 81, carbon with
MWCNTs and AgCl.
MWCNTs and AgCl.

3.2. Electrochemical Analysis
3.2. Electrochemical Analysis
The electrochemical analysis performed using at 100 mV/s allowed calculation from the
The electrochemical analysis performed using at 100 mV/s allowed calculation from the RandlesRandles-Sevcik equation described in the method section the average active area of each platform as
Sevcik equation
described in the method section the average active area of each platform as 18.92 ±
18.92 ± 1.05
cm2 , confirming a high reproducibility of the electrochemical cells geometry and of the
1.05 cm2, confirming a high reproducibility of the electrochemical cells geometry and of the active
area available for experiments. These are in agreement with what was demonstrated in previous
works [21], were AJP was shown to ensure a lower variability when compared to SP.
Figure 8 shows CV plots for a single electrochemical AJP cell in presence of 5 mM [Fe(CN)6]3−/4−
with increasing scan rates of 25, 50, 100, 150, and 200 mV/s. Both the oxidation and reduction peak
currents linearly increased with the square root of scan rate, which indicates that the redox reaction
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active area available for experiments. These are in agreement with what was demonstrated in previous
works [21], were AJP was shown to ensure a lower variability when compared to SP.
Figure 8 shows CV plots for a single electrochemical AJP cell in presence of 5 mM [Fe(CN)6]3−/4−
with increasing scan rates of 25, 50, 100, 150, and 200 mV/s. Both the oxidation and reduction peak
currents linearly increased with the square root of scan rate, which indicates that the redox reaction is
diffusion controlled [49,50]. Furthermore, the ratio between the anodic and cathodic peak current is
near to unity for each scan rate. Regarding the cathodic and anodic potential (Epc and Epa), they both
appear almost perfectly independent from the scan rate. Both the previous findings suggest a reversible
Sensors 2019, 18, x FOR PEER REVIEW
11 of 16
behavior of the overall known reversible redox systems such as the ferri/ferrocyanide ones [51].

Figure
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AJP sensors
sensors in
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Figure 8.
8. Electrochemical
presence of
of 5mM
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Ferri-ferrocyanide
solution.
Cyclic
voltammetries
at
increasing
scan
rates
(25,
50,
100,
150,
and
200
mV/s) and
solution. Cyclic voltammetries at increasing scan rates (25, 50, 100, 150, and 200 mV/s)
and linear
linear
relation between peak current height and the square root of the scan rate confirming the diffusion
relation between peak current height and the square root of the scan rate confirming the diffusion
control of the reaction.
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3.3. Glucose Sensing
3.3. Glucose Sensing
Chronoamperograms obtained with different glucose concentrations suggested the possibility
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the
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This value appears to be suitable for monitoring glucose concentrations typical of human blood, usually
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Figure 9. Chronoamperograms at +500 mV recorded at different glucose concentration.
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using the very same enzymatic mechanism for glucose detection [53]. Specifically, the sensitivity
obtained with our platform in the range 0–10 mM was equal to 2.2 ± 0.08 µA/mM, in agreement with
that obtained in [53] of 2.13 ± 0.06 µA/mM.
Table 3. Intra- and inter-platform variability.
Concent.
(mM)

Platform
(#)

Average
(µA)

St.Dev.
(µA)

Relative
St. Dev %

Average
Sum (µA)

St.Dev.
Sum (µA)

Relative
St. Dev %

100.00

1
2
3

12.38
14.60
15.60

1.13
2.87
2.52

9.13
19.66
16.15

70.15

4.25

6.06

50.00

4
5
6

10.64
9.65
11.26

1.40
0.40
2.02

13.16
4.15
17.94

59.09

4.26

7.21

25.00

7
8
9

8.13
8.03
6.01

1.42
1.87
0.86

17.47
23.29
14.31

42.93

3.24

7.54

10.00

10
11
12

4.60
4.32
4.02

0.70
0.83
0.60

15.22
19.21
14.93

25.86

2.52

9.70

5.00

13
14
15

2.89
2.61
2.08

0.60
0.44
0.29

20.76
16.86
13.94

12.81

1.42

11.06

4. Conclusions
A fully AJP electrochemical microfluidic sensing platform has been designed, fabricated, and tested.
The variability observed when printing both conductive and UV-curable polymer inks was evaluated
from the values of relative standard deviation lower than 5% for thickness and 9% for line width.
This geometrical deviation suggests the potential of AJP technique for realizing sensors for accurate and
repeatable environmental and clinical sample analysis. The AJP electrochemical microfluidic sensing
platform has been validated by performing a standard enzyme-mediated procedure for glucose sensing.
The average relative intra-platform and inter-platform standard deviations observed from the current
average evaluation (15% and 8%, respectively) suggested the possibility of guiding the positioning of
the sample on miniaturized electrodes, to replicate the same analysis on separate platforms and, in
future developments, to perform multiple analysis. This provides an improvement in term of lower
operator dependency, reduction of sample waste, and of analysis variability. Results from glucose
sensing (LOD = 2.4 mM and sensitivity = 2.2 ± 0.08 µA/mM) confirmed the effectiveness of mediator
and enzyme direct AJP to provide sensing in a clinically relevant range (3–10 mM). This suggests the
usefulness of this technique for providing a ready-to-use device that does not need further processing
after fabrication, but is promptly available for electrochemical sample analysis. In future works, we will
test different other methods of analysis and multi-analysis capabilities by differently functionalizing
the electrodes.
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