University of Novi Sad

DSpace-CRIS Repository https://open.uns.ac.rs

2022-10-26

Monitoring of Drug Release via Intra
Body Communication with an Edible Pill

Leonardo Lamanna, Pietro Cataldi, Marco Friuli, Christian
Demitri, Mario Caironi
Wiley-VCH

Leonardo Lamanna, Pietro Cataldi, Marco Friuli, Christian Demitri, and Mario Caironi. 2022.
Monitoring of Drug Release via Intra Body Communication with an Edible Pill. Advanced
Materials Technologies 8(1). doi: https://doi.org/10.1002/admt.202200731.
https://open.uns.ac.rs/handle/123456789/32631

Downloaded from DSpace-CRIS - University of Novi Sad



RESEARCH ARTICLE

'-) Check for updates

ADVANCED
MATERIALS
TECHNOLOGIES

www.advmattechnol.de

Monitoring of Drug Release via Intra Body Communication

with an Edible Pill

Leonardo Lamanna,* Pietro Cataldi, Marco Friuli, Christian Demitri, and Mario Caironi*

Oral drug administration provides a convenient and patient-compliant way
for drug delivery, especially for chronic diseases and prolonged pharmaco-
logical treatments. However, due to the repetitiveness of such therapeutic
approach, the patients are led to neglect/forget the therapy affecting the
healthcare delivery. Indeed, the non-adherence to pharmacological prescrip-
tions and the unknown amount of real-time drug release result in a non-
compliant therapeutic drug level over the protracted therapies. The proposed
technology will enable the monitoring of both pharmacological adherence
and real-time drug release. The approach exploits a passive intrabody com-
munication (IBC) activation in order to enable an edible pill, realized starting
from food additives and food-grade materials, to monitor pharmacological
adherence. Following activation, the signal is modulated by IBC coupling
switching triggered by pill degradation in a gastrointestinal tract, resulting

in a monitored drug release. The proof-of-concept is designed for a targeted
release and monitoring of Metformin in the intestine. The system shows an
in vitro limit of cumulative drug release detection of 18 jig mL™" and a limit of
real-time drug release detection of 2 ug mL™ min~". This platform represents
the first solution to monitor passive drug release in real-time, from intake to

between patients and caregivers, offering
new and unprecedented opportunities for
diagnosis and treatments. In this context,
ingestible electronic (IE) devices represent
an emerging key tool supporting medi-
cine.l’l Such technology easily enthralls
our minds, picturing us in the Fantastic
Voyage of Isaac Asimov. However, [E was
conceived as far back as 1957, when the
first pH-endoradiosonde was presented.”
IE has by then achieved remarkable per-
formances exploiting the use of standard
electronics (e.g., PillCam, IntelliCap),®°
but the bulky design, the use of toxic
materials, the necessity of ex-post recollec-
tion, and the need of medical supervision
pose limitations in the use of such a plat-
form.19-12] In fact, risks of retention and
obstruction are recorded with a percentage
that reaches 13% in patients with Crohn's
disease;[®13! in the perspective of mass
applications, this would require unsus-

complete absorption, enabling unique and long-sought healthcare therapy

and treatment opportunity.

1. Introduction

The technological healthcare revolution is deemed to transform
our lives."?] The use of wearable,’* implantable,P) and ingest-
ible devices!® will deliver continuous monitoring of physiolog-
ical metrics, personalized therapies, and rapid sharing of data

L. Lamanna, P. Cataldi, M. Caironi

Center for Nano Science and Technology @PoliMi

Istituto Italiano di Tecnologia

Via G. Pascoli, 70/3, Milano 20133, Italy

E-mail: leonardo.lamanna@unisalento.it; mario.caironi@iit.it
L. Lamanna, M. Friuli, C. Demitri

Department of Engineering for Innovation

Campus Ecotekne

University of Salento

Via per Monteroni, Lecce 73100, Italy

The ORCID identification number(s) for the author(s) of this article
can be found under https://doi.org/10.1002/admt.202200731.

© 2022 The Authors. Advanced Materials Technologies published by Wiley-

VCH GmbH. This is an open access article under the terms of the Creative
Commons Attribution License, which permits use, distribution and repro-
duction in any medium, provided the original work is properly cited.

DOI: 10.1002/admt.202200731

Adv. Mater. Technol. 2023, 8, 2200731 2200731 (1 O‘F]O)

tainable resorting to surgery.

