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1.  Introduction and background

In printing technology and research, the focus is shift-
ing from graphic arts to functional printing. For exam-
ple, printed circuits (Pankalla, et al., 2013), antennas 
(Mohassieb, et al., 2017) or gravure printed organic 
light emitting diodes (Raupp, et al., 2017) or transistors 
(Spiehl, et al., 2015) are current areas of research and 
some of them are already applied in production of goods. 
Another application are printed biosensors, which find 
use in the fields of health (Song Xu and Fan, 2006), food 
safety (Alocilja and Radke, 2003), environment protec-

tion (Justino, Duarte and Rocha-Santos, 2017) or even 
homeland security (Joshi, et. al., 2006). A biosensor 
is a device consisting of three parts: the bioreceptor, 
which binds to the target molecule; the transducer, 
which transforms the interaction into a measurable sig-
nal; and the signal processor, which displays the result 
in a user-friendly way (Kivirand, Kagan and Rinken, 
2013). Concrete examples for biosensor application are 
the detection of pathogens to monitor and contain the 
spread of serious illnesses (Ecker, et al., 2008), deter-
mination of blood glucose levels for diabetics (Wang, 
2001), controlling the usage of dangerous insecticides 
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Abstract

The creation of inkjet printed biosensors belongs to rising applications of functional printing. One of their many uses 
is the detection of antibiotic residues in milk or meat from food-producing animals, which have been excessively 
treated. For example, they are treated with the fluoroquinolone ciprofloxacin (CFX), which we want to detect with an 
aptamer-based fluorescence biosensor, printed onto a carrier material. For that purpose, inkjet printing and several 
carrier materials are analyzed in their ability to obtain the functionality of nucleic acids. The printing process is ana-
lyzed by characterizing DNA and buffer solutions and by comparing printed with unprinted DNA using an agarose-gel 
test. The carrier materials are preselected by analyzing the auto-fluorescence excitation and emission spectra of ten 
different materials out of which three with the lowest intensity at the CFX excitation and emission peaks are chosen. 
After printing with DNA onto these materials, the fluorescence induced with DNA dyes is measured. The experiments 
show that nucleic acids can be inkjet printed without damage and that many foils and papers commonly used in the 
laboratory show auto fluorescence when excited in the UV-spectrum. Other properties of the carrier materials are 
important as well. Here a selection containing the paper Whatman Grade 1, the foil Hostaphan GUV 4600 and the 
nitrocellulose HF 120 are compared in their ability to sustain the functionality of nucleic acids printed onto them. 
Although, we were able to select a suitable material for future experiments of printing a CFX-biosensor, there are still 
open questions concerning the interactions between nucleic acids and different carrier materials.
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(Bachmann and Schmid, 1999), which are also linked to 
the death of bees (Brandt, et al., 2016) or the detection of 
toxins, pesticides and antibiotic residues in foods (Mello 
and Kubota, 2002). In this paper special interest is given 
to the antibiotic residues in food-producing animals. 

Antimicrobial drugs are used on food-producing ani-
mals for therapeutic, prophylactic or growth promot-
ing purposes. They include disinfectants, antiseptics 
and antibiotics. It is an almost inevitable consequence 
that bacteria constantly exposed to antibiotics become 
resistant and the antibiotics ineffective. Since 1990 the 
resistance and particularly multiple resistance to sev-
eral antibiotics has increased drastically in developed 
countries leading to numerous outbreaks of serious dis-
eases (Threlfall, et al., 2000). In fact, antibiotic resistance 
is known to be one of the main public health problems 
(Novais, et al., 2010). Most antibiotics used are sulfona-
mides (20 %) or fluoroquinolones (19 %), followed by 
aminoglycosides (15 %), phenicols (15 %), β-lactams 
(15 %), tetracyclines (8 %) and oxazolidinones (8 %) 
(Cháfer-Pericás, Maquieira and Puchades, 2010). One 
example is the fluoroquinolone ciprofloxacin (CFX), 
which is used to treat a wide variety of bacterial infec-
tions on animals and humans (Groher and Suess, 2016; 
Groher, et al., 2018; Jaeger, et al., 2019).

