I. INTRODUCTION

ONTINUOUS monitoring of humans is already in the
market for glucose [1] and lactate [2], thanks to the
electrochemical sensing, and fotypes of fully implantable
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extension of this technology tether relevant metabolites

such as, glutamate [5], ATP [6] and drugs [7], [8]. An open

challenge is the integration of all these metabolites in a

subcutaneous biosensor array capable to provide minimally

invasive human telemetry. Such system must satisfy several

requirements:sensitivity, as the operative concentration of

the biosensor must correspond to the therapeutic range of

the target compound in the bodgpecificity, as the sensors

must be able to operate in complex solutions like plasma or

interstitial uid without detecting any interferantautonomy,

as the device must be capable to perform automatically the

measurements without the need of external input and without

being subjected to power shortagbmstability, as the device

should remain functional after the insertidspcompatibility,

because the implant must be well tolerated by the host and

cause a limited foreign body reaction;
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Fig. 5. Evaluation of materials cytotoxicity by calcein staining - average
uorescence values. Error bars, standard deviation).(1

B. In-Vitro Citotoxicity Test Fig. 6.  Morphology of MEF grown in different contaminated media.
The building blocks of the implantable sensor are partiaw) control, B) protected coil, C) CHUNT matrix, and D) unprotected coil.

made from non-biocompatible or potentially toxic materials.

For example, the receiving coil presents a copper metalliza-

tion, notably cytotoxic [32], while materials of the integrated

circuit and of the auxiliary @ctric components, realized by

external companies, are not totally disclosed, and have to be

considered as potentially harmful. A conformal coating of

3um parylene C was employed to prevent both corrosion of

the electrical parts and toxic metals leaking in the surrounding

tissue. Parylene ef cacy was evaluated by elution tests usifig. 7. Accelerated elution test of the sensor platform coverediy 8f

the copper receiving coil as test substrate. When immerdiETe & Opls ioscone mages, 4 Beiore e oot 2 e 1 ek

in a uid, the copper contained in the coil diffuses in thnedium.

solution, producing severe cytotoxicity even at very small

concentrations. Cytotoxicity was assessed with elution tests

according to the 1ISO 10993-1 guidelines. Each experimentw%%oncationsi however, it is important to say that the application

conducted in triplicate and included a positive control to assupé carbon nanotubes in implantable devices relies strongly
reproducibility and reliability of results. Fig. 5A presents th&n their long-term safety: at best of our knowledge, up to
average uorescence of Calcein-AM stained cells. After 4 dafi@te there are no exhaustive studies concerning the long-
of incubation with the contaminated medium, cells grown if¢m effects of functionalized CNT in living organisms or the
presence of the terrain eluted with the unprotected coil yield#gPact of these substances on the environment. As additional
severe cytoxicity, as demonstrated by very low uorescenceytotoxicity control we performed a morphological analysis of
On the other hand, the parylerC coating proved effective the cells exposed to the elution uids. Fig. 6 shows that cglls
in preventing severe cytotoxicity, as the uorescence intensitjPm the protected coil (B) and from the CHT/CNT matrix
resulted the 88% of the intensity of the control (cells growtf) are similar in shape and distribution to the control (A).
in uncontaminated medium). It is worth mentioning that whil®© living cells were found on the sample with uid eluted
variations up to 20% from the control are not considerdf®m the unprotected coil (D, bright eld image). The giant
cytotoxic by the USP guidelines, such variability could bgel!s shown in the pictures are due to t'he initial cell density,
unacceptable in long term implants [30]. The protection of tghich after 7 days resulted too low to give a con uent cover-
parylene C coating can be enhanced improving its substr@@e and the typical tight and elongated shape of broblasts.
adhesion and its thicknes&ccelerated elutiotests performed

on our silicon electrodes (3 days at 70 °C in PBS iH7.4), C. Assembly and Packaging

