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An 10T Solution for Online Monitoring of
Anesthetics in Human Serum Based on an
Integrated Fluidic Bioelectronic System
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Abstract—In this paper, we present the design, the implemen-
tation and the validation of a novel Internet of Things (10T) drug
monitoring system for the online continuous and simultaneous de-
tection of two main anesthetics, e.g., propofol and paracetamol, in
undiluted human serum. The described full system consists of a
custom-built electronic Raspberry Pi (RPi) based Printed Circuit
Board (PCB) that drives and reads out the signal from an electro-
chemical sensing platform integrated into a fluidic system. Thanks
to the Polydimethylsiloxane (PDMS) fluidic device, the analyzed
sample is automatically fluxed on the sensing site. The IoT net-
work is supported by a Cloud system, which allows the doctor to
control and share all the patient’s data through a dedicated An-
droid application and a smart watch. The validation closes with the
first ever demonstration that our system successfully works for the
simultaneous monitoring of propofol and paracetamol in undiluted
human serum by measuring the concentration trends of these two
drugs in fluxing conditions over time.

Index Terms—Anesthesia, electrochemical sensors, fluidics,
human serum detection, pencil graphite electrodes, Raspberry-Pi,
therapeutic drug monitoring.

1. INTRODUCTION

ENERAL anesthesia is a drug-induced, reversible condi-
G tion in which the patient is unconscious and unrespon-
sive to painful surgical stimuli [1], [2]. This sedation status is
achieved by intravenous (i.v.) administration of a cocktail of
drugs; such as muscle relaxant, hypnotic, and analgesic [3]. The
correct balance of these i.v. medications is crucial to ensure a
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rapid onset and an accurate Depth of Anesthesia (DOA) during
the induction phase, as well as to guarantee a pleasant and short
recovery time after surgery [4].

Propofol is a widely used anesthetic thanks to its many phar-
macological properties such as rapid distribution, short action
and reduced side effects in post-operative recovery [5]. How-
ever, its administration causes pain or discomfort in 28%—-90%
of patients [6]. This is known as Pain On Propofol Injection
(POPI) and it is still among the most critical problems in
the anesthesia current practices [7]. To reduce POPI effects,
other compounds, e.g., paracetamol, are usually administered in
combination with propofol [6] to exploit their antipyretic and
analgesic effects [8]. Nowadays, common practice for the in-
travenous administration of these anesthetic compounds is to
use Target Controlled Infusion (TCI) pumps [9]. TCI systems
rely on advanced PharmacoKinetic (PK) models that quantita-
tively predict the plasma concentration of the drug and adjust
the delivery rate accordingly [10]. However, due to inter- and
intra-patients’ variability, these models can be affected by up to
30%—50% of inaccuracy [11] and they cannot predict the direct
relation between drug kinetics and its clinical effects [12]. To
improve the accuracy of the drug administration, the anesthesi-
ologist constantly monitors the ElectroEncephaloGram (EEG)
signal and the Bispectral Index (BIS), which can be related with
the DOA. However, since both these two clinical parameters are
evaluated in an indirect manner, therefore, they don’t provide
information with respect to actual drug concentration and more-
over they might be affected by noise and artifacts [13]-[15].
To overcome these limitations, Therapeutic Drug Monitoring
(TDM) systems measuring the actual drug concentration in pa-
tient’s plasma are in huge demand since they would provide TCI
pumps with the actual drug concentration to perform perfusion.
Thanks to those systems, the anesthetic infusion rate and dosage
would be dynamically adjusted to meet personal requirements.
Electrochemical sensors are considered as ideal devices for the
realization of such monitoring systems due to their high sen-
sitivity, specificity, simplicity that allow an accurate, rapid and
quantitative detection of drugs [16]. A typical electrochemical
measurement system requires: (i) a three-electrode sensing cell
(Working, Reference and Counter Electrodes, WE - RE - CE,
respectively) in direct contact with the analyte solution, and (ii)
a potentiostat that drives the electrochemical measurements and
reads out the signal [17].
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Fig. 1. Sketch of the IoT system (orange part) for the on-line continuous
and simultaneous detection of anesthetics proposed to be a part of real hospital
settings.

