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Abstract: Ethylene glycol (EG) and isopropanol (ISO) are among the major toxic alcohols that pose a
risk to human health. However, it is important to distinguish them, since EG is more prone to cause
renal failure, and can thus be more dangerous when ingested than ISO. Analysis of alcohols such
as isopropanol and ethylene glycol generally can be performed with a complex chromatographic
method. Here, we present an optical method based on absorption spectroscopy, performed remotely
on EG-ISO mixtures filling a microchannel. Mixtures of ethylene glycol in isopropanol at different
volume concentrations were analyzed in a contactless manner in a rectangular-section glass micro-
capillary provided with integrated reflectors. Fiber-coupled broadband light in the wavelength range
1.3-1.7 um crossed the microchannel multiple times before being directed towards an optical spectrum
analyzer. The induced zig-zag path increased the fluid-light interaction length and enhanced the
effect of optical absorption. A sophisticated theoretical model was developed and the results of our
simulations were in very good agreement with the results of the experimental spectral measurements.
Moreover, from the acquired data, we retrieved a responsivity parameter, defined as power ratio at
two wavelengths, that is linearly related to the EG concentration in the alcoholic mixtures.

Keywords: absorption spectroscopy; ethylene glycol; glass micro-capillary; harmful alcohols; isopropanol;
microfluidics; mixtures; near infra-red; optical detection; remote sensing

1. Introduction

The ingestion of toxic alcohols including ethylene glycol (EG) and isopropanol, also
known as isopropyl alcohol (ISO), is a severe health problem, since these compounds, and
in particular their metabolites, may cause irreversible organ damage and central nervous
system (CNR) depression. The ingestion of these alcoholic substances is treated as a medical
emergency [1].

EG is a colorless, odorless, sweet but poisonous alcohol found in many household
products. Due to the sweetness of this organic compound, used in many industrial pro-
cesses, EG can be dangerous especially for children who may be exposed to it through
accidental ingestion [2]. According to the 37th Annual Report of the American Association
of Poison Control Centers’ National Poison Data System, there were 1070 cases of EG
poisoning mentioned in 2019. Children under the age of 12 made up 177 (134 under the age
of 5 and 43 between 6 and 12 years old) of the known total 1070 cases, with 22 unknown
child age cases [3].

The major use of EG is in antifreeze and cryogenic liquids in automobiles and air-
conditioning systems; it is also used as deicing fluid for windshields and aircraft, desiccant
for natural gas production, precursor for manufacture of polyester fibers and resins [4-6].
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EG is contained in the refill liquids (e-liquids) for electronic cigarettes: recent reports have
revealed an increasing number of cases of accidental exposure to e-liquids, mainly through
ingestion. In this context, EG may causes irreversible health damage and its detection
become essential: although vapors of electronic cigarettes seem to be less toxic than tobacco
smoke, there is still the need to know more about the toxicity and content of refill liquids [7].
The metabolites of EG, formed after ingestion, can be responsible for extensive cellular dam-
age to various tissues, especially kidneys: EG undergoes biotransformation to glycolic and
oxalic acids. Alcohol-related intoxication including ethylene glycol can present high anion
gap metabolic acidosis and increased serum osmolar gap, whereas isopropanol intoxication
happens with hyperosmolarity alone [1]. Whereas isopropanol is less harmful because it is
metabolized to acetone, which is a normal component of human metabolism [8], poisoning
due to EG causes disturbances in the metabolism pathways, including metabolic acidosis.
Conventional treatment of this poisoning usually consists of intravenous administration of
ethanol with or without hemodialysis [9]. It is thus important to differentiate isopropanol
from ethylene glycol, which is more dangerous when ingested. Isopropyl alcohol does not
cause renal failure like ethylene glycol. EG and ISO are miscible with many polar solvents
such as water, alcohols, glycol ethers and acetone, whereas they are slightly soluble in
non-polar solvents. Many efforts have been devoted to understand fundamental aspects
regarding the chemical properties, in particular the toxicity, of alcohols such as EG and
ISO. The analysis of these alcohols generally can be performed with a complex chromato-
graphic method such as gas chromatography, with or without mass spectroscopy [10,11].
This method is useful to obtain quantitative data that can be considered to treat alcoholic
ingestions, but they are time-consuming because they require the analysis to be performed
in a remote clinical laboratory: it is a critical issue to diagnose toxic alcohol ingestions, in
particular regarding ethylene glycol. In literature, sensors based on refractive index (RI)
changes and surface plasmon resonance (SPR) are reported with promising results. For
example, in 2019 Li et al. developed a grating coupled SPR concentration sensor to perform
measurement of ethylene glycol solution concentration [12].