showed that coatings ofp3n on surfaces not treated with The sensor building blocks were glued together using a
adhesion promoter, tend to form bubbles and eventually detdd8P class VI biocompatible glue. Component interconnection
from the surface (g. 7). In a second experiment we evaluatedhs realized with Al wire bonding and protected with glob
the cytotoxicity of the CHT/CNT matrix ( g. 6B). After 7 days top. To further improve parylene C adhesion and moisture
of elution and four days of incubation with healthy cellspenetration, the assembled platform was treated with silane
no signi cant differences with the control cells have beeA-174 and coated with 36m of parylene C. The outer
observed, proving that in the considered period the CNSilicon shell was realized by placing the implant into a
leaking is not cytotoxic. A possible explanation is that CNplexiglass mold and injecting biocompatible medical-grade
toxicity depends on many factolige length, functionalization silicone. To increase the host comfort, the outer shell was
or aggregation [9], [33]. Also, the tight wrapping of chitosamade 1mm thick and with rounded corners. In a design
to the nanotubes, which is also responsible for their dispersiaariant, two wingsof 3 3mm placed along the main body
in agueous solutions [34], might shield the nanoparticle am@ve been included to prevent the sensor to capsize after
its reactive groups, reducing thaherent toxicity and pre- implantation, since misalignment between the receving coil
venting their aggregation. The lack of short-term cytotoxicitgnd the external wearable degican compromise the remote
of chitosan/CNT nanocomposites is a very promising resydowering of the sensor array. QuiLlof CHT/CNT suspension
towards the employment of this nanomaterial in biomedicalas then manually drop cast on the electrodes and dried in air.
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NEUTROPHILS wings and/or sensors), sugtjag that the organism became
tolerant to the implants. Data from neutrophils suggests that
the insert complexity (presence of wings and/or sensors)
tends to increase the short-term and long-term in ammatory
response. Considering average values, after 30 days, residual
neutrophils in mice treated with winged inserts were 2-3 folds
higher than their counterpartshile the presence of the sensor
platform induced slightly higher in ammatory responses. ATP
ATP measurements in mice beagithe implant were affected by
A large statistical variability. A possible explanation is that upon
removal we found that several implants were displaced from
their original location. This may have led to internal tissue
damage due to mechanical frioti, and therefore insurgence
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10 of cellular damage and ATP release in some individuals [37].
s | ‘ ‘ Unfortunately, this large variation in the ATP measurements
o [ makes difcult to establish a clear relationship between

airpouch  silicone i licone packged packaged  LPS

dummy  dimmy (W) Sensor  sensor ) implant complexity and extent of local cell death.
Fig. 8. In-vivo biocompatibility results after 7 and 30 days. Top: neutrophil Values from LPS Injection furth-er suggest how after 3-0 days
in Ifrafion in the implant cavity (%); bottom, ATP concentra-tion..Error bars,?he host seems tf) accept the ms_ert. Although LPS-induced
standard deviation (J). ATP and neutrophils were detected in lower amounts compared
to the values obtained from implants, ATP concentration in
animals treated with LPS almost doubled after 30 days. The

A polycarbonate membrane wataped above the electrodespyrogenic effect of LPS is also evident with respect to the neu-
and sealed to the external shelingsfast curing medical grade trophils in Itration: in one month, LPS-treated mice presented
silicone. Without considering the external wings, the packagéte highest percentage of neutrophils and the slightest time-
device measures 20 4.2 x 3mm. The nal device is shown dependent reduction among theiraals considered. From the
in g. 1. neutrophils measurements it appears that the package shape
has a role in determining the in ammatory response, as the
presence of wings tends to increase the immune reaction.
Although the introduction oftching wings may be necessary

Potential sources of in ammation in implantable devicedp hold the insert in place and correctly aligned with the
can be attributed to the implant materials, shape and dimaxternal powering coil, their presence can exert an uncom-
sions [35]. In order to investage which elements are criticalfortable localized pressure on some parts of the tissue, and
in eliciting an in ammatory response, we fabricated devicesngles where tissue stress might promote localized immune
of different nature and shape to subcutaneously implant i@esponses [38]. The presence of the electronic platform further
mice. To account for inter-individual variability, each modeincreased the in ammation response. However, it is important
was tested in eight differennanals. Half of the mice carried to say that more than strong conclusions, these are trends
the implant for 7 days, the other half for 30 days. At theuggested by the average values obtaihegdivo experiments
end of the period, the implant site was washed with PB&nd to have large variability, and due to the reduced number of
and levels of ATP and neutrophils in the elution liquid weranimals used, the overlap of error bars indicates that results are
compared to follow the local in ammatory response. Whilaot statistically different. A larger number of experiments, or
ATP release is a consequence of cellular necrosis and itdifferent investigation techniques are advised for a more pre-
therefore a measure of thecll cell damage, neutrophilscise evaluation of th-vivo biocompatibility. The removal of
are recruited to the in ammation site by chemical signaling:opper components from the sensor electronics, together with
Variations in neutrophil percentage at the implant site atbicker parylene coatings may further reduce the in ammation
therefore informative of the status of tissue in ammation [36fcaused by the biosensor platform. The reduction of implant
Fig. 8 presents neutrophils and ATP variation in the liquidimensions may also help increasing the host tolerance. In this
collected from the implant sitafter 7 and 30 days. Sensorgespect, the bulkiest component of our platformis the inductive
packaged with a soft shell with or without external wings (W)oil, which with a thickness of 2mm, contributes to almost 4/5
were compared with dummy paaffe replicas entirely made of the total platform volume. Our group is currently developing
in biocompatible silicone. Bacterial lipopolysaccharide (LPS) single layer coil on silicon, which will reduce the platform
was administered to a separate group of mice in order to indub&kness to 11.5mm.
an in ammatory response not caused by an arti cial implant
(positive control), while mice with air pouch only served as
negative control.

After 7 days, we measured high levels of ATP and neu- This paper represent the extended version of the work
trophils, but both values substantially decreased after 30 dalescrived in reference [16], and presents a novel, highly
in a way proportional to the insert complexity (presence afitegrated system for human metabolism telemetry, focusing

D. In-Vivo Biocompatibility

V. CONCLUSION
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