Therefore, the present work focuses on the design, imple-
mentation and validation of a novel IoT drug monitoring system
for the on-line continuous and simultaneous detection of two
main anesthetics, the propofol and the paracetamol, in undi-
luted human serum. By applying IoT solutions to medical sys-
tems (mloT), it is possible to realize powerful tools able to
provide rapid and precise information on patients’ health status
to the medical staff at any time and from any hospital area [18].
Therefore, an improved and constant patient care and monitor-
ing is achieved [19]. The sketch of our system is represented
in Fig. 1. Up to now, there has not been any complete sys-
tem with a sensing module integrated with electronic circuit
board that targets anesthesia monitoring for multiple sensing
being proposed. Although Myers et al. proposed a feedback
controlled infusion of organic-based drugs towards safer anes-
thesia monitoring [20], the simultaneous detection of different
drugs, development of custom-built board and IoT support were
not provided. In addition to that, other groups developed var-
ious strategies for monitoring anesthetics via electrochemical
methods and liquid chromatography without integration to an
electronic board. The novelty of our system compared to the
recent literature relies on the fact that a full system compris-
ing: (i) a low-noise, custom-built electronic potentiostatic PCB
driven by a RPi, (ii) the electrochemical sensing platform inte-
grated into (iii) a fluidic system which directs the sample on the
sensing site and (iv) an IoT network including a Cloud system
that allows the doctor to control and share all the patient’s data
through a dedicated Android application has been developed in
the current work.

The comparison with other systems published until now
for the detection of anesthetics or other metabolites is not so
straightforward, since these works focus on different applica-
tions [21], or present other techniques for propofol detection that
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are costly and bulky [22], [23] and even the already presented
electrochemical sensors for propofol sensing do not provide yet
a fully mature IoT monitoring system [24]-[26].

In the following Section II the architecture of our system
will be described in details of each of its main parts. Then,
the validation of the system and the proprofol and paraceta-
mol simultaneous monitoring in undiluted human serum will be
presented in Section III. Finally, Section VI concludes the work.

II. THE SYSTEM ARCHITECTURE

In this section we present an overview of the PoC system for
propofol and paracetamol anesthetics monitoring. In the first
subsection we show the design of the control and readout cir-
cuitries driven by the RPi, then the following subsection intro-
duces the sensing platform for anesthetic detection completed
by pH and T sensing. Third subsection describes the fluidic plat-
form, and finally the last subsection contains the details on the
cloud-based Android network.

A. The Electronic Front-end and the 4th-order Filter
Hardware Implementation

1) Hardware Analysis: We have redesigned the front-end
hardware of our previous implementation [27] by improving
its performances with the aim of providing a robust system for
human serum detection. In particular, we have re-implemented
the analog read-out by introducing a 4th-order filtering block
as second amplification stage in cascade with respect to the
Trans-Impedance Amplifier (TIA) stage. Therefore, the hard-
ware architecture of the complete system, shown in Figure 2,
consists of a RPi as central control unit, which embeds a Graph-
ical User Interface (GUI) for setting up and configuring the
front-end for the specific electrochemical experiments to run.
The RPi controls (master) the ATxmega32ES5 micro-controller
(slave) on the custom-built PCB via I>C port. The ATxmega32E5
micro-controller was chosen for its easy-to-use resources and
hardware, such as internal counters, analog input channels, Se-
rial Peripheral Interface SPI ports, I>C ports that are enough
for the current application. The wireless communication be-
tween the RPi and the Android-based cloud network exploits
the Transmission Control Protocol/Internet Protocol (TCP/IP).
Communication bandwidth was evaluated to be 3.25 Mbit/s in
download and 10.13 Mbit/s in upload.

