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We investigated possible variations of impedance values in samples of sodium chloride solution (sodium chloride 0.9%)
with glucose at different concentrations, ranging from 5000 to around 75mg/dL. e sodium chloride solution (either saline
physiological solution) was chosen since it has similarities to blood but no cell components, which may be confounding factors
in this study. Special focus was on the effect of stirring and of temperature variations on the impedance spectrum of samples at
different glucose concentrations. We found that variations in glucose concentration directly affect the impedance modulus of the
sample both in static conditions and in dynamic conditions due to stirring, as well as at both room temperature and at increased
temperature. In fact, even if the impedance variations were oen small (around 3-4mΩ per mg/dL), they were usually clearly
measurable. ese �ndings may be the basis for possible development of a new approach, based on impedance technology, for the
noninvasive monitoring of glycaemia.

1. Introduction

emeasurement of dielectric properties of biological tissues
through electroimpedance spectroscopy techniques has been
performed in several medical and clinical applications [1,
2]. In recent years, electroimpedance spectroscopy has been
suggested as a noninvasive approach to determine glycaemia,
as reported in several reviews [3–6].

In [7] the authors showed that variations in blood
glucose concentration determine signi�cant changes in
the impedance of a subject’s skin and underlying tissues
due to biochemical reactions across the membrane of
erythrocytes triggered by variations in glucose concentration.
In other studies, however, impedance variations were
found in glucose-water solutions with different glucose
concentrations, although no cell component was present [8].
Similar results were found in our previous study [9], wherewe
investigated the impedance variations in a few glucose-water,

glucose-sodium chloride, and glucose-blood samp-
les.

emain aim of this studywas tomore deeply analyze the
changes in the impedance of glucose-sodium chloride solu-
tions at 0.9% as a function of glucose concentration in a range
upto 5000mg/dL; the in�uence of change in the solution
temperature and the effects due to the stirring of the sample
(dynamic conditions) have been also investigated. e saline
solution was chosen as it has an osmotic pressure close to
that of plasma and conductivity similar to that of blood. is
approach could represent a step forward in the understanding
of the role of glucose in the dielectric property changes of
biological �uids. e lack of any cellular component would
allow us to clarify the direct effect of glucose, excluding any
cellular process. ese results could be of some help in better
understanding the realistic possibility to use approaches for
glycaemia monitoring based on the measurement of glucose-
induced dielectric property variations.
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F 1: Scheme of the Delta OHM Probe Sp06T.

2. Experimental Section

2.1. Preparation of Samples. For the preparation of the
samples, sodium chloride 0.9% (Baxter) and D-glucose
(99.5%, Fluka) was used. First, 500mL of sodium chloride
0.9% (saline physiological solution) was prepared in a glass
cylinder, with the addition of 25 g of glucose to reach the �nal
concentration of 5000mg/dL. e sample was aerwards
diluted, by eliminating 25mL of the sample and adding
the same quantity of pure saline physiological solution. e
process was iterated several times, and, at the end, seven
samples were prepared, with glucose concentration values of
∼78, ∼156, ∼312, 625, 1250, 2500, and 5000mg/dL. A sample
of pure saline physiological solution was also prepared as
blank control.

2.2. Impedance Equipment and Measurement Approach.
Impedancemeasureswere performed bymeans of a Solartron
1260 impedance analyzer (Solartron Analytical). For the
measurement cell a probe from Delta OHM, SP06T model,
was chosen (Figure 1). e cell 𝑘𝑘-factor was 𝐾𝐾 𝐾 𝐾𝐾𝐾 and the
measurement range was from 5𝜇𝜇S/cm to 200mS/cm.

e impedance of the samples was measured in the
105–10𝐾Hz frequency range, in �ve frequency points for
each decade. In this study, lower frequency values were
not considered to avoid having possible confounding factors
related to electrode polarization. e cell was characterized
by four platinum electrodes (Figure 2) for possible separation
between stimulation and sensing terminals and consequent
minimization of possible secondary effects (inductance of
cables or parasitic capacitances) [10].

However, in this study, we did not perform measures
above 10MHz (i.e., not very high frequencies), thus the
weight of the possible secondary effects was supposed to
be negligible. On the other hand, when the sample to be
measured has quite high conductivity, for better accuracy and
precision it may be convenient to use electrodes at sufficiently
high distance. For this reason we decided to use the external
couple of electrodes not only for stimulation but also for
sensing. e tests were performed by applying a 100mV
r.m.s. voltage to the sample through the external couple of
electrodes.

