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An integrated device for real-time monitoring of glucose and phenols absorption, that consists of a
sensors/biosensors system (SB) and a Caco-2TC7 human intestinal cell culture, is described in this study.
The SB is composed of a glucose oxidase-based biosensor, a sentinel platinum sensor, a laccase/tyr-
osinase-based biosensor and a sentinel carbon sensor, all located in the basolateral compartment (BC) of
a cell culture plate. Caco-2TC7 cells, differentiated on culture inserts, separated the apical compartment
that simulates the intestinal lumen, from the BC which represented the bloodstream. The system re-
corded currents relative to glucose (1 mM) absorption, obtaining bioavailability values (5.1%) comparable
to HPLC analysis (4.8%). Phloridzin and phloretin, specific phenolic inhibitors of SGLT1 and GLUT2 glucose
transporters, reduced the glucose transport of almost 10 times. They were minimally absorbed in the BC
with a bioavailability of 0.13% and 0.49% respectively. The hypoglycemic potential of blueberry and po-
megranate juices was also studied. In particular, the amount of glucose absorbed through the Caco-2TC7
monolayer was 8%. for pomegranate and 1.7%o for blueberry, demonstrating the potential hypoglycemic
effect of the juices. Polyphenols absorption was also monitored by the SB and an increase was recorded
during the first 50 min in presence of both blueberry and pomegranate juices, then a constant decrease
occurred. The proposed device has been developed as innovative tool for the dynamic monitoring of
natural compounds effects on glucose absorption, in order to manage postprandial hyperglycemia.

© 2016 Elsevier B.V. All rights reserved.

Keywords:

Postprandial hyperglycemia
Enzyme biosensor
Caco-2TC7 cells

Glucose

Polyphenols

tolerance and, finally, of T2DM (Ceriello and Motz, 2004). The
correct managing of postprandial hyperglycemia is important for
prevention of micro and macrovascular complications in T2DM

1. Introduction

Type 2 diabetes mellitus (T2DM), a disease that currently affect

hundreds of million people worldwide, is associated with in-
creased coronary artery, cerebrovascular and peripheral vascular
diseases, with up to 80% of deaths in people with this pathology
caused by cardiovascular disease. Hyperglycemia and fluctuations
in blood glucose lead to generation of reactive oxygen species
(ROS), which is the root cause of the development of insulin re-
sistance, pancreatic P-cells dysfunction, impaired glucose
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(Wright Jr. et al., 2006).

Natural foods-based diets, rich in bioactive compounds, such as
polyphenols, are attractive strategies to limit the glucose intestinal
absorption and a potential tool of glycemic control. Various dietary
polyphenols and their metabolites differently influence the car-
bohydrate metabolism at many levels (Atkinson et al., 2005;
Rechner et al., 2002): inhibition of carbohydrate digestion and
glucose absorption in the intestine, stimulation of insulin secretion
from the P-cells, modulation of glucose release from the liver,
activation of insulin receptors and glucose uptake in the insulin-
sensitive tissues are only some of the hypothesized mechanisms of
action (Chu et al., 2011; Shihabudeen et al., 2011; Hanhineva et al.,
2010; Chacon et al, 2009). Previous studies, using fruits and
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vegetables, demonstrated that some polyphenols can attenuate
intestinal glucose absorption by inhibition of active uptake via
sodium-dependent glucose transporter 1 (SGLT1) and facilitated
transport by sodium-independent transporter 2 (GLUT2)(Farrell
et al., 2013; Manzano and Williamson, 2010). Fruits like blueberry
or pomegranate are important source of phenols (Barberis et al.,
2015; Fischer et al., 2011). Anthocyanins from blueberry had the
potency to alleviate symptoms of hyperglycemia in diabetic
C57b1/6] mice (Grace et al., 2009), while an inhibition of the a-
glucosidase activity was correlated with anthocyanins, total phe-
nolic content and antioxidant activity of extracts of some pome-
granate varieties (Kaur et al., 2014), strawberry and raspberry
fruits (McDougall and Stewart, 2005).

