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Optical biosensing systems are commonly developed assembling a source, a light-sample interaction area, and a

detector as distinct stand-alone elements. We present a compact, inexpensive, and easy-to-use glass chip that

monolithically integrates both the interaction and detection elementsina 1 cm

2 overall surface. The device work-

ing principle is based on evanescent wavelight interaction with the complex refractive index of a liquid mixture,
being the index influenced by the mixture’s physical and chemical features. We describe the manufacture of a
prototype able to perform investigations on food quality and subsequent tests on the detection of fat content in
milk. Theoretical investigations are reported as well as measurements performed on samples in the green spec-
trum. A sensitivity of about 139 fA/(g/dL) and a limit of detection of 14 ppm have been achieved, better than

those of current commercial devices.
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1. INTRODUCTION

Nowadays, growing efforts are made worldwide to address food
quality issues. Pollution, consumer awareness, as well as human
overpopulation motivate the need of deep studies in this field:
the main goals are to set food quality standards, to better com-
prehend health risks, and to expose deceptions due to adulter-
ation and contamination phenomena [1]. Food adulteration
can be either intentional or unintentional and can take many
forms, such as the addition of sugars or toxic products, metallic
or microbial contamination, and overdilution of concentrate
[2]. The increasing need for high-quality natural food with
clear origin pushes modern technology to develop sensing pro-
cedures and intensely investigate this topic: although chemical/
electrochemical methods are often employed in this field [3,4],
spectroscopic [5—7] and refractive index [8] investigations play
an important role in the safety and quality monitoring of drinks
and beverages [9] as well as wine [10], oils [11], and dairy prod-
ucts [12]. Optical investigations trends for food quality control
are focused on the development of portable, highly integrated,
and cost-effective devices, relying on colorimetry [13], imaging
[14,15], surface plasmon resonance [16,17], or taking advan-
tage of optical absorption [18], fluorescence [19,20], evanes-
cent waves [21], and refractive index variations [22-24].
Nevertheless, current optical biosensing methods are still gen-
erally articulated in separated components: light source, sample
handle treatment, and detector [25].

This paper introduces a compact, inexpensive, and easy-to-
use device that integrates ina 1 cm? single glass chip the optical
interaction with the sample and the detection phases. The
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device is able to sense a variation in the complex refractive index
of a liquid mixture and link it to the change of a specific feature,
such as the concentration of an analyte. The basic operating
principle relies on exploitation of the well-known waveguide
evanescent field sensing mechanism, based on the interaction
of the evanescent tail of a waveguided mode with neighboring
media: a refractive index variation of a sample droplet on the
waveguide surface changes the mode effective refractive index
through the evanescent field, and allows for a quantitative mea-
surement of the substance [26,27]. Preliminary configurations
were recently explored with the same operating principle, and
the general concept was theoretically proven for biomedical ap-
plications [28,29]. Here we come up with a complete and fully
functional system, able to act as an optical biosensor suitable for
food quality monitoring when anomalies such as overdilution
by water addition need to be detected. The device allows
non-destructive inspection, without the need of sample pre-
treatment with hazardous chemicals, requiring small sample
volumes and thus reducing sample wastage. In our concept,
a glass substrate hosts a plastic microfluidic structure that allows
interaction between the biological sample and an SU-8 polymer
optical waveguide; the traveling light is routed to a thin-film
hydrogenated amorphous silicon (a-Si:H) photodiode to per-
form on-chip detection of the sample’s analyte concentration.
The following sections present the system’s design, working
principle and targets, a description of the fabrication process,
the electro-optical characterization of a first prototype, a
numerical analysis of a possible application scenario involving
milk quality assessment, and an experimental campaign to
check and confirm the device’s biosensing performances.
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2. OPERATION MODE AND DESIGN

