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Summary:
In this work, we designed and fabricated a microfluidic device to perform chromatographic separa-
tions. The device consists of a column filled with silica microbeads between smaller height channels
working as a frit. To characterize the column efficiency, the breakthrough method was used with a 
solution of fluorescein isothiocyanate (FITC) in ethanol and by measuring the fluorescence signal.
Several mobile phase velocities were tested to obtain retention times and plate heights.
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Background
Liquid chromatography is a separation tech-
nique widely used for the detection of mole-
cules present in complex solutions [1], but it 
requires trained users in a laboratory and con-
sumes a large quantity of reagents. On the 
other hand, microfluidics is a technology that 
has the potential to significantly improve biolog-
ical and chemical analysis by being inexpen-
sive, portable, and fast [2]. The miniaturization 
of liquid chromatography using microfluidics 
combines both technologies but has not been 
studied in detail. This work aims to develop 
microfluidic channels for liquid chromatography 
that can have separation performances compa-
rable to those obtained at macroscale.

Methodology
Computer numerical control (CNC) milling was 
used directly in cyclic olefin copolymer (COC) 
plates with a flat endmill with 0.4 mm diameter. 
The feed rate was maintained at 100 mm/min at 
12000 rpm. The device sealing and connections 
are described elsewhere [2]. Briefly, the ma-
chined COC is drilled and sealed against the 
same type of COC by thermal bonding. After 
the sealing, PEEK connectors are glued to the 
device. Silica (SiO2) microbeads with a diame-
ter between 45 and 75 µm diluted in PEG 8000 
30% (w/w) are loaded into the device with the 

help of a syringe pump. The design used (see 
Fig. 1) consists of three 1 cm long channels 
with 100 µm height, and between them are 20 
µm height channels to trap the microbeads 
inside the middle channel.

Fig. 1. Schematics of the chip design and a fabricat-
ed device in-use.

For breakthrough curve experiments, a solution 
of 12 µg/mL of fluorescein isothiocyanate 
(FITC) in ethanol was used, and the signal was 
acquired by fluorescence and quantified using 
ImageJ. The solution is flowed into the device 
at the desired flow, and time zero is taken when 
the fluorescence solution reaches the beginning 
of the microbeads. Several flow rates of the 
mobile phase were tested between 0.5 µL/min
and 5 µL/min.
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Results 
In this device, we have a column of 1 cm in 
length packed with SiO2 beads. A simple way to 
assess the column performance is by using the 
breakthrough curve method (or frontal chroma-
tography). By performing breakthrough curves, 
we are observing the concentration of adsorbed 
analyte as a function of time, expecting the 
system to be fully saturated at the end of the 
experiment. In this case, our analyte was the 
fluorophore FITC, so the increasing adsorption 
was observed using a fluorescence micro-
scope. In Fig. 2A are represented the break-
through curves obtained for each flowrate test-
ed (0.5 µL/min, 1 µL/min, 2.5 µL/min, and 5 
µL/min).  

 
Fig. 2. A) Breakthrough curves and B) First Deriva-
tive plotted as a function of time for each flowrate. 

To analyze the breakthrough data, the first de-
rivative is calculated to obtain a pulse function, 
as seen in Fig. 1B. For all flowrates except for 
the 0.5 µL/min, a clear peak is observed, and 
as expected, the higher the flowrate, the closer 
to the origin is the peak. This system shows no 
retention of the FITC due to chemical interac-
tions with SiO2 beads, but the flow path is still 
interrupted by the beads, hence the retention 
times obtained. As for the 0.5 µL/min condition, 
the observed behavior may possibly be due to 
the B term of the van Deemter equation, the 
axial diffusion. Since the flow rate is lower, the 
residence time is longer, allowing the FITC to 

have more time to diffuse longitudinally and 
perhaps also within the pores. From the peak 
analysis it is possible to obtain the retention 
time (Rt) and the full width at half maximum 
(FWHM), and with these values to calculate the 
number of plates (N) and the plate height (H). 
At 1 µL/min we obtained 286 plates with a Rt of 
6.17 min, resulting in a plate height of 34.99 
µm. As expected, the retention time decreased 
for the other flow rates, being 3.37 min and 0.86 
min for 2.5 µL/min and 5 µL/min, respectively, 
resulting in a decrease of the number of plates 
and increase of the plate height. For 2.5 µL/min 
we obtained 180 plates and H = 55.49 µm for 5 
µL/min we obtained 9 plates and H = 1081.44 
µm. 

According to these results, using our microfluid-
ic device we achieved the lowest plate height at 
1 µL/min. By normalizing the number of plates, 
we obtained 28580 plates/m which is close to 
the range needed for HPLC [3]. 

Conclusions 
Using our microfluidic device with a 1 cm long 
column and silica microbeads with a diameter 
between 45 and 75 µm we were able to achieve 
separation performances near the HPLC range. 
Increasing column length and decreasing mi-
crobead diameter to 5 µm is expected to drasti-
cally improve our separation efficiency, allowing 
us to obtain a device directly comparable to 
macroscale liquid chromatographic systems. 
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Summary:
We experimentally revealed that the effect of temperature can theoretically be compensated in our pro-
posed measurement method of the molecular weight of gas using whistles. The effect of temperature 
change on the molecular weight was around 0.03/°C, which is almost consistent with the theory. Fur-
thermore, gas measurement with unknown molecular weight collected from cattle rumen fluid was 
demonstrated, with a molecular weight resolution of at least less than 1.5.
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Introduction
There has been an increasing demand for simple
measurement methods of gases; methane gas 
emitted by cattle has attracted much attention as 
a cause of global warming, and a simple method 
for measuring exhaled gas is required.

Recently, simple gas measurement methods
based on acoustic signals have been proposed:
the detection of hydrogen leakage by acoustic 
signals [1] and the detection of oxygen gas con-
centration [2]. The average molecular weight of 
gas changes when hydrogen leaks or oxygen 
concentration changes, which results in the 
change of sound velocity and resonant fre-
quency of acoustic sound.

We're also developing a new sensing method to 
measure gas molecular weight using acoustic 
signals from two whistles [3][4]. Previous studies 
have demonstrated the basic principles and fun-
damental experimental results; however, they 
have not evaluated the impact of temperature 
[3],[4]. It remains uncertain whether temperature 
has only a negligible influence on these charac-
teristics, or if other factors, such as changes in 
the whistle's characteristics with varying 

temperatures, might also play a role in the ob-
served outcomes. In this paper, we experimen-
tally evaluated the effect of temperature. Further-
more, gas measurement of unknown molecular 
weight was tested using gases from cattle rumen 
fluid.

Sensing mechanism [3][4]
The proposed sensing mechanism of gas molec-
ular weight using whistles is shown in Fig. 1. The 
fundamental frequency f when gas flows into the 
whistle can be expressed by the following:

𝑓𝑓 = 𝑎𝑎√𝑘𝑘𝑘𝑘𝑘𝑘
𝑀𝑀 + 𝑏𝑏𝑏𝑏 + 𝑐𝑐            (1)

where M, Q, and T are the molecular weight, flow 
rate, and temperature of the gas, respectively, 
and k and R are the specific heat ratio and gas 
constant. The a is a whistle-specific constant, 
and the b and c are constants determined by the 
type and combination of whistles. The gas's mo-
lecular weight and flow rate can be calculated 
from each whistle's multiple frequency measure-
ment results.

From above equation, changes in temperature 
are expected to be theoretically calculated. 
However, temperature T may affect the specific 
heat ratio K and the properties of the whistles
themselves and cause further errors. Therefore, 
we will attempt to evaluate the experimental 
effect of temperature T on this study.

Experiment methods
The shapes of the whistles used in this study are 
shown in Fig. 2. Two whistles with  different sizes 
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were fabricated by a 3D printer (Keyence Corpo-
ration, Agilista) using acrylic UV curable resin 
(Keyence Corporation, AR-M2).  

The frequency shift by temperature was evalu-
ated by inserting two types of gases (N2: molec-
ular weight 28 and CO2: molecular weight 44) 
with different temperatures from 22 to 28°C to 
each whistle. The sounds generated by the whis-
tles were measured by a microphone (Ono Sokki 
Co., Ltd., MI-1271), and fundamental frequency 
was obtained.  

As a demonstration, we also attempted to gas 
measurement of unknown molecular weight. 
With cattle breath analysis in mind, the molecular 
weight of the gas generated from cattle rumen 
fluid was collected and measured using the pro-
posed method. For reference, the gas was also 
measured by using gas chromatograph (SHI-
MADZU CORPORATION, GC-2014) to know the 
actual molecular weight.  

Experimental results 
Figure 3 shows the effect of the temperature on 
each whistle in the case of measuring N2 gas. It 
shows that the frequency is almost linear with the 
change in temperature, meaning that the effect 
of temperature is expected to be theoretically 
calculated. Because the experiment was con-
ducted using plastic materials, which are consid-
ered susceptible to thermal effects, it seems that 
there is a theoretical possibility of compensating 
for temperature. 

Noted that a change of 1 °C in temperature 
(which corresponds to an approximate 0.03 
change in sqrt(T)) means that the frequency 
changes by 2-3 Hz/°C. It corresponds to the mo-
lecular weight change of around 0.03/°C, almost 
consistent with the theory. Though improvement 
of the accuracy to the molecular weight is the 
first requirement because it is still around 0.45 
[4], theoretical temperature compensation is 
needed for accuracy measurement in the future  

Figure 4 shows the measurement result of un-
known gas generated from rumen liquid. The 
molecular weight error was at least less than 1.5. 
We intend to enhance the sensitivity further by 
refining the whistle in future experiments. 

Conclusions 
We revealed that the effect of temperature can 
theoretically compensated in the proposed 
measurement method of the molecular weight of 
gas using whistles. The effect of temperature on 
the molecular weight was around 0.03/°C, which 
almost consistent with the theory. Furthermore, 
measurement of gas with unknown molecular 
weight was demonstrated, and the molecular 
weight resolution was at least less than 1.5. 
Noted that the sensitivity could be further im-
proved by improving the measurement system 
and the whistle. 
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Fig. 3. Effect of temperature on the fundamental fre-

quency of each whistle in case of N2 gas. 