Caco-2 intestinal cell model was widely used for the assess-
ment of bioaccessibility, intestinal uptake and bioavailability of
bioactive compounds (D’Antuono et al., 2015; Failla et al., 2014).
Moreover, the model was also applied to investigate the attenua-
tion of ['CJ-glucose transport by polyphenols (Farrell et al., 2013;
Manzano and Williamson, 2010) for the high levels of cellular
expression of the facilitated glucose transport proteins (GLUT
1 and 2) and SGLT1 (Johnston et al., 2005).

Biosensors are reliable tools to detect both glucose for clinical
practice (Yoo and Lee, 2010) and phenols compounds (Rodriguez-
Delgado et al., 2015). Glucose enzyme electrodes based on detec-
tion of hydrogen peroxide (H,0,) are known since 1962 (Clark and
Lyons, 1962) and have been significantly improved during the last
years. A simple and inexpensive telemetry device for the detection
of extracellular brain glucose was implanted in the striatum of
freely moving rats (Rocchitta et al.,, 2013). The glucose oxidase,
being an oxidoreductase exhibiting a high B-D-glucose specificity
and stability, is well-suited for applications in diabetes care (Ara-
ngo Gutierrez et al., 2013). A bioelectrode based on glucose oxi-
dase-nanoporous gold co-catalysis was developed for glucose
monitoring in human serum (Wu et al,, 2015). Concerning the
detection of phenol compounds, a biomimetic biosensor based on
lipidic layers containing tyrosinase and lutetium bisphthalocya-
nine was used (Apetrei et al., 2011). In addition, a tyrosinase-based
biosensor (Carralero Sanz et al., 2005) and a laccase-based bio-
sensor (Gomes et al., 2004) were both developed for polyphenols
detection in wines.

In this paper, we combined a Caco-2TC7 intestinal model with a
biosensors system to simulate, without radiolabeled compounds,
physiological conditions of small intestine tract. The intestinal
cellular model is an important tool to investigate the intestinal
absorption (Artursson et al., 2012) and metabolism for the pre-
sence of the phase Il enzymes (Teng et al., 2012). We propose a
prototype of a diagnostic device, based on glucose oxidase (GOx)
biosensors and on laccase/tyrosinase (Lac/Tyr) biosensors, for the
real-time telemetric monitoring of glucose and phenols absorption
by Caco-2TC7 human intestinal cell culture. The device was con-
ceived for the on-line measurement of glucose intestinal absorp-
tion, in the absence and in the presence of hypoglycemic phyto-
chemicals. The object was to realize a smart and safe tool to study
the in vitro effects of phytochemicals on glucose absorption that
could be useful for future studies on the managing of postprandial
hyperglycemia with natural compounds.

2. Materials and methods
2.1. Reagents
The list of reagents used in this work and the methodologies for

the solutions’ preparation are reported in Supplementary data
(S1.1 and S1.2).

2.2. Fruit samples, juice preparation and chemical composition
analyses

Pomegranate fruits (Punicagranatum L.) cv Wonderful and
blueberry fruits (Vaccinumcorimbosum L.) cv Brigitta blue were
bought on the local market. Fruits were squeezed and the juices
were filtered, centrifuged at 4629g for 10 min at 4 °C (centrifuge A.
L.C.-4227R, A.LC. s.rl. Milano, Italy), stored in ultra-freezer at
—80°C and lyophilized. All freeze-dried samples were fully re-
hydrated for chemical composition analyses and in vitro assays.
The pomegranate and blueberry juices were filtered with re-
generated cellulose 45 pm (filter, diluted and analyzed for sugars
content by HPLC-PAD system (Supplementary data S2.1) and for
phenolic composition by HPLC-DAD analysis (Supplementary data
S2.2 and S2.3).

2.3. Description of the diagnostic device

A Corning®™ 6-wells cell culture plate was modified (Fig. 1A) to
be integrated with two potentiostats, twelve current-to-voltage
converters that made up two sensor/biosensor systems (SBs): SB1
for glucose and SB2 for polyphenols detection.