Currently established methods of detecting antibiotics 
can be divided into two groups. Most frequently used are 
confirmatory methods, generally involving mass spec-
trometry. They are, however, time consuming, expen-
sive and require specific equipment as well as training. 
Second are screening methods such as microbiological 
assays and immunoassays. While microbiological assays 
lack specificity and require long incubation times, immu-
noassays require the in vivo production of antibodies 
and are restricted in possible targets to antigens. The 
development of other screening methods is increasing 
considerably, with biosensors taking up about 8 % of all 
used methods (Cháfer-Pericás, Maquieira and Puchades, 
2010). The possibility for a new biosensor method has 
arisen twenty years ago with the development of syn-
thetic aptamers. 

We have developed a CFX-binding ribonucleic acid 
aptamer (RNA-aptamer). Aptamers are approx. 25–100 
nucleotide-long deoxyribonucleic acid aptamer (DNA) 
or RNA that bind specifically to molecular targets. They 
possess a complex three-dimensional structure, which 
entwines around its specific target, its ligand, upon bind-
ing (Garst, Edwards and Batey, 2011). Other interactions 
are also involved in recognizing the target molecule 
(Edwards, Klein and Ferré-D’Amaré, 2007). Additionally, 
aptamers can be denatured reversibly. This means that 
changing the surrounding conditions will only cause 
aptamers to temporarily unfold, while – upon return-
ing to the original binding conditions – they are able to 

regain their functionality (McKeague and DeRosa, 2012). 
The in vitro procedure of generating aptamers enables a 
great control over the binding conditions and the target 
selection. They can be generated de-novo for a specific 
ligand via a procedure called systematic evolution of lig-
ands by exponential enrichment (SELEX). Usually 6 to 
20 cycles of this procedure are needed (Ellington and 
Szostak, 1990).

Our motivation is the creation of a printed aptam-
er-based biosensor for the detection of CFX. There are 
mainly four components to consider when developing 
a printed biosensor: the ink formulation, the printing 
process, the carrier material and the readout. The ink 
formulation has to include the bioreceptor, namely the 
CFX-binding aptamer, as-well as the transducer, which 
produces the signal. In this case the transducer is 
already included, because the autofluorescence of CFX 
is reduced automatically after binding with its aptamer. 
For other antibiotics an element, which transforms the 
binding process into a signal, would have to be included. 

In this paper, the focus is on analyzing general printing 
experiments of nucleic acids. For this purpose, a model 
system is used instead of the aptamer. The aptamer is 
time-consuming in production and will be printed after 
the investigations described in this work. The biore-
ceptor consists of a printed nucleic acid and the trans-
ducer is a special dye, applied afterwards. If the nucleic 
acid is still functional the dye is able to insert itself into 
the sequence and an increase in fluorescence can be 
detected. The requirements for the printing process 
are the delivery of small quantities of functional mate-
rial in the liquid phase into well-defined locations. We 
will confirm, that inkjet printing is suitable for this job 
in 3.1, although each printhead has only a narrow vis-
cosity range and exercises a high mechanical shear onto 
the used ink. Finally, a carrier material has to be found, 
which can store and protect the printed aptamers, with-
out inhibiting its functionality or interfering with the 
produced signal and altering the readout.

In the presented tests, experience is gathered in han-
dling and printing nucleic acids as well as their behav-
ior on different carrier materials on the example of 
DNA. Parts of this work were already presented at the 
45th International iarigai Conference in Warsaw (Stamm, 
et al., 2018). The end goal is to transfer the gained knowl-
edge into the printing of RNA-aptamer biosensors.

2.  Materials and methods

All materials and methods used for creating, character-
izing and evaluating the DNA biosensor model system 
are introduced in the following sections. First, the DNA 
ink is presented, as well as the DNA dyes, followed by 
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the ink characterization. Then a suitable printing pro-
cess and carrier materials are chosen. Finally, the differ-
ent equipment used for fluorescence detection and their 
application areas are explained.