 
Fig. 4. The measurement result of unknown gas   

collected from rumen liquid. 
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Fig. 2. The images of the used two whistles.  
(a) Whistle 1, (b) Whistle 2. 
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Summary:
In order to develop a sustainable agriculture it is essential to use natural processes. Root exudates can 
attract beneficial microbes, increase the nutrient uptake from the soil and they can be a good indicator 
of the plant’s stress responses. Unfortunately, the commonly used exudate collection methods cannot 
provide spatially and temporally detailed information. We developed a novel, wax patterned paper based 
microfluidic system to extract root exudates spatially and temporally. Using an integrated colorimetric 
glucose sensor we could reveal phenotypic differences between wheat varieties.

Keywords: Plant-on-a-chip, Paper-fluidics, Root exudates, Wax printing, Colorimetric detection 

Background, Motivation and Objective
Our modern agriculture is far from being sustain-
able. A huge amount of the applied agrochemi-
cals, such as fertilisers, leach into the environ-
ment [1,2] making an economic loss and an en-
vironmental damage. Using natural processes, 
like microbial interactions can address this chal-
lenge.

Soil microbiota has an undeniable role in the life 
of a plant. Microbes can increase its stress resil-
ience or improve its nutrient uptake [3] . Using 
these interactions as plant fertilizers can de-
crease the ecological impact of agriculture, how-
ever we lack of essential knowledge regarding 
the nature of these processes. It is known that 
plants exude a wide range of molecules, such as 
sugars, to attract beneficial microorganisms
[3,4], but the time dependency of this process is 
unknown, especially on single plant level.

The traditional way to detect root exudates is a 
labour active, time-consuming process, includ-
ing purification steps and it requires trained per-
sonnel and a growth facility for the plants [5].

We developed an easy to use, cost-effective, 
modular, wax printed paper-based microfluidic 
system to overcome the above mentioned limita-
tions (Figure 1). The developed chip is able to
extract root exudates from a defined part of the 

root system, and able to follow the exudation 
changes over time. Moreover, it is possible to fol-
low these changes on the single plant level. 

Figure 1: Scheme of the developed paper based mi-
crofluidic system for the investigation of root exudates. 
The exuded molecules can be delivered to the sen-
sors using a flow generated by evaporation. The dif-
ferent root segments can be analyzed individually 
over time.

Description of the new System
The developed microfluidic system consists of a 
wax printed filter paper, a microscope slide and 
a polydimethylsiloxane (PDMS) slide. The wax is 
melted into the fiber structure of the filter paper 
creating hydrophobic barriers forming horizontal 
channels in parallel (Figure 2). The paper is also 
the growth substrate for the plant. For the exper-
iments, as a relevant crop, we used wheat (Triti-
cum aestivum).

An integrated a colorimetric TiO2-alginate hydro-
gel based glucose sensor, developed by us [6],
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was integrated at the outlet part of the paper 
channels to detect the exuded glucose by the 
plant root (Figure 2 right, picture). 

 
Figure 2. Picture of the microfluidic system with inte-
grated glucose sensors (left) and magnified image of 
the sensors after exudate extraction (right).  The col-
orimetric TiO2-alginate hydrogel based glucose sen-
sor clearly shows different colour intensities at differ-
ent positions of the root.  

Results 
Using the developed patterned paper based 

microfluidic system the exuded glucose, by the 
root system, was detected and, along the root, 
we could capture the intensity differences in ex-
udation. Moreover, glucose concentrations were 
determined colorimetrically and it was possible 
to differentiate between the exudation activity at 
different positions of root (Figure 3.).  

Our method was capable to show, that the 
exudation starts at the top part of the root and 
with ageing, the younger parts are getting active 
too.  

 
Figure 3. Graph presenting the produced amount of 
glucose during the 7 days of observation at different 
parts of the root system. 
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Summary:
A new fabrication method for realizing fluidic nanochannels with funnel-like inlet structures in silicon 
technology is presented. Nanochannels are a useful tool for DNA analysis since the molecules must 
first be linearized to enter the nanochannels and the linearization is a prerequisite for DNA mapping or 
sequencing. Inlet structures, like funnels, help guiding the DNA and bringing it into the channels. The 
nanochannels demonstrated in this work are realized using standard MEMS processes and photolithog-
raphy, enabling cheap and scalable production for a wide range of biotechnology applications.

Keywords: Nanochannel, Inlet structure, Funnel, MEMS Fabrication, DNA Analysis

Background and Motivation
Micro-biosensors bring many benefits through 
their miniaturization [1]. Micro- and nanoscale 
features allow manipulation of single cells or 
even molecules and the integration of their anal-
ysis on lab-on-chip systems. The sequencing 
and mapping of single DNA molecules is made 
possible by the linearization of single DNA mole-
cules inside of a nanochannel [2]. When the di-
mensions of a structure are smaller than the per-
sistence length of DNA, the DNA is forced to ex-
tend instead of the entropically-favorable coiled 
state, as sketched in figure 1. The negatively 
charged DNA can be pulled into a nanochannel 
by an electric field. Nevertheless, inserting the 
DNA into the channels is challenging. To change 
its conformation from coiled to linear the so-
called entropic barrier has to be overcome [3].

Fig. 1. Schematic of linearized DNA inserted into a 
nanochannel

Adding a funnel-like inlet to the nanochannel cre-
ates a gradient between the volume in front of 
the nanochannel and the channel itself, which 
makes the overcoming of the entropic barrier 
easier and lowers the needed electrical force [3].
A funneled inlet can also increase the capture 
rate of molecules in the channel and avoid hair-
pin formation and clogging of nanochannels 
[2,4].

Therefore, creating nanochannels with funnel-in-
lets with a cheap and scalable process is vital for 
the fabrication of DNA analysis systems. How-
ever, the fabrication of nanostructures poses 
challenges. Since the standard fabrication pro-
cesses for microsystems are limited by the 
wavelength of the light used for photolithography
structures smaller than 1 µm are difficult to 
achieve. There are methods to overcome this, 
like deep-UV lithography or electron beam lithog-
raphy. A different method is focused ion beam
milling (FIB) to directly create the nanostructures 
or a stamp to use in nanoimprint lithography 
(NIL). These mentioned methods are expensive 
and often not scalable [1]. To circumvent these 
expensive methods and the limit of photolithog-
raphy, certain workarounds can be used to cre-
ate nanostructures only with standard fabrication 
processes. For example, nanochannels can be 
fabricated by thin-film evaporation and etching of 
a sacrificial layer [5]. But the addition of funnel 
inlet structure to the channels is only reported in 
systems fabricated with NIL or FIB [2,3,4], and 
not for structures fabricated using only standard 
processes. Such a process was investigated for
the first time and will be discussed here.

Description of the New Fabrication Method
The fabrication of long nanochannels with hori-
zontal funnel-shaped inlet structures to facilitate 
the analysis of DNA molecules is shown sche-
matically in Figure 2. The nanochannel is 

DNA 
in microchannel

Linearized DNA in 
nanochannel
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created by selectively under-etching a sacrificial 
layer under a top layer. Therefore, the channel 
dimensions depend on the thickness of the sac-
rificial layer and the under etch time. The chan-
nel is then closed by a capping layer. Microchan-
nels, that contact the nanochannels, are etched 
with an anisotropic process. To fabricate the fun-
nel-shaped inlets of the channels, an additional 
etch step is added, which etches the material 
next to the nanochannel faster at the entrance 
than the inside of the channel. This step creates 
a horizontal funnel inlet. 

Fig. 2. Fabrication scheme of nanochannel (a-d), 
microchannel (e) and funnel-inlet (f). 

Results 
Nanochannels with a length of 50 µm have been 
fabricated, but channels with lengths up to sev-
eral millimeters are possible with this fabrication 
method since the length is not the limiting factor 
in the fabrication. A cross section of a channel 
with a width of 250 nm and a height of 40 nm is 
displayed in figure 3.  

Fig. 3. Electron microscope picture of a nanochan-
nel cross section with its dimensions. 

The existence of a continuous nanochannel can 
be demonstrated with the help of a fluorescent 
solution. The solution is introduced in the upper 
microchannel, then fills the nanochannels by ca-
pillary forces and reaches the lower microchan-
nel (see figure 4). 

Different funnel inlet sizes can be created by var-
ying the duration of etch step, with the funnel in-
let getting larger and the angle shallower with in-
creasing time, as seen in figure 5. The inlet size 
widens from roughly 200 nm nanochannel width 
to 1 µm. The influence of other parameters of the 
etch step on the funnel shape, like  

Fig. 4. Picture of a microchannel with several na-
nochannels. The fluorescein solution added in the up-
per microchannel got through the nanochannels into 
the lower microchannel. 

Fig. 5. Picture of funnel inlet shapes after different 
etching times (t1 < t2 < t3). 

pressure and flow rate of the etchant will be 
tested to create inlets with arbitrary shapes.  

In conclusion, it can be said that nanochannels 
with inlet structures of different sizes have been 
successfully fabricated. The size of the inlets can 
be varied by the duration of the etch step. Inlet 
sizes of 1 µm have been created for a 200 nm 
wide channel. 

This work was supported by BMBF FKZ 
03ZU1208BH: nanodiag BW. 
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Summary:
Electroporation is a reliable, reproducible technique to induce biological cell membrane poration. Be-
cause of the biological and clinical interest in this technique, recently, many Lab-On-Chip platforms have 
been proposed to understand more about deep electroporation mechanisms. This led to the discovery
of many electroporation side effects, such as cell contractivity and blebbing. In this work, we propose a 
new sensing system based on Lab-On-Chip and machine learning to correlate these side effects ob-
served by brightfield time-lapse microscopy with electroporation efficiency.

Keywords: Electroporation, Lab-On-Chip, Machine Learning, Time-Lapse Microscopy,

Background, Motivation and Objective
Since its discovery in 1968, electroporation 
spread its applicability in biological and clinical 
research [1]. Delivering high electric fields on a 
biological tissue for short periods, usually nano-
seconds or microseconds, permits the genera-
tions of nanopores on cells. Changing these pa-
rameters guarantees great flexibility of the tech-
nique in multiple applications, spanning elec-
trochemotherapy, cell lysis, fusion, or bacteria in-
activation.

Even though electroporation has been known for 
a long time, its inner mechanisms are still under 
study. For example, from the morphological point 
of view, it was discovered that cells react to the 
electric field application by contracting and 
blebbing [2].

These findings were significantly made possible 
by the slight transition in studying these phenom-
ena from classical biological support (e.g., cul-
ture dishes) to Lab-On-Chip platforms, which al-
low the set-up of more complex experiments in a 
minimal environment. 