The proposed sensor is an on-glass integrated system able to
evaluate the analyte’s concentration inside a biological sample
by detecting variations of the sample’s refractive index, exploit-
ing the evanescent wave phenomenon. The device embeds two
main sections: the interaction site and the detection site. The
former is a combination of an optical channel and a microflui-
dic structure, while the latter consists of an embedded photo-
sensor, optically coupled with the waveguide, that performs
on-chip detection when light variations occur. The operations
start when coherent light is routed into the system’s waveguide
and driven to the interaction site. The sample is then placed in
the interaction site. Due to the evanescent wave phenomenon,
the sample absorbs part of the traveling light: variations of the
analyte’s concentration lead to changes in the real () and
imaginary (k) parts of the sample’s refractive index; thus, the
optical absorption in the interaction site changes accordingly.
Light changes are detected by the embedded photodiode: mon-
itoring the amplitude shifts in the photogenerated currents, the
user can trace back the optical properties of the sample and,
finally, the analyte’s concentration values. Figure 1 depicts
the proposed system.

A. Interaction Site
For this kind of application, the optical waveguide must be bio-
compatible to avoid biological adulterations and must present a
certain technological versatility to allow its fabrication on sub-
strates of different kinds (glass, plastic, silicon); moreover, for
mass production purposes, it must be inexpensive and easy to
manufacture. To suit the requirements, our choice for the
waveguiding material was SU-8, a photosensitive polymer that
can be patterned by means of UV photolithography on a variety
of substrates [30]. The versatility and biocompatibility of SU-8
allow its use in different applications, from micro-electro-
mechanical systems (MEMS) [31] and microelectronics [32]
to medicine [33]. SU-8 has a consolidated and well-known
reference as waveguiding structure, due to its high refractive
index and low optical losses in a wide range of frequencies [34].
As part of the interaction site, the microfluidic structure
needs to satisfy specific requirements. First, other than being
biocompatible, it must convey the biological sample over the
optical channel without interfering with the sample—waveguide
interaction. Moreover, it must be inexpensive, rapid, and sim-
ple to manufacture and integrate. For these purposes, pressure-
sensitive adhesives (PSAs) were chosen as biocompatible,
medical-grade plastic materials, resistant to chemicals, flexible,
and transparent [35]. PSAs are often employed to create 3D mi-
crofluidic structures for biomedical applications [36] through a
razor-cutting prototyping technique (or “xurography”), with the
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help of a cutting plotter [37]. A suspended, bridge-shaped
structure has been specifically designed to confine the
sample—waveguide interaction, avoiding any other material in
direct contact with the waveguide and to prevent any perturba-
tion or anomaly in the light travel. The structure is also easy to fill
with the biological sample, due to capillary forces. The confine-
ment of the interaction area gives a clear advantage in reaching
more stable and reproducible measures with respect to a less ac-
curate and randomly placed sample droplet. To optimize the
optical absorption, the sample—waveguide contact surface can
be modified by tuning the thickness and width of the optical
channel, as well as the overlapping area’s length, as reported
in previous investigations [29].

To study the waveguide-to-sample optical absorption,
the interaction site (see Fig. 1) was longitudinally sectioned
and modeled with COMSOL Multiphysics using the
“Electromagnetic Waves Frequency Domain” module. The
“sample” domain was modeled taking into consideration
the optical properties of biological samples whose refractive in-
dices change according to specific analyte concentrations.
Figure 2 shows the simulated results achieved using the values
of milk’s refractive index at different fat concentrations taken
from literature [38]. Figure 2(a) shows the investigated section
and the evolution of the electromagnetic field from left (“in”
box) to right (“out” box) when the light excitation comes from
the left edge of the waveguide domain. The evaluated amount
of optical power absorbed by the samples is plotted in Fig. 2(b)
as a function of the optical properties (7 and #) of the samples.
The reported simulations were performed at a 660 nm wave-
length, considering a BK7 glass substrate with a refractive index
equal to 1.52 (as reported by SCHOTT optical glasses data
sheets), and a 5-pm-thick SU-8 waveguide with a refractive in-
dex equal to 1.58 (as reported in MICROCHEM’s SU-8 3000
data sheet). Results confirm that different refractive indices
bring to different waveguide-to-sample optical absorptions.
Therefore, the light exiting the interaction site is a useful tool
to mark the sample’s refractive index and, ultimately, the ana-
lyte concentration inside the sample.

