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Abstract—Ilonization spectra of substances are extensively
used in their label free detection. Here we demonstrate the
possibility of using plasma ionization to detect airborne and
saliva SARS-COV-2 viruses through their emission spectra.
It consists of an ionization chamber monitored by a fiber-optic

UV-VIS spectrometer. The technique is completely label-free EP““EP’““"‘E e S
and can be programmed in real-time to detect different viral ! et E,‘;ﬁ i e s
particles through their ionization emission spectra. Its aver- ' YUY e o

age sensitivity for detecting deoxyribonucleic acid (DNA) [ e s

]

¥
- Frugmentntion af particles Emission spectra

bases in water is 20%/g in 1 mL of water. Its selectivity for DNA
hatore thelr innkzation

bases is through their relative emission peaks for adenine at
439.5 nm, cytosine at 440, thymine at 440.5, and guanine at 421.5 nm. The emission spectra of different electrode materials
were also obtained to account for their contributions to the emission spectra of analytes. Gold electrodes were used owing
to their resistance to corrosion and very low reaction with ionized species. The technique has the potential to be used in

the point-of-care diagnostic and testing applications.

Index Terms— Label-free sensing, programmable sensors, ionization sensors.

. INTRODUCTION

ABFI1.-FREE free detection of viral particles, especially

m the airborne phase can be potenfially a game changer
in monitoring the spread of respiratory infectious diseases and
harmful particles such as asbestos. Identification of metals
through their emission spectra has been known and practiced
since the 19% century [1]. [2]. [3] and flame ionization
spectroscopy has also been used in gas chromatography for
a long time [4]. Prehistoric humans likely noticed different
colors of light emitted in a pit fire from different trees and
shrubs or burning of different animal tissues.

Application of 10nization spectroscopy to identify extended
objects such as viral particles is not well-established, however
Here we demonstrate the ability of the plasma iomization in
detecting different salts dissolved in water, uninfected saliva
and SARS-CoV-2 infected saliva.

Fig 1 schematically shows different ionization spectro-
scopies. A source of iomization, that can take many different
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Fig. 1. Different mechanisms can be used to ionize materials. Not all
possible excitation sources are shown.

forms, is used to ionize molecules or particles near a liquid
surface that can be electrophorefically moved to the liquid
surface before ionization Alternatively, ultrasonication or a
nebulizer can be used to produce a spray of the liquid and its
content into an 1omization chamber The ionization process can
be imitiated by many different techniques such as x-rays [3],
UV [6]. electron beams [7], large DC fields [8]. and flame [9].
The main difference between these different ionization tech-
niques is their ability to control the ionization process. The DC
plasma generation and flame ionization techniques, for exam-
ples, have the least control while UV, X-ray, electron beam,
laser, and RF/microwave (capacitive and inductive) plasma
ionization techniques can be used to exquisitely control the
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Fig. 2. a) Sample vial with gold electrodes. b) Water molecules
and ionic species can be ionized with sufficiently large electric fields.
c) Viral and cther larger parficles may be dissocdated and fragmented
before ionization of their constituents. SARS-CoV-2 may lose itz spiking
proteins before decomposing to its RMA and surface proteins that will be
subsequently ionized.

ionization process through atomic/molecular quantum energy
levels [10]. In our experiments reported here, we used DC
plasma ionization process along with a UV-VIS fiber optics
spectrometer, (Ocean Optics ST2000) with 0.1 nm wavelength
resolution.

Here we discuss the DC plasma ionizafion specira of
aqueous solutions of different salts and saliva with and without
SARS-CoV-2 viral infection The technique is label-free and
self-cleaning/sanitizing

Il. RATIONALE AND THEORETICAL FOUNDATION

Excitation and ionization of materials may lead to oxi-
dation/reduction reactions with nearby substances and gases
{molecules). In the case of viral and other extended particles,
the excitation process may have many different stages involv-
ing 1) evaporation of their surface moisture, 2) decomposition
of their surface proteins, or in the case of SARS-CoV-2
detachments of its spiking proteins, 3) decomposition of their
internal macro-molecules such as DNA or RNA, and finally,
4) ionization of these different components [11]. At some
of these ionization and dissociation stages, there may be
luminescence that can be detected to identify the excitation
and decomposition process.