Information extracted from these devices can 
sometimes be challenging to analyze without us-
ing more complex models, such as machine 
learning algorithms. Particularly in microscopy 
image analysis, these models permit extracting 

hidden features and intricate trends that are im-
possible to catch quantitatively by hand.

In this work, we present a sensing system based 
on a low-cost Lab-On-Chip platform able to cor-
relate the electroporation efficiency with its side 
effects by applying a tailored machine learning 
algorithm on brightfield time-lapse microscopy
images.

Method description
A Lab-On-Chip based on transferred Laser-In-
duced-Graphene (LIG) was designed and fabri-
cated using a technique we recently proposed
[3]. Briefly, LIG electrodes are first generated by 
laser scribing a polyimide sheet. Then, the 
printed geometries are transferred to a transpar-
ent, biocompatible PMMA substrate by surface 
solubilization.

The chip exhibited six pairs of interdigitated elec-
trodes with different pitches, used to stimulate 
the U-87 glioblastoma cell line with several volt-
ages and electric fields (Fig. 1). During the stim-
ulation, fluorescence and brightfield time-lapse 
microscopy monitored calcium intake and cell 
contractility, respectively.

A custom machine-learning algorithm based on 
Particle Image Velocimetry (PIV) and cell seg-
mentation computed single-cell contractivity and 
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internal calcium quantity tracking during the 
time-lapse [4].  

Finally, the extrapolated peaks of cumulative ve-
locity were thresholded and used to estimate the 
electroporation efficiency in the acquired frame. 
Similarly, we used the detected calcium intake 
spikes as the ground truth, calculating the real 
electroporation efficiency.  

 
Fig.1. A Lab-On-Chip is designed to have six different 
interdigitated electrodes and separated chambers for 
cell culture. Each electrode pair is connected to a 
high-voltage pulse generator. Fluorescence and 
brightfield time-lapse microscopy are acquired at the 
same time. Each time-lapse frame is then analyzed 
using a tailored machine, computing cell contractivity 
and calcium intake. 

Results 
To better understand the behaviour of cell cul-
ture after electroporation, it was necessary to 
study cell movements and calcium presence be-
fore the stimulus. As expected, cells exhibited an 
independent movement, which was necessary to 
subtract from the one induced by the electric field 
application. Moreover, U-87 cells were demon-
strated to contain a significant amount of calcium 
ions in their cytoplasm also before the poration 
stimulus.  

Once the pulsed electric field was applied, cells 
started to contract and bleb, generating a peak 
in contraction detected by PIV. Calcium diffusion 
was observed to be almost instantaneous, while 
cell contractivity follows a second-scale dy-
namic. Moreover, as expected, the beginning of 
cell contractivity perfectly correlates with the flu-
orescence peak induced by calcium intake 
caused by cell poration (Fig. 2a).  

Finally, velocity and fluorescence peaks from 
single cells were then separately thresholded 
and used to compute the electroporation effi-
ciency of the experiment. As can be evinced 
from Fig. 2b, there is an almost complete corre-
spondence between the efficiency computed by 
fluorescence and the one calculated from con-
traction (𝑅𝑅2 = 0.931 around the bisector). More-
over, these results were obtained by aggregating 
data from different electrodes and electric fields. 
This indicates that our sensing system can pre-
dict electroporation from brightfield time-lapse 

microscopy without additional fluorescent chan-
nels independent of the experimental conditions.  

 
Fig 2. a) Fluorescence intensities from single cells dur-
ing the time-lapse experiments are compared with the 
contractivity velocity calculated by PIV analysis. b) Av-
erage fluorescence intensity is correlated with the 
peak velocity. Cell population heterogeneity and dif-
ferent electrode geometries contribute to performance 
variability. 
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Summary:
A Point-of-care device was developed using Ion-selective field-effect transistors (ISFETs) for real-time 
detection of molecular targets, eliminating the requirement for a highly controlled environment. This 
device successfully detected the translocation between chromosomes 12 and 21 (t(12;21)), which is 
one of the most common mutations associated with childhood acute lymphoblastic leukemia (ALL).

Keywords: ISFET, leukemia, point-of-care, potenciometry, genosensor.

Title
Development of an isfet-based system for ge-
netic detection of leukemia oncogene.

Introduction
Acute lymphoblastic leukemia (ALL) is the most 
common childhood cancer, accounting for ap-
proximately 25% of cancer diagnoses. Accurate 
determination of the genetic mutations associ-
ated with leukemia is crucial for patient progno-
sis. One of the most recurrent mutations in ALL 
is the translocation between chromosomes 12 
and 21 (t (12;21)) [1]. Current genetic diagnos-
tic methods, such as fluorescence in situ hy-
bridization (FISH) and reverse transcription 
quantitative polymerase chain reaction (RT-
qPCR), are efficient in detecting these muta-
tions. However, they often require lengthy ex-
perimental protocols and a highly controlled 
laboratory environment [2]. In contrast, point-of-
care devices enable real-time detection of mo-
lecular targets without the need for a highly 
controlled environment. Ion-selective field-effect 
transistors (ISFETs) are miniaturized devices 
that can be utilized for genetic analysis through 

the hybridization of complementary DNA se-
quences [3].

Objective
In this study, we developed an ISFET-based 
system for the detection of t (12;21) in the pedi-
atric population.

Methods
Therefore, the ISFET system was used for the 
detection of genetic markers in childhood ALL 
that had never been studied before in biosen-
sors field (Fig.1a). For this The ISFET was ini-
tially characterized using different pH buffers to 
assess its ionic selectivity. Subsequently, the 
ISFET was coated with a layer of TESUD, and 
a specific DNA probe for t (12;21) was immobi-
lized on its surface. The biorecognition process 
was evaluated through hybridization tests with 
plasmid samples at various concentrations. 
Potentiometry was employed to characterize all 
steps of the process.

Results and Discussion
The ISFET exhibited a decrease in drain-to-
source current (IDS) plateau with an increase in 
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pH (Fig.1b). In addition, the threshold potential 
(VT) increased with higher pH levels, indicating 
the system's sensitivity to ion concentration 
(Fig.1c) [3].  

 
Fig. 1. ISFET system (a) and influence of pH on IDS 

(b) and VT (c) ISFETpH 3.09, 4.99, 7.01, 9.07 and 11. 

In the hybridization tests, an increase in VT and 
were observed with increasing sample concen-
trations in the same pH buffer, suggesting suc-
cessful biorecognition through the hybridization 
process. This occurs because DNA is negative-
ly charged due to phosphate groups in its struc-
ture. Thus, the hybridization process of the onto 
the ISFET increases the fixation of negative 
charge on the surface, leading to a change in 
the gate potential [4] In addition to surface 
charge alteration, the DNA hybridization pro-
cess can also cause ionic redistribution in the 
medium [4]. Thus, a good linearity of response 
was achieved by correlating ∆VT x Plasmid 
Concentration, indicating the system's detection 
sensitivity (Fig.2b). 

 
Fig. 2. Influence of hybridization on ISFET (a) and 
linear plot assays of VT variation of ISFET (b). 

Conclusion 
The evaluated ISFET-based systems demon-
strated promising performance for genetic de-
tection of leukemic oncogenes, offering poten-
tial applications in clinical settings. 
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Summary:
In this study, we demonstrate novel bacterial detection using DNA hybridization-based electrochemical 
biosensors for enterotoxigenic Escherichia coli (ETEC). The ion-sensitive field-effect transducer
(ISFET) was immobilized with LT-probe, which is specifically for the heat-labile gene of ETEC. Poten-
tiometric measurement and Electrochemical impedance spectroscopy (EIS) are performed to improve 
the successful development of the detection of ETEC, which represents a promising technique for 
rapid and sensitive bacterial detection.

Keywords: ISFET biosensors, DNA-based biosensors, ETEC, Bacterial detection, DNA hybridization

Background
Enterotoxigenic Escherichia coli (ETEC) is
foodborne pathogenic bacteria, that causes 
cholerae-like diarrhea in children younger than 
5 years old. Due to the fecal-route infection, 
ETEC can be transmitted via contaminated food 
and beverage. The detection of ETEC is com-
monly identified by molecular-based detection, 
such as polymerase chain reaction (PCR) and 
real-time PCR (qPCR), which use a heat-labile 
toxin (LT) gene as a target. Although these 
methods are highly sensitive and specific to 
ETEC, they require expensive equipment and 
well-trained staff. Moreover, they may require 
an enrichment process, which is time-
consuming [1], [2], [3]. Thus, the development 
of rapid, easy, and point-of-care (POC) detec-
tion is a challenge for bacterial detection. In 
recent years, ion-sensitive field effect transduc-
er (ISFET)-based biosensors have gained in-
terest in the fields of detection, due to miniaturi-
zation, cost-effectiveness, and high sensitivity
[4], [5]. In this study, we developed a more rap-
id, highly sensitive, and highly specific DNA-

based ISFET biosensor for the detection of 
ETEC contaminated in water. 

Methods
The ISFET’s surface was activated by 
UV/Ozone procleaner to modify hydroxyl 
groups on the surface and then were silanized 
with 11-(triethoxysilyl) undecanal (TESUD) by 
the vapor-phase method. After functionalization, 
the ISFET was placed in an oven at 100°C for 
1h. The aminated-LT-probe was dropped and 
incubated overnight at 4°C. After that, the im-
mobilized ISFET was rinsed with TE buffer pH 8
and dried with N2. 1% Ethanolamine was 
dropped on the ISFET and incubated for 1 h at 
RT to block unspecific binding molecules. The 
DNA sample, extracted from ETEC, was heated 
for 5 min to denaturation of double-stranded 
DNA structure and incubated with the immobi-
lized ISFET for 10 min. The ISFET was rinsed 
with PBS buffer pH 7.4 and dried with N2. The 
potentiometry and electrochemical impedance 
spectroscopy (EIS) of the ISFET were deter-
mined using PBS buffer pH 7.4 
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Results 
LT-probe immobilized ISFET was investigated 
by analyzing various concentrations of extract-
ed DNA from ETEC (1.9x10-5 to 1.9x10-1 
µg/mL). Filtrate PBS was used as a negative 
control to provide the reference signal of the 
ISFET sensor. Potentiometry and EIS were 
measured in PBS solution pH 7.4. Fig. 1 
demonstrates the responsible ISFET to various 
DNA samples, measured by drain current (IDS) 
and transconductance (Gm) vs. gate-to-source 
voltage (VGS) at drain-to-source voltage (VDS) = 
0.5 V. IDS and Gm vs. VGS have slightly shifted to 
the negative value when increasing the concen-
tration of ETEC’s DNA. The threshold voltage 
(VT), extracted from IDS and Gm vs. VGS, demon-
strated the decrease of VT when increasing the 
bacterial concentration.  