B. Detection Site

To perform a transduction from optical power to electric cur-
rent, the system must include a photodetector. The hybrid
nature of the device forces the coexistence of different materials
such as glass and polymers, requiring technological versatility
for the detector to be embedded in such a system. Moreover,
the overall performances depend on the detector’s electro-
optical responsivity (R), sensitivity (5), and limit of detection
(LoD). A thin-film, p-doped/intrinsic/n-doped photodiode
made of a-Si:H was chosen as the optical detector. The device’s
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integrability is guaranteed by its low-temperature fabrication
procedure, usually by plasma enhanced chemical vapor depo-
sition (PECVD), which allows compatibility not only with the
standard silicon CMOS framework, but also with other sub-
strates, such as glass or flexible polymers [39]. Amorphous sil-
icon p-type-intrinsic-n-type (p-i-n) photodiodes provide high
electro-optical R and high quantum efficiency across the visible
spectrum; moreover, they present a low dark current and, there-
fore, alow LoD [40]. These unique features made a-Si:H popu-
lar over the years as key material mainly in applications where
low cost, large areas, and high performances are required, such
as sensing [41] and photovoltaics [42], and be currently under
study as waveguides in silicon photonics devices [43].

The two junctions’ doped layers provide the device’s built-in
electric potential, while the intrinsic layer represents the junc-
tions’ physical depletion regions and active areas. The thickness
of the intrinsic layer has been designed to widen the photore-
sponse across the whole visible spectrum and, at the same time,
to reduce the dark current due to the higher energy gap [44].
Light impinges on the device’s top layer, whose thickness
must be carefully designed to enhance the optical transmission
of the visible spectrum wavelengths to the intrinsic layer.
Consequently, thicknesses of 50 nm, 500 nm, and 10 nm were
chosen for the n-i-p layers, respectively. Furthermore, the n-i-p
sequence assures the growth of a more stable and performing
device in terms of process temperature, allowing a transition
from 200°C for n-type deposition to 180°C for the intrinsic
layer, and finally to 150°C for p-type deposition.
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To extract the photocurrent signal, electrical connection to
the external electronics is provided. For the p-side, the electrical
contact must also be optically transparent. Transparent conduc-
tive oxides (TCOs), such as indium—tin oxide (ITO), are em-
ployed in a variety of applications where both electrical
conductivity and optical transparency are required, such as solar
cells or displays [45], as well as integrated photonic devices [46].
The choice of ITO is also supported by its technological com-
patibility with device fabrication. Chromium (Cr) was chosen
for the n-side contact, while a titanium—tungsten (Ti/W) met-
allic alloy film was used for the metal interconnections.

As a protection from the external environment and from
short circuits, the junction stack is surrounded by an electrical
insulator that, at the same time, must not adulterate the optical
information nor its transduction into electric signal. This issue
was addressed by considering SU-8 with the purpose of provid-
ing electrical insulation while delivering traveling light to the
detector. Both tasks can be accomplished by overlapping the
junction stack through a single SU-8 photolithographic step.
Similar attempts were made in the past to optically couple sil-
icon structures and SU-8 waveguides [47], encouraging further
developments and actual implementations.

In previous investigations, a BK7 ion-diffused waveguiding
structure was developed with a p-i-n photodiode over the op-
tical channel: several studies and attempts were made to suc-
cessfully perform the routing of light through the bottom of the
diode and the coupling between the two components [28].
In our case, the overlapped configuration, with the SU-8
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Fig. 2. (a) Modeled optical power absorption in the longitudinal section of the interaction site by a biological sample, with a 4-mm-long sample—
waveguide overlap. (b) Evaluated optical power absorption versus samples’ complex refractive indices (7 and ). (c) Modeled coupling efficiency in
the longitudinal section of the detection site, with a 150-pm-long waveguide—photodiode overlapping length. (d) Evaluated waveguide—detector

coupling efficiency versus ITO top contact thickness.
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waveguide above the photosensor, assures the growth of a-Si:H
on glass, with superior adhesion and smoother interfaces with
respect to the growth on SU-8.

