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Abstract: Electrical bioimpedance (BI) was proposed as an easy and cheap technique to monitor
different physiological parameters. However, its clinical applications are minimal due to the low
resolution and difficulties in discriminating between different tissue types. Nanoparticles have also
been extensively investigated for their practical use. Graphene oxide (GO) has shown acceptable
biocompatibility. The objective of this work was to assess the possibility of using GO to enhance
bioimpedance measures in ex vivo models. GO was suspended in medical-grade solutions and injected
into the tissues. BI was recorded at 12.5, 25, 50, and 100 kHz. Bode impedance plots evidenced
statistically significant differences in tissue impedance before and after injections. Likewise, data
adjustment to an equivalent electrical circuit showed that GO accumulates mainly in the extracellular
space and, to some extent, at the cytoplasmatic membrane, and the accumulation is tissue specific. The
latter suggests the possibility of using GO as a contrast agent to discriminate between different tissue
types using BL.
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1. Introduction

Bioimpedance (BI) is a noninvasive technique that is used to determine body composition.
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Different research groups have also proposed BI to monitor and quantify other physiological functions,
such as pulmonary, cardiac, or gastric [1]. Briefly, the technique consists of injecting a small-amplitude
alternative current (AC) and detecting the electric potential.

Bioimpedance spectroscopy has become an important tool in body composition analysis, widely
used in wearable devices to monitor fat mass, lean mass, and hydration levels with high accuracy [2].
Integrating BI into tissue engineering enables non-invasive real-time monitoring of cell viability and
differentiation in engineered constructs without the need for disruptive testing [3]. Portable
bioimpedance systems, enhanced by machine learning, are emerging as point-of-care tools for fluid
status monitoring in dialysis patients and early detection of conditions like lymphedema [4].

BI measurements can be obtained using different frequencies, performing electrical impedance
spectroscopy (EIS). EIS increases resolution and provides more information about the properties of
biological materials and pathophysiological processes than single-frequency BI [5,6]. However, due
to the internal characteristics of EIS and the basic use of circuit-based mathematical model, there are
errors in measurement, which limit the practical use of this technology. For this reason, many research
groups are working on different methodologies to correct errors based on equipment design and signal
processing [7].

Our research group proposes a new approach to enhance BI and EIS through the previous
application of a contrast media to the studied tissue or organism. It is known that many clinical
diagnostic methods such as MRI and radiology benefit from contrast media [8]. Nevertheless, the
possibility of contrast media use for BI studies has not been investigated. Nevertheless, the possibility
of contrast media use for BI studies has not been investigated. The investigation supports the growing
need to improve BI’s sensitivity, making it a more competitive alternative to traditional imaging
modalities like MRI or CT which rely on established contrast agents [9].

There are some reports regarding the use of the saline solution in lung electrical impedance
tomography (EIT) [10,11], however, the saline solution is not specific and does not allow
discrimination between different tissue types. In our previous work, it has been shown that the injection
of crystal solutions can improve the differentiation between tissue types [12], however, possibly adding
some semiconductor materials may lead to better results.

On the other hand, different nanoparticles (NPs) have been proposed as contrast agents for
different imaging techniques [13]. NPs can be manufactured from different materials, including
conductive and semiconductive materials, and modified to target specific tissues and cell types (for
example, by adding specific antibodies) [14]. Despite the advances in their use as contrast agents, NPs’
potential to be used in BI studies has not been explored. Additionally, the obtained parameters can be
used to sense the accumulation of nanoparticles in concentrations potentially harmful to the organism.

Graphene oxide (GO) is a 2D nanostructured semiconductive material with acceptable
biocompatibility [15]. Due to the presence of functional groups, GO can be modified with aptamers
and other molecules to increase its specificity [16,17]. Additionally, GO has been proposed as a
multifunctional platform for imaging and other purposes [18]. Unlike graphene, GO presents different
hydrophilic functional groups that augment its solubility and biocompatibility and may serve as linking
agents for other functional molecules. Nevertheless, these functional groups disturb perfect sp?
configuration by introducing gaps, thus disrupting n-n interactions and influencing the electrical
properties of GO. Casero et al. (2012) determined electrochemically that the charge transfer resistance
of GO is four times greater than that for electrochemically reduced graphene (95.45 and 21.07
Ohm/cm?, respectively) [19]. The resistance of the GO solution is inversely proportional to its
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concentration, but the capacitance seems to be independent of the GO concentration [20].