Another powerful optical technique is near infra-red (NIR) spectroscopy, which is
nowadays a well-established method used for analytical purpose to investigate chemical
compounds. Spectroscopy methods enable highly selective and sensitive detection of
analytes at low concentrations. The wavelength region between 800 nm and 2500 nm is a
focus for pharmaceutical and chemical analysis due to the molecular vibrations of chemical
bonds associated with C-H, N-H and O-H transitions [13,14]. The absorption spectrum as
a function of the wavelength is a “fingerprint” for each molecule.

Recently, capillary-based optical sensors have attracted the attention of many re-
searchers in order to realize high-sensitivity microfluidic sensing systems combined with
NIR spectroscopy. A capillary can provide a simple optical cavity in a fluidic environ-
ment that presents several unique characteristics for enhanced sensing performance; the
optofluidic architectures allows for light penetration and interaction with the fluid in the
capillary [15-19]. However, the use of miniaturized devices leads to reduced interaction
length of the light with fluid, thus limiting the sensor sensitivity. To overcome this limi-
tation, microfluidic channels are usually designed to catch the optical probe in the fluid
under analysis, enabling an enhanced optical interaction with the sample and hence an
increased sensitivity. However, the use of an intrusive probe limits the field of application
of the sensors. The use of capillary waveguides, together with enhanced interaction length
and NIR spectroscopy, offers a new possibility for optical investigation in a totally remote,
contactless, and non-invasive way.

In our previous work [20], the potential of NIR spectroscopy for chemical sensing was
explored by demonstrating the ability to distinguish water and pure alcohols by means of
a rectangular-section glass micro-capillary. The capillary was laid onto a bulk aluminum
(Al) mirror so that light crossed the channel twice before being collected and analyzed
by an optical spectrum analyzer (OSA). Experimental testing was carried out by flowing
deionized water, ethanol, isopropanol and ethylene glycol in the micro-capillary. We
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obtained a different spectral absorption profile for each tested substance in the wavelength
region from 1 pm to 1.7 um and they were in agreement with the prediction provided by
the developed theoretical model.

In [21], we analyzed mixtures of ethylene glycol in isopropanol at different volume
concentrations, exploiting a capillary provided with integrated reflectors, deposited by
sputtering on the external surface of top and bottom glass layers: this low-cost technology
allowed us to obtain a more compact sensing platform. Light crossed the channel multiple
times before being directed towards the OSA, thus increasing the total optical pathlength
into the channel: the effect of absorption was enhanced.

The integrated micro-fluidic platform was further explored in [22] to develop an
optical sensor based on amplitude detection for specific sensing of water in ethanol-water
solutions. Towards this aim, we identified a responsivity parameter obtained considering
the ratio between the output power at two selected wavelengths: the 1.45 pm wavelength
was explored since it corresponds to an absorption peak of water [23,24], whereas the
1.3 um wavelength was selected as a reference since water and ethanol are only weakly
absorbing.