Up to now, designed electronic boards for the purpose of elec-
trochemical measurements either target only certain metabolites
detection such as neurotransmitters or capable of doing po-
tentiostatic measurements. None of the proposed system [28]—
[31], provided the complete set of voltammetric techniques with
the possibility to perform different techniques simultaneously
through independent channels. By our design simultaneous de-
tection of multiple drugs (up to three) via DPV, CV and CA
as well as pH and temperature measurements can be achieved
in a single platform. This platform, of which dimensions are
12 cm X 14 cm and it is made up of only two layers, relies
on the ATxmega32ES micro-controller, which simultaneously
drives 3 independent actuation and sensing blocks for interfac-
ing with three separated electrochemical cells. Each actuation
block includes: a 10-bit MCP4911 Digital to Analog Converter
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Schematic of the portable electronic platform consisting of a RPi driving a custom-built PCB circuit through I>C serial communication. Inset shows the
parameters chosen for the circuit components.

(DAC) from Microchip and an operational amplifier (Op-Amp)
MAX4475ASA+ from Maxim Integrated. Each sensing block
consists of a 3-stage signal processing: i) current-to-voltage
conversion, ii) filtering, iii) voltage-level correction.

1y

2)

Current-to-voltage conversion

This stage (blue square in Figure 2), consisting in a TIA,
converts the current from the WE into a voltage signal. To
minimize the noise, the MAX4475ASA+ Op-Amp was
chosen for its low noise, low distortion and low input-
bias current characteristics [32]. Besides that, a low noise
feedback resistor with 0.1% tolerance is used.

Filtering

This stage (pink square in Figure 2) implements a 4th
order Butterworth low-pass filter with unity-gain Sallen-
Key topology. The Butterworth low-pass filter is selected
as it gives the maximum passband flatness for the incom-
ing signal [33] and it offers a higher roll off to the input
signals beyond the cut-off frequency compared to lower
order [34]. The smallest pulse period during measurement
is 68 ms, as indicated in Table II, which corresponds to
a frequency of around 15 Hz. Therefore, the cut-off fre-
quency f. of the filter was set at 200 Hz. We have used
MAX4477ASA+ Op-Amp since it has a gain bandwidth
product of 10 MHz which is much higher than the fil-
ter f.. Since the Op-Amp gain starts to fall at 1 KHz,
we have unity gain at 200 Hz. Therefore, the finite gain
bandwidth product has negligible effects on the charac-
teristics of the filter. In addition, the output impedance
of MAX4477ASA+ is ~0.02 Ohm; then, respect to the
resistors connected in series to its output, we can neglect
its effect.

Since the 4th order Butterworth filter is designed as
2-stage cascaded Sallen-Key 2nd order filters, we have
derived the overall transfer function starting from the one

of the second-order Sallen-Key filter:

Vout(s)
Hsg (s) = Vi (s)
1
T 1+ weCi (R + Ra)s + w2C1Cy Ry Ry s?)
ey
Hence, the overall final transfer function is given by:
Hpw(s)
1
" [+ w.Ci(Ri + Ry)s + w2CiCo Ry Ry 7]
1
“ T+ w.Cs(Rs + Ra)s + w2C5Cy Ry Ry 5]
()

Where w, = 27 f, and f,. is the cut-off frequency of the
filter. By comparing the denominator with the 4th order
normalized Butterworth polynomials:

By(s) = (s* + 1.84785 + 1) (s* +0.7654s5 + 1) (3)

the values of Ry, Ry, R3, Ry were decided after choosing
appropriate values for Cy, Cs, C3 and Cy. The chosen
parameters are reported in Figure 2.