EIS serves as a valuable tool in elucidating the properties of GO-modified electrodes. Through
EIS, several key properties of GO can be determined. First, EIS provides insights into the electrical
conductivity of GO films or composites by analyzing their impedance spectra. Changes in conductivity
due to factors such as oxygen functional groups, defects, or doping can be discerned, influencing
charge transfer processes at the electrode—electrolyte interface [21]. Second, EIS allows for the
investigation of ion diffusion kinetics within GO-based materials, providing information on their
porosity, surface area, and ion transport pathways. Moreover, EIS can reveal interfacial phenomena,
such as adsorption/desorption processes and double-layer capacitance, shedding light on the
interactions between GO and electrolytes [22]. Overall, by employing EIS, it is possible to characterize
the electrochemical properties of GO and tailor its structure and composition for a wide range of
applications, from energy storage to sensing.

For all the properties mentioned above, we hypothesize that GO may be used as a contrast agent
in bioimpedance studies, potentializing the effect of crystalloid solutions. In this work, we assess the
capability of GO to modify the electrical properties of ex vivo biological tissues to provide the proof
of concept.

2. Materials and methods
2.1. Graphene oxide synthesis and solutions

GO was synthesized from pure graphite rod using the conventional Hummers method [23].
NacCl (0.9%) and Hartmann medical-grade solutions (both PiSA Pharmaceutica, Mexico) were used to
dissolve GO. Hartmann solution contained the following ions: sodium, 131 mmol/L, chloride, 111
mmol/L, lactate, 29 mmol/L, potassium, 5 mmol/L, and calcium, 4 mmol/L.

2.2. GO characterization

TEM was performed using a JEM-1010 electron microscope (GATAN, CA, USA). DXR™
Raman microscope (Thermo Fisher Scientific, USA) was used to obtain Raman spectra.

2.3. Ex vivo tissue samples

The porcine model was chosen for the study due to its resemblance to the human tissues and
organs, so, the obtained data would be more significant to the field [24]. Porcine liver, brain, and
kidney were freshly purchased at the local market on the same day the study was performed. Careful
visual inspection was conducted for each organ to ensure the absence of damaged tissue, then, each
organ was washed and cut into 8 g pieces.

2.4. Bioimpedance data acquisition
BI studies were performed using a BIOPAC system coupled with The EBI100C

electrobioimpedance amplifier (BIOPAC Systems Inc., CA, USA). BIOPAC injects an electrical
current of 400 pA at preset 12.5, 25, 50, and 100 kHz frequencies using the tetrapolar electrode method.
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These frequencies were chosen because they are within the beta dispersion region and are commonly
used for human-based applications [25]. In the study, a sampling rate of 1000 samples/second was
used. A linear arrangement of 4 stainless steel medical needles with 1 cm of distance between them
was used as electrodes. 0.5 mg/mL GO solutions in Hartmann and Saline solutions were prepared.
Tissue samples were injected with 1 mL of each solution separately, including Hartmann and Saline
solution as controls. Immediately after, Bl measurements were acquired for 1 min. The procedure was
performed three times in triplicate for each study condition. The data was recorded for 1 min for each
frequency to allow the system to be settled and the data from the last second was recorded. Additionally,
BI was assessed for pristine solutions. The data obtained was recorded in the database and stored for
analysis.

2.5. Data analysis and statistics

All data vectors were assessed using Kolmogorov-Smirnov statistical test. Since all data
evidenced normal distribution, it was presented as mean £ SD. Data for the BI module and phase were
treated separately. Students’ t-test for independent data was used. Unless the contrary is stated, all
differences were statistically significant (p < 0.05). The significant level was set at p < 0.05.