2.3. Experiments. On each of the samples at the differ-
ent glucose concentrations, we performed the following

F 2: Details of the four plain platinum electrodes of the Delta
OHM Probe Sp06T.

experiments: (i) the impedance measure was performed on
the sample at room temperature (around 22∘C), in static
condition; (ii) to obtain dynamic conditions, the sample
was stirred through an electromagnetic microstirrer (Velp
Scienti�ca), while the impedance measure was carried on;
(iii) en, the impedance measures, both in static and
dynamic conditions, as reported in (i) and (ii), were per-
formed aer heating the sample, thus reaching different
stable temperatures, selected in a wide range including also
the typical temperatures of human body �uids (32, 37, 42, and
47∘C); heating was obtained bymeans of a heating plate (Velp
Scienti�ca) and checked through a thermometer with ±0.3∘C
accuracy (Checktemp∘C, Hanna Instruments).

Each experiment, for each sample, in both static and
dynamic conditions, and at the different studied temperature,
was performed four times: aer each experiment, the mea-
surement cell was cleaned before immersing it again into the
same sample. Each impedance value presented in the results
section is the average between the four measures on the
same sample (in each speci�c condition), unless otherwise
speci�ed.

2.4. Statistical Analysis. On each couple of measurement sets
(static and dynamic sets), at the different temperatures, we
performed a nonparametric test, that is, theWilcoxon Signed
Rank test. In fact, we aimed to assess possible differences, on
average, between the values in static and dynamic conditions,
for each temperature (studied values: impedance modulus at
1MHz). 𝑃𝑃 𝑃 𝐾𝐾𝐾5 was considered for statistically signi�cant
difference.

3. Results

e impedance modulus of the samples at room temper-
ature is reported in Figure 3(a). e modulus increases
for the increasing glucose concentration values in all the
studied frequency range, even though the differences for low
glucose concentrations were modest. Similar results were
found for the set of experiments performed at the different
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F 3: Impedance modulus of samples of physiological solution alone and with added glucose at concentrations from 5000 to nearly
78mg/dL, at room temperature (a) and at 37∘C (b). Data reported are mean ± SE.
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F 4: Impedance modulus of the samples as a function of
glucose concentration at 1MHz. Results at the two different tem-
peratures are shown: solid curve: room temperature; dashed curve:
37∘C. Data reported are mean ± SE.

temperatures: for instance, Figure 3(b) shows the impedance
modulus over all the studied frequency range at 37∘C.

Figure 4 shows the impedance values measured at 1MHz
(value in the middle of the studied frequency range) as a
function of the glucose concentration at room temperature
and at 37∘C.e two curves show practically a parallel trend,
with a decrease of the impedance values in the samples
at higher temperature. Such decrease remains essentially
constant at any glucose concentration value.e slopes of the
curves, as estimated by linear regression, are of about 4.6 and
3.2mΩ/(mg/dL) for the samples at room temperature and
37∘C, respectively. e 𝑅𝑅 values of the linear regression were
found of 0.98 and 0.99, respectively.

It should be acknowledged that the samples at lower
glucose concentrations, typical of the physiological glycemic
levels, were not clearly distinguishable (RT: 78mg/dL: 125.54
± 0.16Ω (mean ± SE); 156mg/dL: 125.86 ± 0.36Ω);
however, when comparing the 78mg/dL sample with the
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F 5: Impedance modulus spectrum for the samples at
78mg/dL, in static (dotted curve) and dynamic (solid curve)
conditions at room temperature and at 32, 37, 42, and 47∘C (from
top to bottom). Data reported are mean ± SE.

312mg/dL sample (concentration values still in the patho-
physiological range), the difference was clearly signi�cant
(312mg/dL:126.64 ± 0.21Ω, 𝑃𝑃 𝑃 𝑃𝑃𝑃𝑃 with the Wilcoxon
Signed Rank test). Similar considerations hold for the sam-
ples at 37∘C. It should also be noted that in this study the
experimental setup was not optimized for the measurements
at low glucose concentration values, thus it cannot be
excluded that performance at such values could be improved.

Figure 5 shows the results obtained under static and
dynamic conditions for the sample at 78mg/dL at all the
temperatures tested. For each temperature, the impedance
in static and dynamic condition is virtually the same, as
mirrored by the static and dynamic related curves virtually
overlapped. Similar results were obtained for the other
samples, at different glucose concentrations (not shown).

Indeed, this is con�rmed by the statistical test, which
found no statistically signi�cant difference between
the impedance modulus (at 1MHz) in static and dynamic
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T 1: Values at 1MHz for the 78mg/dL glucose sample at different temperatures in static and dynamic conditions. P range for the different
static/dynamic couple of values: 0.14–0.72 (i.e., not signi�cant).