In this work, we extended our previous investigations of EG and ISO mixtures by
filling the channel with solutions of EG-ISO in different concentration. A sophisticated
theoretical model based on analytical equations was developed: the theoretical results
obtained inserting in the equations the values of extinction coefficients reported in the
literature by other authors were found in very good agreement with the results of the
experimental spectral measurements. Moreover, from the acquired data, we identified that
the change in the transmitted power in the wavelength range around 1.46 um was specifi-
cally and strongly dependent on the concentration of EG. We then retrieved a responsivity
parameter defined as power ratio at two wavelengths, 1.46 um and 1.30 um selected as
reference, that is linearly related to the EG concentration in the alcoholic mixtures. The
integration of ultra-thin top and bottom Aluminum layers has allowed the fabrication of
a smart devices provided with integrated reflectors, so that light can bounces multiple
times (in a so called “multiple bounce configuration” [25]) inside the capillary channel to
reconstruct the spectral absorption profile of the samples in more detail with respect to
the single bounce configuration, in which the light crosses the microchannel only twice,
simply bouncing on the bottom reflector. Enhanced EG sensitivity is achieved thanks to
the multiple bounce configuration. For the first time, to the best of our knowledge, we
have demonstrated the integration of rectangular glass micro-capillaries in a micro-opto-
fluidic setup for detecting the spectroscopic features of EG, ISO and EG-ISO mixtures in the
near infrared region. Towards this aim, we propose a miniaturized microfluidic platform
based on NIR spectroscopy by using simple and low-cost instrumentation with respect to
other instruments such as FTIR spectrometers, that are mature benchtop devices but very
bulky and expensive, more complex in terms of design, and require a moving mirror and
expensive optical instrumentation.

2. Materials and Methods
2.1. Optoelectronic Instrumental Configuration

The instrumental configuration for contactless, label-free and remote sensing of fluids
is shown in Figure 1a. The broadband radiation provided by a tungsten lamp is fiber-
coupled and shone on a rectangular glass micro-capillary using a pigtailed lens at an angle
of approximately 35°. The micro-capillary investigated in this work, provided by Vitrocom
(Mountain Lakes, NJ, USA), has nominal thickness of the walls of 280 um, whereas the
channel is 400 um deep. It is particularly suitable for optical detection of fluids, since it is
realized in a biocompatible material and allows the contactless remote analysis of ultra-low
volumes of sample. The extremities of the capillary are inserted in heat-shrink tubing
provided with luer connections: the sample fluid can be easily injected into the channel
using a syringe and ejected by flowing air in the capillary. The bottom layer of the capillary
is coated for its entire length L, equal to 5 cm, with a 50 nm-thick Al layer, while the top
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layer presents a 5 mm-long (Liet) Al layer. These reflective layers act as integrated mirrors,
inducing zig-zag light propagation through the structure. In this way, incident light crosses
the fluid multiple times in a so-called multiple bounce configuration [25]. The output light
is then collected by a lens, identical to the input one, and it is finally directed toward the
monochromator input of an optical spectrum analyzer (OSA Agilent 86142B, Saratoga,
CA, USA). A laptop is used for data collection. Signal post-processing is performed in
MATLAB environment. Figure 1b shows a picture of the capillary illuminated by red light
provided by a He-Ne laser: it is used in the preliminary alignment phase and for illustrative
purposes.

| Tungsten lamp ‘ . OSA LabVIEW

i

FLUID OUT

- >

L
Multimode optical fiber Electrical connection

Lens reflections
(b)

Figure 1. Measurement system. (a) Schematic representation of the optoelectronic configuration for

performing absorption spectroscopy in a glass microchannel (longitudinal view). (b) Picture of the
measurement system (top view) showing the capillary with top and bottom aluminum layers as
reflectors.

2.2. The Theoretical Model

A sophisticated theoretical model was developed and implemented in MATLAB
environment to predict spectroscopic analytical results in order to compare them with
experimental outcomes. It was based on the geometrical ray optics approximation that is
suitable to describe a light beam travelling through the micro-capillary with integrated
mirrors. It can be modeled as overlaid parallel layers consisting in a channel for liquid flow,
two glass barriers and thin Al layers. The model keeps in consideration the dimensions of
the capillary, the real part of the refractive index (RI) of air (11, = 1), glass (114,55(1)) and
the complex refractive index of the sample fluid, modeled as: n(A) = ngy;4(A) — i-kgyia(A),
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where 71,;4(A) and kg,,i4(A) are the real part and the imaginary part of the refractive index,
respectively; i is the imaginary unit.