The standard Debye model was used to fit the bioimpedance data [26]. The bioimpedance data
was adjusted to the function represented with a real and an imaginary part, as follows:

_ RiRE (R +RE)+(X)?RE _ . X(RE (R1 +RE)=RIRE)
(Rr +Rg)?+(X)? (R +Rg)?+(X)?

Z

(1)

Where Ri stands for extracellular resistance, Re for extracellular resistance, and X for the capacitance
factor that is calculated as in (2).

X = 2)

- 2x1T*C

Where C is the capacitance of the membrane.
3. Results and discussion

The BI data followed a normal distribution, it was treated as mean + SD, however, SD in all cases
was significantly smaller than mean values (magnitudes of 102—10"). For that reason, SD cannot be
appreciated on the graphics.

First, the characterization of the obtained GO was performed. Figure 1 presents a TEM image of
the obtained GO. A mixture of different-shaped thin particles can be observed, indicating that the
obtained GO is a 2D material, as expected as a result of the synthesis. Additionally, the particle’s size
was relatively small, which may present an advantage.

In Raman spectra (Figure 2), two peaks can be observed: at 1320 and 1590 cm™, corresponding
to D and G bands, respectively. The G band in carbon materials is linked to sp? vibrations, while the
D band is linked to defections. The G/D ratio corresponds to the crystallinity rate [27]. For GO obtained
in this study, the ratio was 27%, indicating that the sp*> was indeed distorted by functional group
formation.
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200 nm

Figure 1. TEM image of obtained graphene oxide.
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Figure 2. Raman spectra obtained for GO.

Figure 3 represents FTIR spectra obtained for GO. The presence of several functional groups can
be seen. The strong broad peak at approximately 3430 cm™' corresponds to alcohol group —O-H
stretching, which is typical for GO. Two small peaks at 30002840 cm™' and a medium peak at 1372
cm’! can be attributed to —C—H stretching of alkane, which means that some parts of the GO have lost
aromaticity. This finding is consistent with Raman spectra analysis of the GO crystallinity. The weak
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peak at 1917 cm'! is assigned to -C—H bending in aromatic compounds, thus confirming that some sp?
structures of graphite were conserved after GO synthesis. The ketone and/or carboxylic acid group —
C=O0 stretching peak is observed at 1711 cm™!, indicating the presence of oxidated groups. The medium
peak at 1573 cm! is typical of cyclic alkene C=C stretching. Also, FTIR spectra show that an oxidation
process of graphite occurred, and the results are consistent with the low crystallinity obtained by
Raman.
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Figure 3. FTIR spectra obtained for GO.

As mentioned in the introduction, BI studies are noninvasive, cheap, and radiation-free. However,
their applications are limited due to difficulties in discriminating between tissue types. In 2002 Frerichs
et al [28] applied a hypertonic saline solution to improve EIT imaging. The results were positive but
the technique was not adopted by clinicians due to possible complications of hypertonic saline solution
on patients. Hellige et al. (2012) [29] investigated the effect of radiographic contrast media in EIT in
vitro. The results were also encouraging, but as in the case of hypertonic saline solution, the work was
not followed up in models or patients. For BI, no such studies were conducted, so, to the authors’
knowledge, this is the first attempt to apply nanomaterials as possible contrast media for BI studies.

Taking that into account, the study was conducted with carefully chosen controls. Figure 4 shows
BI data obtained for Hartmann, saline, and GO solutions. It can be observed that the saline solution
presented a lower resistance to charge transfer than the Hartmann solution at all studied frequencies.
GO addition augmented the impedance module, which is logical since GO is a semiconductor. On the
other hand, the impedance phase for the Hartmann solution was almost zero at the studied frequencies,
and GO addition did not change this significantly. For NaCl, the observed phase was slightly negative,
probably due to the double-layer capacitance formed on the interface between the solution and the
electrodes. GO addition in both solutions set the phase roughly to zero, indicating that there was an
interaction between the material and the ions, making them less available for double-layer formation.
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Figure 4. Bode graphs obtained for the crystalloid solutions and GO. A) Impedance
module and B) Impedance phase (* indicates that there were no statistically significant
differences between conditions).

