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Abstract 
This study presents a proof of principle concept for a two-dimensional bioprinted glucose sensor on Petri dishes that 
allows for glucose measurements in cell culture medium. To improve bioink adhesion, the polystyrene surfaces of 
standard Petri dishes are activated with argon plasma, which increases roughness and hydrophilicity. The bioink 
containing the sensor chemistry—namely fluorescently labeled ConA/Dextran embedded in alginate microbeads—was 
printed on the activated Petri dishes with an extrusion-based bioprinter. The printed sensor showed good stability and 
adhesive properties on polystyrene. The glucose concentration was examined using a standard fluorescence microscope 
with filters adapted to the emission wavelength of the donor and reference dyes. The printed glucose sensor showed high 
sensitivity and good linearity in a physiologically relevant range of glucose concentrations. 
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Introduction 

The field of tissue engineering aims to create 
two-dimensional (2D) and three-dimensional (3D) arti-
ficial cellular tissue for regenerative medicine and 
organ-on-chip models. Generally, 3D culture models 
improve the physiological relevance and predictive 
power of the cell-based assays for experiments in-
cluding application of drugs. An even more important 
argument to use 3D models is their excellent longevity, 
well suited for experiments with focus on late develop-
ing effects. However, one of the current limiting factors 
is the nutrient supply of the artificial tissue as necrotic 
regions may easily develop due to poor nutrient trans-
port. 

The most important nutrient for cell cultures is 
glucose, a component of all common cell culture media 
[1]. For the control of cell viability, the monitoring of 
the glucose concentration and gradient within the 
medium and also (ideally) inside the 3D culture itself 

is of upmost importance. Many different types of 
glucose sensors have been investigated and described 
in literature, mostly based on optical or enzyme-based 
electrochemical transducer principles [2, 3]. With these 
sensors, glucose has been measured in blood [4, 5], in 
tear fluid [6, 7], in physiological fluids [5, 8] and even 
through skin [9, 10]. Glucose sensors for cell culture 
medium have been proposed [11, 12], typically based 
on bulky electrochemical transducers, not suitable for 
a sensing resolution in the millimeter range. 

A very promising enzyme-free sensor chemistry for 
detection of glucose was developed, initially intended 
for continuous glucose measurement for diabetes 
patients [1]. This approach of detecting glucose is 
based on a competitive complex formation between 
Concanavalin (ConA) and dextran. The receptor ConA 
and the competitor dextran (in the following called 
“sensor chemistry”) are labelled with fluorescent dyes, 
which, in the case of joint complex formation, exhibit 
resonance-based quenching of their fluorescence 
(Fluorescence resonance energy transfer, FRET). The 
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displacement of dextran by glucose leads to an in-
creased distance between the two fluorophores (donor 
dye on dextran and acceptor dye on ConA), which 
prevents the non-radiative energy transfer of the FRET-
effect. Therefore, the dyed dextran is again able to emit 
a certain intensity of light which is used as indicator for 
the glucose concentration. This principle is reversible 
when glucose concentration decreases, and it can be 
measured with appropriate fluorescence photometers. 
Furthermore, a third dye can be used as a marker to 
provide a reference point during measurement [13–15]. 
This sensor chemistry is embedded in a hydrogel, 
which can be stored for many months in a dried state. 

Based on this optical transducer principle, we present 
a proof of principle concept for a bioprinted glucose 
sensor with good lateral resolution. The described 
dextran/ConA sensor chemistry embedded in a hydro-
gel shall be bioprinted onto standard cell culture dishes 
and shall be used as a glucose sensor for cell culture. 
The bioprinting process places a large number of de-
mands on the "bioink" used, such as printability, 
dimensional stability and biocompatibility. However, 
preliminary experiments showed that adhesion proper-
ties of the bioprinted sensor are the most urgent chal-
lenge. This is due to the nature of the printed hydrogel 
and the properties of the culture dish surface made 
of hydrophobic polystyrene (PS). To achieve better 
adhesion between printed bioink and the PS, standard 
Petri dishes were modified with Argon (Ar) plasma. 
The glucose sensor was fabricated by printing hydrogel 
directly onto the Petri dish surface and was tested for 
its ability to determine glucose in cell media. 