The device was conceived to assess the glucose and poly-
phenols bioavailability by monitoring their transport from apical
(which simulated the intestinal lumen) to basolateral compart-
ment (which simulated the bloodstream) through a Caco-2TC7
cells monolayer (Fig. 1C). The electronics developed for this study
was based on previous single-supply-powered designs (Barberis
et al., 2014; Rocchitta et al., 2007; Serra et al., 2007). Both po-
tentiostatic circuits (Fig. 2, P1 and P2) maintained the reference
and auxiliary electrodes to the same fixed potential. Glucose bio-
sensors (and the corresponding sentinels) were polarized at
+700 mV vs Ag/AgCl pseudo-references and worked in oxidation
mode for glucose transport assessment. Polyphenols biosensors
(and the corresponding sentinels) were polarized at —100 mV vs
Ag/AgCl pseudo-references and worked in reduction mode for
polyphenols absorption estimation. The recorded data were ac-
quired second-by-second, by an Arduino Due© embedded system
averaged and transmitted by Bluetooth™ to a notebook every 5 s.
A detailed description of the telemetry device is provided in
Supplementary data (S3).

2.3.1. Basolateral compartment modification

Each potentiostat (Fig. 2) was connected with a Pt shared
auxiliary electrode and a shared pseudo-reference electrode (Ag/
AgCl) arranged at the bottom of the plate (Fig. 1D). Two lateral
access holes for the working electrodes (WEs) of SB1 and SB2 were
also provided for each well (Fig. 1B). The WEs were aligned in the
free space between the bottom of the well and the bottom of the
insert (Fig. 1C). Three wells of the plate were devoted to glucose
detection and three to polyphenols detection. In the wells devoted
to glucose detection, one hole was for a GOx-based biosensor and
the other for a platinum sentinel sensor. In the wells devoted to
polyphenols detection one hole was for a Lac/Tyr-based biosensor
and the second for a sentinel carbon sensor.

2.3.2. Biosensors' design and calibration

The GOx-based biosensors (Pt/(PEI+BSA-GOx)s/PU) for glucose
absorption detection (Fig. 3A) were prepared 24 h before their use,
following a previously described procedure (Rocchitta et al., 2013)
with modifications. A Pt/Ir cylinder electrode (1 mm) was con-
nected to a potentiostat (eDAQ Quadstat, e-Corder 410, eDAQ
Europe, Poland) and placed in an electrochemical cell containing a
250 mM solution of OPD monomer. The electropolymerization of
OPD to poly(o-phenylenediamine) was obtained at +700 mV vs
Ag/AgCl reference electrode for 15 min, and the modified
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B Apical compartment

Fig. 1. (A) Schematic drawing of the diagnostic device used in this study. The case including the two potentiostats is integrated with the Corning™ 6-wells cell culture plate.
(B) Drawing of the lateral access holes for the working electrodes (WEs) of SB1 and SB2. (C) Drawing of the WEs (biosensor = green wire; sentinel sensor = orange wire)
aligned in the free space between the bottom of the well and the bottom of the insert containing the Caco-2TC7 cells. (D) Schematic drawing of shared auxiliary (AUX = red
wire) and reference (REF = blue wire) electrodes systems, arranged at the bottom of the plate. Ag/AgCl Ref and Pt Aux electrode were positioned in each well. (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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Fig. 2. Schematic drawing of the amperometric module of the diagnostic device and its connections to the digital module (Supplementary data, S-4.1). The module was made
using four quad operational amplifiers, twelve feedback resistors and capacitors and few extra components on a dual side PCB. Each sensors/biosensors system (SB1 an SB2)
uses a dedicated potentiostat, P1 and P2, which guarantees that reference electrode and auxiliary electrode potentials are fixed to 2.5 V. Each working electrode (biosensor or
sentinel) has a dedicated current-to-voltage converter. SB1 was polarized at 3.2 V (+700 mV vs Ag/AgCl) while SB2 was polarized at 2.4 V (—100 mV vs Ag/AgCl).
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Fig. 3. (A) Schematic representation of GOx-based biosensor used in this study, with the glucose oxidase reaction mechanism and H,O, oxidation on the transducer surface.
(B) Michaelis-Menten kinetics of GOx-based biosensor and glucose calibration in the 0-1 mM linear region (inset). (C) Schematic representation of Lac/Tyr-based biosensor
used in this study, with the polyphenols oxidation reaction mechanism and orthoquinones reduction on the transducer surface. (D) Michaelis-Menten kinetics of Lac/Tyr-

based biosensor and chlorogenic acid calibration in the 0-1 mM linear region (inset).

transducer was stored at 4 °C. A layer of PEI, an enzyme stabilizer,
was deposited on the sensor surface by dip-evaporation from a 1%
PEI aqueous solution, then BSA and GOx were loaded on the
sensor surface by dip-evaporation from a 25 uL of a 10% BSA so-
lution containing 200 U of enzyme. This procedure was repeated
five times. A final layer of polyurethane was applied on the bio-
sensor surface by a quick dip in a 1% PU solution. The sentinel Pt
sensor (Pt/(PEI+BSA)s/PU) differed from the biosensor only for the
absence of GOx. It was used to record the oxidation signal of the
interferents present in the matrix that pass through the poly(o-
phenylenediamine) permselective film; this signal was subtracted
from the current recorded by the corresponding biosensor.