Three types of tissue were included in the study: liver, kidney, and brain. The first two were
chosen because all exogenous substances eventually will be excreted from an organism via one or both
organs, so the probability of their accumulation in the organs is high. Additionally, the brain was chosen
to evaluate possible GO accumulation.

In previous studies, it was shown that pristine GO can be accumulated in the liver [30]; hence, it
can be detected and can highlight BI information from the organ. Figure 5 presents the results obtained
for GO and crystalloid solutions as controls. The resistance value of the human liver was estimated
as 342 Ohm (296-396 Ohm, 95% confidence interval) [31]. The highest value obtained for porcine
organs was 220 Ohm at 12.5 kHz, which is relatively close to the human value. Phase analysis (Figure
5B) indicates that at the studied frequencies, the liver presented a slightly capacitive behavior and did
not vary greatly in the presence of solutions or GO. On the other hand, the impedance module presented
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significant changes, especially at 12.5 kHz. The differences cannot be attributed only to the solutions
but to GO addition as well. This finding is interesting because it can be used to increase the resolution

of EIT-based techniques, as in the case of liver fat content determination [32].

260 . ---@-- Control
A --m— Hartmann
h --m-- NaCl
240 -
A ---A-—- GO+Hartmann
220 4 o GO+NaCl
® - R — o
= 200 A "
E
[ N
Q 1804 :
@ m
-
3 160 - A
]
=
140
120
100
T T T T T T T T
0 20 40 60 80 100
Frequency (kHz)
04 ---@-- Control
—-m-- Hartmann
—-m-- NaCl
---A--- GO+Hartmann
-10 -—-A-- GO+NaCl
m
()]
o
& -20-
a
)
@
N
T -30- -
e
-40 ) ::::‘ *
T T T T T T T T
0 20 40 60 80 100
Frequency (kHz)

Figure 5. Bode graphs for porcine liver. A) Impedance module; B) Impedance phase (*
indicates that there were no statistically significant differences between conditions).
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Figure 6. Bode plot for data obtained for porcine kidney. A) Impedance module; B)
Impedance phase (* indicates that there were no statistically significant differences

between conditions).

Another possible route to eliminate nanoparticles from the organism is through the urinary tract.
Since GO is hydrophilic, its elimination may be carried out through glomerular filtration. It has been
shown that GO does not affect kidney function, and full barrier function is restored after 48 h of
exposure [33]. Figure 6 shows the Bode plots obtained for kidney tissue. The resistance of human
kidneys is estimated to be 211 Ohm [31]. A 180-390 Ohm range was obtained for the porcine organ,
which is comparable to the previously reported value. As for the liver, the module at 12.5 kHz
presented better resolution between before and after GO injection. GO increases the tissue conductivity,
thus making it more distinguishable from adjacent tissue. The impedance phase presented more
significant changes at 100 kHz. However, differences may not be attributed to GO since the results are
not statistically different from those obtained for solutions alone.
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Figure 7. Bode plots obtained for the porcine brain: A) Impedance module; B) Impedance
phase (* indicates that there were no statistically significant differences between
conditions).

In addition to organs dedicated to excretion, a nervous tissue (brain) was analyzed. The electrical
resistance of the brain tissue varies greatly in the literature: from 50 Ohms [34] to 2976 Ohms [35],
depending on the studied species, frequency range, and other experimental conditions. In this work,
217-387 Ohm resistance was obtained (Figure 7), which is lower than some previous results. We offer
two possible explanations for this fact. First, the majority of studies report DC and AC at low
frequencies; in this work, AC was used, and the frequencies used were significantly higher, so it is
possible that at the studied conditions, the brain tissue was more conductive. Secondly, studies where
the highest resistance was obtained were conducted in living organisms. Likely, ex vivo tissues do not
retain strong endothelium junctions, thus allowing more easy charge flow and lowering tissue
resistance.

