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Diode and Active Negative Resistance Behaviors of Helminth Eggs
as a Novel Identification/Differentiation Probe
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ABSTRACT: Helminths have always been studied as one of the critically
annoying pathogens of parasite classes due to their adverse effects on the
ecosystem of human life. They have the potency to negatively affect their hosts as
points of disease, infection, cancer, and death, but in this study, we found
interesting electronic properties in Fasciola hepatica, Parascaris equorum (with
and without larvae), Dicrocoelium dendriticum, Taenia multiceps, and Moniezia
expansa eggs. This claim is attributed to some surprising characteristics such as
significant diode behavior [forward bias, $.36—11.17 (£0.01) V, versus the
ground, GND] and backward bias (—45.0 to —125.0 (£7.0) V, versus the GND)
and highly active negative resistance (—2.59 to —7.11) X 10" (£1.5) Q in the
AC mode. These traits were measured by the “blind patch-clamp, single-unit
recording” methodology using a three-microelectrode system, implanted onto
each tested egg under giga ohm sealed conditions (6.28 + 0.02 GQ cm ™' and n =
4). All the characteristic parameters were simultaneously attributed to the
helminth egg structure by acceptable reproducibility (percentage of relative standard deviation: > 5%) and high enough rectitude
with enough differentiation in their magnitudes, relatively. The reliability of these results was further confirmed using multiple
calibrated techniques such as alternative/direct current voltammetry. Also, the significant role of water molecules as the key medium
in creating these properties is evaluated qualitatively. In addition, the study aims at introducing these interesting parameters as a new
approach to the fabrication of bio-based electronic elements, which are considered as a novel class of helminth egg-detection and
-identification probes.
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1. INTRODUCTION

The word bioelectronic is used to emphasize that every

through it.'* However, negative resistance is an uncommon
property. Still, many types of diode such as tunnel diodes,

biomaterial could interact and combine with other electrical
elements to make a signal or device." These materials
(molecules) can be the goal of the interaction or the heart
of the bioelectronic devices.” Many efforts of manufacturing,
recognizing, determining, and sensing have been carried out in
this field by using/sensing several types of the biomolecules
such as enzymes, groteins,4 lipoproteins,” carbohydrates,’
DNA,’ and so on.> ® The aims of this branch of science are
miniaturization,’ ampliﬁcation,8 and modification’ in the
sensing and recognition of targeting molecules.'® Therefore,
scientists have researched and developed bioelectronic devices
by semi-synthesizing or exploring new biomaterials."'

On the other hand, a diode (rectifier) is an electronic device
allowing electrical current to move through it in one direction
with far greater ease than in the other.'” By the invention of
the diode, many types of this device, like Gunn diodes,
Schottky diodes, photodiodes, and light-emitting diodes
(LED), with several applications have been introduced to the
universe of technology.13 In addition, negative electrical
resistance is an unusual property of some electronic circuits
and devices. An increase in electrical voltage across the device’s
terminals often results in a decrease in electric current flowing

© 2021 The Authors. Published by
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Gunn diodes, active filters, and gas-discharge tubes have shown
some parts of these unique features.'> Today, many scientists
are focused on the electrical/optical properties by synthesis
and modeling of biomolecules to use them as a bio-based
diode like nucleic acid bases in the OLEDs (organic light-
emitting diodes),'® fluorescence protein in the bio-hybrid
LEDs,'” and modeling of microtubule tubulin as a diode.'®
Parasitic helminths are usually known as undesired
pathogens, causing various diseases in both human and animal
species. They have a negative impact on human health and
animal productions, often by inhabiting some parts of its life
cycle in the body of another larger animal as the host.'”*’
Helminths can choose different hosts to pollute, such as soil,
water, plants, animals, and, most importantly, humans.
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Figure 1. (a) Nyquist plot in the absence of helminth eggs, (b) two-dimensional Nyquist plot for F. hepatica, (c) three-dimensional Nyquist plot for
a sample of F. hepatica, (d) equivalent circuit as an example for the absence of helminth eggs, and (e) equivalent circuit as an example for the
presence of F. hepatica. Conditions: All conditions and procedures are expressed in detail as mentioned above during implanting two
microelectrodes with 0.0124 + 0.0008 mm inter-electrode distance, error bar + standard deviation.