 
Fig. 1. IDS and Gm vs VGS obtained by analyzing 
ETEC’s DNA samples in TE buffer (1.9x10-5 to 
1.9x10-1 µg/mL) at VDS = 0.5 V.  

Due to the narrow change of the potentiometric 
signal, EIS measurement was used to reach the 
sensitivity of the detection. The Nyquist plot of 
EIS at different concentrations of DNA samples 
(1.9x10-5 to 1.9x10-1 µg/mL) decreased the 
charge transfer resistance on the modified 
ISFET surface, compared with the reference, 
ETEC 0 µg/mL, as shown in Fig 2.  

These results improve the successful develop-
ment of a label-free DNA-based ISFET sensor 
for the detection of ETEC’s DNA using LT-
probe. 

 

Fig. 2. Nyquist plots obtained by analyzing ETEC’s 
DNA samples in TE buffer (1.9x10-5 to 1.9x10-1 
µg/mL). EIS frequency was ranged from 100 Hz to 
200 KHz, with Eac 100 mV and Edc 0 V. 

Conclusion 
This work has proven the successful develop-
ment of a DNA-based ISFET biosensor for the 
detection of heat-labile toxin gene which is spe-
cifically for ETEC. Potentiometry and EIS 
measurements were used to determine the 
efficiency of the ISFET sensor, which provided 
a decreasing trend when increasing the con-
centration of the DNA samples. It can represent 
the rapid detection of bacterial detection, which 
is a promising technique for point-of-care detec-
tion.  

References 
[1] K. Jangpatarapongsa, K. Saimuang, D. 

Polpanich, R. Thiramanas, M. 
Techakasikornpanich, P. Yudech, et al, Increased 
sensitivity of enterotoxigenic Escherichia coli 
detection in stool samples using oligonucleotide 
immobilized-magnetic nanoparticles, 
Biotechnology Reports 32, e00677 (2021); DOI: 
https://doi.org/10.1016/j.btre.2021.e00677 

[2] Å. Lothigius, A. Janzon, Y. Begum, Å. Sjöling, F. 
Qadri, A. M. Svennerholm and I. Bölin, Enterotox-
igenic Escherichia coli is detectable in water 
samples from an endemic area by real-time PCR, 
Journal of Applied Microbiology 104, 1128-1136 
(2008); DOI: https://doi.org/10.1111/j.1365-
2672.2007.03628.x 

[3] S. Chakraborty, C. Harro, B. DeNearing, J. Bru-
baker, S. Connor, N. Maier, et al, Impact of lower 
challenge doses of enterotoxigenic Escherichia 
coli on clinical outcome, intestinal colonization 
and immune responses in adult volunteers, PLOS 
Neglected Tropical Diseases 12, e0006442 
(2018); DOI: 10.1371/journal.pntd.0006442 

[4] H. Ben Halima, F. G. Bellagambi, M. Hangouët, 
A. Alcacer, N. Pfeiffer, A. Heuberger, et al, A 
novel electrochemical strategy for NT-proBNP 
detection using IMFET for monitoring heart failure 
by saliva analysis, Talanta 251, 123759 (2023); 
DOI:https://doi.org/10.1016/j.talanta.2022.123759 

[5] H. Ben Halima, F. G. Bellagambi, M. Hangouët, 
A. Alcacer, N. Pfeiffer, A. Heuberger, et al, A 
Novel IMFET Biosensor Strategy for Interleukin-
10 Quantification for Early Screening Heart Fail-
ure Disease in Saliva, Electroanalysis 35, 
e202200141 (2023); DOI: https://doi.org/10.1002/ 
elan.202200141 

 

 

EUROSENSORS XXXVI	 169

DOI 10.5162/EUROSENSORSXXXVI/OT6.116



Electropolymerization of porphyrinoids on LIG as EGFET-
based sensor array for ascorbic acid detection

Kishore Pushparaj 1, Lorena Di Zazzo 2, Alexandro Catini 1, Rosamaria Capuano 1, Valerio Allegra 1,
Gabriele Magna2, Chiara Manganiello1, Gianni Antonelli 1, Eugenio Martinelli 1, Roberto Paolesse 2,

and Corrado di Natale 1

1 Department of Electronic Engineering, University of Rome Tor Vergata, 00133 Roma, Italy
2 Department of Chemical Science and Technology, University of Rome Tor Vergata, 00133 Roma, 

Italy

Corresponding Author’s e-mail address: dinatale@uniroma2.it

Summary:
Laser-induced graphene was obtained from polyimide films by lasing with a commercial CO2

laser. Then porphyrinoids were electrosynthesized on the electrodes using cyclic voltammetry. These 
electrodes were employed as working electrodes in an extended gated field-effect transistor configura-
tion. The array exhibits excellent sensitivity towards ascorbic acid and dopamine. Furthermore, artifi-
cial tears were tested with and without ascorbic acid as real samples.

Keywords: EGFET, laser-induced graphene, ascorbic acid, porphyrinoids, electrosynthesis. 

1. Introduction:
L-ascorbic acid is a well-known water-

soluble antioxidant present in many biological 
systems, and there are several ways to detect it
[1]. ChemFET sensors are one of the recent 
interests in biological applications. Extended 
gate field effect transistor (EGFET) is quite 
modified from ion sensitive-FET sensors where 
the transducer is away from the electrolytic 
solution which gives the device long-term stabil-
ity. Because MOSFETs are reusable in this 
technique, but the working electrode needs to 
be replaced, we need to pay attention to devel-
oping sensing materials. Preparation of elec-
trodes is always a crucial part of the develop-
ment of I sensors, where laser-induced gra-
phene (LIG) is an easy method to obtain highly 
conductive graphene. Porphyrinoids are excel-
lent ionophores materials that have been ex-
ploited in potentiometric sensors [2]. In this 
work, we electrosynthesized the porphyrinoids 
on laser-induced graphene (LIG) and used a 
sensor array using the EGFET technique to 
detect ascorbic acid in artificial tears.

2. Materials and methods:
A 125 µM polyimide sheet was lasered 

to produce LIG. The polyimide was cleaned 
with ethanol before laser illumination.  Double 
lasing was performed with laser power of 10 W/ 
cm2, at a rate of 20 cm/s and a resolution of 
1000 PPI. The LIG obtained was used to elec-
trosynthesis porphyrinoids in 0.1M TBAC.  Elec-

tropolymerization was carried out as reported in 
our previous work [3]. This forms a sensor array 
consisting of 8 sensors: LIG, LIG/Cu(NH2)3TPC, 
LIG/ Cu(NH2)3TPC_LUT, LIG/ Co-
PPh3(NH2)3TPC, LIG/ Mn-Cl(NH2)3TPC , LIG/ 
Cu-5,10(NH2)2TPP, LIG/ 5,15(NH2)2TPP and 
LIG/ 5,10(NH2)2TPP (left to right). Each elec-
trode was connected to the gate terminal and a 
saturated calomel electrode was used to bias 
the gate as shown in Fig. 1. 100 µl of artificial
tears (purchased from a pharmacy) were tested 
as a real sample in 1X PBS at.
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Ω Ω
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+
-
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Figure 1. Schematic of the experimental setup.

3. Result and discussion:
Fig. 3 shows the principal component 

analysis (PCA) of the sensor array. The sensor 
was evaluated with ascorbic acid, dopamine,
and artificial tears with and without ascorbic 
acid. The score plot shows the residual of the 
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repeated measurements. Fig 2 a) represents 
the scope plot of the sensor array based on 
ascorbic acid, dopamine, the mixture of dopami-
ne and ascorbic, and synthetic tears with and 
without ascorbic acid Both PC1 and PC2 corre-
spond to 97.77% of the total variance. The 
measurements were repeated twice with a two-
sensor replica. Fig 3 b) Load plots indicate the 
execution of the sensor array where the sensor 
projects in different directions. It is noteworthy 
that Cu-5,10(NH2)2TPP is projected in the op-
posite direction with respect to the bare LIG 
electrode. On the other hand, LIG/ Cu 
(NH2)3TPC_LUT doesn’t provide any infor-
mation with respect to LIG. It is noticed that LIG 
contributes a lot more towards dopamine than 
electrosynthesized sensors. 
 

a)

b)

 
Fig 2. PCA of sensor array a) score plot based on 
ascorbic acid, dopamine, a mixture of dopamine and 
ascorbic, synthetic tears with and without ascorbic 
acid, b) biplot.  
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Summary:
In this work, we address key scientific questions regarding the use of graphene for lung cancer bi-
omarker detection. The volatile organic compound (VOC) biomarkers of lung cancer were classified 
into nonpolar, polar with small dipole moments, and polar with large dipole moments. Using density 
functional theory (DFT) calculations, we examine the adsorption capacities of various VOC biomarkers 
on graphene surface. The analysis of binding energies provides valuable insights for designing sensi-
tive and selective sensors for detecting lung cancer VOC biomarkers using graphene, potentially ad-
vancing early diagnosis and treatment of this disease.

Keywords: graphene, volatile organic compounds, lung cancer, density functional theory, adsorption.