Fig 2 schematically shows the electrodes and a liquid
sample holder we have developed to carry out experiments
reported here. Large voltages (1000-5000 V) are applied
between the top and bottom electrodes (separation ~2-3 mm)
and the molecules on the hiquid surface are exposed to large
polarizing fields. If these fields become sufficiently large
(~10*-10° V/cm), the liguid surface molecules can be jonized.
The interaction causing ionizafion is based on formation of
eleciric dipoles and polanization of the molecules in the
presence of large eleciric fields. In addition to molecular
polarizations, charging of molecules can also occur by direct
tunneling of charges from electrodes or by ion-assisted field
enhancement. There are extensive data bases that list iomzation
energies/potentials of different substances. The actual voltages
required to ionize substances in a device depends on many dif-
ferent parameters that are extensively studied in the confext of
gas lasers and plasmas. In aqueous solufions, water molecules
dominate with H-O bond energy of 5.15 V. Under intense

electric field water evaporates and increases the effective
dielectric constant of the air. Other ions in the solution such as
Nat and Cl~ can also be ionized and detected through their
light emission. Larger molecules involving proteins, DNA and
other macromolecules will be subject to electrostatic forces
and may wander close enough to the liqud surface to be
subject to strong dissociating and ionizing fields. In the case of
SARS-COV-2 schematically shown in Fig. 2c, the dissociation
may occur in the form of detaching its spiking proteins
followed by its fragmentation Most of the bonds in these
excitations are covalent bonds between carbon, hydrogen, and
OXygen atoms.

Flectric dipole interaction is the primary mechanism of field
ionization of molecules and fragmentation of particles, other
extended particles, and their subsequent ionization While
polar molecules readily orient themselves with the external
electric field through electric dipole inferactions, non-polar
molecules become polanzed first by the fast response of their
electronic orbitals. Particles and extended objects also acquire
residual charges (or tunneling charges from nearby electrodes)
and polarization before fragmentation and then ionization.

Field ionization can also be used to detect amborne wiral
and other particles [12]. The density of airborne particles is
lower than in the liguid phase, necessitating the utilization of
concentrators and photomultipliers in detecting the electrolu-
minescent/fluorescent emission spectra.

Here we discuss an atmospheric DC plasma technique [9]
with the goal of developing a label-free techmque for detecting
viral particles using the ST2000 Oceanview UV-VIS fiber-
optic spectrometer. Fig. 1 shows the schematic of the expern-
mental setup.

In section II we discussed the theoretical foundation of
the plasma discharge ionization process with solid-liquid elec-
trodes. In section I we describe and discuss the experimental
results. In section IV we discuss miniaturization of the pro-
posed sensing system followed by the conclusion in section V.

I1l. EXPERIMENTAL RESULTS AND DISCUSSION

Plasma ionization of atoms, molecules and macro-molecules
have been used extensively to identify metals [1], and to detect
and quantify sulfur in petrolenm [10]. We are extending these
techniques to detect viral particles in saliva and potentially in
SEwage water.

To accomplish this, our experiments made use of a vial with
gold electrodes as shown in Fig. 2, an ST2000 Ocean optics
fiber optic spectrometer, and a BE Precision DC regulated
power supply. For each liquid solution being analyzed, 30 uL
of the liquid was injected on top of the bottom electrode. A cap
contaming the top electrode was then placed on top of the
vial to contain liquid and gaseous products of the ionization
process. The DC power supply, which was connected to an
amplifier, was then slowly tummed on and increased in power
until plasma became visible. A cardboard box was placed on
top of set up to block out extra light that could be picked up by
the fiber optic spectrometer as noise. Data was collected using
an OceanView application that reported the intensity level at
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Fig. 3. Normalized plot of emission-gpectra of gold electrodes.

TABLE |
TABULATED RESULTS OF EMISSION SPECTRA PEAKS
OF DIFFERENT ELECTRODE MATERIALS

Electrode | 1" Peak & Znd Peak 1¥ Srd Peak A
Au-Au 669.0 439.0 421.5
Cu-Cu 668.3 439.5 418.5
Fe-Fe 440.5 387 537
Au-Cu 668.3 439.5 418.5
AuFe 668.5 439.5 418.5
Cu-Fe 441 388.5 538

* |* peak had normalized height of 1, 2™ peak 0.75-0.4 and
the 3" peak 0.5-0.3.

each corresponding wavelength Fach sample was measured a
mimmmm of three times to establish reproducibility.