To investigate the optical coupling between detector and
waveguide, the photodiode’s material stack including the
ITO layer was simulated with COMSOL Multiphysics. The
upper part of Fig. 2(c) shows a section of the detection site,
while the lower part shows the evolution of the optical power
inside the waveguide from left (in box) to right (out box) [sim-
ilar to Fig. 2(a)]. Figure 2(d) plots the coupling efficiency,
evaluated as (P, - Poy)/Pin and normalized to its maximum,
as a function of the ITO top contact thickness: when light ex-
citation is at 532 nm wavelength, a peak is reached at around
120 nm thickness.

3. PROTOTYPING

A. Device Fabrication

Different configurations were investigated for this kind of sys-
tem, whose manufacturing procedure has been extensively de-
scribed in previous works [28,29]. Thin-film microelectronic
technologies were used to assemble a prototype, with a total
of four lithographic steps for the presented configuration. The
overall system was fabricated inside a 1 cm? area. Figure 3(a)
shows a picture of the assembled prototype; Fig. 3(b) displays a
microscope enlargement on the detection site, with geometry
details.

B. Prototype Characterization
To obtain the current—voltage (I-V) curve of the photodiode,
the fabricated prototype was electrically connected to a Keithley
236 Source-Measure Unit (SMU, from Keithley Instruments,
Obhio, USA), and a voltage sweep was performed from -0.6 to
1V in dark conditions. As a result, the sensor under test (with a
surface area of 150 pm x 600 pm) showed a dark current
density of about 20 pA/cm? at a small reverse bias (-0.1 V),
with a corresponding Schottky noise current contribution of
about 2.5 fA/+/Hz. The detector’s quantum efficiency in
the visible spectrum was measured on a2 3mm x 3 mm refer-
ence sensor, with a larger area to fit the specific requirements
of our optical setup R. The complete -0.6 to 1 V current den-
sity versus bias voltage curves, for both sensors, are plotted in
Fig. 4. The two curves are almost completely overlapping, while
the absolute values of the measured dark currents differ propor-
tionally with the areas of the two devices.

A monochromator was used to select the working wave-
lengths in the visible spectrum from a white light source,
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Fig. 4. Current density versus bias voltage curve in dark conditions
for reference sensor and sensor under test.

spanning from 400 to 700 nm. A beam splitter and a calibrated
photodetector were employed to measure the optical power hit-
ting the fabricated photojunction at the selected wavelength.
The SMU was used to measure the photocurrent at the selected
wavelength. In this configuration, a photoresponse peak was
observed at 532 nm, where the electro-optical R was quantified
around 495 mA/W. As a well-known and consolidated
method, the three-prism technique [48] was used to optically
characterize the waveguide, resulting in propagation losses of
about 0.6 dB/cm at 532 nm, consistent with similar polymer
structures characterized in literature [49].

4. APPLICATION: MILK FAT CONTENT SENSING

Among all the food adulteration issues, dairy products and milk
contamination has been a growing concern, especially in
densely populated areas due to the increasing demand: in these
environments, fraudulent, highly profitable, extremely harmful
and difficult to unveil practices, such as the addition of toxic
substances (such as melamine and urea) or the dilution of pro-
tein and fat content, often take place [50]. Fat and protein con-
tents are key factors to consider milk a healthful and nutritious
food [51].