Like the other studied organs, a tissue resistance decrease induced by GO may be observed at 12.5 kHz,
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being highest in NaCl solution. On the other hand, in this case, the phase presented significant
differences at 100 kHz when GO was added, which indicates that capacitive behavior is diminished,
probably due to an interaction between the cell membrane and GO. These two parameters—module
change at 12.5 kHz and phase change at 100 kHz—may be potentially beneficial for electrochemical
studies of the blood—brain barrier, since its resistance may reach 1500 Ohm [36].

We obtained differences in impedance modules are generally lower for all tissues studied. This
fact is consistent with the previous findings [10], in which the relative impedance of lung tissue was
lower after injection of the saline solution.

The obtained data were adjusted to the equivalent electrical circuit shown in Figure 8 to perform
a more in-depth analysis. This is a minimum model that considers both intracellular and extracellular
resistance and membrane capacitance; thus, GO effects on these parameters may be estimated.

Membrane capacitance

(©)

Extracelular resistance
(R2)

Intracelular resistance
(R1)

Figure 8. Equivalent electrical circuit.

Table 1 presents parameters obtained by nonlinear regression. It can be seen that the R? for all
adjustments was higher than 0.95, which indicates that the obtained coefficients represent the data
correctly. For the liver, a very small capacitance change was obtained, indicating no effect on the
cellular membrane. On the contrary, the resistance values changed, indicating that GO accumulated in
both compartments. It is unclear why GO in the Hartmann solution reduces R1 and R2. Probably, this
behavior is due to an interaction between the liver cell’s components, ions of the crystalloid solution,
and GO. The kidney showed a clearer pattern of GO accumulation in the extracellular space, and, in
NaCl, accumulated at the membrane, as the change in capacitance indicates. It is likely that brain cell
membranes also accumulate GO, increasing their capacitance, and in the extracellular space, as R2
changes suggest. However, it is clear that the obtained difference was, in general, better for NaCl. It is
probable that ions from the Hartmann solution interact with GO, thus canceling its superficial charges
and lowering its ability to interact with the cells. Nevertheless, in vivo studies should be conducted to
confirm the in-cell distribution.

While encouraging results have been achieved, some limitations are worth mentioning. It is
possible that GO could lead to inconsistent results in certain organs, potentially complicating
bioimpedance (BI) interpretations. Also, the alteration of electrical properties by GO in tissues might
introduce unintended side effects, such as interference with normal physiological functions,
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particularly in unstudied biological contexts. It is necessary to perform in vivo validation to assess GO
toxicity or adverse reactions when applied to living organisms.

Table 1. Estimated parameters of the equivalent circuit.

R1 (Ohm) R2 (Ohm) C (nF) R?
Liver
Control 32 219 7 0.95
GO in Hartmann 14 167 8 0.97
GO in NaCl 52 268 9 0.996
Kidney
Control 53 420 9 0.993
GO in Hartmann 60 219 6 0.996
GO in NaCl 38 194 14 0.999
Brain
Control 152 397 5.5 0.996
GO in Hartmann 157 272 7 0.994
GO in NaCl 128 171 8 0.999

4. Conclusions

In this study, we evaluated the potential of using graphene oxide (GO) to enhance the
differentiation of tissue types, as a preliminary step toward developing contrast media for
bioimpedance (BI) studies. Our findings demonstrated that, in ex vivo models, GO alters the electrical
properties of tissues, enabling the use of single-frequency BI or BI spectroscopy to detect GO
accumulation. The observed changes in BI were specific to the tissue type, a key factor for its potential
application as a contrast medium. However, while our hypothesis posited that GO could improve tissue
discrimination, the results confirmed this effect only within the specific organs examined, highlighting
a tissue-dependent response. This suggests that the efficacy of GO as a contrast agent may vary across
different biological contexts. The current findings are thus limited to the studied organs, and further,
in vivo studies are necessary to validate these outcomes and assess the broader applicability of GO in
Bl-based contrast media development.
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