More recently, edible electronics have
been conceptualized to tackle such issues
at the root and to develop environmen-
tally friendly, cost-effective, safe, and self-
administrable edible devices.' This transformation requires
introducing new materials from food and food derivatives,
approved by Food and Drug Administration/European Food
Safety Authority (FDA/EFSA), into swallowable electrical appli-
ances, enabling a new healthcare platform. One of the most
attractive visions and expectations from edible electronics is
developing an edible device that is affordable, without ethical
issues, and secure for monitoring all the pharmacological
therapy in chronic and thorny diseases.

For many pathologies (e.g., diabetes, hypertension, psychi-
atric illness), precise and sustained pharmacological therapy is
crucial for disease control and/or recovery.'®! Such administra-
tions are obtained by two main approaches: a correct pharmaco-
logical adherencel®2! and a controlled drug release system.22

Pharmacological adherence describes the degree to which a
patient correctly follows a medical prescription. World Health
Organization estimated that only =50% of patients with chronic
diseases living in developed countries follow treatment rec-
ommendations with meager rates for diabetes, asthma, and
hypertension.?*24 This oversight translates into an economic
cost of 300 B$ in the United States and 125 B€ in Europe, com-
prehensive of hospitalizations, complication treatments, and
wasted drugs.?*?] To improve pharmacological adherence

© 2022 The Authors. Advanced Materials Technologies published by Wiley-VCH GmbH
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in chronic therapies, a key role has been assigned to mobile
health (mHealth) through messaging and a dedicated reminder
mobile app.?®! Noteworthy, in 2015, Proteus Digital Health Inc.
presented the first ingestible CMOS integrated-circuit micro-
sensor, designed to be incorporated into every type of tablet, to
monitor medication adherence.?°]

On the other side, controlled drug release systems allow
tuning of drug dosages to specific rates. Over the past few dec-
ades, drug delivery systems have benefited patient compliance
to medications and recovery. As a result, since the first con-
trolled release formulation, approved in the 1950s, drug delivery
and release systems have been steadily innovated, as opposed to
the research of brand-new drugs, which has been decreasing.[?’!
Indeed, He et al.B% estimated that drug delivery development
cost is only 10% compared to developing a new pharmaceutical.
Drug delivery systems aim to enhance the drugs’ pharmacolog-
ical activities, overcoming problems of solubility, aggregation,
bioavailability, biodistribution, selectivity, and reducing the side
effects.?231-33 Despite all these efforts, drug delivery systems
miss real-time drug release monitoring, which is only retroac-
tively evaluated via blood, tissue, and excrement analysis.[343%]
Such a procedure is expensive and gives only statistical results
on drug release in patients who take drugs every day. Indeed,
release profiles vary depending on metabolism, alimentation,
and proper drug assumption.3¢37]

A technology able to deliver real-time information on phar-
macological adherence and drug release, enabling an instan-
taneous picture of when, where, and how much drug was
released, would be disruptive.

Edible electronics have the potential to offer a solution, but
concrete demonstrations are scarce. One of the main bottle-
necks in developing such safe devices is represented by imple-
menting a proper sensing and communication system with
edible components. Indeed, standard wireless communication
platforms such as Bluetooth, Zigbee, or Wi-Fi require com-
plex CMOS circuits, low impedance conductors for antenna
implementation, and relatively high power density (hundreds
nJ bit?), not currently replaceable with edible electronics.[*%3]
In this context, the most promising communication strategy
is the Intra Body Communication (IBC) introduced by Zim-
merman in 1996.40 IBC is a wireless, bioinspired (i.e., from
the nervous system) communication platform that exploits
the intrinsic ionic conductivity of the body to propagate a
signal, generating a so-called wireless body area network
(WBAN).M42] In literature, two main coupling techniques are
reported for IBC: galvanic and capacitive. The galvanic cou-
pling has four electrodes in contact with the human body, two
for transmission and two for reception (Figure S1, Supporting
Information)."The capacitive coupling, instead, exploits just
two electrodes in contact with the human body: an electrical
potential is generated between the signal (in contact) and
ground (directed towards the external environment) electrodes
of the transmitter and detected by the receiver, which also has
a pair of signal and ground electrodes (in the same configura-
tion of the transmitter, Figure S1, Supporting Information). The
electric potential induced by the transmitter is coupled to the
human body and is detected by the receiver through it, with the
advantage that much of the signal is confined to the human
body, minimizing the transmission power required.*+3! IBC
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technology has the advantage of low power consumption
(<10 pJ bit! for capacitive coupling)* and the possibility to
employ high impedance conductors, more easily accessible
with the current stage of development of edible electronics.[*#]

To date, IBC has been exploited to generate a WBAN con-
necting different wearable and/or implanted devices.** Proteus
Digital Health Inc. exploited galvanic IBC in the first FDA-
approved ingestible sensor designed to be incorporated into every
tablet or capsule, for measuring pharmacological adherence.?°!