From an industrial point of view, the most widespread com-
mercial milk analyzers are the MilkoScan (Foss Electric A/S,
Hillered, Denmark) and the Lactoscan (Milkotronic Ltd.,
Nova Zagora, Bulgaria). The MilkoScan performs a Fourier
transform infrared (FTIR) analysis, while the Lactoscan oper-
ating principle is based on ultrasonic techniques. Both are
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Fig. 3. (a) Fabricated system. (b) Enlarged top view of the fabricated detector.
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bulky systems to be installed in a laboratory, and the achievable
resolution in terms of fat content detection spans from
100 ppm (ppm, parts per million; source: MilkoScan data
sheets) to 1000 ppm (source: LactoScan Operation Manual)
in a 0% to 45%-50% fat content range.

At the state of the art, fat content in milk can be detected in
relatively smaller and smarter optical systems. For example,
Gastélum-Barrios er al. reported a system for fat detection in
milk based on optical reflection, by arranging an interferometer
with an optical fiber and a Fabry—Perot cavity, and observing
phase modulation. In this configuration, the S reached
0.616 nm/% fat at 500 nm working wavelength, but the range
of detectable fat percentage spans from 0.97% to 4.36% [52].
As widely known, milk’s fat concentration is responsible for its
complex refractive index [53]: this relation is brought to many
optical characterizations [54,55] and is recently driving the de-
velopment of many milk refractive index detecting platforms
[23,56]. In this framework, Gowri ¢t al. recently developed an
optical fiber sensor capable of rapid fat detection (under 10 s)
with under 100 pL milk sample volume, achieving an S of
0.15 AA/A% fat, by exploiting the evanescent wave absorb-
ance phenomenon and refractive losses in a non-destructive
analysis [23].

A. Theoretical Investigation and Feasibility

To date, several optical characterizations of milk have been sug-
gested in literature, mostly in the red and infrared spectra;
moreover, other characterizations were made using commercial
refractometers, working around the 600 nm wavelength.
Couples of 7 and % at 589 nm, 633 nm, and 660 nm for
non-fat milk (less than 0.5% fat content), low-fat milk
(around 1.5% fat content), and whole milk (around 3.3% fat
content), reported in Refs. [38,57], were used in COMSOL
Multiphysics as input parameters to set up a demonstra-
tion of the sensing capabilities of our system at different
wavelengths. Numerical simulations, implemented with the
modeled section of the interaction site (as described in the pre-
vious paragraphs), were interpolated with the photodetector’s
experimentally characterized photoresponse. Numerically ob-
tained optical power absorption by the modeled milk samples
with respect to the fat content was used to determine the ex-
pected detector’s photocurrents at these three wavelengths.
Figure 5(a) plots the investigation results, carried out by con-
sidering, as the common reference state before the interaction,
the same amount of optical power (40 nW) coupled to the
photodetector. Moreover, the difference in the detector’s pho-
toresponse at different wavelengths was considered: at 589 nm,
633 nm, and 660 nm, the sensor’s quantum efficiency had been
previously measured around 366 mA/W, 252 mA/W, and
114 mA/W, respectively.

From the resulting data, the system’s §, minimum detecting
signal (MDS), and LoD were examined as figures of merit
(FoMs), as reported in Fig. 5(b). S is calculated as A7/Ac,
where A7 is the photocurrent span corresponding to the fat
concentration span Ac. At 589 nm and 633 nm similar values
for § were obtained, revealing a comparable photocurrent
slope with respect to the fat content change, whereas a lower
value was achieved at 660 nm. The MDS is proportional
to the Schottky noise current contribution in the n-i-p
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Fig.5. Investigation on milk’s fat content sensing with the proposed
micro-device. (a) Sensor’s expected photocurrents (from an inital
reference state corresponding to 40 nW coupled to the diode) at
589 nm, 633 nm, and 660 nm. (b) Calculated sensitivity (S), mini-
mum detecting signal (MDS), and limit of detection (LoD) at
589 nm, 633 nm, and 660 nm.

junction, which is related to fluctuations around the generated
photocurrent in the reference condition. Being calculated as
3 - sqrt(2g/ B), where I is the generated photocurrent, g is the
elementary charge, and B is the signal bandwidth (1 Hz), the
MDS lowers as the expected photocurrent value decreases,
since the working wavelength moves away from the detector’s
most photoresponsive wavelength (532 nm). As a result, the
MDS improves from 173 fA at 589 nm, where approximately
10 nA is photogenerated, to 93 fA at 660 nm, where around
3 nA is photogenerated. Quite the opposite, a lower LoD (equal
to MDS-Ac/AI) means a better sensing resolution: as
results show, it stays in the range of tens of ppm at 589 nm
and 633 nm, but worsens, achieving 129 ppm at 660 nm.