Materials and Methods 

Plasma m odif icat ion of  the polystyrene  
Petr i  d ish  sur face  

With the aim to change the surface properties 
(hydrophobic / hydrophilic) of the PS Petri dish, its 
surface was treated with Ar plasma with a LFG 40 
plasma generator (Diener electronic GmbH + Co. KG, 
Ebhausen, Germany) under the following conditions: 
SP: 9 sccm, CV: 9 sccm, 0.300 mbar, temperature: 26–
28 °C and time of treatment: 10 min. For this experi-
ment transparent PS Petri dishes (35×10 mm) (Sarstedt, 
Nümbrecht, Germany) were used. The Petri dishes 
were pre-treated with the SARSTEDT standard surface 
for adherent cells which introduces hydrophilic groups 
into the PS (in the following called “untreated as-
origin”). 

Changes in the surface properties of PS were charac-
terized via water contact angle measurements with 
a Drop Shape Analyzer DSA25 (KRÜSS GmbH, Ham-
burg, Germany) and AFM characterization using 
a MFP-3D-BIO AFM (Asylum Research, Oxford 
Instruments, Santa Barbara, California, USA). 

Bio ink Sen sor  Chem istr y 
The proprietary hydrogel formulation contains fluo-

rescently labeled ConA and Dextran (sensor chemistry) 
loaded to previously formed alginate microbeads by 
incubation of the beads in a solution of 4 mg/ml ConA 
and 7 mg/ml Dextran. Alginate microbeads were 
mixed with an ultraviolet-polymerizable, derivatized 
poly(vinyl alcohol). The reference dye was also em-
bedded into microbeads. The highly viscous solution is 
processed as bioink using a bioprinter. This printable 
bioink was provided by the coauthor EyeSense GmbH 
(Grossostheim, Germany) [1, 14]. 

3D Sensor  Pr int in g  

The bioink was printed on Petri dishes with an 
extrusion-based bioprinter 3DDiscoveryTM (regenHU, 
Villaz-Saint-Pierre, Switzerland), under the following 
conditions: 0.41 mm dosing needle, 2 mm/s feed rate 
and 2.5 bar process pressure. The shape of the printed 
hydrogel sensor is shown in Figure 1. Afterwards, 
printed hydrogel was cured with UV M300L4-300 nm, 
26 mW (Min) Mounted LED, 350 mA lamp (Thorlabs 
GmbH, Dachau, Germany) for 60 s + 60 s at room 
temperature to gain final form stability. After UV 
curing, the system was washed with demi-H2O with the 
aim to remove non cross-linked material from printed 
sensor hydrogel. 

 
Fig. 1: 3D printed sensor hydrogel on Ar plasma 
activated Petri dish. 

Glu cose Im aging  Setup  

3D printed hydrogel glucose sensors in plasma 
activated Petri dishes were exposed to 2 mL of RPMI 
cell culture medium (Sigma-Aldrich, St. Louis, MO, 
USA) containing different concentrations of glucose 
(0–5 g/L) for 30 min each. The varying concentrations 
were realized by mixing glucose-free RPMI medium 
with the corresponding amount of 20% glucose stock 
solution. For every concentration, samples were exam-
ined using a fluorescence microscope Nikon Eclipse Ti 
(Minato, Tokyo, Japan) with fluorescence color filters 
for the emission of the donor dye (bandpass: 620 nm) 
and for the emission of the reference dye (bandpass: 
750 nm). The excitation wavelength emitted by a mer-
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cury lamp was restricted to a wavelength of 590 nm due 
to an excitation filter (bandpass: 590 nm). 

Image An alys is  and Value Form at ion  

A custom-made MATLAB-tool was used for image 
analysis. Firstly, fluorescence calibration images of the 
Petri dish were subtracted from 16-bit greyscale images 
of each color filter (donor and reference). Afterwards, 
the quotient donor/reference of both summed up pixel 
intensities was determined. This value is an indicator 
for the concentration of glucose in media [16]. 