To evaluate the overall noise of the circuit, we consid-
ered the equivalent noise bandwidth that can be calculated

from:
Wenbw = / ‘ (jW)

00 Hmax

Where the H,, .. is the maximum value of the transfer
function H (s) or H(jw). Knowing the transfer function
H (s) and the cut-off frequency (f. = 200 Hz), the calcu-
lated equivalent noise bandwidth is equal to 35.37 rad/s,

2
dw @
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Fig.3. Schematic representation of the front-end power consumption analysis
with percentage estimation.

which corresponds to 222 Hz in frequency. So, the to-
tal root mean square (rms) noise over the bandwidth is
3.5641 1V and the input referred current noise at 1 Hz
frequency is 19.497588 pA.

3) Voltage-level correction

The voltage signals at the output of the sensing blocks are
measured by the 12-bit ADC inside the Micro-controller,
furthermore, the reference voltage of the ADC is config-
ured as 2 V. So, the voltage-level correction stage (green
box in Figure 2) is added after the filtering stage in order
to guarantee that the voltage signal is in the input range
of ADC.

2) Power Consumption Analysis: The main contribution for
the power consumption of the electronic board comes from two
sets of components: the MAX4475 and MAX4477 Op-Amps
and the Classical Bluetooth Module RN-42. The ATxmega32ES5
micro-controller and the rest of the components consume far less
then these mentioned ones. From the data-sheet of MAX4475
and MAX4477, the typical power consumption with 5V power
supply is around 12.5 mW, which can reach a maximum value of
22 mW. Since within the PCB circuit there are 15 Op-Amps in
total, the final contribution is around 188 mW. While the typical
power consumption of the RN42 is around 149 mW. Therefore,
the two types of components contribute to a typical 337 mW.
Finally, we have measured the power consumption of the entire
electronic board at 5V power supply during the simultaneous
measurements on the three channels. The total current consump-
tion was measured to be 78 mA; hence, the power consumption
was calculated to be 390 mW. Fig. 3 schematically represents
the contributions of the different front-end parts in the power
consumption analysis. Since the measurements are taken pe-
riodically, we shut down both the MAX4475 and MAX4477
Op-Amps and RN-42 when any measurement is taking place.

B. The Electrochemical Sensing Platform

1) Drug Sensing: Main challenge dealing with electrochem-
ical detection of propofol is related to the fouling phenomenon
triggered by its oxidation. Propofol is a phenolic compound and
its oxidation results in free radicals. Hence, after prolonged mea-
surements, free radicals cause electro-polymerization leading to
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TABLE I
FLUID PARAMETERS SET FOR COMSOL SIMULATION

serum solution
1.0242 [41]
1.27 [42]

density (g/mL)
viscosity (mPa-s)

the formation of a passivation fouling layer on the sensor surface,
which decreases the sensitivity over time [35]. In our previous
studies, we have demonstrated that Pencil Graphite Electrode
(PGE) provides a suitable substrate for propofol detection and
we have identified the lead composition corresponding to the
letter 3H in the European Letter Scale (58% graphite, 36% clay
and 5% wax) as the optimum in terms of resistance against foul-
ing and long-term stability [36]. In our work [37], we have also
demonstrated with an interference study that, dual detection of
propofol and paracetamol can be achieved successfully by PGE.
Consequently, our fabricated circuit is designed to work in com-
bination with an electrochemical cell consisting of a 3H PGE
electrode as WE, an Ag/AgCl as RE and a Pt wire as CE.

2) pH and Temperature: Since temperature and pH affect the
reactivity of chemical species, and hence the calibration results
due to peak potential shift, electrochemical sensors designed for
drug monitoring needs to be calibrated for various temperature
and pH values encountered over time. The design, fabrication
and test of this part of the system was already presented in
[38] which is driven by the RPi, core of our architecture. We
have shown in our previous work [38] that, calibration curves
change over a range of temperature and pH values for propofol
and any concentration evaluation should be done according to
the corresponding calibration curves. Briefly, the temperature is
measured with the waterproof DS18B20 direct-to-digital tem-
perature sensor by Maxim IC, while the pH is measured with
the glass potentiometric EXTECH electrode, both connected on
the board. The temperature measurements are transferred to the
RPi through 1-wire communication, while the differential po-
tential in mV coming from the glass electrode is converted to
digital and transferred to the the same platform through Serial
Peripheral Interface (SPI) where it is translated into a pH value
according to the Nernst equation [39].