Taking into consideration the several methods, working
wavelengths, experiments, and samples used as references for
this general feasibility study, the reported results state our sys-
tem’s theoretical ability to detect the fat content in milk with
resolutions of the order of tens of parts per million. To secure
good S and LoD, the need to carry out tests at working wave-
lengths close to the detector’s photoresponsive peak (532 nm) is
confirmed.

B. Experimental Procedures

1. Samples Preparation

Fresh cow’s milk at different fat concentrations, as well as whip-
ping cream, was purchased in a local store, from the same sup-
plying company (Centrale del Latte di Roma, Rome, Italy), and
kept in a temperature-controlled state (3°C). In each test, the
samples had the same expiry date, to avoid any biological deg-
radation that could affect the measurements. Prior to each run,
the milk was brought to room temperature, shaken, mixed, and
stirred with a glass rod, to prevent the natural separation of the
mixture in its constituents [58]; then, the samples were
delivered directly to the interaction site, without any form
of chemical-physical-thermal pre-treatment. Care was spent
between runs in cleaning the interaction site: to guarantee
an unaltered initial state at every test, fat residuals were re-
moved by light-brushing and rinsing the area with deionized
water followed by isopropanol.
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Fig. 6. Time evolution of the sensor’s photocurrent (using a milk
sample to fill the bridge channel), with pictures on top illustrating the
three phases (using blue-dyed deionized water as demonstrative

liquid).

2. Measurement Setup

A 532 nm LASER light source was used to assess the system’s
behavior. The LASER beam was coupled to the SU-8 channel
waveguide using a high-index SF6 prism (z = 1.8157 at
532 nm). The SF6 prism was firmly clamped to the chip,
and the input LASER beam was pointed perpendicularly with
respect to the input face of the prism to route light inside the
SU-8 channel [59,60] A micropipette was used to pour a con-
trolled and repeatable amount of sample in the interaction site
at every measurement run. To monitor the generated photo-
currents, the SMU was connected to the top and bottom metal
contacts of the photodiode, with the help of an edge connector
and low-noise triaxial cables.

3. Useful Signal Determination
As a preliminary test, the waveguide—sample interaction
was dynamically monitored in time during the milk filling

operations, tracking the evolution of the sensor’s photocurrent,
as plotted in Fig. 6; pictures of the filling sequence are shown at
the top of Fig. 6 (where blue-dyed deionized water was used as
demonstrative liquid). Three phases were observed:

* phase 1: no sample is filling the bridge channel;

* phase 2: the sample is filling the bridge channel, partially
overlapping the underlying SU-8 waveguide;

* phase 3: the bridge is filled, and the mixture is stable (i.e.,
the liquid is no longer moving).

In phase 1, the system is in an equilibrium state, and a stable
photocurrent value is measured. In phase 2, the sample begins
to fill the microfluidic bridge and starts its influence on the
evanescent wave of the light traveling in the underneath
SU-8 structure. As a result, a current drop occurs in the photo-
detector. When the bridge is completely filled and the sample
gets to a stable state, the transient ends and the current settles to
a new lower constant value, corresponding to a new equilib-
rium state. This result confirms the studies conducted on this
matter and proves the concepts reported in the previous sec-
tions, appointing the photocurrent drop as a useful signal
for experimental tests in operative scenarios.