The Lac/Tyr-based biosensors (C/(BSA-Lac/Tyr),/PU) for poly-
phenols absorption detection (Fig. 3C) were prepared 24 h before
their use, modifying a previous design (Barberis et al., 2010). The
transductors were 5 mm carbon rods with a 300 ym diameter
(commercial 2H Staedtler graphite pencil leads). The rods were
previously insulated with epoxy resin, then inserted in a 15 mm
polyethylene tube (diameter =0.58 mm) and dried in oven at
55 °C overnight. The electrical connection between the rods and a
length of insulated copper wire was assured by means of graphite
loaded epoxy-resin (Bazzu et al., 2009). A transducer circular ac-
tive surface of 0.071 mm? was obtained by drilling the rods with a
high speed drill equipped with an aluminum oxide grinding
wheel. The enzymes were loaded by deposition of 1+1 uL of a Lac/
Tyr solution made of 10 U/mL Tyr and 0.04 U/mL Lac. An entrap-
ment layer of PU was obtained by a quick-dip in a 1% PU solution
which dried at room temperature for 30 min. The sentinel carbon
sensor (C/(BSA),/PU) differed from the biosensor only for the ab-
sence of the enzymes Lac and Tyr. It did not give any response to

chlorogenic acid exposure, and was used to record the signal
corresponding to quinones originated by polyphenols autoxida-
tion; this signal was subtracted from the current recorded by the
corresponding biosensor.

All the calibrations were performed at 37 °C by constant po-
tential amperometry, using the above mentioned Quadstat, in or-
der to evaluate apparent Michaelis-Menten parameters (Vyax and
Ky) and linear region slope (LRS), where the GOx- and the Lac/Tyr-
based biosensors exhibit a linear response to glucose or chloro-
genic acid (CA) concentrations respectively. Chlorogenic acid was
selected as standard calibrator for Lac/Tyr-based biosensors since
it is well represented both in blueberry and pomegranate juices
(Barberis et al., 2015; Fischer et al., 2011) and the signals recorded
in the basolateral compartment were expressed as chlorogenic
acid equivalents (CAE) to allow the comparison between the ab-
sorption of polyphenols present in the two juices.

The GOx-based biosensors were calibrated fixing the applied
potential for H,O,0xidation at +700 mV vs Ag/AgCl. In this par-
ticular design, the oxidation potential was selected to be the high
as possible for good H,0, sensitivity and concurrently ensure a
good immunity against interferences (O’'Neill et al., 2004; Kirwan
et al., 2007).

After a stable baseline was reached, a 12-point calibration was
made by adding known amounts of glucose ranging from 0.1 to
140 mM. After the last injection, the biosensors were washed with
bidistilled water and immersed in fresh PBS solution to be re-
stabilized for samples’ glucose detection. The Lac/Tyr-based bio-
sensors were immersed in 20 mL of PBS (pH=74) and a fixed
potential of —100 mV vs Ag/AgCl was applied (Supplementary
data, S4). When stabile baselines were reached, the biosensors
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were calibrated by adding known volumes of 1M and 100 mM
standard solutions of CA, in a concentration range from 0 up to
100 mM.

2.3.3. The apical compartment

The apical compartment was represented by a cell culture in-
sert placed in each of the six wells (Fig. 1C). In these inserts Caco-
2TC7 cells were prepared as reported in D’Antuono et al. (2015)
with some modifications. The complete procedure was provided in
Supplementary data (S5).

2.4. Experimental design

Preliminary experiments were performed in order to evaluate
the kinetic of glucose diffusion through the tracked-etched
membrane of the inserts without Caco-2TC7 cells after the addi-
tion of 0.5, 1 or 2 mM glucose in the apical compartment.