Temperature RT 32 37 42 47
Status Static Dynamic Static Dynamic Static Dynamic Static Dynamic Static Dynamic
Test 1 156,11 156,10 136,38 136,08 125,34 125,27 115,99 116,25 105,99 105,81
Test 2 155,71 155,69 137,38 136,94 125,47 125,78 115,73 115,56 106,23 105,62
Test 3 155,35 155,42 137,07 137,12 125,67 124,96 115,48 115,48 106,03 105,73
Test 4 155,08 155,11 136,91 136,84 125,67 125,67 115,42 115,39 105,60 105,90

conditions, for all the samples at the different glucose
concentrations, at each of the different temperatures. Table
1 reports the impedance modulus of the sample at 78mg/dL
glucose, at the different temperatures.

4. Discussion

e noninvasive measurement of glycaemia is a topic of
great interest and is rapidly changing; novelties have emerged
frequently in the last years. Nevertheless, in spite of some
encouraging results and the efforts made over the past years,
there is no device available at present for use in clinical
practice. A possible explanation might be the combination
between the speci�c features of each method and the speci�c
characteristics of diabetic patients, whichmake them respond
differently to physical and chemicalmethodswhen compared
to their healthy counterparts. e most recent device proto-
types appear promising, but because of the failure of previous
projects, the assessment of such new devices must be done
with extreme caution [3, 11, 12].

One of the promising approaches for noninvasive mea-
surement of glycaemia is electroimpedance spectroscopy.
Some device prototypes have been developed based on this
approach, and one of them also received the CE approval, but
its diffusion in the market was prevented by some concerns
about its actual performances [13]. A new company seems to
be working on a similar device [14], but at the moment no
device is available.

In [7] authors claimed that the measurement of gly-
caemia through electroimpedance spectroscopy is possible
as variations in blood glucose concentration induce some
transportation phenomena of electrolytes through the cell
membrane, and as a consequence of this process, variations in
the dielectric properties of the medium can be observed.e
most relevant phenomenon seems to be the plasma sodium
concentration lowering in the presence of hyperglycaemia
[15]. In [7] it was claimed that these effects are entirely
responsible for the impedance variations of blood and
underlying tissues, since glucose variations do not directly
affect the dielectric properties of the investigated medium
(at least in the MHz band). However, some recent studies
contradict these �ndings: in [8, 9] the dielectric properties
of glucose-water solutions were found different for glucose
concentration values varying within the physiological range.
In particular, the impedance modulus increased for increas-
ing glucose concentrations within the 1 kHz–1MHz band.
However, in our previous study [9], for each type of solution

only a few samples were studied, and only in static conditions,
at room temperature.

In this study, impedance changes of sodium chloride
solutions at different glucose concentration values were
analyzed more deeply. e interest for the sodium chloride
0.9% solution is due to the fact that it has an osmotic pressure
extremely close to that of plasma, and it also has conductivity
similar to that of blood: in fact, we also measured sodium
chloride 0.9% conductivity with a simple conductivity meter
(Orion) and found 15.60mS/cm (at room temperature),
which is not far from values reported for blood in the
literature [16].

Blood is a very complex tissue, liable to sudden time
changes in the several elements (proteins, hormones, etc.)
and ion concentration due to many different factors [17,
18]. From our previous studies and from what emerges in
the literature, it is clear that these characteristics make it
extremely difficult to isolate the behavior of the various com-
ponents that contribute to the various measures applicable
to noninvasive monitoring of blood glucose [11]. For this
reasons in this study we have tried to isolate two fundamental
physical-chemical characteristics in the impedance spec-
troscopy analysis: the conductivity and the osmotic pressure,
using for this proposal solutions comparable with blood only
in these two particular features.

Solutions at different glucose concentrations were exam-
ined at �ve different temperatures, also including the tem-
perature typical of human body �uids (22, 32, 37, 42, and
47∘C), both in static and dynamic conditions, the latter being
more similar to what occurs in an in vivo context. e results
showed that the impedance modulus of the solution samples
was affected by the glucose concentration at all the studied
frequencies, con�rming that variations in glucose concentra-
tion even in the physiological range in�uence the dielectric
properties of solutions. However, the changes in dielectric
properties were small at any tested concentrations. is is
particularly true at glucose concentrations in the physio-
pathological range (from about 100 to 300–400mg/dL),
where changes of a few mΩ/(mg/dL) were found at room
temperature. ese results were also con�rmed when the
temperature of the sample was increased. In these cases,
as expected, the values of impedance as a function of the
glucose concentration were lower than those at 22∘C (for the
experiments at 37∘C, average difference of about 35.9Ω), but
a similar trend was observed (see Figure 4).