C. The Fluidic Device

The fluidic device has been designed to guide the sample on
the sensing platform and to optimize the mixing properties of the
electrochemical chamber. Three different geometries have been
tested before the fabrication by running Laminar Flow Single
Phase in-built simulations of Comsol Multiphysics software. In
this step, the laminar flow was ensured by adopting an appropri-
ate Reynold value and by evaluating the inlet flow velocity u by
the flow rate @ = 10.4 pl/s ad pp = Q/A = 0.053 m/s, where
A is the cross section area of the inlet (radius = 0.25 mm).
Pressure at the inlet/outlet was set to zero and suppress the back
flow at the outlet. The domain equation in the Comsol model
is incompressible Navier-Stokes equation, which is used for the
main chamber to describe the fluid property [40]. The parameter
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Fig. 4. Comsol simulations results for different geometries of fluidic cham-
bers: (a) circular, (b) hexagonal, and (c) hexagonal with internal walls.

values for the fluid were set as in the Table I to simulate serum
solution flow.

Fig. 4 summarizes the simulation output obtained from the
three different geometries tested for the fluidic chamber: (i)
round, (ii) hexagonal and (iii) hexagonal with internal walls.
The passive sensing platform consists of a PGE WE (2.5 mm
@) an Ag/AgCl RE (4 mm @) and Pt-wire CE (0.5 mm @)
that corresponds to the three holes on the top of the chamber.
As we can deduce form the simulation results in Fig. 4, the
internal soft-walls, which act as obstacles for the fluid flow,
facilitate the internal mixing by causing turbulences. Hence, the
fluidic chamber was realized in PDMS following this optimized
geometry.

D. IoT Architecture: An Android Application with Cloud
Support

To facilitate the portability of the system, we have introduced
the possibility for the anesthesiologist to continuously keep un-
der control the patients through an Android application and a
smart-watch [43]. This application not only offers a fast (ap-
proximately <2 s) and user-friendly visualization of the data
received via WiFi from the sensing platform, but it also allows
the medical doctor to share and store the patient’s data on a
cloud solution (with latency time under 100 ms for an event
creation call on Cloud, as comparable to a standard HTTP re-
quest). In this way, the data are accessible from everywhere and
at any time through a web application, hence enabling telecon-
sulting. Thanks to this network, the doctor is allowed to freely
move and perform other tasks without losing the control on
the anesthetized patients. Indeed, if a connected patient regis-

dand0Id
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Fig.5. Graphical user interface screen-shots for the IoT network: (a) Android
interface running on a tablet or smartphone of the anesthesiologist in charge and
(b) web application to remotely access patients’ data from anywhere and at any

time.

TABLE I

ELECTROCHEMICAL MEASUREMENT PARAMETERS

DPV Measurements APAP
Start-V (mV) End-V (mV) V-Step (mV)
-100 1100 5
Pulse-Width (ms) Pulse-Ampl. (mV) Pulse Period (ms)
50 90 68
DPV Measurements Propofol
Start-V (mV) End-V (mV) V-Step (mV)

0 1100 5
Pulse-Width (ms) Pulse-Ampl. (mV) Pulse Period (ms)
75 90 102
CA Measurements: APAP and Propofol
APAP Applied Voltage (mV) Propfol Applied Voltage (mV)
900 1000

ters an out-of-safe-range parameter, then the tablet/smart-phone
where the Andorid app is running starts to tremble and, fur-
thermore, an alert (approximately <3 s) is sent from the app
to the doctor’s smart-watch to notify the emergency. The alert
on the smart-watch consists on a strong vibration and a pop-up
including the name of the in-danger patient and the information
about the critical parameter recorded. Both the Android and the
web applications, shown in Fig. 5, handle a secure management
of the patients’ data, by guaranteeing access only to authorized
doctors and the HyperText Transfer Protocol Secure (HTTPS)
ensures a secure data transmission over the Internet.