Fig 3 shows the contribution of gold electrode to the
emission spectra. Gold (24 carat) has a prominent emission at
669 nm that also shows up in the spectra of substances ionized
by gold electrodes as discussed later Table I summarizes
prominent peaks we detected m gold and other common
electrodes. Iron has a prominent emission at 440 5 nm_ Copper
has an emission spectrum that closely resembles gold with
a prominent emission at 668.5 but has higher intensity at
4185 nm and a lower intensity at 5375 nm Gold electrodes
were selected for the experiment due to their ability to resist
corrosion and material breakdown while having large voltages
applied across them.

The electrode emission spectrum contributes to the emis-
sion spectra of other substances that we ionize fo identify
and should be accounted for Another important substance
present in most materials of interest is water and its emission
spectmum iomized with gold electrodes 1s shown in Fig. 4. The
water sample was prepared by using a micropipette to inject
30 microliters of distilled water into the sample holding vial
Gold’s charactenistic peak is still visible around the 669 nm
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Fig. 4. Normalized plot of emission spectra contribution of water.
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Fig. 5. MNormalized plot of emission gpectra of potassium chloride,

sodium chloride, and water.

and the effect of the water can be seen in the 400-600 nom
range.

Fig. 5 shows the emission spectrum of sodmm chloride,
potassium chloride, and sodium chloride all ionized with gold
electrodes. The difference between the emission spectra of
pure water, aqueous potassium chlonde, and aqueous sodim
chloride are quite clear. The water sample was prepared in the
same manner as menfioned above. Both the aqueous sodum
chloride and potassium chloride solufions were prepared by
dissolving 0.05 g of each salt in 50 ml. of water to create
10 percent potassium chloride and sodinm chlonide solutions.
And as previously mentioned, 30 microliters of each sohition
were injected into the sample holder prior fo ionization.

Viral parficles are composed of surface proteins and
deoxyribonucleic acid (DNA) or nbomucleic acid (RNA)
genefic materials. In the process of ionization, the viral par-
ticles are fragmented to their different constituents followed
by further fragmentations and their eveniual molecular ioniza-
tion It is important to examine the possibility of detecting
the iomization of these constiments through their emission
spectra. Fig. 6 shows the emission spectra of the DNA bases
adenine (A), guanine (G), cytosine (C) and thymine (T).
In these experiments 1 mm® (~0.0025 g) of DNA bases
powder were dissolved and ultrasomicated in 1 ml. of water
and the ionization cell was equipped with gold electrodes.
The peak around 439 nm is due to the emission from the
gold electrode that is slightly shifted by different amounts in
the presence of different bases. Since the wavelength shifts
differently, the spectral line can be used to identify the bases.
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Fig. 6. MNormalized plots of emission spectra of guanine, adenine,
cytosine, and thymine sclutions. Adenine, cytosine, and thymine plots
were given an offset of +0.2, +0.4, and +0.6 respectively.
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Fig. 7. MNormalized emiszion spectra of adenine solutions with

D0.0025gimL (1), 0.005g/mL {2x), and.01g/mL {4 x) concentrations.
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Fig. 8. Mormalized plots of emission specira of different concentrations
0.0025g/mL ({1x), 0.005g/mL (2x), and 0.01g/mL {4x) of cytosine
solutions.

Despite the DNA base concentrations being small in each
solution, it is still possible to distinguish one solution from
the other The differences between each solution and gold’s
emission specira are best seen in the 300 to 500 nm wavelength
range. Figs 7 and 8 show the differences between varying
concenirations of adenine and cytosine. Each DNA base was
prepared by adding the specified amount of DNA base pow-
der to 1 ml. of water, sonicating the mixture, and using a
micropipette to inject 30 microliters of the solution into the
sample holder prior fo ionization

Fig 9 shows the peak emission values at 439 5 for adenine,
440 for cytosine, 4405 for thymine, and 4215 for guanine
at different concenfrations. Peak values were obtained by
comparing data captured by the Oceanview spectrometer appli-
cation to find the maximmm height in the displayed window.

Conceniration (g/mL)

Fig. 9. Emission peaks at 4395 for adenine, 440 for cytosine, 440.5 for
thymine, and 421.5 for guanine as a function of their concentrations.
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Fig. 10. Emission peaks for three different samples of guanine with emor
bars. Each sample set contained a sample with.0025 g/mL, .005g/mL,
and.01 g/mL of guanine.

The average sensitivity was ~20%/g that was calculated by
the change in the intensity of the emission line as substances
were added to the solution. All the emission spectra were
normalized to have maximmum peak of 1 at the gold emission
line. Thus, 20%/g is the change (.2 per gram in the normalized
scale.