Background and Motivation 
Volatile organic compounds present in exhaled 
human breath and/or bioliquids e.g., blood can 
be considered as bioindicators of lung cancer 
[1]. There are at least 22 polar or non-polar 
VOCs [2, 3] that discriminate between healthy
and lung cancer patients. Many studies have 
been dedicated to the detection and identifica-
tion of VOCs of lung cancer by using conven-
tional techniques, such as gas chromatography, 
mass spectrometry, radiography, tomography, 
cytology, and fluorescence bronchoscopy [4-6]. 
Yet, these methods encounter significant chal-
lenges: i) time-intensive breath analysis; ii) non-
portable screening equipment; iii) high costs; iv) 
limited sensitivity to small lung cancer tumors 
and picomolar VOC concentrations. Recent 
efforts focus on finding gas-sensitive materials 
capable of detecting picomolar VOC concentra-
tions linked to lung cancer. Conductive poly-
mers, metal oxides, carbon nanotubes, gold 
nanoparticles, and graphene-based nano-
materials (GBM) have shown promise in devel-
oping sensing platforms [7-9]. GBM, in particu-
lar, holds great potential for commercializing 
affordable, rapid, and reproducible sensors for 
biomolecule identification. Such an enhanced 
potential of these materials in biosensing field is 
governed by the unique properties of GBM
(huge carrier mobility, high electrical conductivi-
ty, high signal-to-noise ratio, large surface area 
of 2630 m2/g, high electron-transfer rates, and 

low toxicity) [10]. These features create condi-
tions for precise detection of foreign substances 
due to a large detection area, fast optical and 
electronic response of the system, change of 
the conductivity even at small concentrations of 
surface functional groups and bioanalytes. In-
deed, different authors reported on fabrication 
of biosensors using oxidized graphene to detect 
such VOCs of lung cancer as p-xylene [11], 
decane [12], hexanal, heptanal, undecane [5].

Despite GBM's advantages in detecting 
VOCs as lung cancer indicators, previous stud-
ies lack systematic results, hindering scientists' 
understanding of practical graphene-family 
nanomaterial implementation. Challenges re-
main: (i) lack of a standardized database for 
graphene-biomarker interactions and specific 
interaction fingerprints, (ii) unclear physical 
mechanisms for sensing polar and nonpolar 
lung cancer biomarkers, and (iii) low sensitivity 
to nonpolar VOCs. The differences in adsorp-
tion abilities of graphene to polar and nonpolar 
lung cancer biomarkers depending on solvent 
effect are never discussed, and a comprehen-
sive DFT analysis on adsorption capacity of 
GBM to VOC biomarkers of lung cancer has not 
been carried out, yet. Considering the key is-
sues mentioned, we explore ways to address 
these unexplored scientific questions.

Method
Gaussian 16 package is utilized to perform all
DFT calculations of VOC adsorption on gra-
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phene using highly parametrized, empirical 
M05-2X exchange-correlation functional, with 6-
31G(d) basis set. The binding energy of VOCs 
of lung cancer to a graphene is defined as: 
Eb=EG+VOC-(EG+EVOC), where EG+VOC is the total 
energy of the interacting graphene-VOC sys-
tem, EG is the total energy of isolated graphene, 
EVOC is the total energy of VOC molecule.  

Results 
To classify and systemize the VOC biomarkers, 
we first calculated their dipole moments (see 
Fig. 1). Overall, these VOCs can be divided into 
three major classes: (i) nonpolar VOCs (dec-
ane, benzene, 1,4-dimethyl-benzene, cyclohex-
ane), (ii) polar VOCs with small dipole moments 
(2,2,4,6,6-pentamethylheptane,2-methylhepta-
ne, undecane, methylcyclopentane, 1-methyl-2-
pentylcyclopropane, 3-methyloctane, 3-
methylnonane, 2,4-dimethylheptane)  and (iii) 
polar VOCs with large dipole moments (hex-
anal, heptanal, 1,2,4-trimethylbenzene, 1-
hexene, 1-heptene, 1-methylethenylbenzene, 
isoprene, styrene, trichlorofluoromethane). In 
addition, all these biomarkers can be classified 
as those that: (i) contain aromatic benzene 
rings (styrene, benzene, propylbenzene, 1,2,4-
trimethylbenzene, 1,4-dimethyl-benzene,1-
methylethenylbenzene) and (ii) do not contain 
hexagon carbon ring (others). These features 
strongly influence the interaction between 
VOCs and graphene-family nanomaterials. 
Molecules with hexagonal carbon rings align 
parallel to the graphene plane due to π-π stack-
ing interaction. 

 
Fig. 1. Dipole moments of various VOCs. 
      Figure 2 shows the binding energies for 
each VOC on graphene. Some molecules such 
as 2,2,4,6,6-pentamethylheptane, undecane, 
and 1-methylethenylbenzene exhibit relatively 
high binding energies, indicating strong interac-
tions with graphene. Aromatic compounds like 
styrene, propylbenzene, and benzene show 
moderate to high binding energies, likely due to 
π-π interactions with the graphene surface. 
VOCs with longer aliphatic chains (e.g., 
2,2,4,6,6-pentamethylheptane, undecane) also 
show significant binding energies, possibly due 
to increased van der Waals interactions. The 
presence of functional groups (e.g., double 

bonds in 1-hexene, 1,4-dimethyl-benzene) may 
influence binding energies. The variability in 
binding energies suggests that a sensor based 
on graphene could selectively detect specific 
VOC biomarkers, improving the selectivity of 
lung cancer detection. By understanding the 
adsorption energies, sensor design can be op-
timized to target VOCs with the highest binding 
energies, improving sensor sensitivity. 

 
Fig. 2. Binding energy of VOCs. A more negative 
binding energy suggests a stronger bond to gra-
phene. 
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Summary:
In this work a microfluidic device was created with nanostructured integrated platinum electrodes to 
enhance the sensitivity of Electrochemical Impedance Spectroscopy (EIS) in cell analytical applications.
The sensing microelectrodes were structured using Focused Ion Beam milling creating two separate 
electrodes with gap sizes ranging from 200 nm to 1 μm. The decreased electrode distance allows im-
proved sensitivity in EIS measurements, especially when a micrometer size particle or cell is trapped 
between the electrodes. The electrode design is supported by finite element modelling of the evolving 
electromagnetic field in the microfluidic channel.

Keywords: microfluidics, lab-on-a-chip, bioimpedance, electrochemical impedance spectroscopy

EIS measurements in cell analysis
In vitro study of individual cells or cell popu-

lations in a controlled chemical environment us-
ing specifically designed multifunctional micro-
fluidic devices, such as Organ-on-Chips, offers 
sensitive and specific measurements that may 
facilitate drug discovery, screening, and the de-
velopment of therapeutic strategies [1]. Combin-
ing these devices with integrated sensing sys-
tems, such as microelectrodes, can simultane-
ously maintain and monitor the behavior of cell 
populations real-time, meanwhile treating them
with different chemical agents. This multidiscipli-
nary approach can be essential in personalized 
medicine with further applications for antibiotic 
susceptibility testing [2].

Electrochemical Impedance Spectroscopy 
(EIS) is a non-invasive real-time technique that 
allows characterization of complex electrical 
properties of the cells while measuring the fre-
quency dependent impedance of the system. Mi-
croelectrodes integrated inside a microfluidic 
system can be used for specific EIS measure-
ments that enable cell analysis such as viability 
and growth monitoring. In biological applications
of EIS an extensive range of frequencies is cov-
ered from 1 Hz to 10 GHz to get an insight into 

the inner electrochemical processes of the sys-
tem regarding the electrode, the media, and the 
cellular properties as well. Accordingly, the spec-
tra are divided into distinct dispersions regions α,
β and γ [3]. Here, the α and β regions were 
measured to study both cellular and electrode 
properties.

Microfluidic system for EIS analysis
A compact multi-channel microfluidic sys-

tem was created that can measure the EIS spec-
tra of trapped cells using 2- or 4-electrodes ar-
chitecture (Fig. 1). The central sensing microe-
lectrodes were sectioned by Focused Ion Beam 
milling, creating two individual electrodes with a 
small gap ranging from 200 nm to 1 μm (Fig. 2).
The system offers enhanced sensitivity owing to 
the nanometer scale electrode distances.

Fig. 1. Layout of the cell analytical microfluidic sys-
tem and the position of the electrodes.
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ig. 2. Sectioning the Pt electrodes with FIB milling. 
The gap size between the central electrodes is 1 μm. 

Results 
EIS measurements in 2-electrodes archi-

tecture were conducted using a PalmSens4 de-
vice, 4-electrode measurements were con-
ducted by a bioimpedance analyzer developed 
by Vizvari et al. [4]. The Pt electrodes were fab-
ricated on glass substrate, patterned by lift-off li-
thography. The microfluidic system contains two 
main inlet channels and 4 cross-channels for EIS 
measurements using the underlying electrodes. 
The cross-channels contain a trapping region, 
where cells or particles falling in the range of the 
channels’ dimensions (e.g. yeast cells) can be 
localized over the sensing electrodes. The 10 µm 
deep microfluidic channels were fabricated in 
SU-8 by photolithography, then they were cov-
ered by a PDMS layer. The system is connected 
to the impedance spectroscopes via specifically 
designed PCBs (Fig. 3). 

 
Fig. 3. The ready-to-use microfluidic device containing 
the cell trapping channels and the integrated elec-
trodes. 

During the measurements, the effects of the 
electrode distances, the stability and the repro-
ducibility of the analytical system was character-
ized using different solutions, including cell cul-
ture media and cellular suspensions containing 
Saccharomyces cerevisiae. A finite element 
model was also developed to comprehend the 
electrical processes of the cellular system. The 
electric field developed in the channel was sim-
ulated by COMSOL Multiphysics with or without 
cells, the corresponding EIS spectra were com-
pared to the corresponding measurements (Fig. 
4). Initial tests with PBS, cell culture media (HEP 

G2) and cellular solutions yielded great repro-
ducibility (Fig. 5). Comparison of 2- and 4-elec-
trode measurements proved the benefit of using 
4-electrodes in the low frequency range to elimi-
nate parasitic effects.

 

Fig. 4. FEM simulation of the electric filed over the 
electrodes when a cell is trapped at low (top) and high 
(bottom) frequencies. 

Fig. 5. Two electrode EIS spectra in PBS between 
two inner (red, yellow) and two outer electrodes (blue, 
green) in two different channels. 
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Summary:
In the present project, we report the design, synthesis, and evaluation of a nanosensor based on 
mesoporous silica nanoparticles (MSNs) loaded with a fluorescent dye and functionalized with the 
GABA B receptor for GHB detection in urine samples. GABA B receptor acts as a molecular gate due 
to its interaction with the agonist, baclofen. Subsequently, the nanodevice will be integrated into a 
lateral flow assay coupled with a smartphone capable of measuring the fluorescent signal produced by 
the released dye.