Preliminary toxicity experiments were carried out on the basis
of previous protocol (Minervini et al., 2014), in order to assess the
highest non-cytotoxic dilution of pomegranate and blueberry jui-
ces, by using the MTT test. Transepithelial electrical resistance
(TEER) determination was used to measure the integrity of cell
monolayers. The complete procedures were provided in Supple-
mentary data (S5). The real-time telemetric monitoring of glucose
and phenols absorption by Caco-2TC7 human intestinal cell cul-
ture was assessed by the previously described diagnostic device.
Three wells were connected to the potentiostat A and used, with
SB1, for glucose detection. Three wells were connected to the
potentiostat B and used, with SB2, for polyphenols detection. The
basolateral compartments were all filled with 3 mL of PBS, then
inserts with the Caco-2TC7 cells were gently added in each well.

All the experiments were carried out for 2 h in order to si-
mulate a postprandial phase, and the device was put inside a oven
to ensure a constant 37 °C temperature. Glucose and polyphenols
relative currents were recorded in the basolateral compartment, in
the absence and in the presence of the inhibitors phloridzin (in-
hibitor of SGLT1 glucose transporter), phloretin-2 O-xyloglucoside
(inhibitor of GLUT2 glucose transporter) and of blueberry or po-
megranate juices.

In order to have four treatments the following solutions were
added to apical compartment:

1. Control samples: 2 mL of 1 mM standard glucose solution (as
suggested by Manzano et al. (2010);

2. Samples with Inhibitors: 2 final milliliters of PBS solution con-
taining 0.6 mM phloridzin, 0.2 mM phloretin and 1 mM stan-
dard glucose. Inhibitors were added 10 min before glucose
addition;

3. Samples with Blueberry juice: 2 mL of PBS solution containing
diluted (1:2.5) blueberry juice and 1 mM standard glucose;

4, Samples with Pomegranate juice: 2 mL of PBS solution contain-
ing diluted (1:10) pomegranate juice and 1 mM standard
glucose.

Both juices were added 10 min before the glucose solution
addition. Almost three independent experiments were carried out
for each thesis.

2.5. Statistical analysis

Glucose and phenol phytochemicals currents were expressed in
nanoamperes (nA) and given as mean + standard error of the
mean of absolute oxidation (for glucose) or reduction (for phenols)
currents (nA) or baseline-subtracted currents (AnA). Glucose
content was expressed as molarity to be comparable with re-
ference methods. Phenols content was expressed as chlorogenic

acid equivalents (CAE).

Statistical analysis was performed by GraphPad Prism 5.02 for
Windows software (GraphPad Software, Inc., La Jolla, CA 92037,
USA). Analysis of variance (one-way ANOVA) was performed to
compare results obtained with different analytical methods, using
a unifactorial complete randomized block design. Mean compar-
isons were calculated by Fisher's least significant difference test at
P<0.05.

3. Results
3.1. Preliminary characterization of biosensors

As described before, the biosensors and the sentinel sensors of
SB1 and SB2 differed only for the presence or the absence of GOx
and Lac/Tyr respectively. The influence of PEI, BSA and PU on Pt
and C electrodes were previously investigated (Rocchitta et al.,
2013; Barberis et al., 2015). In-vitro calibrations of biosensors were
carried out in fresh PBS at 37 °C (Fig. 3).

SB1 recorded currents relative to H,0,, originated from the
enzymatic glucose oxidation, on the transductor surface at an
applied potential of +700 mV vs Ag/AgCl (Fig. 3A). The GOX-based
biosensors calibration data fitted with the Michaelis-Menten
equation (r’=0.9873, n =6) with V,.,,=1854+52nA and
Km=2.096 + 0.6 mM (Fig. 3B). The response to low concentrations
of glucose (0 — 1 mM) revealed excellent linearity (r>=0.9928, n
=6) and a LRS =0.059 + 0.0019 nA*pM ',

SB2 recorded currents of quinones resulting from polyphenols
oxidation by Lac and Tyr and later reduced on the transductor
surface at —100 mV vs Ag/AgCl (Fig. 3C). Lac/Tyr-based biosensors
also displayed a Michaelis-Menten kinetics (Fig. 3D) with
Vimax=130.4 + 8.9 nA and K,=2.572+ 0.9 mM, and an excellent
response to low concentrations of chlorogenic acid (0-1 mM) with
r°=0.9973 (n =6) and LRS =0.049 + 0.001 nA*uM .