III. RESULTS AND DISCUSSION
A. Materials and Methods

1) Hardware Setup: The driving core of the hardware ar-
chitecture is the RPi 3 Model B V-1.2, which is an embedded
Linux computer with Raspbian OS installed. A dedicated GUI
in the RPi has been realized in Qt Creator 3.2 software with Qt
5.3 libraries. The RPi controls, powers (5V) and sets the PCB ‘s
parameters according to the desired measurement to be per-
formed. Both ChronoAmperometry (CA) and Differential Pulse
Voltammetry (DPV) measurements have been used to validate
the system for propofol and APAP detection and the correspond-
ing parameters are summarized in Table II. Whenever a new data
is read from the sensing platform, it is send by RPi via Wi-Fi to
the Android application running on the anesthesiologist’s tablet
or smart-phone.
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Fig. 6. The PDMS fluidic chamber with the PMMA holder.

2) Fluidic Fabrication and the Electrochemical Platform In-
tegration: The fluidic chamber consists of two parts: (i) a top
layer where three holes were punched to insert the three elec-
trodes for the electrochemical detection and (ii) a bottom layer
containing the mixing soft-walls. To fabricate the bottom layer
chamber, a 3 mm Poly(methyl methacrylate) (PMMA) mold has
been fabricated by designing the geometry in Inkscape software
first and then printing with a Full Spectrum laser retina engrave
3D. The PDMS (1:10) part, mixing, de-bubbling, pouring and
curing in 80° C oven has been done in the Center of Microtech-
nology at EPFL. A PMMA structure with four screws has been
printed with the laser cutter to assemble the two parts of the
chamber in a sandwich structure, as shown in Fig. 6.

The three-electrode electrochemical cell consists of a PGE
as WE, a K0265 Ag/AgCl electrode from Ametek Scientific
Instruments as RE and a Pt wire as CE. The PGE is made up
of a composite material containing graphite, clay and a wax as
binder in the percentage of 58%, 36% and 5%, respectively. The
Staedtler Mars Lumograph Wood Pencil 3H was adopted and
purchased by Cult Pens (United Kingdom). The two extremities
of the pencil have been peeled to obtain from one side the WE
active area (~12.6 mm?) and from the other side the electronic
connection with the dedicated hardware.

3) Chemicals: 2,6-Diisopropylphenol (Propofol) was pur-
chased from TCI chemical and dissolved in 0.1 M NaOH to
prepare the stock solution of 5.4 mm. Subsequent dilutions
of propofol stock solution were prepared in Phosphate Buffer
Saline (PBS) (10 mm, pH:7.4) or in serum to obtain concentra-
tions in the range [9.9-80.5] uM. The compounds Paracetamol
(APAP), NaOH and heat inactivated human male serum were
purchased from Sigma Aldrich (Switzerland). APAP stock so-
lution 30 mm was prepared by dissolving 5 mg of APAP pow-
der in 1 ml PBS (10 mm, pH:7.4). Subsequent dilutions of
APAP stock solution were done in PBS or serum in the range
[50-300] uM .