Helminth contamination for humans would

also have a

immune-assay system, and so forth.”” > To the best of our

devastating effect(s) such as disease, infection, and even
dangerous side effects like cancer and even death.”"**

Serious attention to the life cycle of the helminth eggs
sometimes shows the living modes of these pathogens, even
under tough conditions like deficiency of oxygen, nutrient
media, light, and so on.” Although they are often inactive
under these stiff conditions,***® the inactive metabolite reveals
their sophisticated cell physiology.26 In this article, active
negative resistance and the diode behavior of the helminth
eggs are evaluated in detail.

There are very few research studies about the biomolecules
for their use in the field of electronics, and production,
extraction, manipulation, and fabrication of electronic devices
from them also require cost, time, and proficiency. In this
work, we introduce helminth eggs as available, inexpensive, and
almost safe sources of diode unit biomaterials. These
interesting electronic features of helminth eggs introduce
them as inspiring creatures for the next generation of
electronics and sensors. In addition, this would provide novel
pathways to detect and identify the helminth eggs based on
their negative resistance and diode behaviors. Consequently,
these characteristics are comparable with the electrical current
detection probes such as enzyme-linked immunosorbent assay,
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knowledge, up to now, there have not been any introduced
materials with completely mentioned diode behaviors and
negative resistance characteristics.

2. RESULTS AND DISCUSSION

2.1. Electrochemical Impedance Spectroscopy. As
mentioned above, electrochemical impedance spectroscopy is
utilized to access a general perspective about each helminth
egg. The Nyquist plots and the equivalent circuits are shown in
Figure 1. As shown, elements including electrical capacitance,
inductance, resistance, and negative resistance are approved for
all the tested helminth eggs. It should be noted that, to simplify
the interpretation processes, only the electrochemical
impedance spectrum of the Fasciola hepatica is presented in
Figure 1; however, this condition can be generalized and
extended to other eggs, without observing a significant
difference, and the results do not differ significantly. This
phenomenon pointed to the dependency of the equivalent
circuit on the structure of the helminth eggs; however, the
value of each element changed for both detection and
recognition of the helminth egg.

As shown in Figure la, in the absence of any connection to
the helminth eggs, the result shows that the RC equivalent

https://doi.org/10.1021/acsomega.1c04954
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Figure 2. (a) Extended data of diode behavior, (b) smoothed extended data of diode behavior, and (c) results of diode behavior of the helminth
eggs. Note that in order to prevent clutter, error bars are eliminated. Condition: Each set of reported data is the average of three replicate data
under similar conditions during implanting three microelectrodes with 0.0124 + 0.0008 mm inter-electrode distance, error bar + standard

deviation.

circuit has the behavior of an external dummy cell, as proved in
the equivalent circuit in Figure 1d,*’ whereas after setting
blind-patch clamp (single-unit recording) connections under
the giga ohm sealed condition, the imaginary part of the
Nyquist plot (Figure 1b) showed negative values between
—22.0 to 0.0 Q. Due to the electrochemical impedance
spectroscopy (EIS) spectrum and equivalent circuit in Figure
le, this unusual interaction of the helminth eggs with the AC
perturbation can be interpreted as each of them behaving like a
large capacitor owing to the very low capacitance impedance,
based on X, = 1/(j-C-w), where @ = 270 and j = J=1.* Also,
this phenomenon can be attributed to the induction of
helminth eggs, which is related to enormous inductance
impedance based on X; = j.L.w, where j = v/—1.%*

According to the fitted equivalent circuit (Figure le),
besides the presence of a common resistance, the existence of a
vast negative resistance was also proved by analyzing helminth
eggs (F. hepatica as the selected sample). In addition, due to
the similarity of output results for helminth eggs, the existence
of fantastic electrical elements is proved. To prevent the
confusion of the contents and due to the importance and its
exciting features of negative resistance, we have continued to
more precisely focus on this parameter in the following
sections of this paper. In addition, the diode behaviors of
helminth eggs are studied because of their relationships to the
negative resistance.