In this work, we propose an approach for the electrical moni-
toring of passive drug release (hereafter defined as “eDi-MoRe”)
through an edible device exploiting the switching between
IBC coupling modes. eDi-MoRe consists of a pill made of a
conducting composite and an insulating degradable/digest-
ible drug-filled matrix. Each part is connected to one terminal
of an AC signal generator. Metformin, which is the preferred
first-line oral blood-glucose-lowering agent to manage type 2
diabetes,®” has been chosen as the target drug in this study.
Indeed, the necessity of a constant drug blood level, the low bio-
availability, and short half-life of metformin,"*2 together with
the prevalence of intestine absorption,®3l make the necessity for
the development of a targeted, controlled, and monitored met-
formin release system minimizing the daily drug intake and
correlated side effects and augmenting patient compliance.

The eDi-MoRe concept has been tested in vitro by exploiting
simulated gastrointestinal fluids and benchtop AC signal gen-
erators mimicking a future edible circuit integrated into the
pill.> Upon ingestion, the pill is delivered intact to the intes-
tine protected by an electrically insulating oil layer, sealed in
a commercial gastro-resistant capsule, which prevents both
signal transmission and drug release. Once the pill reaches
the intestine, the environmental/pH change triggers the
activation of the eDi-MoRe device, by the dissolution of the
external gastro-resistant capsule. The conductive part of the
pill comes into contact with the intestinal fluid, and an IBC
capacitive coupled signal is transmitted, allowing to determine
the time elapsed from ingestion of the pill to its entrance into
the intestine, corresponding to the start of drug release. The
drug-filled composite has been engineered to dissolve in simu-
lated intestinal fluids (SIF). This dissolution leads to a gradual
switching between capacitive to galvanic coupling with a con-
sequent reduction in the signal transmission amplitude and
to a controlled drug release. The transmitted signal reaches
its minimum by the complete pill dissolution, which partially
“short-circuits” the AC signal, switching to a galvanic IBC
coupling. This platform could pave the way for a widespread
technology for the remote monitoring of passive drug delivery,
providing simultaneous pharmacological adherence and real-
time drug release information.

2. Results and Discussion

The eDi-MoRe concept is presented in Figure 1a,b. The
eDi-MoRe device is designed to pass through the stomach intact
(Figure 1a) and reach the intestine where metformin is primarily
absorbed. As such, a gastro-resistant and electrically insulating
shell isnecessary. Such design guarantees that the capacitive
coupled IBC signal transmission starts only in the intestine along
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Figure 1. a) Representation of the general concept of IBC activation in the intestine, its modulation, and time-controlled drug release; b) Scheme of
device activation and switching from capacitive to galvanic coupling; c) Cross-section of the Proof of Concept device; d) from left to right: SEM image
of pure wax-oil oleogel, 10:2.5 and 10:10 oleogel matrix to hydroxyethylcellulose (HEC) ratio (scale bar 40 um); e) Dissolution rate of the degradable
drug-filled oleogel part of the pill in SIF after 120 min; f) Real-time measurement of viscosity change of the pills in SIF due to the different ratio of HEC

in the pill formulation.

with the drug release, upon dissolution of the protective gastro-
resistant shell (Figure 1b). After such passive activation, the
read-out signal amplitude is attenuated along the intestinal
tract, again according to a passive mechanism, by the gradual
dissolution of the degradable insulating metformin-filled part.
Such dissolution gradually releases the drug, and the release
can be monitored by signal attenuation. The signal transmis-
sion reaches its minimum by the complete pill dissolution,
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which partially short-circuits the AC signal (galvanic coupling)
(Figure 1b).
2.1. eDi-MoRe Materials

The structure of the eDi-MoRe device is schematized in
Figure 1c and it has been developed starting from food-grade
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materials. The external protective shell is composed of a com-
mercially available gastro-resistant capsule filled with elec-
trically insulating sunflower oil that seals the core of the pill.
The stable edible conductive part has been presented in our
previous work.’>l Briefly, the conductive oleogel (resistivity
=100 Q cm™), constituted by beeswax (E 901) and sunflower
oil with the weight ratio of 25:75 and loaded with 40 wt% of
Activated Carbon (E153), has been employed. An insulating
oleogel matrix made with the same components, without the
activated carbon, has been used as a degradable/digestible
matrix for drug encapsulation. The easy processability and the
low dielectric constant of sunflower oil and beeswax (=31°° and
=2,7] respectively), allow the realization of the insulating scaf-
fold. This part of the device has been engineered to trigger the
shift between capacitive and galvanic IBC coupling and, simul-
taneously, enable the drug release. The device preparation is
described in the materials and method section and graphically
described in Figure S2 (Supporting Information); a real device
picture is reported in Figure S3 (Supporting Information).