B. Validation of the System

Final aim of our validation procedure was to verify the per-
formance of our system in detecting the two complementary
anesthetic compounds, e.g., propofol and APAP, under flow
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TABLE III
FLUX VELOCITIES EVALUATION

Pump Velocity (rpm) Time to fill (s) Velocity (uL/s)
48 5 104
47 5.8 8.9
46 6.4 8.1
45 6.7 7.7
44 7.3 7.1
43 7.5 6.9
42 9 5.7

>(10'5 APAP: CA measurement 24 1076 Propofol: CA measurement

0

Current (A)
S (4] (o2} ~

[+

o o

8 400 600 800 1000 1200 1400 1600 1800
Time (s)

700 800 900 1000 1100 1200 1300 1400
Time (s)

(@) (b)

Fig. 7. CA measurements for: (a) APAP and (b) propofol drugs.

conditions in human serum. Before reaching this goal, some
preliminary test have been performed.

1) Characterization of the Fluidic System: First important
step was to find the correspondence between the internal
velocities of the peristaltic pump (Gilson Minipuls 3) armed
with a Polyvinyl chloride (PVC) tube (diameter = 0.38 mm,
length = 460 mm and volume = 52 uL) and the effective fluid
flux. Hereafter, in Table III, we report the results. A velocity of
46 rpm or 48 rpm was adopted for the measurements in flow
conditions to test our system by simulating the fastest variability
rate of the drug concentration possible with our setup.

Then we had to optimize the mixing effect and timing for
the fluidic system. Accordingly to the Comsol simulation re-
sults for different chamber geometries, in Fig. 4, we designed
a PDMS hexagonal chamber with internal walls able to create
a better mixing in the proximity of the electrodes. The mixing
parameters have been qualitatively evaluated first by various
dye solutions (Fig. 6). After this empirical characterization, the
required time for ensuring the homogeneous drug concentration
around sensing site was also evaluated. To that aim CA measure-
ments in PBS solution for both APAP and propofol drugs were
carried out. For APAP a fixed potential of 0.9 V was applied to
the electrochemical cell by keeping the pump at 46 revolutions
per minute (rpm) velocity while for propofol a 1 V potential was
applied with a pump velocity of 48 rpm. After every 3 minutes,
the drug samples have replaced with another one having higher
drug concentration. Fig. 7 reports the two CA measurements
for APAP and propofol. From these graphs it is possible to de-
duce that the steady state was reached after around 50 s by the
increase of the drug concentration.

Based on this, 50 s can be considered as the minimum waiting
time to ensure that in the electrochemical chamber the drug
concentration is the same as to the one in the input beaker.
The following DPV sensor calibrations in flow conditions were
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Fig. 8. DPYV calibration lines with standard error bars (n = 3) obtained under
flow conditions in PBS electrolyte solution for: (a) proprofol and (b) paraceta-
mol.
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Fig. 9. DPV calibration lines with standard error bars (n = 3) obtained under

flow conditions in undiluted human serum for: (a) proprofol and (b) paracetamol.

performed by setting the pump at 48 rpm waiting 1 min 10 s
between each measurement. To obtain better signal we stopped
the flow while DPV procedure was running. Fig. 8 shows the
5-point calibration lines for the measurement of two drugs in
PBS by DPV.

2) Human Serum Detection: In this subsection the simul-
taneous detection of paracetamol and propofol drugs has been
achieved in undiluted human serum.

First, DPV calibrations in flow conditions (pump velocity
48 rpm), reported in Fig. 9, were carried out to characterize
the system for propofol and APAP monitoring. Then two main
crucial experiments were performed to assess the system per-
formances:

® Mixing test: serum solution containing three different

APAP concentrations (50-150-300 M) was fluxed from
lower to higher concentration (pump velocity 48 rpm) in
the chamber and measured by the system every 1 min
30 s. Afterwards, while the APAP concentration was main-
tained at 300 M, various propofol concentrations (20, 50
and 80 uM) were added to the solution and measurements
were taken every 1 min 30 s for each concentration. Fig. 10
reports the obtained DPV curves from this experiment. It
is evident from the figure that any peak is evident in the
blank control measurement, obtained when fluxing undi-
luted human serum without any drug. After, only one peak
at ~0.7 V (orange area) is visible when only APAP is
present in the fluxed solution. The peak increases with the
increase of the drug concentration. As soon as propofol
drug is added in the solution (while APAP is kept con-
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Fig. 10. Mixing test: DPV measurements in undiluted human serum fluxing
(pump set at 48 r/min) a solution containing before three increasing concen-
trations of APAP (50-150-300 M) and then three solutions with fixed APAP
concentration (300 ;M) and three increasing concentrations of propofol (20—
50-80 p©M). Blank measurement with no drug in fluxing serum solution is
reported as control.
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Fig. 11.  In-time monitoring test: The concentration trends of APAP (300 ;M)
and propofol (60 M) is monitored over time in undiluted human serum under
fluxing conditions (pump set at 48 r/min).