2.2. Diode Characteristics. The diode behavior of each
egg was evaluated via applying and sweeping a linear sweep
DC potential. To access this aim, voltage was applied between
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0.0 to + 300.0 V (DC vs total applied potential) with a 100.0
+ 0.1 mV/s scan rate using a programmable potentiostat/
galvanostat function generator. This potential range is
considered as the potential window of the helminth eggs,
without dealing with any electrical damage and shock when the
electrical current flows through them. The potential is applied
to the implanted three-microelectrode system, including
working, pseudo reference, and counter probes, implanted
onto each helminth egg as a natural bio-diode.

By controlling the Ohmic potential of the system, the
helminth egg was conditioned via the formation of giga ohm
sealed conditions between the working and pseudo reference
microelectrode. This process led to minimization of the
uncompensated resistance (R,)** possibly, besides resulting in
having an ideally pseudoreference behavior, accompanied by a
simultaneous electrical current of the system at both normal
and reverse primary input and output systems (bias). The I-V
curve is selected to evaluate the barrier potential (V},) and the
break-down potential (Vieardown) Of €ach tested helminth egg.
Also, results and the extended data are illustrated in Figure 2.

According to Figure 2b, some of the tested helminth eggs
exhibited a relatively ideal diode behavior (electric current flux
in a range of applied voltages) like F. hepatica, Parascaris
equorum without/with larvae, and Moniezia expansa. On the
other hand, other helminth eggs showed a non-ideal diode
behavior because of the appearance of some significant
background electrical currents under the potential condition
lower than the barrier potential at forward bias. This
phenomenon is probably attributed to the structure. To better
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ACS Omega 2021, 6, 33728—33734


https://pubs.acs.org/doi/10.1021/acsomega.1c04954?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c04954?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c04954?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c04954?fig=fig2&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.1c04954?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega

http://pubs.acs.org/journal/acsodf

Table 1. Forward and Backward Bias Voltage and Ideality Behaviors of Helminth Eggs”

type of helminth egg forward bias (V) + SD (n = 4) backward bias (—=V) = SD (n = 4) ideality voltage range of ideality
F. hepatica 6.87 + 0.38 76.59 + 6.00 ideal Vb = =799 to V=200V
P. equorum without larvae 8.26 + 0.28 86.73 + 6.49 ideal Vb =-76to Vi = =22.0 V
P. equorum with larvae 11.17 + 0.39 125.7 + 7.71 ideal Vb=—-11to V;=140V
Dicrocoelium dendriticum 6.48 + 0.34 4545 + 8.07 nonideal
M. expansa 5.36 £ 045 63.56 + 3.24 ideal Vb=-16to V;=13.0V
T. multiceps 10.19 + 0.54 99.88 + 8.88 nonideal

“Each set of reported data is the average of three replicate data under similar conditions during implanting three microelectrodes with 0.0124 +

0.0008 mm inter-electrode distance, error bar + standard deviation.
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Figure 3. Resistance determination from (a) negative resistance measurement by EIS and scanning AC voltage and (b) negative AC resistance of
helminth’s eggs by voltage scanning. Note that to prevent clutter, error bars are eliminated. (For five repetitions during implanting three
microelectrodes with 0.0124 + 0.0008 mm inter-electrode distance, error bar + standard deviation).