In particular, the absorption features of the sample fluid depend on kg3(A) of the
refractive index, also called the extinction coefficient: its wavelength behavior depends
on the spectral absorption characteristics of the composing molecules, weighted by their
fractional composition, and becomes a unique “fingerprint” for each molecule. Figure 2
shows the extinction coefficient (i.e., the imaginary part of the refractive index) as a function
of the wavelength of pure isopropanol (‘ISO’, red trace) and pure ethylene glycol (‘EG’,
blue trace): data tabulated in [26,27] are interpolated with MATLAB function interpl
using the method pchip, a shape-preserving piecewise cubic interpolation. Data reported
in [26,27] are in perfect agreement with those found in other scientific data collections and
publications [28-30]. The mixing rule [31-33] was applied to retrieve the complex refractive
index, as a function of the wavelength, of a solution composed of 50% isopropanol and 50%
ethylene glycol (green trace).

x107
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50%IS0 + 50%EG ) /

—1SO
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o O — -
o o = N b

°
~

Extinction coefficient kn )
uid

0.2

0 . J
13 1.35 14 1.45 15 1.55 16 1.65 1.7
Wavelength (zm)

Figure 2. Extinction coefficient kg,,;3(1) of isopropanol, ethylene glycol and solution of 50% of
isopropanol (ISO) and 50% of ethylene glycol (EG) as functions of the wavelength. Data used to
obtain this graph were found in [26,27] and they agreed with those reported in other sources [28-30].

Light beam propagation through the optofluidic structure is described by applying
the Fresnel formulas recursively. The transmission coefficient for the s- and p- polarized
fields are calculated at each interface and the mathematical average is computed to obtain
the overall transmission coefficient t;;. The power transmission coefficient at each interface
is calculated by applying the formula:

Tj = (nj-cost;)/ (nj-cos;)- | ;12 )

where n; and n; are the Rls (real part) of the incoming and outgoing medium, respectively,
0; is the incidence angle and 6, is the transmission angle. When light reaches the Al layers,
it undergoes mirror-like reflections with a power reflectance assumed to be Re; ~ 0.99.
The total optical path B travelled by the radiation into the fluidic channel depends on the
number of bounces N and it is given by:

B=2-b-N )

where b is the distance travelled by light each time it crosses the channel containing the
sample fluid, as shown in Figure 3. It is calculated as follows:

b =d/cosf3 (©)]
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N is estimated by computing:
N = CEIL [Lyet /a] @

where a is the distance travelled by light along the x-direction at each bounce; CEIL is the
Matlab function that returns the smallest integer value that is larger than, or equal to, Lye/a.
Figure 3 shows the light-path travelled by light in the case of a number of bounces N = 3.

Incident light Transmitted light
Pin(/\) L,”Bl Pout(/\)

medium 1: air

medium 3: fluid

X

Figure 3. Schematic representation of the longitudinal sections of the rectangular glass capillary and
light path travelled by light in case of N = 3. Pi,(A) is the input optical power, Pout(A) is the output
optical power.

By applying the Lambert-Beer formula, the transmittance due to the fluid absorbance
as a function of the wavelength can be calculated as:

Taps(A) = e_a(/\) B 5)
where a(A) is the absorption coefficient that depends on kg,;3(7):
w(A) =4 - 7 - kuig(A)/ A (6)

Eventually, the spectral behavior of the output light P,,¢(A) can be found by multiply-
ing all the contributions of transmittance. In the presence of an absorbing fluid sample in
the capillary channel, the spectral transmittance is given by:

Toampte(N) = Pout(A)/Pin(A) = T1 - TagN - Tag™ - Tys™ - ToN - Tog - Taps(A) - Rut®™ ™1 (7)

where P;, (M) is the input optical power and P,,+(A) is the output optical power. P;,(A) is
considered constant over the wavelength range of interest.