As regards the possible differences between static and
dynamic conditions, some studies can be found in the sci-
enti�c literature about possible differences in the impedance
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spectrumbetween these two conditions, but they are typically
focused on the investigation of the main characteristics of
ion-exchange membranes [19, 20]. To our knowledge, there
is only one study [21] in the literature that deals with
the problem of glucose measurement using an impedance-
based approach, with the investigation of both static and
dynamic conditions. In the study [21] the impedance of some
animal blood samples at different glucose concentrations
was analysed, both in static and dynamic conditions, at
the same temperature. At some glucose concentrations, the
sample in dynamic conditions showed a slight decrease
in the impedance value compared to the sample in static
conditions; however, at other glucose concentration values,
an opposite behaviour was found.e authors were unable to
provide a clear explanation of these �ndings. In our study,
as can be observed in Figure 5 and Table 1, there was no
difference between static and dynamic conditions in each
sample at each temperature tested. In fact, the solutions
used for our experiments include an ionic solute (NaCl)
completely solvated by polar solvent molecules (H2O), and
also the complete dissolution of glucose contributes to the
homogeneity of the solution. Our hypothesis is that in
experimental conditions involving relatively small volumes
(<100mL) of highly homogeneous solutions, the agitation
of the sample tends not to in�uence the ions mobility, and
hence the �ow of the electric current. Besides, the lack
of differences (or the presence of negligible differences) in
dielectric measurements between static and dynamic condi-
tions was also reported in our previous study [22], though
in that case the experimental setup was completely different
and only simple conductivitymeasurements were performed,
instead of impedance spectra measurements. In any case,
we acknowledge that the discrepancies between our studies
and the study [21] in the �ndings related to the possible
differences between static and dynamic data may be due to
the differences in the type of solutions analyzed in each study.

As regards the experimental setup of this study, it must be
noted that the measurement probe that we selected is gener-
ally used in simple conductivity analysis, and hence it may be
not completely adequate for impedance measurements. We
selected that probe for the presence of platinum electrodes,
despite the relatively low cost. However, the most interesting
results (i.e., those reported in Results) were obtained in a
frequency range where the phase of the measured impedance
was small, or even almost zero (data not shown). Clearly,
when the phase was zero the impedance reduced to conduc-
tance, and hence the probe was certainly used properly at
those frequency values.

e results presented here might have been affected by
some electrode polarization phenomena. However, it is well
known that the electrode polarization is more relevant at
low frequency values. Indeed, it is unlikely at frequencies
above a hundred of kHz. Moreover, electrode polarization
has effects more pronounced on the capacitance rather than
on the conductance of the investigated medium, as explained
in [23] and in our study, the ma�or �ndings were observed
at frequencies where the capacitance was small or negligible
(phase of the impedance almost zero in the studied frequency
range). Finally, we used platinum electrodes, which are less

prone to electrode polarization phenomena compared to
other materials [24–26].

In conclusion, we found that variations of glucose con-
centration in sodium chloride solution samples directly affect
the impedance of the samples, even in the absence of other
mechanisms that may occur in the presence of cells and
tissues interactions, which may strengthen the differences,
but may also act as confounding factors. e mechanisms
responsible for the resistive effect of glucose in ionic solutions
are not known. Many problems related to carbohydrates are
still far from properly understood, such as the behavior of
glucopyranose (circular glucose) in aqueous solution. e
glucose-water solution has been studied by both force-�eld
molecular dynamics methods and quantum-chemical solva-
tion, and most recently with the help of multisite models [27,
28]. It is known that the solubility of glucose is dependent on
the intermolecular attractions between glucose-glucose and
glucose-solvent molecules. Molecular dynamics simulations
have shown that water acts as a solubility enhancer that
increases the mobility and monodispersity of the system
which leads to an increase in glucose solubility in ionic
liquids with a consequent increase interaction between solute
(glucose) and solvent (water) [29]. However, we do not know
if the solvation shell of glucose or the dynamics of solute-
solvent interactions may be responsible for the resistive effect
observed empirically. Other studies will be needed in this
area, perhaps by comparing the relationship between the
solvation-solubility of other carbohydrates in ionic solutions,
with the possible resulting resistive effect.

We can also claim that there are no impedance differences
between static and dynamic conditions, at the different
temperatures analyzed, and for the limited volumes and types
of solutions used in the study. ough the impedance dif-
ferences directly produced by glucose variations were small,
these variations may be useful for future new approaches for
noninvasive glycaemia monitoring.
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