stant) two other peaks at ~0.45 V and ~0.6 V (green
areas) arise. The two peaks become higher when propofol
concentration in the solution increases, while the APAP
peak is not affected significantly. Therefore, we can con-
clude that these drugs does not interact with each other.

® [n-time monitoring test: the chamber was filled with serum
without any drug. Then, a serum solution containing
300 uM of APAP was fluxed (pump velocity 48 rpm) to
the system. We performed one DPV measurement (30 s
measurement time) every 10 s of fluxing of the APAP so-
lution. After 12 min we have changed the fluxing solution
with serum containing only 60 uM propofol. The same
frequency of measurement was applied; a DPV every 10 s
during 12 min. The exchange of the fluxing solutions was
done in the 10 s of mixing in order to not interrupt the pro-
cedure. Fig. 11 reports the measured peak currents over
time, which can be converted in drug concentration values
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according to the linear calibration equation expressed in
Fig. 9. Therefore, to convert the current value in a con-
centration it is just needed to substitute the x parameter
in the corresponding equation and the corresponding con-
centration is provided by the y estimation. To the aim of
our analysis, we have preferred to keep the data in current
values to be able to visualize the two trends of APAP and
propofol on the same plot.

The results of human serum detection, mixing test and in-time
monitoring test show that with our system, we are capable of in-
time monitoring the change of concentration of two drugs, e.g.,
APAP and propofol, in undiluted human serum due to sample
flux over a period of time.

IV. CONCLUSIONS

To reduce POPI effects in anesthesia infusion, paracetamol
analgesic is often also administered in combination. In order
to personalize and optimize the effects of these difficult-to-
dose drugs, TDM on-line systems able to measure the drug
concentrations in patient’s plasma are highly required.

In this work, anovel IoT drug monitoring system with electro-
chemical approach for the on-line continuous and simultaneous
detection of propofol and paracetamol has been shown. The
design of each block of the system has been described from a
system level: (i) the custom-built RPi-based circuit to control
and read out the signal from (ii) the electrochemical cell, which
is integrated in (iii) a fluidic device that flux the target solution in
the chamber where the electrodes are immersed. The presented
IoT solution is based on a dedicated Android application for
the anesthesiologist’s tablet or smart-phone to guarantee a rapid
visualization of the patients’ measured parameters. Through the
application, the medical doctor can be alerted in case of out-of-
safe-range parameter from a patient and can share and store the
data on cloud to require teleconsulting.

The system was firstly characterized in PBS to evaluate the
flux velocity and the mixing properties. Afterwards, it was
proved that it efficiently works for the simultaneous detection of
propofol and paracetamol in undiluted human serum. We have
thus demonstrated, for the first time, the successful detection of
the concentration of the two drugs over 24 min. The system also
provides more than one channel and has potential to be used for
multiplexed drug monitoring in the future.

Two further future improvements of the system would be ad-
dressed. First, knowing the electrical response of the sensing
unit, it would worth to optimize the hardware design by using
commercially available Systems-on-a-Chip (SoC)s to offer an
even more portable solution with optimized dimensions. Sec-
ond, we would like to include a feedback control algorithm, such
as Proportional-Integral-Derivative (PID), to close the feedback
loop with the TCI pump delivery system.
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