The limit of detection of the biosensors (LOD =3.3 o/S), where
o is the standard deviation of background noise of the biosensor
and S is the slope of the linear region of the calibration curve were
0.85 +0.07 uM and 1.59 + 0.09 uM for GOX-based biosensors and
Lac/Tyr-based biosensors respectively. The corresponding limits of
quantification (LOQ =3*LOD) were 2.55+0.21uM and
4.77 +0.27 uM.

3.2. Kinetic of glucose diffusion in absence of cellular monolayer

The results indicated that, in absence of a cellular monolayer the
glucose diffusion from apical to basolateral compartment was dose-
dependent (Fig. 4). The curves of recorded currents were smooth and
followed non-linear hyperbolic trends according to the equation Y =
Bmax*X/(Kd+X) where the glucose concentration Y is zero initially,
and increases to a maximum plateau value Bmax, and Kd is the time
X needed to achieve a half of Bmax. In this work, curves are char-
acterized by growing values of Bmax (199.5 uM, 394.8 uM and
794.8 uM) and by decreasing value of Kd (165.3 min, 95.16 min and
61.68 min) for 0.5 mM, 1 mM and 2 mM of glucose respectively. The
experiment lasted 2 h while a linear trend was observed for 30 min
from the glucose injection with r?=0.995, 0.997 and 0.998 for
0.5mM (LRS =0.119 +0.0002 pM*min~'), 1mM (LRS =0.283 +
0.0003 uM*min~") and 2mM (LRS =103 + 0.002 uM*min~") of
glucose respectively (Fig. 4 inset).

3.3. Kinetic of glucose CaCo,absorption in presence and in absence of
inhibitors

Glucose absorption, from apical to basolateral compartment
through the Caco-2TC7 monolayer, was detected, in absence and in
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of the experiment (inset).
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presence of glucose transporters inhibitors (Fig. 5A). In presence of
the cell monolayer a delay of glucose absorption after its addition
was observed indicating an active transport rather than a diffu-
sion. In the Control a peak of about 40 uM was recorded 20 min
after the glucose administration, and then the transport from the
apical to the basolateral compartment continued irregularly but
with gradually decreasing fluctuations. Even though the phe-
nomenon cannot be ascribed to a particular mathematical model
(due to the above-mentioned fluctuations), a linear trend can be
hypothesized with a slope of 0.3668 + 0.001 uM/min (dotted line
in Fig. 5A). A similar irregular trend was also observed in the
presence of phloridzin and phloretin two recognized glucose
transporters inhibitors (Zheng et al., 2012). A quite horizontal
trend (slope =0.0094 + 0.0006 pM/min) was observed. The results
obtained with glucose biosensor, at the end of the experiment,
were compared with HPLC reference method. In particular, the
amounts of glucose recovered were 51.03+3.47uM vs
47.7 +4.01 uM in the control and 3.67 +2.4 uM vs 5.15+ 2.9 uM
with the inhibitors, for SB1 and HPLC analysis, respectively. All
considered, the glucose bioavailability in the Control was 5.1% for
biosensor determination and 4.8% by HPLC determination; instead,
in the presence of inhibitors, the glucose bioavailability decreased
of about 10 times for both determinations. The kinetic of inhibitors
transport from apical to basolateral compartment, in the presence
of 1 mM glucose, was also monitored by SB2 (Fig. 5B). Phloretin
and phloridzin were minimally transported in the basolateral
compartment. Their absorption was characterized by two main
waves during the first 60 min of the experiment, and then the
signal progressively decreased. Results obtained using HPLC-DAD
analysis at the end of experiments showed a low amount of in-
hibitors absorption in the basolateral side, 0.80 uM for phloridzin
and 0.98 pM for phloretin, corresponding to 0.13% and 0.49% of
bioavailability, respectively.