Table 2. Effect of Weight Loss on the Diode Behavior and Negative Resistance”

fresh average
weight + SD
(n=10) (g)

dried average
weight + SD
(n=10) (g)

type of
helminth egg

removed average weight/fresh
average weight + SD (n = 10)

negative resistance after

forward/backward bias voltage
drying (Q) + SD (n = 10)

after drying (V) + SD (n = 10)

F. hepatica 1.0.0034 + 0.0028 0.0018 + 0.0015 0.44 + 0.00 random data with RSD > 140%  not detected
(n=15) (totally disappeared)

P. equorum 0.0054 + 0.0027 0.0049 + 0.0024 0.09 + 0.00

without

larvae
P. equorum 0.0038 + 0.0025 0.0027 + 0.0018 0.28 + 0.00

with larvae
D. dendriticum 0.0031 + 0.0023 0.0014 + 0.0004 0.52 + 0.00
M. expansa 0.00S8 + 0.0011 0.0024 + 0.0004 0.53 + 0.00
T. multiceps 0.0054 + 0.0029 0.0023 + 0.012 0.56 + 0.00

“The results were reported based on four repetitions during implanting three-microelectrodes with 0.0124 + 0.0008 mm inter-electrode distance,

error bar + standard deviation.

explain this, special consideration is given to the results for the
presentation of confident diode information such as ideality,
the voltage range of ideality, and forward/backward voltage
bias and exposure in Table 1. It seems that the existence of a
unique structure and material in the helminth eggs play a very
critical role in making them a diode element during sweeping
the electrical voltage and measuring the electrical currents.

As shown, each helminth egg processes a particular potential
range that can be considered as a selective fingerprint probe for
both detection and identification of the helminth egg with
enough reliability and accuracy.

2.3. Negative Resistance Related to the Helminth
Eggs. The negative electrical resistance of each helminth egg
was measured by two independent procedures:

(i) measuring the resistance value via analyzing the resistor
element in the equivalent circuit using EIS and
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(ii) via estimation of the slope of the current—potential (I—
V) curve by applying an AC potential (vs total applied
potential), by AC voltammetry, based on Ohm’s law (Z
= V/jI, where j = \/—1).

2.3.1. Effect of Electrical Current on the Negative
Resistance Behavior of the Helminth Egg. Besides the AC
mode of the applied electrical potential on the negative
resistance behavior of each helminth egg, the maximum
electrical current capacity of each helminth egg, in other words,
“maximum allowed Electrical current flow” at the AC mode in a
fixed frequency range such as 50.0 Hz, was also important. The
negative electrical resistance was observed in the “controlled
current blind-patch clamp, single-unit recording” method (Figure
3). This technique was achieved by controlling (buffering) the
electrical current using an electrical current divider circuit via
paralleling or feedbacking each helminth egg. This was

achieved using an external high-impedance electronic element
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ACS Omega 2021, 6, 33728—33734


https://pubs.acs.org/doi/10.1021/acsomega.1c04954?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c04954?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c04954?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c04954?fig=fig3&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.1c04954?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega

http://pubs.acs.org/journal/acsodf

such as an operational amplifier (op-amp). However, to have
maximum sensitivity and the highest negative resistance, a
fixed possible electrical current density as large as 1.14 (+0.09)
X 1073 (n = 5) A cm™ as the “threshold and critical” electrical
current density must be flown along with each tested helminth
egg.

2.4. Semi-Qualitative Proposed Interpretation. Up to
now, the existence of different types of biological units such as
proteins,* lipids,®” Il)henolic compounds,® carbohydrates,*’
water,"” and oxygen®' has been proved in the structure of the
helminth eggs by several reports. However, exact amounts,
sequence, and configuration of these biomaterials in the
construction of the helminth egg are still not reported, and
only few little-glance studies about the helminth egg formation
are reported.*”**

To find out the unique role of the biological component in
the mentioned parameters, the helminth eggs were carefully
weighed before and after heating up to 60 + 1.0 °C in a
vacuum oven at 720.0 #+ 0.3 Torr pressure along a 5.0 h time
interval. Amazingly, the weight ratio between the water
removed and the remaining material was an exact match. To
understand the efficacy of the removed materials on the diode
and negative resistance behavior, experiments were performed
again to measure the parameters mentioned above. These
pieces of evidence revealed that the helminth eggs efliciently
reacted as a non-repeatable electrical resistor, and conse-
quently, all parameters were experimentally determined (All
results are illustrated in Table 2).