Keywords: -hydroxybutyric acid, chemical submission, nanosensor, human urine, lateral flow assay

Background, Motivation and Objective
-hydroxybutyric acid (GHB or liquid ecstasy), 
has been widely used in cases of drug-
facilitated sexual assaults (DFSA) or chemical 
submission [1]. GHB is colorless, odorless, and 
soluble in aqueous media, thereby practically 
undetectable. On the other hand, it is quickly 
human metabolized and its detection in urine 
samples is only possible within 6-12 hours after 
ingestion. As a result, legislation has restricted 
its availability leading to GHB, consumers 
switching to its pro-drug, -butyrolactone (GBL). 
The precursor solvent, GBL, is used as an al-
ternative due to its rapid conversion to GHB in 
the body [2]. For GHB detection, a wide variety 
of techniques have been used for its reliable 
identification in different adulterated samples, 
such as gas chromatography, high-performance 
liquid chromatography, and capillary zone elec-
trophoresis. Likewise, some molecular probes 
have been used for in situ or at site GHB detec-
tion in beverages spiked but not in biological 
fluids such as urine.

In this scenario, gated mesoporous silica nano-
particles (MSNs) have raised considerable in-
terest owing to the beneficial properties of the 
silica support such as high stability and rigidity, 
homogeneous and well-defined porosity (with 
diameters of 2–10 nm), high specific surface 
area and loading capacity, easily controllable 
morphology, and tuneable surface chemistry
[3]. Although gated MSNs have been widely 
used in drug delivery, most prominently per-
haps via pH-controlled gating, recently, the use 
of gated MSNs in sensing and molecular com-

munication applications has also become more 
popular [4]. Sensing gated MSNs are com-
posed of MSNs loaded for instance with select-
ed fluorophores and functionalized with different 
supramolecular or biological assemblies (such 
as proteins [5], enzymes, antibodies, and ap-
tamers) acting as ‘molecular gates’ (also known 
as gatekeepers or nanovalves). Gated MSNs 
show ideally “zero” release in the absence of an 
analyte, yet the presence of a target species 
induces, usually, a displacement of the capping 
ensemble, resulting in cargo delivery which is 
proportional to the analyte concentration. This 
led to a successful integration of gated MSNs 
materials with fluorogenic response into lateral 
flow assays (LFAs) with high sensitivity and 
selectivity for target analytes, demonstrating the 
tremendous potential of this approach for dip-
stick tests for a large range of applications.
Based on the above, we report herein the de-
sign, preparation, and characterization of a 
nanosensor based on gated MSNs for GHB 
detection in urine samples (Fig. 1).

Fig. 1. Nanodevice mechanism for GHB detection in 
human urine.
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Description of the New Method or System 
To overcome the drawbacks of commercially 
available drug detection methods, we devel-
oped a smart nanodevice based on mesopo-
rous silica nanoparticles (MSNs) loaded with a 
fluorescent dye (rhodamine B) and capped with 
a specific GABA B receptor which is capable of 
recognizing GHB in competitive media such as 
urine and distinguish it from the amount of en-
dogenous GHB (Fig. 1). The nanosensor pro-
vides a highly useful and versatile tool for de-
termining chemical submission drugs applicable 
not only in recreational environments but also 
potentially by law enforcement or in forensic 
studies. Therefore, the nanodevice is based on 
the interaction of GHB (produced after the hy-
drolysis of GBL) with the GABAergic B receptor, 
which will act as a molecular gate, producing 
the release of the encapsulated dye. In a further 
step, the nanodevice will be integrated into a 
lateral flow assay (ELF) for on-site detection of 
the dye-released fluorescent signal using a 
conventional smartphone. In this scenario, ELF 
assays have recently attracted attention due to 
their portable formats, short analysis times, low 
interference, low costs, and because they can 
be easily operated by non-specialized person-
nel. Additionally, ELF assays can be designed 
to detect multiple compounds simultaneously, 
providing results with high selectivity and sensi-
tivity (ppb range), which would even allow the 
detection of GHB in urine samples (150 to 200 
ppm).  

Results 
All the prepared solids were characterized by 
using standard techniques such as powder X-
ray diffraction (PXRD), transmission electron 
microscopy (TEM), N2 adsorption-desorption 
isotherms, elemental and thermogravimetric 
analyses, dynamic light scattering (DLS) and 
FTIR.  

Once the nanoparticles were characterized, we 
studied rhodamine B release from MSNs (1 mg) 
in 800 μL of Tris-HCl buffer at pH 8.0 in the 
absence and presence of GBL (413 M). The 
obtained payload delivery kinetics shows that in 
the absence of GBL, a low cargo delivery is 
observed, whereas in the presence of GBL, a 

remarkable release of rhodamine B is found. 
This cargo delivery agrees with GABA B recep-
tor detachment from the surface of the nanopar-
ticles, due to a displacement of the GABA B 
induced by the presence of GHB. A detection 
limit of roughly 80 M was determined in aque-
ous solution. Encouraged by these results, we 
will move a step forward with the purpose of 
obtaining a rapid and portable test for GHB 
detection in urine through the integration of 
nanodevice into a lateral flow assay. 
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Summary:
Carbamazepine (CBZ) is an active compound in commonly used drug and is highly durable in the 
environment, particularly in wastewater, which raises concerns about potential risks to animals and 
humans. We present an aptamer-based electrochemical sensor labelled with a redox probe which 
conformational change upon binding event is recorded by square-waved voltammetry. The electro-
chemical sensor operated in concentrations range from 2.5 pM to 250 μM in buffer. This technology 
provides a potential method to enable the monitoring of CBZ in treated water. 

Keywords: Aptamer, electrochemical sensor, carbamazepine, environment, wastewater 

Introduction
Carbamazepine (CBZ) is an anticonvulsant and 
anti-epileptic drug that was classified in the 
contaminants of emerging concern (CECs) list 
due to its unintended persistence in the envi-
ronment notably in treated wastewater (up to 10 
nM for long term exposure) [1]. Commonly used 
techniques to detect CBZ are liquid chromatog-
raphy-tandem mass spectroscopy (LC-MS/MS), 
high-performance liquid chromatography 
(HPLC), immunoassays and solid-phase extrac-
tion (SPE) coupled with chromatography. While 
these methods are accurate, they are time-
consuming and require sophisticated instru-
mentation. Furthermore, they cannot be applied 
for on-site detection. Several efforts have been 
made to develop portable assay formats using 
electrochemical techniques for rapid detection 
of carbamazepine (CBZ) and its metabolites, 
aiming to address this challenge. Direct electro-
chemical methods utilize target reduc-
tion/oxidation (redox) processes for quantifica-
tion without the need for affinity reagents. While 
these methods are straightforward, electroac-
tive molecules present in the medium to ana-
lyze can lead to a false positive. Molecular 
imprinted polymers were also reported as artifi-
cial biomimetic receptors to improve the low 
specificity of direct detection however, they are 
less selective than anti-bodies. Alternatively, 
aptamers are a class of short single-stranded 
nucleic acids that can selectively interact with 
their target rivalling those of antibodies. Specific 
sequences are generated by an in vitro molecu-
lar evolution method known as systematic evo-
lution of ligands by exponential enrichment

(SELEX). They are particularly interesting for 
the detection of small molecules, such as CBZ, 
that do not have enough immunogenicity to 
generate a specific antibody. In this work, we 
developed an electrochemical aptasensor 
where a conformational change is induced by 
CBZ target binding within the aptamer structure, 
which subsequently alters electron transfer 
between a redox tag appended at a distance 
and the surface of an electrode. The aptamer 
was modified with a thiol group on the 5′-end for 
immobilization on the gold sensing electrode 
and a methylene blue (MB) tag on the 3′-end for 
readout [2].

Results

Fig 1. Picture of a) the sensing platform, b) the 3D 
printing cartridge and c) the sensor plugged in the 
HDMI mini connector with the cartridge integrated.

The gold electrodes were patterned on a silicon 
substrate with conventional clean room micro-
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fabrication processes. Ag/AgCl electrode was 
deposited by aerosol jet printing technique. The 
chip is further integrated in an in-house devel-
oped sensing platform with a HDMI mini con-
nector for an easy plug-and-play system. A 3D 
printed cartridge is integrated for drop-casting 
the sample on the sensor (see Fig.1). CBZ ap-
tamer was covalently attached with the thiol 
function on the 3’-end by self-assembled-
monolayer (SAM) on the gold working electrode 
overnight. For the sensor characterization, CBZ 
was diluted in PBS buffer (pH=7.4) at different 
concentrations and square-wave voltammetry 
(SWV) was recorded when the signal was stabi-
lized. In Fig. 2, an increase of CBZ concentra-
tion is correlated with a decrease of the current.  

 
Fig. 2 SWV of the aptasensor showing its reversibility 
after overnight incubation in DI water. 

It can be explained with the initial aptamer state 
being close to the gold electrode and allowing 
high-electron transfer rate with the MB. Upon 
binding with CBZ, the aptamer conformation 
switching moves the MB further away from the 
electrode which is transduced by a decrease of 
the current. A consequent advantage of ap-
tamers is their reversible denaturation. By incu-
bating the sensor in deionized (DI) water, the 

aptamer loses its conformation and CBZ is re-
leased in the solution. When it is reintroduced in 
PBS buffer, the aptamer goes back to its initial 
conformation and similar performances are 
observed as shown in Fig. 3. 

 
Fig. 3 Calibration curves of the aptasensor before (1st 
detection) and after (2nd detection) incubation in 
water 

Conclusion 
In this study, we have demonstrated the re-
versible detection of CBZ with a MB labelled 
aptamer electrochemical sensor. The devel-
oped sensor showed high sensitivity to CBZ 
down to 2.5 pM. Therefore, it holds great poten-
tial for the development of the next generation 
of portable on-site assays for the monitoring of 
CBZ in the environment.  
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Summary:
Nicotine is the main active component of tobacco. Its quantification in aerosols and particularly the 
amount delivered in lungs is of great interest to track its impact on health. Current detection methods 
rely on the use of mass spectroscopy coupled with liquid chromatography. However, this requires highly 
qualified personnel and expensive equipment. In this context, we demonstrated that Molecular Imprinted 
Polymers (MIP) as sensing layer deposited on electrodes are very efficient to allow fast and cheaper 
quantification of nicotine in aerosols.