3.4. The case study: kinetic of glucose and phenols active transport in
the presence of pomegranate and blueberry juices

The hypoglycemic potential of blueberry and pomegranate
juices was also studied. The juices were characterized by
1.3 100 mL~! and 9.8 100 mL~! glucose and
243 mg*100 mL~! (33% anthocyanins) and 15.3 mg*100 mL~'
(52.8% anthocyanins) polyphenols, respectively. On the basis of the
preliminary determination of non-cytotoxic blueberry and pome-
granate juices, 1:2.5 and 1:10 dilutions for blueberry and pome-
granate respectively, were added in the apical compartment before
the glucose addition.

Results showed a quite linear increase of glucose absorption,
even if with some fluctuations, in the presence of blueberry or
pomegranate juices (r>=0.9143 and r?’=0.9691 respectively)
(Fig. 6A). The slopes of the dotted lines indicated that glucose was
absorbed with different velocity (0.413+0.0015 and
3.04 4+ 0.006 pM*min~!). Data recorded by SB1 at the end of the
experiment were 53.2 + 8.4 uM and 387.5 + 14 uM for blueberry
and pomegranate, respectively, showing that, in the presence of
pomegranate juice a higher amount of glucose was transported
through the Caco-2TC7 monolayer in the basolateral side (8%o)
respect to the blueberry juice (1.7%o).

The curves of polyphenols absorption (Fig. 6B) followed trends
similar to those previously observed for phloretin and phloridzin.
An increasing of polyphenols absorption was recorded by SB2
during the first 50 min for blueberry and pomegranate, then a
constant decreasing occurred, reaching values very closed to the
LOD at the end of the experiment. A higher amount of polyphenols
was recorded for pomegranate juice in the basolateral side.
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Fig. 6. (A) Kinetics of glucose active transporttrough the Caco-2-TC7 cells mono-
layer in the presence of blueberry and pomegranate juice. (B) Kinetics of blue-
berry's and pomegranate's polyphenols active transporttrough the Caco-2-TC7 cells
monolayer.

4. Discussion

The integrated device proposed in this paper combines differ-
ent analytical systems with the purpose to study the kinetic of
glucose absorption in the presence of various phytochemicals. The
originality of the system is testified to the absence in the literature,
as far as we know, of similar device. At the same time the relia-
bility is ensured, since sensor/biosensors systems were success-
fully employed to detect glucose (Wu et al., 2015; Arango Gu-
tierrez et al., 2013; Yoo and Lee, 2010) and phenol compounds
(Rodriguez-Delgado et al., 2015; Carralero Sanz et al., 2005; Gomes
et al., 2004), while Caco-2TC7 cell-based model have been already
used to assess the reduction of glucose transport by polyphenols
(Farrell et al., 2013; Manzano and Williamson, 2010).

The device showed that, in the absence of a cell monolayer, SB1
registered a dose-dependent glucose diffusion. In the presence of
Caco-2TC7 cells, the glucose transport to the basolateral com-
partment was not immediate and got slower following a quite
linear trend characterized by fluctuations. The maximum glucose
level was recorded after 20 min. Five times higher glucose level
was found by Manzano and Williamson (2010) after 30 min of
radiolabel glucose (1 mM) exposure of Caco2 cells seeded on
polycarbonate transwell insert. These results are partially com-
parable with our findings because of different cell line used (par-
ental Caco2 line vs TC7 clone), type of insert (polycarbonate vs
PET) and the glucose quantification (scintillation counting of
radiolabel glucose vs sensor/biosensor system). Phloretin and
phloridzin strongly affected the glucose absorption, showing their
recognized inhibitory effect (Zheng et al., 2012). The mechanisms
of glucose absorption in intestinal cell lines are widely studied (El-

Zein et al.,, 2015; Zheng et al., 2012) as far as the interaction of the
two inhibitors with SGLT1 and GLUT2 transporters (Farrell et al.,
2013; Zheng et al., 2012; Manzano and Williamson, 2010; Droz-
dowski and Thomson, 2006). Our results, obtained with both
methods applied in this study, are in agreement with Scalbert et al.
(2002). The Authors indicated that phloretin and phloridzin were
only minimally transported in the basolateral compartment ac-
cording to the fact that their activity was performed principally
inside the cells. The lower absorption of phloretin and phloridzin
was also in agreement with the poor polyphenols bioavailability as
reported by others authors (D’Antuono et al., 2015; Teng et al.,
2012).