5. RESULTS

A. Milk Tests

To assess the stability of the proposed sensor, the reproducibil-
ity of the measurements was verified by performing tests on
three milk samples: non-fat milk (less than 0.5% fat content),
low-fat milk (1.6% fat content), and whole milk (3.6% fat con-
tent). Four measurement runs were carried out for each sample,
and the results were normalized with respect to the initial pho-
tocurrent values. As Fig. 7(a) plots, mean values of the photo-
current drops equal to 17.47%, 20.25%, and 22.25% were
observed at <0.5%, 1.6%, and 3.6% fat concentration, respec-
tively. Moreover, the standard error rises, and the measurement
becomes more challenging as the fat content increases, confirm-
ing the very complex nature of the mixture under test. In fact,
fatter samples are also higher in density and contain more fat
globules, which more easily conglomerate in microlumps. This
creaming process, caused by the “agglutination” phenomenon
[58], does not always guarantee a homogeneous coating of the
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(a) Mean and standard error of the sensor’s measured photocurrent drops, with respect to its initial reference current, at different milk fat

concentrations. (b) Sensor’s photocurrents obtained for milk and cream samples, and linear regression.
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waveguide in the interaction site for an optimized waveguide-
to-sample optical absorption.

B. Milk and Cream Test, Performance Assessment
To assess the FoMs of the sensor in a high-fat-percentage range,
a measurement campaign was carried out on five samples: non-
fat milk (less than 0.5% fat content), low-fat milk (1.6% fat
content), whole milk (3.6% fat content), diluited cream
(around 17.5% fat, obtained as a 1:1 ratio of whipping cream
and non-fat milk), and whipping cream (35% fat content).
Before the experiment and prior to every measurement, the in-
itial equilibrium state was recognized to correspond to a photo-
current of 18 nA with a 5% fluctuation. As a result, Fig. 7(b)
plots the five final equilibrium photocurrents with respect to fat
percentage. Through linear regression, the sensor’s photocur-
rent [y, (nA) can be expressed as -0.14 - cp + 12.15,
¢t (%) being the sample’s fat concentration, with an R? value
equal t0 0.992. According to the acquired data, /., varies from
12.41 nA (0.5% fat) to 7.62 nA (35% fat), with a 4.79 nA span
corresponding to a fat concentration span of about 0.345. The
system’s S is therefore equal to 139 pA/(g/dL). The Schottky
noise current contribution in this state, considering that the
measurements were taken at a frequency band of 1 Hz, is
around 63 fA. Consequently, an MDS equal to three times
the noise, 189 fA, was considered. As a result, the sensor’s
LoD is approximately 14 ppm.

6. CONCLUSION

This paper presents a lab-on-chip platform, based on the evan-
escent waveguide phenomenon and able to recognize variations
in the complex refractive index of a liquid mixture. The optical
interactions of guided light with both sample and detector are
monolithically integrated in the same glass chip, over a surface
of about 1 cm?. Our platform was designed and fabricated to
be used as an optical biosensor in food quality control. The
quality of milk, being related to its fat concentration, was
chosen as a test bench and validation scenario. The characteri-
zation of a first prototype highlighted an electro-optical effi-
ciency peak of about 495 mA/W in the green spectrum. A
numerical analysis has been carried out to investigate the sen-
sor’s theoretical performances in detecting the fat concentration
in milk, exhibiting an LoD of tens of parts per million. The
subsequent experimental campaign, carried out on five milk
and cream samples, aimed at assessing the overall system’s proof
of concept, the sensor’s measurement repeatability, and FoMs.

The results display performances in agreement with
theoretical studies and better than commercial systems: a
139 fA/(g/dL) S and a 14 ppm LoD, in a 0.5%—-35% fat con-
tent range, as compared to hundreds or thousands of ppm
achievable on industrial devices.

It is worth noting that milk is a very complex mixture, where
smaller molecules and proteins (such as casein micelles) can
play a role in the complex refractive index. However, since
the amount of fat globules is the main responsible factor for
its determination [61], the reported results show the quality
of this approach, offering solutions that can be applied in op-
tical biosensing and encouraging further investigations in this
subject.
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