Keywords: Molecularly imprinted polymers, nicotine detection, electrochemical sensors, fast re-
sponse

Inhalation toxicological investigations and the 
development and pre-clinical testing of inhalable 
drugs require assessing the deposition kinetics 
of aerosol constituents on the epithelia of the 
respiratory tract or on in vitro models. A common
in vitro approach is the deposition of the test aer-
osol on a trapping surface under controlled con-
ditions, followed by quantification of deposited 
individual targeted aerosol constituents. This re-
quires highly sensitive and selective analytical 
methodologies such as coupled chromatography 
- mass spectrometry, needing highly qualified 
personnel and expensive equipment and are not 
easily accessible. In this context, a promising 
technology for the quantification of aerosol dep-
osition are chemically selective sensors and 
among them, molecularly imprinted polymers 
(MIP) showed very interesting abilities to selec-
tively concentrate the target molecule for a better 
read-out. Matsui [1] reported one of the first nic-
otine MIPs in 1996. Nicotine MIPs were firstly 
used to preconcentrate nicotine before chroma-
tography analysis [2] but quickly, attention turned 
on the analysis of cigarette smokes [3]. They 
also had interest for the delivery of nicotine 
through patches. Sensors were also developed 
for the analysis of residues in urines [4]. Finally, 
regarding detection methods, besides QCM [5],
capacitive measurement [6] and optical detec-
tion [7] were used. No MIP for electrochemical 
detection of nicotine was mentioned. In this 
work, MIP were combined with electrochemical 
chips to build the nicotine sensors. Two ap-
proaches were evaluated: UV-curing of MIP on 
the electrode and electrodeposition.

MIP-based sensors are usually built by deposit-
ing preformed nanoparticles of MIP, but this 

leads to rather thick layers. We therefore fo-
cused on a polymer-based MIP formulation de-
posited as a thin film on the electrode and cured 
by UV exposure. The formulation is based on 
divinylbenzene and methacrylic acid, dicumyl 
peroxide being the activator of polymerization.
Despite the polymer layer is insulating, we man-
aged to deposit a very thin film (few 10ths of na-
nometers) to ensure sufficient recorded signal by 
using Pico-Pulse Jetting.  

 

Fig. 1: detection of nicotine by MIP deposited by Pico-
Pulse Jetting on working electrode of screen-printed 
carbon electrodes with Ag/AgCl reference.

MIP-based nicotine sensors were thus printed 
and further characterized. Direct monitoring of 
nicotine at its rather high redox potential was 
found to damage the sensing layer. Therefore, 
an indirect electrochemical measurement was 
developed using Fe(II)/Fe(III) as probe, avoiding 
high potential and deterioration of the MIP layer. 
This Fe(II)/Fe(III) potential value is directly linked 
to the presence of Nicotine and Fig. 1 shows an 
example of nicotine detection with this approach.
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For such kind of sensors, calibration is then 
needed, and Fig. 2 shows a calibration curve ob-
tained with our sensor over the nicotine concen-
tration range of interest.  

           
Fig. 2: calibration of MIP-based nicotine sensors fab-
ricated by Pico-Pulse Jetting 
 
Finally, we also investigated its sensitivity, its se-
lectivity, and its stability. Very low amounts of 
nicotine (down to few ng/ml) were detectable in 
short times (10-15 min) allowing straightforward 
and fast measurements. The selectivity was very 
high even in presence of nicotine metabolites 
such as cotinine (Fig. 3). The sensor was ex-
posed to various pH, solvents and biological me-
dia conditions and showed sufficient reliability for 
the foreseen application. 

                
Fig. 3: selectivity of the MIP-based sensor fabricated 
by Pico-Pulse Jetting 

Due to some limitations with in-situ UV-curing, 
we also studied MIP electrodeposition. For this 
purpose, we developed formulations and meth-
ods to reproducibly deposit MIP layers on elec-
trodes by electrochemistry. Compared to stand-
ard MIP bulk-synthesis, this approach required 
the use of new electropolymerizable monomers 
such as aniline, pyrrole or thiophene. Several pa-
rameters allow a fine control on the created elec-
trografted layer. The number of grafting cycles 
impacts the growth of the layer whereas the po-
tential window used controls eventual cross-link-
ing of the layer.   
Formulations were then refined to increase the 
sensitivity and the selectivity by incorporating co-
monomers such as acrylic acid or methyl acry-
late. Those functional monomers promote more 

specific interactions with the target molecule nic-
otine which, in theory, enhances the selectivity. 
We were thus able to reach a very high sensitiv-
ity (in nanomolar/ppb range) together with keep-
ing short analysis times (typically 3 to 5 minutes) 
and high selectivity. 
 
We thus developed nicotine electrochemical 
sensors allowing fast and precise determination 
of nicotine in solution. Performances and robust-
ness were optimized to achieve on-line meas-
urement of nicotine levels in aerosols.  
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Summary:
Dry electrodes with high human biopotential signal recording quality is the promising future for weara-
ble long-term health monitoring devices. Here, we present an ultrathin and flexible textile-like electrode 
composed of double-layered SU-8/PMMA microstructure fabricated using lithography-based microfab-
rication techniques featuring structures as fine as 100𝜇𝜇m. Graphene oxide (GO) is introduced to the 
electrodes as an electrically conductive material using a single-step dip-coating method. To improve 
the electrical conductivity of the coated GO and hence, the performance of the electrodes, a reduction 
step using eco-friendly vitamin C (L-ascorbic acid) was carried out to transform GO to reduced gra-
phene oxide (rGO). Our experimentation involved recording lead-I ECG signal acquisition using the 
fabricated electrodes, demonstrating their superior performance compared with Ag/AgCl wet elec-
trodes with similarity up to 98.84% with distinguishable QRS peaks. The results pave the way towards 
a clinical-grade ECG signal performance.

Keywords: dry electrode, ECG, graphene oxide, microfabrication, vitamin C.

Introduction
Cardiovascular monitoring using electrocardiog-
raphy (ECG) is an established technique to 
monitor the activity of the heart [1]. Typically 
Ag/AgCl wet electrodes are used to acquire 
biopotential signals such ECG [2]. Although 
these wet electrodes show highly accurate per-
formance, they have various issues like the
conductive gels drying out over time and prob-
lems with skin irritation [3]. In this study we
propose a novel fabrication flow with the use of 
a hard mask (protection layer) avoiding the use 
of electron beam lithography (EBL). This work 
utilized industrial acrylic-based PMMA and SU-
8; an epoxy-based material, to create textile-like 
mesh. The mesh arrangement of textile weaves
makes these electrodes suitable for biopotential 
measurements on the skin, as this structure 
inherently guides signal energy in the "z" direc-
tion, perpendicular to the skin surface. To func-
tionalize the electrode, graphene oxide was 
utilized, taking advantage of the superior capa-
bilities of a simple, eco-friendly green reduction 
method using L-ascorbic acid.

Electrode fabrication
The fabrication (Fig. 1a) starts with depositing a 
200 nm of SiO2 as sacrificial layer. Then as 

supportive material 50 um negative photoresists
SU-8-50 was spin coated at 3000 rpm then soft-
baked at 65 °C for 7 min and 95 °C for 20 min 
then exposed to a dose of 140 mJ ultraviolet 
(UV) to produce a square-type microarray, post-
exposure bake was then performed at 65 °C for 
1 min and 95 °C for 6 min. The sample was 
then immersed in SU-8 developer. The next 
layer was PMMA, 495K MW PMMA-C4 was 
spin coated at 4000 rpm and was baked at 180° 
C for 10 min to produce 300nm. To selectively 
etch the PMMA, a layer of copper (Cu) was 
deposited on top of it.The copper layer was 
then patterned by spin-coating AZ5214 photo-
resist (PR) and exposed to UV light. Then O2
plasma was performed for 3 minutes to etch the 
exposed regions of PMMA. After patterning the 
PMMA the Cu layer was removed by an etchant 
mixture of acetic acid and hydrogen solution. 
Finally, the electrode was released by immer-
sion inside buffered oxide etch BOE 7:1 for 5 h.
The released SU-8/PMMA sample was drop-
casted by diluted GO graphene oxide suspen-
sion (4mg/mL) on a hydrophobic Teflon surface
to confirm a uniform coating and dried at room 
temperature for one day. Next, the sample was 
immersed in 0.5 g/ml L-ascorbic acid and de-
ionized water for three days at room tempera-
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ture. After the reduction, the sample was 
washed by deionized water and left to dry (Fig. 
1b). The electrode internal layers after wiring 
are demonstrated in Fig. 1c.  

ECG signal recording  
Data acquisition utilized an open-source unit 
(Cyton Board, OpenBCI) and recorded signals 
were processed using MATLAB. Electrocardio-
gram signals were recorded and compared with 
microfabricated electrodes against clinical-
grade wet Ag/AgCl electrodes in a single-lead 
setup. The placement and an image of the mi-
crofabricated electrode during signal acquisition 
were illustrated in Fig. 1d.  

Results and Conclusion 
The resistance of the textile-like electrode was 
measured by a desktop multimeter and showed 
a relatively low resistance of 0.5 kΩ upon re-
duction. The flexibility of the electrodes was 
demonstrated in Fig. 1e, and their microscope 
images with and without rGO. The correlation 
function between the signals over a 10-second 
period was calculated to be 98.84%, indicating 

a strong correlation. This high correlation 
serves as validation for the high performance of 
the TPM electrode in capturing biopotential 
signals. Fig. 1f displays the two signals record-
ed over 10-second intervals. 
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Fig. 1. (a) Fabrication steps of TPM electrode, (b) GO coating-reduction process, (c) exploded view of a TPM 
electrode showing its inner layers, (d) images of the electrode placed on the upper arm, (e) flexibility test applied 
by manually bending the electrode with under microscope images, and (f) Simultaneous ECG recording with tex-
tile-like electrodes and Ag/AgCl electrode
 

EUROSENSORS XXXVI	 183

DOI 10.5162/EUROSENSORSXXXVI/OT6.214



3D Modelling of droplet formation
in two-phase microfluidics for single-cell manipulation

Zsombor Szomor1,2, Eszter L. Tóth1, Péter Fürjes1

1 Microsystems Lab., Inst. of Technical Physics and Materials Science, 
HUN-REN Centre for Energy Research, Budapest, Hungary

2 Óbuda University Doctoral School on Materials Sciences and Technologies, Budapest, Hungary

Corresponding Author: szomor.zsombor@ek.hun-ren.hu

Summary:
In this study, the evolving hydrodynamic phenomena were modelled and characterized in complex two-
phase micro-fluidic systems, aiming to enhance their applicability in advanced droplet-based single-cell 
sorting and analytical methodologies. An innovative Computational Fluid Dynamics (CFD) driven multi-
dimensional optimization strategy was introduced and applied to explore the influence of geometric con-
figurations and flow parameters. The droplet generation process has been studied by finite element 
modelling (FEM), utilizing the Laminar Flow and Level Set modules within COMSOL Multiphysics for 
numerical simulations. The proposed microfluidic system was manufactured and its behaviour was com-
pared to the simulated characteristics. The experimental results supported the comprehension of the
droplet formation in case variable volumetric flow rates and the interaction between flow dynamics and 
channel geometry. The effective control of the resultant droplet size distribution enables to determine 
the numbers of particles and cells confined.