2.1  DNA and DNA dyes

Deoxyribonucleic acid is a pair of polynucleotide biopol-
ymer strands that form a so-called double helix,  while 
ribonucleic acid is a single strand of said polymer. The 
DNA dyes are used to make DNA visible. They intercalate 
in the DNA, meaning they insert themselves between 
the bases and increase their fluorescence after excita-
tion. This principle is used as model detector system in 
this work, for the detection of DNA printed onto a car-
rier. The experiments mentioned and shown here use 
Hoechst 33342 (Thermo Fisher Scientific, Waltham, MA, 
USA), because of its similar fluorescence excitation and 
emission spectra to CFX (Figure 1); and YOYO-1 iodide 
(Thermo Fisher Scientific, Waltham, MA, USA), because 
of its significantly higher intensity increase after inter-
calating (Figure 2). The excitation and emission spectra 
are shown at the end of this section while introducing 
the fluorescence measuring equipment.

There are three different kinds of DNA we use for differ-
ent experiments: DNA with low relative molecular mass 
(Mr  = 1.3 to 7.9 million g/mol), DNA V11 and a plasmid 
solution. Their properties and usages are listed in Table 
1. The DNA low Mr is chosen because its molecular mass 
is comparable to that of the CFX aptamer. The difference 
in molecular structure has no great impact on the mac-
roscopic fluid properties. When doing the DNA staining, 
the DNA V11 is used because of its comparable structure. 
Eventually the plasmid with its high molecular mass and 
circular structure is used for testing of potential dam-
aging during printing, because it is even more sensitive 
to damage than the CFX aptamer. All of them are stored 
and used in buffer solution, which consists of water 
from the Milli-Q processing plant, 40 mM of the chemi-
cal buffer agent HEPES, 125 mM potassium chloride and 
5 mM magnesium chloride.

2.2  Fluid characterization

Nucleic acids, stored in their buffer, form the ink that 
needs to be printed to create a biosensor. But differ-
ent printing processes call for different ink properties. 

Usually the restricting properties are the viscosity and 
the surface tension, which requires the knowledge of the 
density as well.

The viscosity can be determined using the rotational 
rheometer Panalytical Kinexus lab+ by Malvern. The 
fluid is inserted into a gap between a plate and a vari-
able cone, called the geometry. The geometry with 
60 mm diameter and 1° inclination is suitable for low 
viscous fluids and is used in the following characteriza-
tion. By rotating the cone with increasing speed (10 s−1 
to 1 000 s−1 was used), the shear rate onto the fluid is 
increased and the resulting shear stress is measured. 
The viscosity is then found by the slope of a linear fit to 
shear stress over shear rate.

The surface tension can be measured with the tensiom-
eter DSA 100 from Krüss. Droplets are created either 
hanging from the syringe (pendant) or set down onto 
a surface (sessile) and their shape is analyzed regard-
ing their curve and contact angle respectively. The gen-
eral surface tensions are measured via pendant drops, 
whereas their polar and disperse ratios via sessile drops 
onto a known material, here Teflon.

Finally, the density can be determined with a pycnome-
ter. The glass flask has a well-defined filling capacity and 
is used by measuring the weight of an unknown sub-
stance in reference to a substance with known density, 
here water.

2.3  Printing methods and carrier materials

The established printing processes can be divided 
into conventional printing, which requires a print-
ing plate, and non-impact printing (Kipphan, 2001). 
Considering the requirements of transferring small 
amounts of nucleic acids in a clean environment, one 
option of each group seems most promising: gravure 
and inkjet printing. In both methods, it is possible to 
have all machine parts coming into contact with the ink 
made from inert materials like polytetrafluoroethylene 
(PTFE), polyproylene (PP), chromium, stainless steel 
or silicone.

We will focus on inkjet printing because of its more 
variable dispensing options when doing a development 
process in the lab.