Results 

Results of contact angle (CA) measurement and 
AFM characterization of untreated and argon plasma 
treated PS Petri dishes are presented in Table 1. 

Table 1: Contact angles and AFM data. 

 
CA AFM 
(°) Rq (nm) Ra (nm) 

untreated PS 67.77 3.093 2.517 
treated PS 45.98 4.390 3.585 

Fluorescence images are shown exemplarily in Fig-
ure 2, while the sensor response curve for glucose 
determination in cell culture medium in the concen-
tration range 0 to 5 g/L is shown in Figure 3. 

 
Fig. 2: Fluorescence-response of a printed sensor at 
5 g/L: a) donor signal and b) reference signal. 

 
Fig. 3: Sensor response curve for glucose deter-
mination in RPMI cell culture medium. 

Discussion 

Using Ar plasma as a non-invasive method, we 
achieved the modification of the polymeric surface 
properties of Petri dishes without affecting the bulk of 
the material. When inert gas is used to form the plasma, 
free radicals will be created onto the surface and can be 
subsequently used to form functional groups which 
change the properties of the treated surface [17]. 
Results of water contact angle and AFM measurements 
indicate the hydrophilic transformation of the polymer 
surfaces. Measured contact angles of untreated and 
treated PS samples were 67.77° and 45.98°, respec-
tively (Table 1). Obtained AFM data root mean square 
(RMS) of roughness Rq (nm) and mean roughness Ra 
(nm) are 3.093 and 2.517 for untreated as-origin PS, 
while for Ar plasma modified PS their values are 
increased slightly (4.390 and 3.585). These results 
reveal the improvement of PS wettability after Ar 
plasma treatment which is in accordance to literature 
data [18–20]. Stability of printed sensor hydrogel 
(Fig. 1) on the Ar plasma activated PS surface was 
investigated for one week in cell culture medium 
(RPMI), followed by one week in demi-water. During 
this period, the sensor hydrogel was stable and showed 
good adhesion on the activated PS surface. 

For the analysis of the printed glucose sensor, 
a physiologically relevant range (0 to 5 g/L) of glucose 
in cell medium was chosen (Fig. 3). Fluorescence 
amplitudes were captured (three different points on 
printed sensor hydrogel for each concentration), as 
shown exemplarily in Figure 2, and analyzed as de-
scribed above. Mean values and standard deviation of 
the values (donor/reference) obtained with the custom-
made MATLAB tool were calculated and afterwards 
this dataset was normalized to the reference at 0 g/L 
glucose. The resulting sensor response in RPMI cell 
medium is shown in Figure 3. 

According to the data from Fig. 3, the biosensor 
shows high sensitivity and good line correlation (coef-
ficient of determination R2 = 0.9681) under the investi-
gated conditions. These results are in accordance with 
the data obtained in our previous study [16]. 

Conclusion 

In this study we successfully modified the PS surface 
of a Petri dish with Ar plasma to improve its hydro-
philicity. As a result, we are able to print glucose 
sensing molecules embedded in a hydrogel on the 
activated surface allowing for stable measurements in 
glucose containing cell culture medium. The analysis 
of the fluorescent sensor signal has been performed 
with a standard inverse microscope, allowing to easily 
transfer this method of glucose measurement to other 
working groups. The printed sensor showed good 

https://doi.org/10.14311/CTJ.2020.2.01


 

48 
 

Lekar a technika – Clinician and Technology 2020, vol. 50(2), pp. 45–48, DOI: 10.14311/CTJ.2020.2.01 
ISSN 0301-5491 (Print), ISSN 2336-5552 (Online) 

ORIGINAL RESEARCH 

stability and adhesive properties for at least two weeks 
in medium. Its glucose response curve in cell media 
revealed high sensitivity and good linearity under the 
investigated experimental conditions. 

In future work the properties of the sensor hydrogel 
will be modified in terms of improved bioprintability 
with the goal to print a well-defined 2D grid allowing 
for laterally resolved glucose measurements. 
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