The insulating oleogel is loaded with 10 wt% of metformin.
In this system, hydrophobic drugs can not be tested, since they
will be entrapped in the oleogel for a long time after the matrix
disintegration.’®>° The increase in the oil content does not
affect the pill dissolution at body temperature (37 °C). Indeed,
the oleogel starts to disintegrate above 60 °C in stirring water as
shown in Supplementary Figures S4a,b (Supporting Informa-
tion). Note that the conductive oleogel is stable up to 90 °C, as
shown in Figure S4c (Supporting Information).

Hydroxyethylcellulose (HEC — E1525) has been added as a
filler in the insulating oleogel to trigger the pill disintegration
in the intestine. HEC is a hydrophilic natural polysaccharide,
exploited in cosmetics,®! hydrogel manufacturing,® encapsu-
lant,l°? and drug hydrophilization elements.*%4 Other mate-
rials such as sucrose and chitosan have been preliminarily
tested, with unsuccessful results (Figure S5, Supporting Infor-
mation). Different amounts of HEC have been added to tune
the disintegration time and drug release rate (from 10:2.5 to
10:10 in terms of oleogel:HEC ratio, hereafter defined as sam-
ples 10:2.5, 10:5, 10:7, 10:8.5, and 10:10). Microscopically, SEM
images show a correlation between the increase of the HEC
content and the increase of the material roughness and porosity
(Figure 1d, full pictures are reported in Figure S6, Supporting
Information). The roughness increase leads to an increase in
the surface area in contact with fluids. As such, the HEC in
contact with the solution increase, enhancing the water absorp-
tion of the composite, as confirmed by the contact angle meas-
urement (Figure S7, Supporting Information). The dissolution
rates have been tested in SIF at 37 °C (details in Materials and
Methods). The samples 10:2.5 and 10:5 were not completely dis-
solved after 120 min. In particular, 10:2.5 and 10:5 samples show
a partial dissolution of =5% and =30%, respectively (Figure 1e).
On the other hand, the samples with higher HEC content dis-
solved completely in SIF after 120 min. Noteworthy, the sample
10:10 shows a complete disintegration after 20 min (Figure 1f),
with an abrupt viscosity increase caused by particulate presence
in the solution (Figure S8, Supporting Information). All the
other samples show a homogenous erosion rate, as shown in
Figure 1f, where the shear viscosity increases homogeneously
with time.
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2.2. Electrical Characterization

In eDi-MoRe device, along with the degradation and drug
release, a gradual read-out signal attenuation, corresponding
to a gradual switching between the capacitive and galvanic
coupling of the IBC, takes place (Figure 1a,b). IBC based on
capacitive coupling has lower signal attenuation with respect to
galvanic coupling. Indeed, galvanic IBC has a primary signal
path between the transmission electrodes, and only a small
secondary current goes through the receiver!*! (Figure S1, Sup-
porting Information). As a result, with galvanic coupling, the
body partially short-circuits the transmission signal, leading
to a higher signal transmission attenuation. On the contrary,
capacitive IBC has a primary signal path through the human
body, and just a small part of this signal is lost towards the
external ground (secondary path).l*l

In order to simulate the IBC switching mechanism in the
human body (Figure 1a,b), in vitro experiments have been
performed, using a tank of 64L, filled with simulated gastro-
intestinal fluids or physiological saline solution, to mimic the
ionic conductivity in the human bodyl®>%l (Figure S9, Sup-
porting Information). As discussed above, an IBC channel is
available only upon dissolution of the gastro-protective capsule
in SIF, exposing the edible electrode to the human body fluids
and allowing a signal transmission through capacitive cou-
pling. Preliminarily, the resistance to the gastric environment
and the electrical insulation of the pill has been verified using
Simulated Gastric Fluids (SGF), followed by verification of the
activation in SIF (Figure S10, Supporting Information). Experi-
ments confirmed that the proposed pill shell prevents both the
electrical signal propagation and the drug release in SGF for
more than 40 min. Indeed, the impedance between the edible
conductor and the receiver remains constant (Figure S10, Sup-
porting Information). This ensures the delivery of eDi-MoRe
device intact to the intestine, where the metformin has to be
absorbed. The gastro-protective shell is dissolved after =10 min
in SIF (Figure S10, Supporting Information).