Apparently, according to the experiments, it is concluded
that the removed materials (especially water) from the system
played a vital role during the creation of these parameters. It
seems that the removed materials contain plenty of water,
some dissolved oxygen, and little CO, produced from the
helminth egg metabolism. Biomaterials in the parasite’s egg
structure can absorb different amounts of water molecules
depending on their hydrophilicity because of the presence of
polar functional groups. Among them, proteins make up a
more significant percentage of these substances, which,
according to their orientation and configuration, are
distributed in the 3-D space of the helminth eggs as separate
vitelline cells. Each of these vitelline cells can play a role of a
separate diode based on the amount of water absorbed in its
structure. In addition to the mentioned parameters, the diode
property also emerges again, possibly due to the presence of
water medium in the construction and surface of alive tissues
such as proteins, although this phenomenon was observed in
previous refs 44 and 4S.

Each vitelline cell can act in series or parallel to its
neighboring vitelline cell, which ultimately results in the
electrical diode behavior throughout system of each tested
helminth egg. It is also important to mention that the form of
the shell of the helminth egg, due to its structure
(composition) and its lipid layer, can in turn play a role in
the behavior of the diode element. Therefore, very high
forward and backward voltage exhibited by the helminth egg is
attributed to these features.

From the results of the diode behavior, when the weight
ratio between water molecules to remained materials is
relatively high, helminth eggs showed a non-ideal diode
behavior like D. dendriticum and T. multiceps. On the other
hand, when this ratio is relatively low and water in the system
has a regular arrangement, helminth eggs show a normal (i,
fairly ideal condition) diode behavior like F. hepatica, P.
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equorum (with and without larvae), and M. expansa. It seems
that by increasing water in the structure, water molecules can
move between the vitelline cells.

Based on the literature,***” a noticeable negative dielectric
constant would appear because of water layers in contact with
the biological component. On the other hand, this
phenomenon is simulated like a capacitor parallel to negative
resistance. In this manner and with consideration to the
equivalent circuit of the EIS, which exhibited directly in the
helminths eggs, the active negative resistance is probable due
to the placement of a layer of water medium in contact with
the biological structure.*® Therefore, the measured active
negative electrical resistance in the helminth egg directly
correlated to the equivalent elements of the active negative
electrical resistance of different tissue layers of the egg’s surface
matrix to the water medium.

To further investigate the effect of water on the development
of these parameters in the helminth egg, instructions have been
implemented. The first case to examine the reversibility of the
electronic behavior of the helminth eggs is based on immersion
of the heated parasite eggs in 100.0 mL of water medium in
light and dark for 10.0 h. In this case, sodium chloride solution
concentration is 0.1 mol L™". The second method is based on
placing the helminth eggs in a saturated-moisture environment
with relative humidity (RH < 60%) up to 10.0 h. Despite all
these efforts, no diode behavior or negative resistance was
observed in the structure of these parasite eggs, which is a
reason for the irreversibility of the behavior. In addition to the
heating mentioned above, ethanol is also used to inactivate the
parasite eggs. The experiments were repeated, with the result
being the same as in the heating mode.

3. CONCLUSIONS

According to the results presented above and the explanations
given in this article, in addition to introducing helminth eggs as
an available, low-cost, robust diode under almost ideal
conditions, they can be an inspiring platform to produce
inexpensive and affordable micro- and nanodiode structures.
On the other hand, one of the crucial aspects of the electronic
world is negative resistance. In this paper, for the first time, this
exciting parameter is observed in the biomaterials, which can
be the basis for energy production and a better understanding
of other phenomena through simulations resulting from the
inspiration of this event. In Table 3, the comparison between

Table 3. Comparison between This Work and Some
Publications”

backward
bias (—V) + SD
(n=4)

45.45-125.7

forward bias
(V)

5.36—11.17

materials used in

bio-based diode refs

ideality

this work relatively

ideal
DNA bases
thymine and
adenine

8.0 16

fluorescent 17

proteins

firefly (Pyrocoelia ideal 49

not reported
rufa)

not reported

micro tubule —0.05 18

(modeling)

“The potential and voltages reported vs the total applied potentials,
bias: basic input and output system.
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some publications and diode behaviors of the helminth eggs is
shown. However, some agitation has existed in the diode
behavior, but it is not uncommon to claim that every parasite
egg is a new world in electronics. Employing this attitude, these
intrinsic parameters can be a valuable probe for identification
and differentiation between several types of helminth eggs.