3. Results and Discussion
3.1. Spectral Analysis

Experimental measurements were carried out by filling the channel with mixtures
of EG and ISO in different concentrations. Ethylene glycol anhydrous, 99.8% pure, was
purchased by Sigma-Aldrich (St. Louis, MO, USA). Isopropanol (RS Pro Isopropyl Alcohol
Cleaner) was purchased from RS Components (London, UK). Figure 4 shows the trans-
mitted power spectra collected by testing pure isopropanol (black trace) and solutions
of ethylene glycol in isopropanol in volume concentrations equal to 5% (blue trace), 10%
(red trace), 20% (orange trace), 30% (green trace), 50% (pink trace) and 70% (grey trace).
For increasing EG concentration, the transmitted power between 1.40 um and 1.60 pm
decreases since ethylene glycol exhibits two absorption bands around 1.46 um and 1.57 pm,
as illustrated in Figure 2.
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Figure 4. Experimental power spectra acquired when filling the capillary channel with isopropanol
and isopropanol-ethylene glycol mixtures in various concentrations.

The theoretical transmittance Tsypie(A) (Equation (7)) was calculated for performing
a comparison with the line-shape of the experimental spectral data. Figure 5 shows the
results obtained when considering solutions of EG in ISO in volume concentrations C of
EG equal to 5%, 20%, 50% and 70%, in the wavelength range from 1.3 um to 1.7 um. The
blue trace is the theoretical Tg;(A) obtained by applying the developed model using
values of extinction coefficients for EG and ISO reported in [26,27]: a number of bounces
equal to N = 7 was found for the top mirror length considered. The orange trace represents
the experimentally detected transmittance. The ray tracing model neglects additional
losses due to non-ideal guiding properties of the capillary: the guided propagation of
the light beam, which is due to the presence of the aluminum, occurs only in the vertical
plane. Moreover, the model neglects losses that are not due to fluid absorption or to the
partial transmission at the interfaces of the micro-fluidic platform: in the actual condition,
coupling losses between inlet and outlet, which are almost constant with the wavelength,
are neglected.
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Figure 5. Theoretical ("Theo.”, blue trace) and experimental (‘Exp.’, orange trace) Tgpp() for
solutions of ethylene glycol in isopropanol: (a) solution with EG concentration C = 5%; (b) solution
with EG concentration C = 20%; (c) solution with EG concentration C = 50%; (d) solution with
EG concentration C = 70%. All the theoretical traces of Tsgl.(A) were obtained by applying our
developed model using values of extinction coefficients for EG and ISO reported in [26,27].
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To exploit this method for quantifying EG content in the solution, the ratio between
the transmitted power obtained for pure isopropanol (Pjsp), thus playing the role of
reference fluid of this experiment, and the transmitted power obtained when testing the
mixtures (P,,;y) was considered. Figure 6 shows the experimental spectral results of the
ratio Prso/ Py for different volume concentrations C of ethylene glycol in isopropanol:
red trace C = 10%, orange trace C = 20%, green trace C = 30%, pink trace C = 50% and
grey trace C = 70%. The ratio Piso/P,,ix was explored to study the dependence on EG
concentration of the transmitted power spectra. In particular, the narrow wavelength range
around A = 1.46 um shows the highest rate of change of the transmitted power as a function
of the EG concentration (the derivative d(P;s0/Pix)/dC reaches its maximum value), thus
optical absorption of the solution is strongly dependent on ethylene glycol content. On the
other hand, at A = 1.35 um both isopropanol and ethylene glycol are only weakly absorbing,
and this wavelength can be taken as a reference.