The capacitive IBC channel has been characterized using
stable devices (without HEC) exploiting the same setup pre-
sented in Figure S9 (Supporting Information). In particular,
the impedance between the conductive oleogel and the receiver
has been characterized (see details of Impedance analysis in
Experimental Section) for different pill dimensions and at dif-
ferent distances, ranging from 10-50 cm, representative of the
IBC signal transmission in the body. The impedance variation
is negligible in both cases (Figures S11 and S12, Supporting
Information), as reported in previous studies for the capaci-
tive IBC.[8] Tn human IBC, the higher impedance tissue is
represented by the skin, a fatty and poor hydrated tissue con-
taining dead cells.[7% In order to model this impedance in the
system, an ex vivo pork rind has been used as an interface,”7%
and a commercial adhesive electrode has been placed on it as
a receiver (self-adhering Tesmed electrodes 4 x 4 cm™). The
experiment of whole ex vivo animals is excluded since such ani-
mals are deprived of liquid components (e.g. gastrointestinal
fluid and blood). The results show a slight impedance increase,
compared to the receiver immersed in the tank, quantifiable
with an in-series resistance of =200 Q (data and details in
Figure S13, Supporting Information).
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Then, the degradable (i.e., filled with HEC) eDi-MoRe device
has been characterized. The impedance and the electrical sig-
nals are measured with the setup shown in Figure S9 (Sup-
porting Information). In light of the results reported above,
such a setup was simplified using a 1 L beaker filled with dif-
ferent simulated solutions held at 37 °C, a temperature that lets
us mimic the condition of the in vivo body environment.

We have first characterized the impedance between the
electrode in the pill in contact with the digestible/degradable
drug-filled composites and the receiver as a function of the
dissolution time in SIF (details in Impedance analysis of Exper-
imental Section). The modulus and phase of the impedance for
the sample 10:7 are reported in Figure 2a,b. The impedance data

www.advmattechnol.de

of all the other samples are reported in Figure S14 (Supporting
Information). The material dissolution, the rate of which is
plotted in Figure le, leads to an overall impedance reduction
for all the samples. In particular, at time 0, all the systems show
a pure capacitive behavior that, with time, is transformed into
a constant phase element by the material hydration and dis-
solution discussed in Figure 1 and then in a mostly resistive
behavior. Sample 10:5 (Figures S14a,b, Supporting Informa-
tion) shows a constant impedance for 60 min, which slightly
decreases until 160 min. In this sample, just the outer part
of the pill is hydrated/dissolved. Indeed, sample 10:5 showed
just a partial dissolution (=30%), as shown in Figure le. All
the other samples, which have shown a complete dissolution,
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Figure 2. a,b) Module and Phase of the impedance measured during the dissolution of the device with ratio of oleogel matrix:HEC of 10:7. c) Imped-
ance measured at 10 kHz during the eDi-MoRe device dissolution in SIF. d) Equivalent circuit model of the IBC passive modulation; ) Passive IBC
modulation due to the insulating degradable/digestible drug-filled matrix dissolution for the sample 10:7. f) Normalized peak-peak signals for the IBC

passive modulation obtained with a signal generator, integrated circuit (IC), and simulation.

Adv. Mater. Technol. 2023, 8, 2200731 2200731 (5 of 10)

© 2022 The Authors. Advanced Materials Technologies published by Wiley-VCH GmbH

85U8017 SUOWILLIOD @A 181D 3|cedldde 8Ly Aq pauenob afe o VO ‘8sN JO S8|nJ o Afeid178U1UO /8|1 UO (SUORIPUOD-PUR-SLLIBIALICO" A 1M ARIq | U1 UO//SdNL) SUORIPUOD PUe SWwiid | 8u18es *[£202/0T/22] Uo ARiqiTauluo A8 |im ‘(-ouleAnge ) aqnopesy Aq T€£002202 IWPe/Z00T 0T/I0p/W0d A8 im AeIq 1l juo//:sciy Wwolj pepeojumoq ‘T ‘€202 ‘X60LS9EZ



ADVANCED
SCIENCE NEWS

ADVANCED
MATERIALS
TECHNOLOGIES

www.advancedsciencenews.com

lead to a substantial impedance decrease, until only the SIF
impedance is measured, indicating that the electrode is com-
pletely exposed to the SIF solution; this condition is reached
in 160, 100, and 40 min for the samples 10:7, 10:8.5, and 10:10,
respectively. To be more quantitative regarding the difference of
various samples, the impedance at 10 kHz, a safe frequency for
IBC,2°73 is reported against dissolution time in Figure 2c.