Table 1: The used DNA solutions with their properties and applications; 
all of them are stored in buffer solution and used in their liquid state

Name Properties Usage

DNA low Mr Salmon sperm, low priced Analyzing fluid properties
DNA V11 R10K6_V11 as DNA Functional tests
Plasmid Circular DNA Shear force stress test
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The used inkjet printer Autodrop from Microdrop 
Technologies is equipped with piezo-based drop-on-
demand single nozzle printheads. They consist of glass 
nozzles with different available orifice diameters in the 
range of 30 µm to 100 µm. Prior to printing the ink is 
filtrated using a polyethersulfone (PES) filter, with a 
pore size of 0.2 µm. Afterwards the nozzle and inflow 
need to be cleaned. Long purging cycles, that pass sev-
eral milliliters of water or sodium hydroxide, ensure 
that no molecules remain in the flow that could clog 
the nozzle after drying out.

Ten different carrier materials were initially chosen 
from the categories paper, plastic and combinations of 
both. Their names are listed in Table 2 together with 
the manufacturer and material general name. In the 
text carrier materials are called by their specific name.

2.4  The readout

Two devices are used for fluorescence detection. For 
fluid measurements the microplate reader CLARIOstar 
by BMG LABTECH is chosen, as it allows for precise 
recordings of both excitation and emission spectra 
measured in reflection. However, the device records the 
spectral properties of each sample on a single point, 
making it suitable for measurements of homogeneous 

fluids but not for potentially inhomogeneous solid sam-
ples. For inhomogeneous solid samples a space-resolved 
imaging method is needed given by the imager Fusion 
FX Edge from Vilber. The imager has set illuminations 
for excitation and filter for emission, which need to be 
chosen according to the inspected substance. Another 
limitation is the fixed position of the illumination and 
detection elements. The detected intensities are cap-
tured by a camera from above, while the LEDs, which 
emit in the visible spectrum, are also placed above and 
enable measurements in reflection mode. But the UVB 
illumination is placed below and only permits meas-
urements in transmission. Based on the CFX spectra 
obtained by the microplate reader and the DNA dye 
spectra taken from the Thermo Fisher website (Hoechst, 
n.d.; YOYO-1, n.d.), the optimal combination of light 
source and emission filter is chosen to achieve the best 
sensitivity. The CFX and Hoechst 33342 are best excited 
by the UVB transillumination, which emits light with a 
peak at 312 nm. Its range lies mostly between 280 nm 
and 360 nm, but reaches up into the visible range. A cut 
is set at 400 nm by an additionally integrated filter. The 
best suited emission filter for CFX and Hoechst 33342 
detection is filter F440, with a range of 470–590 nm 
(Figure 1). The fluorescence of CFX is measured in solu-
tion in the microplate reader, and the fluorescence of 
Hoechst 33342 is taken from Hoechst (n.d.). The CFX data 

Table 2: The materials initially chosen as possible carriers to print on, 
listed with the manufacturer and material general name

Specific name Manufacturer Material Thickness

Hostaphan GN 4600 Mitsubishi Polyester Film Polyethylene therephthalate (PET) 125 µm
Hostaphan GUV 4600 Mitsubishi Polyester Film Polyethylene therephthalate (PET)  50 µm
Melinex 339 DuPont Teijin Films Polyethylene therephthalate (PET) 250 µm
Melinex Q65FA DuPont Teijin Films Polyethylene naphthalate (PEN) 125 µm
SyntiTec 3900 Sihl Direct Polypropylene (PP) 180 µm
SFT 40 T Taghleef Industries Biaxially oriented polypropylene (BoPP)  40 µm
Rotilabo 601 Carl Roth Paper 160 µm
Whatman Grade 1 GE Healthcare Paper 180 µm
Amersham Hybond RPN2020N GE Healthcare Nylon membrane 160 µm
HF 120 Millipore Nitrocellulose 230 µm

Figure 1: Excitation and emission spectra of the DNA dye Hoechst 33342 in comparison to CFX and the best fitting 
imager illumination and emission filter; the normalized fluorescence intensities are given over the wavelengths in nm
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is extrapolated below 320 nm with a two term Gaussian 
fit. For the excitation of YOYO-1 the epi-illumination with 
an LED with 460 nm ± 15 nm (approx.) is used, which 
illuminates the sample from above. For the detection of 
YOYO-1 the filter F-590 fits best, which passes through 
530–600 nm wavelengths (Figure 2). Spectral data were 
taken from YOYO-1 (n.d.).