4. EXPERIMENTAL SECTION

All required reagents and solutions are reported entirely in the
Supporting Information (see section: Reagents and Materials).
All parts of the essential parameters of each tested egg were
determined based on proper designs, which completely are
described in the Supporting Information (see section:
Instruments). These parts completely covered all types of
methods and instruments. These designs are based on the
blind patch-clamp, single unit recording methodology,30 under
the Giga ohm sealed condition®’ using Implanted Micro-
electrodes methodology,”> whose procedures were compre-
hensively explained in the Supporting Information (see
section: Procedure).

About these descriptions, it is necessary to note that
notations 1, 2, 3, 4, S, and 6 refer to different types of the
helminth eggs, including F. hepatica, P. equorum (in the
absence or presence of any larvae), D. dendriticum, M. expansa,
and T. multiceps, respectively. The related procedures were
performed in three parts, which are mentioned in the following
section.

4.1. Collection of Helminth Eggs. F. hepatica and D.
dendriticum eggs were collected from the adult worms that
were obtained from the livers of naturally infected sheep
slaughtered at the Shiraz slaughterhouse (Zarghan, Fars, Iran).
In addition, P. equorum eggs were obtained from the
specimens, referred to the animal clinic, “School of Veterinary
Medicine”, Shiraz University, Shiraz, Iran. T. multiceps eggs
were collected from the gravid proglottids of adult worms
collected from a naturally infected dog referred to the small
animal clinic of “School of Veterinary Medicine”, Shiraz
University (Shiraz, Iran). The M. expansa eggs were obtained
from the gravid proglottids of adult worms collected from the
small intestine of naturally infected sheep slaughtered at the
“Shiraz Slaughterhouse.”

The uterus of adult female P. equorum and the uterine area
of adult F. hepatica and D. dendriticum and gravid proglottids of
T. multiceps and M. expansa were separately crushed using a
mortar and pestle, dissolved in unchlorinated water, and passed
through a 500 pm mesh sieve to separate coarse tissue residues
from the helminth eggs. Subsequently, the passed materials,
containing the eggs, were washed several times with
unchlorinated water in 50.0, 25.0, and finally, 10.0 mL
calibrated cylinders for 20.0, 15.0, and 15.0 min, respectively.
After the total removal of the supernatant, the sedimented eggs
were transferred into 2.0 mL microtubes, containing phosphate
buffer solution [PBS, (1x), 0.1 mol L™'], and stored at 4.0 +
0.5 °C until use.

4.2. Electrochemical Impedance Spectroscopy Test.
Confident electrical information about each helminth egg is
accessed by using EIS via a scanning frequency between 0.1 Hz
to 1.0 MHz (+0.1) at a fixed amplitude (25.00 + 0.01 mV and
n = 3, vs total applied potential). To reliably carry out this
experiment, an electrochemical electroanalyzer as a program-
mable electrical waveform (function) generator and a data
acquisition system were used, and the frequency range was
divided to 50 points in the logarithmic mode.

4.3. Diode and Negative Resistance Tests. The
following procedures are applied to access reliable results
about the diode and negative resistance behavior of helminth
eggs.

4.3.1. Diode Measurement. The I-E curve as a criterion of
the diode behavior for helminth eggs was obtained by scanning
of voltages between different intervals (based on the type of
helminth eggs) with a 100.0 + 0.1 mV/s scan rate by using a
potentiostat/galvanostat for voltage application and data
acquisition.

4.3.2. Negative Resistance Measurement. Negative resist-
ance of helminth eggs was evaluated based on the I—E curve by
scanning AC voltage from —300.0 to 300.0 V and reading the
output current and equivalent circuit of EIS measurement.
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