The circuital model of the exploited IBC coupling mecha-
nism, containing signal generator, pill, body, skin, and receiver,
is proposed in Figure 2d. Briefly, in the pill, there is a constant
impedance element (the conductive oleogel, Zc) and a vari-
able impedance one (degradable/digestible drug-filled matrix,
Zy). The other impedances represent the internal body imped-
ance (Zg) and the skin impedance (Zg), and they are constant.
Decrease of Zy leads to a “short circuit” of the signal, allowing
the switching from a capacitive to a galvanic IBC coupling
regime. This produces a reduction in the read-out signal. The
passive modulation of the IBC regime has been verified, with
the sample 10:7, exploiting both a grounded (an external wave-
form generator) and floating (a commercial Integrated Circuit
— IC) signal generator as transmitters (details in Materials and
Methods). The IBC signal amplitude modulation obtained with
a signal generator is reported in Figure 2e. In Figure 2f the
normalized peak-to-peak (V) read-out signals are reported,
along with the simulated results. Noteworthy, the IBC cou-
pling switching leads to a 96.5% amplitude signal reduction.
In Figure S15 (Supporting Information) the IBC signal modula-
tion obtained with the IC and the simulator is reported. The
simulation results are in good agreement with the experimental
results, indicating that the proposed equivalent circuit model
describes well the experimental system.

2.3. Drug Release Monitoring

The concomitant drug release has been independently evaluated
by UV-vis spectrophotometry. The absorbance of metformin at
233 nm*7*] has been measured in order to determine the drug
release by interpolating a standard calibration curve in a linear
concentration (1-14 ug mL™, Figure S16, Supporting Informa-
tion). Noteworthy, no chemical modification has been carried
out on metformin, therefore, the pharmacokinetic and pharma-
codynamic after the release are the same as the pristine drug.
The drug release has been evaluated for 160 min, as shown in
Figure 3a. The increase of the HEC leads to an increase in the
total release of the metformin in the SIF. In particular, a release
of 53% £ 2%, 70% + 3%, 76% * 1%, and 99% =+ 1% after 160 min
has been reached for the samples 10:5, 10:7, 10:8.5, and 10:10,
respectively. The mechanism of drug release of the eDi-MoRe
drug-filled composite has been proposed in Figure 3b. After
the device immersion in SIF, the HEC in contact with the solu-
tion starts to absorb water and swell. This mechanism gener-
ates cracks that further augment the available surface for liquid
contact and trigger further material swelling/dissolution. This
process activates a “domino” effect that results in the surface
erosion of the material. The more the material is disintegrated,
the more drug is exposed to the liquid solution, and the more
drug is dissolved (see the dissolution process in Video S1, Sup-
porting Information for the sample 10:7). Thus, the proposed

Adv. Mater. Technol. 2023, 8, 2200731 2200731 (6 0f10)

www.advmattechnol.de

schematic mechanism links directly the HEC concentrations
and drug release. Drug release data were fitted through the
Korsmeyer—Peppas model (Equation. (1)) to evaluate the drug
release mechanism:

M. _ gy )

In this equation, M;/M., represents the fractional perme-
ated drug for the first 60% of release, ¢t is the time, K is the
kinetic constant, and n is the transport exponent.’®”’] The
kinetic constant K provides information on the structural and
geometric characteristics of the system (also considered the
release velocity constant), whereas n is the exponent of release
in the function of time ¢, which describes the drug release
mechanism. In Table 1, the value of K, n, R? and percentage
of drug release are reported. The increase of HEC in the com-
posite leads to an increase in the release exponent. The samples
5:10 and 7:10 show a Fickian drug diffusion (n <0.45), which
means that HEC erosion is slower than the solvent diffusion.’®l
Such behavior is desired for the long-sustained drug release.
On the other hand, samples 8.5:10 and 10:10 show an anoma-
lous or non-Fickian diffusion, in which the HEC erosion time
becomes comparable to the solvent diffusion.”! Therefore HEC
plays a key role in regulating both the drug release mechanism
(K and n in the table) and the drug bioavailability (drug release
% in the table). Indeed, with a low content of HEC, the ole-
ogel hydrophobicity entraps some of the drugs, which remain
encapsulated in the oleogel microparticles, resulting in a lower
% of drug release.®!