40
35 —90%IS0 + 10%EG VA
80%IS0 + 20%EG
__ 30 | —70%ISO + 30%EG \
5 —50%IS0 + 50%EG \
2 25 \.
= —30%IS0 + 70%EG \ P
x e / N -
€ 20 ~ \
o \
o 15 A
@
o
10
5
0 | ‘ ‘
1.3 1.35 1.4 1.45 1.5 1.55 1.6 1.65 1.7

Wavelength (zm)

Figure 6. Spectral ratio between the transmitted power collected by flowing into the channel mixtures
of isopropanol with ethylene glycol, in different concentrations.

3.2. Responsivity and Sensitivity

In view of the design of an optical sensor based on amplitude detection, the ratio of the
detected power at two different wavelengths was computed. We defined the responsivity
R1 46,135 as the logarithmic value (base 10) of the ratio between the output power at 1.46 um

(Pout@1.46um) and 1.35 um (Pout@1‘35um):

R1.46/1.35 = Log(Pout@l.46um/Pout@l.BSum) (8)

By calculating the responsivity Ry 46,135 for all tested solutions as a function of the ethylene
glycol content C (%) and by linearly fitting the data, both theoretical and experimental
calibration curves were retrieved. The theoretical calibration curve was calculated by
considering a number of bounces equal to N = 7 for all tested solutions. As shown in
Figure 7, they are in very good agreement: the red dots represent the experimental values
R1.46/1.35 whereas the black dots are the theoretically calculated values. The red and black
lines represent the best linear fittings of the experimental and theoretical data, respectively.
The slope of the curves represents the sensitivity of the proposed system for detecting
ethylene glycol concentration in isopropanol solutions.
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Figure 7. Experimental and theoretical responsivity data points (red and black dots, respectively)
with best linear fittings.

4. Conclusions

In conclusion, the functionality of a micro-opto-fluidic platform based on rectangular
glass micro-capillary to detect ethylene glycol in solutions of isopropanol by exploiting NIR
absorption spectroscopy was demonstrated. The ingestion of toxic alcohols including EG
and ISO is a severe health problem: it is important to distinguish EG from ISO, since EG is
more prone to cause renal failure, and can thus be more dangerous than ISO when ingested.
Our micro-fluidic configuration allows to investigate mixtures of fluids in a contactless
manner. The deposition of thin Al layers is a simple and low-cost technology that allows
the fabrication of devices, having stretched interaction length with the chemical sample and
enhanced spectroscopic sensitivity, suitable for several application fields. The experimental
results are in good agreement with the prediction provided by the developed model: this
paves the way to the exploitation of this method, based on the preliminary modeling of
the spectral properties of complex mixtures, for selecting the adequate pathlength (thus,
the number of bounces) for a required sensitivity and best wavelength combination for a
responsivity parameter. The sensing platform based on amplitude detection on narrow
spectral bands is versatile and smart: it can be exploited to detect several solutions and
substances in a specific way, simply modifying the wavelengths for the calculation of the
responsivity parameter, on the basis of the absorption properties of the substance to be
detected.

In the future, advanced processing techniques based on machine learning and principal
component analyses will be investigated to gain more insight into the specific features of
the spectral information that is more powerful for distinguishing fluid compositions. In
view of industrial real-life practical applications, we plan to assemble a more compact setup
using LEDs with emission spectra centered at 1.35 um and 1.46 pum, instead of the lamp,
as readout sources. Since LEDs can be driven with pulsed out-of-phase current signals,
a single InGaAs photodiode can be exploited to detect instantaneously the transmitted
optical power in both wavelength ranges, to easily obtain the responsivity ratio. Moreover,
since the proposed sensing method is non-invasive and employs low power, future work
will be devoted to the analysis of biological fluids in the biomedical and biochemical fields.
Since the micro-capillaries are available not only in borosilicate glass but also in synthetic
fused silica, they could be used for several IR applications in the wavelength range up to
3.6 pm. The multiple bounces configuration opens up a new way to perform absorption
spectroscopy analyses on compounds with specific fingerprints in the spectral region above
1.7 um such as uric acid, ammonia, creatinine and cholesterol and even hormones such as
melatonin.
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