There is a degree of wvamability between the emission
spectrum of measurements taken on different days. These
variations can be attributed fo many things included noise,
contaminants entering the sample holder, and slight vaniations
in amounts of bases or matenials being used to make different
samples. However, these variations were not significant enough
to be unable to recognize specific samples.

Fig. 10 shows the sensitivity plots of three different sets
of guanine samples. Fach set included a sample with the
concentrations specified in Fig_ 8.

Fig. 11 shows the emission spectra of fresh saliva in the
same individoal before and after a meal One needs to account
for important factors that contribute to saliva’s emission spec-
trum to differentiate them from contnbutions of the viral
particles. The individual was given a vial to collect a saliva
sample with before a meal and a second and third vial for the
two-time intervals after a meal Fxperimenter wore gloves and
a mask while preparing sample and cleaning area after each
experiment. Each sample was prepared by using a micropipette
to inject 30 microliters of the samples info the sample holder.
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Fig. 11. Mormalized emission spectra of fresh saliva before eating, five-
minutes after eating, and within sixty-minutes of eating.
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Fig. 12. Mormalized emission specira of uninfected and infected =aliva.
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The peak emission at 430 nm was considerably higher before
a meal.

Fig 12 shows the emission spectra of uninfected, and
SARS-CoV-2 infected saliva Fresh SARS-CoV-2 infected
saliva were collected from patients i University Hospitals by
our collaborator Dr. Elizabeth Middleton under stndy protocols
approved by the Instintional Review Board of the University
of Utah (IRB#: 00093575) and were transported to the sensor
biosafety 2 laboratory in the engineering building. Uninfected
salivae were collected from healthy tested students and other
individuals. PCR. was used to identify infected saliva. Typical
viral load was around 108/xL.

The emission spectmum of the uninfected saliva is similar
to the emission spectrum shown in Fig 10 of a different
uninfected individual Samples were carefully prepared by an
experimenter wearng proper personal protection equipment
and followed sanitary best practices while preparing and clean-
ing up after each expenment For each sample 30 microliters
of the saliva was injected into the sample holder using a
micropipette prior to ionization There are two peaks one at
425 nm and the other at 460 nm that are uniquely observed
in the infected saliva.

Fig 13 shows the reproducibility of these results by show-
ing the peak values obtained at 460 nm and 425 nm for four
different measurements of infected saliva.

Fig. 13. Normalized peak values at 460 nm and 425 nm of different
infected zaliva measurements.

Flasma ionizer Detector array

s 24

Glass Substrate

Optical waveguide Edge grating

Fig. 14. Schematic of integrated plazsma ionization speciroscopy
microsystem for label-free detection of viral particles.

While one value for sample one obtaned at 425 nm is
significantly different than the other values, the other three
samples stayed within a relatively tight range.

The above preliminary results demonstrate the possibility
of using plasma ionization emission spectra to detect different
substances. Clearly more work is needed to quantify the results
and develop a theorefical framework for emission specira of
different substances in different environments.

It is important to note that the plasma ionization emission
spectroscopy may be used to detect inactivated viral particles
as well, but the wavelengths of emission lines will likely
be different compared to the intact viruses. Imactivation of
viruses is accomplished using heating, radiation, and strong
oxidants/acids. Although the constituent parts of virus in these
cases may remain in the vicinity of the inactivated virus, their
ionization energies will likely to be different.

IV. DEVICE MINIATURIZATION

The experimental setup (Fig. 1) used in our studies can be
readily miniaturized. We have reported 1-100 gm microfabri-
cated plasma devices in the past [13]{15] that can also be used
as ionization sources. The spectromefer can be mimaturized
using MEMS approach as discussed in [16], [17]. Interference
filters can also be implemented readily in waveguides [18]
as well as in free space [19]. Optical detectors sensitive in
the 300 nm to 900 nm can be realized with silicon and
are well established [19]. Fig. 14 shows the schematic of a
miniaturized plasma ionization sensor that is being developed
by the authors. Most of the studies and experimental results
presented here are preliminary and can be viewed as feasibility
studies. However, the ability to produce a miniature plasma
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ionization emission spectroscopy device to detect viral par-
ticles and chemicals will enable field-operable point-of-care
sensors and devices urgently needed in controlling the spread
of SARS-CoV-2 pandemic.

V. CONCLUSION
We demonstrated the application of plasma ionization tech-
nique to detect different substances from the aqueous phase
including DNA bases and SARS-CoV-2 infected saliva. The
technigque is label free and can be miniaturized for wide range
of applications.
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