For the application of this device, interferences in the glucose
and phenols detection have also been taken into consideration;
H,0, not originated by the glucose oxidase, for example from
polyphenols autoxidation (Akagawa et al., 2003), could represent
interference when quantifying the amount of glucose in the ba-
solateral compartment. The sentinel Pt sensor was used to record
the oxidation signal of H,0, of different origin and its signal was
subtracted from the current recorded by the corresponding bio-
sensor. On the other hand, according to its mechanism of action,
SB2 should reduce only quinones resulting from polyphenols
oxidized by Lac and Tyr, but it is also able to reduce quinones
originated by polyphenols autoxidation. During our experiments,
the carbon sentinel sensors, which did not give any response to
chlorogenic acid exposure, recorded a current of few na-
noamperes. We hypothesized that this signal corresponds to qui-
nones originated by polyphenols autoxidation; for these reasons, it
appears essential to maintain the sentinel sensors and to subtract
their signals from the signals of the corresponding biosensors.

In this work an application of the device was provided and the
hypoglycemic potential of blueberry and pomegranate juices was
also studied. The outcome of our experiments indicated that, the
glucose absorption was higher in the presence of pomegranate
juice than blueberry juice. Previous investigations were carried out
on the hypoglycemic activity of polyphenols of blueberry (Grace
et al., 2009; McDougall and Stewart, 2005) and pomegranate (Kaur
et al.,, 2014; Parmar and Kar, 2007), suggesting that this role is
principally performed by anthocyanins. In particular, concerning
blueberry, its hypoglycemic effect was studies in in vivo models
and was related to inhibitory effect of anthocyanins on alpha-
glucosidase activity (McDougall and Stewart, 2005). Other authors
(Grace et al., 2009), in in vivo diabetic mice, reported the greater
hypoglycemic activity of anthocyanin-enriched fraction compared
to the parent phenolic rich extract of blueberry, suggesting that
the hypoglycemic activity of blueberry can be specifically ascribed
to anthocyanins. In our study this different hypoglycemic behavior
of the two juices could be also attributed to the different poly-
phenols composition. In fact, blueberry juice, behind the antho-
cyanins, is characterized by a higher amount of flavonoids, which
showed chemical structure similar to phloretin and phloridzin and
could be also responsible to the hypoglycemic effect (Kwon et al.,
2007).

Concerning the polyphenols absorption, the quantity of po-
megranate polyphenols, recorded by SB2 biosensors, was higher
than of blueberry. Considering the high metabolic activity of Caco-
2TC7, related to high expression of phase II enzymes, the de-
termination of polyphenols in the basolateral side should be per-
formed by a sensitive and reliable analytical methods capable of
measuring polyphenols and their metabolism (Teng et al., 2012).
Since the SB2 biosensor was calibrated only with CA, the com-
parison between results obtained with this biosensor and HPLC
analysis was in agreement only for binary mixtures (such as
phloridzin and phloretin solution); instead, in the case of complex
mixtures (such as the juices) or in the presence of metabolites
(that could be generated by the Caco-2TC7 activities), the
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biosensor is not able to discriminate among the molecules with
high level of complexity.

5. Conclusion

The device was conceived for the on-line in vitro assessment of
the glucose bioavailability, in absence and in presence of glucose
inhibitors. An application of the system was carried out providing
the trend of glucose and phenols absorption in presence of blue-
berry and pomegranate juices. The use of the device can easily be
extended to other phytochemicals with presumed hypoglycemic
activity. It is our opinion that the object to realize a smart tool to
study the effects of a wide variety of phytochemicals on the glu-
cose absorption and to contribute to an effective strategy for
managing postprandial hyperglycemia with natural compounds,
was achieved.

It is also clear that this system cannot be alternative to the
reference methods but that it could be complementary to them.
HPLC method, which is expensive and time-consuming, cannot
describe trends but it provides accurate bioactive compounds
characterization allowing to discriminate among different poly-
phenols classes. Consequently, the proposed system can be used
for a rapid screening of natural compounds that can modulate
glucose bioavailability, and only the phytochemicals, with de-
monstrated hypoglycemic activity, should be further investigated
with traditional systems.

Finally, together with the present device we propose an origi-
nal approach, in support of drug therapy, for a better management
or prevention of T2DM. This approach can be easily extended to
studies on different diseases by using different cellular models
and/or different biosensor systems.
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