A schematic of the pill dissolution, drug release, and wire-
less passive IBC modulation is reported in Figure 3c. Such a
scheme shows the link between these three phenomena, which
are strictly related in the eDi-MoRe device and enable the moni-
toring of pharmacological adherence and real-time drug release.
To further prove the link between pill dissolution, drug release
and passive IBC modulation, the proof of concept has been vali-
dated using the sample with a matrix: HEC ratio of 10:7, which
has shown the complete dissolution with a Fickian drug diffu-
sion. Figure 3d displays amplitude signal attenuation read-out
obtained with floating signal generator during the drug release
at 0, 40, 80, 120, and 160 min and the related metformin release
in SIF. At time 0 min, the maximum signal propagation (pure
capacitive coupling) is observed and no drug is released. Then
with time passing, a reduction of the IBC signal is observed due
to the insulating material dissolution and drug release. After
=160 min, the signal reaches its minimum (galvanic coupling),
and 72% of the drug has been released in the SIF. The drug
release and IBC data have been combined to estimate the pas-
sive amplitude signal modulation in relation to the metformin
release. In Figure 3e the cumulative drug release and the real-
time drug release (time derivate), in relation to the passive IBC
(normalized V;, signal) and time, are reported. The direct cor-
relation between the real-time drug release and impedance vari-
ation shows an R between 0.7 and 0.9.

The Vj, signal vs. drug release curve (Figure 3e) describes
the eDi-MoRe device working principle. Such curves have been
interpolated with a rational curve (R?> = 0.99, Table S1, Sup-
porting Information) to extract the relation and relevant figures
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Figure 3. a) Metformin release profiles; b) Schematic of the drug release mechanism for the eDi-MoRe composite;c) Graphic representation of the
pill dissolution, drug release, and wireless IBC modulation; d) IBC passive modulation and drug release of 10:7 device in simulated intestinal fluid; e)
Device calibration curve, the Vpp axis is reported in Logit scale to highlight the drug release at the start.

Table 1. Parameters of Korsmeyer—Peppas drug release model. K is
the kinetic constant, n is the transport exponent, R? is the coefficient
of determination from the fit, the percentage shows the drug released.
The samples are labeled considering the different ratios of oleogel
matrix:HEC in the composite.

10:5 10:7 10:8.5 10:10
Drug release [%]  53+2% 70 £3% 76 £1% 99+1%
K s 13 10 6 6
n 0.30 0.42 0.59 0.70
R? 0.99 0.99 0.98 0.99

Adv. Mater. Technol. 2023, 8, 2200731 2200731 (7 of 10)

of merit of the system. A limit of cumulative drug release detec-
tion of 18 ng ml™ (=2% of total drug) and a limit of real-time
drug release detection of 2 g mL™ min~! (=0.2% of the total
drug) have been estimated according to Armbruster et al. with
a 95% confidence.’#%

3. Conclusions

A proof-of-principle of an electrically monitored passive drug
release system (eDi-MoRe) has been developed from food-
grade material and was tested in vitro. When the device comes
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in contact with simulated intestinal fluids, a capacitive IBC
channel becomes available, and the signal is transmitted, con-
firming the medication adherence. Then, the dissolution of
the drug-filled part of the eDi-MoRe device leads to amplitude
modulation of the signal, gradually switching from capacitive to
galvanic IBC coupling. Such switching results in a reduction of
96.5% of the read-out signal. A natural hydrophilic polysaccha-
ride (hydroxyethyl cellulose) triggers material disintegration.
The amount of hydroxyethyl cellulose affects the whole system
by modulating the microstructural properties, erosion process,
and total drug release, which ranges from 53% to 99%. The
proof of concept device has shown a limit of cumulative drug
release detection of 18 ug mL™ (=2% of total drug) and a limit
of real-time drug release detection of 2 ug mL™! min~! (=0.2% of
total drug). Our in vitro results demonstrate that the proposed
concept offers an appealing platform for passive drug release
that can be electrically monitored in real-time from the inges-
tion to the complete release. Such results could pave the way to
new and long-sought therapy and treatment opportunities, opti-
mizing the therapeutic drug levels and reducing the total drug
intake. Further material development will allow a selective and
monitored drug release in different parts of the gastrointestinal
tract. Moreover, the development of new composite materials
will allow the release of hydrophobic drugs by taking advantage
of different polymers' solubility in diverse environmental con-
ditions (e.g., hydrogels sensitive to pH, temperature, antigen,
and bacteria). The eDi-MoRe concept is compatible with such
further developments.