Keywords: finite element modelling (FEM), two-phase microfluidics, single-cell, droplet formation, LoC

Motivation and Objectives
In the past twenty years, the adoption of mi-

cro-engineered systems has transformed the 
high-throughput analysis methods applied in the 
fields of chemical and biological sciences. Drop-
let-based microfluidic systems generate and ma-
nipulate distinct, physically separated fluid vol-
umes or droplets. These multi-phase flow sys-
tems enable to utilise a wide range of easily ac-
cessible techniques for manipulating droplets, 
including splitting, merging, mixing, dilution and 
incubation. Droplets produced within two-phase 
microfluidic setups serve as optimal vessels for 
high-throughput cell screening applications. The 
response of individual cells to physical and 
chemical effects can be precisely examined in 
the micro-environment at the scale of cell size. 
This study employs high-performance finite ele-
ment modelling (FEM) of these multi-phase sys-
tems for a thorough examination of hydrody-
namic droplet generation process, primarily fo-
cusing on the effects of different flow rates and 
geometric parameters [1].

Fluid Dynamic Simulation Methods
COMSOL Multiphysics simulation code was 

employed to examine the droplet formation pro-
cess in 3D two-phase models, aiming for a more 

precise understanding of the evolving flow char-
acteristics. The analysis relies on numerically 
solving the governing Navier-Stokes and conti-
nuity equations. To characterize and compare 
microfluidic systems, the Capillary number (Ca) 
served as a commonly utilized parameter. Re-
garding droplet generation, including evolving 
droplet diameters and generation frequencies, 
the effects of volume flow ratios at the inlets, fluid 
viscosity, and interface tension were explored 
through successive parametric sweep simula-
tions. Details of the main material properties of 
the fluids are provided in Table 1.
Tab. 1: Main material parameters of fluids

Material Dynamic viscosity 
(µ)

Density 
(ρ)

Water 1.95∙10-3 Pa∙s 103 kg/m3

Silicon Oil 20∙10-3 Pa∙s 103 kg/m3

To manage reliable simulation of multiphase fluid 
flow, the Level Set technique, a robust computa-
tional approach was employed [2, 3]. This 
method was integrated with the Laminar Flow 
module to obtain precise results within the micro-
fluidic approaches characterized by a predomi-
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nance of low Reynolds numbers. The droplet di-
ameters were calculated using a self-developed 
MATLAB script, which based on image analysis. 

Numerical Results 
According to the simulations, a significant 

change can be detected in the droplet diameters 
as the function of the flow rate and different ge-
ometric properties (Fig. 1). The average diame-
ter was decreased from 98.27 µm to 62.16 µm 
when the flow rate of oil increased from 1.2 µl/s 
to 3.2 µl/s. The flow rate of water remained con-
stant (0.2 µl/s). The size distribution of generated 
droplets was visualised by histograms created 
using the MATLAB software (Fig. 2). 

 

 
Fig. 1. Droplet generation in the 3D FEM model in 
the case of two different flow rates. The applied flow 
rates were: 0.2 µl/s (water), 1.2 µl/s (oil) in Figure 1.a 
and 0.2 µl/s (water), 3.2 µl/s (oil) in Figure 1.b. 

 
Fig. 2. Droplet size distributions based on the image 
analysis of the simulated droplet generation. While the 
flow rate of water was set to a constant value of 0.2 
µl/s, three different oil flow rates were varied between 
1.2 µl/s (1), 2 µl/s (2), and 3.2 µl/s (3). 

Experimental Validation 
To validate the numerical model, microflu-

idic devices were manufactured using soft lithog-
raphy techniques in Polydimethylsiloxane 
(PDMS) polymer, featuring various geometrical 
configurations for droplet generation (Fig. 3). Ex-
perimental results indicate that factors such as 
the wetting characteristics of the aqueous phase 
significantly affect the frequency of droplet for-
mation, whereas the velocity of the oil phase im-
pacts the droplet size. Elevating either the flow 
rate of the oil phase or the Capillary number 
leads to a momentous reduction in droplet diam-
eter. 

The obtained results can support the establish-
ment and optimisation of multi-phase microflu-
idic systems to achieve proposed size of micro-
droplets applicable as miniaturized reactors or 
cell containers in Lab-on-a-Chip and Organ-on-
chip applications. 

 

 
Fig. 3. Laboratory experiment to support the valida-
tion simulation results. The flow rate was set as  
0.1 µl/s (water), 0.2 µl/s (oil). The droplet diameters 
were determined by MATLAB. The average diameter 
was 44.57 µm in this case. 
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Summary:
Therapeutic Drug Monitoring (TDM) would be a game changer for cancer therapy, however due to the 
current methods applied to follow the drug concentrations in the blood are expensive and require spe-
cialized expertise and instruments. Point-of-Care (PoC) TDM system has never realized. Here we pre-
sent a fluorescence-based PoC microfluidic solution to monitor blood levels of anticancer agents. Using 
blood samples from mouse models of malignancies and veterinary cancer patients we prove our ap-
proach to be suitable for TDM in an experimental environment and have the potential to ultimately per-
sonalize chemotherapy.

Keywords: chemotherapy, therapeutic drug monitoring, drug resistance, microfluidics, fluorescence

Background, Motivation an Objective
Cancer claims almost 10 million lives annually, 
making it one of the major causes of death. 
Chemotherapy (CT) is a widely used option to 
treat malignancies, however CT protocols are 
established on a “one size fits all” basis and ig-
nore inter-patient differences in drug pharmaco-
kinetics which influence the blood levels of anti-
cancer drugs, therefore leading to improper dos-
ing in 50% of patients [1]. Missing target blood 
concentration will lead to drug resistance and/or 
unwanted side effects. Therapeutic Drug Moni-
toring (TDM) could be the key to improve and 
personalize CT, however the lack of an afforda-
ble Point-of-Care method is preventing its intro-
duction to oncology. Mass spectrometry (MS) is 
the golden standard analytical approach to de-
termine blood drug levels, but the instrument and 
specialized expertise to operate it are rarely 
available in the clinical environment. The high 
volume of blood required for MS analysis is also 
a challenge, because cancer patients are regu-
larly weakened.

A Novel Microfluidic TDM Method
Exploiting the strong and specific fluorescence 
of anthracyclines [2], the most used CT agents, 
we propose a radically new microfluidic chip-
based approach to rapidly determine plasma 
concentrations of several widely applied anti-
cancer drugs (Figure 1.). Microvolume plasma 
separation and collection from a drop of blood 
(>50 l) will be done with a specifically designed 
microfluidic chip, then plasma anthracycline con-
centration will be measured using a compatible 
spectrophotometer.

Fig 1. Our novel concept for microfluidic TDM.
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Results 
Anthracyclines (doxorubicin, daunorubicin, epi-
rubicin, idarubicin, mitoxantrone, pixantrone) are 
not only the most effective anticancer chemo-
therapeutics, but they are also highly fluores-
cent. First, we showed that after sample prepa-
ration this autofluorescence is enough to detect 
doxorubicin (DOX, excitation: 490 nm, emission: 
590 nm) in different solvents in a concentration 
dependent manner using 100 l sample in a 
Tecan Spark fluorescent plate reader. To further 
reduce the required volume of sample, we de-
signed a simple microfluidic chip with autono-
mous sample transport and proved the signifi-
cant sample volume reduction (to ~ 7 l) had no 
significant effect on the efficiency of fluores-
cence detection. The sensitivity and precision of 
the fluorescent measurements were validated by 
mass spectrometry based (Sciex 5600+ QTof) 
concentration determination. For the in vivo eval-
uation of our approach, we treated a mouse 
model of triple negative breast cancer with 
6 mg/kg of pegylated liposomal doxorubicin 
(PLD) intravenously and took blood samples at 
5 time points through retro-orbital bleeding. As 
Figure 2. shows, the individual pharmacokinetics 
of a mouse was determined, and the results 
were highly similar to the mass spectrometry 
measurements. 

 
Fig 2. A representative pharmacokinetics curve of a 
single mouse treated with 6 mg/kg PLD. Blood con-
centrations measured by our point-of-care TDM chip 
(POC-TDM, green) was also determined by mass 
spectrometry (MS, red). 

Furthermore, we tested our method in the veter-
inary clinical setting by analyzing blood samples 
from a cat cancer patient diagnosed with feline 
injection-site sarcoma (FISS). First, the patient 
was treated with epirubicin (25 mg/m2, constant 
rate infusion for 60 minutes), but after there was 
no tumor response and the disease further pro-
gressed, the therapy was changed to PLD 
(1 mg/kg, constant rate infusion for 60 minutes) 
which stabilized the tumor and reduced its size. 
Comparing the pharmacokinetics of epirubicin 
and PLD revealed that, while epirubicin levels 

dropped significantly 60 minutes after admin-
istration, DOX concentrations was approxi-
mately 10 times higher, and it was not changed 
significantly in 270 minutes (Fig 3.). 

 
Fig 3. Our TDM method is capable of measuring epi-
rubicin and DOX levels in veterinary patients. The pro-
gression of the FISS tumor was not influenced by epi-
rubicin (blue) treatment, but PLD (red) therapy was 
partially successful due to the higher blood concentra-
tions and longer circulation time. 

PLD’s increased concentration and retention 
time over epirubicin was a result of the liposomal 
formulation which shields DOX from enzymatic 
inactivation and metabolism [3]. 

Conclusion 
As new anthracycline-based combinational ther-
apies proved to be surprisingly efficient in vari-
ous cancers [4], the need for more patient-tai-
lored dosing is rising. We have established a 
novel POC-TDM microfluidic chip and a method 
to measure personal pharmacokinetics of indi-
vidual patients treated with anthracycline 
chemotherapies ultimately opening a new ave-
nue to personalized cancer care.  
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