In the future, the integration of an edible signal generator,
ie., an oscillator, and an edible battery, both under develop-
ment and within the targets of the emerging edible electronics
field, will allow in vivo experiments for therapeutic drug moni-
toring, providing higher personalized medicine being tailored
to patients' needs, responses, and risks.

4. Experimental Section

Materials: Beeswax (E 901), Hydroxyethylcellulose (HEC, E1525), NaCl,
KH,PO,, NaOH, and HCl were purchased from Sigma-Aldrich. Activated
carbon (E153) was purchased from Supelco and morphologically
characterized as performed in a previous report.’® Sunflower oil was
purchased in a local supermarket. Metformin hydrochloride (Mylan)
was purchased in the pharmacy. Capsules size 000 gastro-resistant were
purchased from Capsugel. Gelatin capsules size 0 were purchased from
Your Supplements.

Methods: Conductive oleogel was made following the preparation
detailed in the previous work.’> Briefly, beeswax and the sunflower
oil (25:75 weight ratio) were melt-mixed (100 °C per 20-30 min), then
40 wt% AC was added and mixed for 10 min at the same temperature.

Insulating degradable/digestible matrix was made by melt-mixing
25:75 beeswax sunflower oil ratio (100 °C per 20-30 min). Afterward,
the required amount of HEC was added and mixed (10 min — 100 °C).
As the last step, 10% weight of Metformin has been added and mixed
(10 min — 100 °C).

The device processing is graphically described in Figure S2
(Supporting Information). The gelatin pill capsule has been used
as a mold for device fabrication through injection molding at the
temperature of 100 °C. The device was extracted from the capsule, wired,
and encapsulated in the gastro-resistant capsule prefilled with sunflower
oil. Solvents were avoided, and the temperature reached during the
production process was 100 °C, ensuring a green and straightforward
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methodology. The described process represents low-cost, large-scale
and green manufacturing methods that are compatible with existing
pharmaceutical production plants.

The physiological solution consisted of a 0.90 wt% vol of NaCl.

SIF was prepared as described in the United States Pharmacopoeial®"
and consisted of a solution of 0.05 M KH,PO, adjusted at pH 6.8 with
0.2 molar solution of NaOH without the use of any enzyme.

SGF was prepared as described in the United States Pharmacopoeial®!
and consisted of a solution of 0.03 M NaCl adjusted at pH 1.2 with 1 m
solution of HCl without the use of any enzyme.

Three samples were tested as a minimum for each measurement.

SEM Analysis: SEM measurements were performed using a Tescan
MIRA3 operating at an acceleration voltage of 10 kV and recording the
secondary electron emission. The samples were prepared as described
next. After immersion at —195.79 °C in liquid nitrogen, the samples
were cut by tearing them with two tweezers to preserve the original
internal morphology and then pretreated by an ultra-thin (=10 nm) gold
sputtering deposition.

Contact Angle Analysis: Static SIF contact angles of the insulating
degradable/digestible drug-filled matrix were measured by an optical
contact angle device (DataPhysics). Ten microliters of SIF were
deposited on the samples.

Dissolution Analysis: The viscosity was measured with a rheometer
Malvern Kinexus in a single shear rate 100 s™ with a helix tool
configuration. A 45 mL chamber was filled with SIF or SGF and heated at
37 °C. A metallic sinker with =500 mg of material inside was placed on
the bottom side of the chamber.

Impedance Analysis: The electrical impedance was measured as
described in Figure S8 (Supporting Information) employing a Precision
Impedance analyzer Agilent 4294A. The impedance reported in the
main manuscript was between points B and C of Figure S8 (Supporting
Information). All the measurements were acquired in a range between
100 Hz and 1 MHz.

IBC Characterization: The IBC was measured by connecting terminals
A and B to the signal generator and C to an oscilloscope (Tektronix MSO
4054)

Signals generator used:

1) Keithley—waveform generator Vpp 500mV — 10 kHz;

2) Integrated circuit (IC) Crystal oscillator 3030LC battery powered

Simulations: The simulations were performed exploiting the circuital
model as described in Figure S13 (Supporting Information) and PSpice
software. The simulations were performed at 10kHz with a signal of
500mV pk-pk.

Drug release analysis: The drug release was characterized using
the same setup employed for the dissolution analysis. One hundred
microliters was taken at time point: 2.5, 5, 7.5, 10, 15, 20, 30, 40, 50, 60,
90, 120, and 160 min and replaced with 100 pL of new SIF.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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