3.  Results and discussion

Two kinds of experiments are carried out. One con-
cerning the maintenance of functionality during the 
printing process itself and one on sustaining the func-
tionality on the carrier material. Both rely on fluores-
cence measurements. 

3.1  Inkjet printing of nucleic acids

We need to verify that the used inkjet printer and its 
piezo-electric printhead are suitable for printing nucleic 
acids that are stored in their buffer solution. There are 
two main challenges to consider: ink printability and 
preservation of functionality. Each printhead has a 
range of ink surface tension and viscosity that have to be 
met to realize drop creation. In graphic arts insufficient 
properties can be compensated with additives. The sur-
face tension can be lowered by adding surfactants like 
Triton X-100 or by adding solvents with lower surface 
tension like dimethyl sulfoxide. The viscosity can be 
raised by adding high viscous solvents like glycerol or 

ethylene glycol or polymers like sodium carboxymethyl 
cellulose, polyvinyl alcohol, or polyethylene glycol. But in 
functional printing the additive’s effect on the functional 
material would have to be analyzed first. Usually inkjet 
printers operate in a region of 20 mN/m to 70 mN/m for 
the surface tension and 0.3 mPa∙s to 100 mPa∙s for the 
viscosity. For the used orifice diameter of 70 µm in the 
inkjet printer Autodrop, the viscosity should be between 
0.4 mPa∙s and 20 mPa∙s. A surface tension range is not 
stated, but is expected to be at the upper end for general 
inkjet printers, because of the rather big drop volume of 
approx. 260 pl. The drop spacing can be varied to create 
different volume per area concentrations. The driving 
voltage of the printhead is set to 68 V, the pulse length is 
24 μs and the frequency is 100 Hz.

The functionality of aptamers can be reduced in sev-
eral ways during the printing process. First, the high 
mechanical shear of the piezo-electric printhead may rip 
the molecules apart. Second, nucleic acids are usually 
stored cool but in an inkjet printhead temperatures can 
rise during printing. Both, the printability and preser-
vation of functionality, will be analyzed in the following. 

First the DNA with low Mr and single fold concentrated 
buffer are characterized in comparison to water. The 
density is determined with a pycnometer, the surface 
tension is measured with a tensiometer and the viscos-
ity is determined using a rotational rheometer. Density 
and surface tension are measured at 23 °C, the viscosity 
at 25 °C. The results are shown in Table 3.

Figure 2: Excitation and emission spectra of the DNA dye YOYO-1 and the best fitting imager illumination and 
emission filter; the normalized fluorescence intensities are given over the wavelengths in nm

Table 3: Fluid characterization of water, buffer and DNA low Mr in buffer, concerning the density, 
surface tension (ST) and viscosity; the densitiy of water is taken from literature as a reference

Water Buffer Buffer + DNA low Mr

Density in g/ml 0.997541 1.00 ± 0.02 1.01 ± 0.02
ST in mN/m 70 ± 5 68 ± 4 70 ± 4
ST disperse 30 ± 5 28 ± 4 33 ± 5
ST polar 40 ± 8 40 ± 6 36 ± 6
Viscosity in mPa∙s 0.90 ± 0.01 0.92 ± 0.01 0.93 ± 0.01
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Within their measurement errors all fluids have the 
same properties and lie within the stated range of the 
used inkjet printhead. It is assumed that all printing 
techniques suitable for water should also work with 
nucleic acid solutions and first printing tests show no 
problems.

Whether the molecules are damaged during inkjet 
printing, is tested with a plasmid solution. One part 
(reference sample) of the solution is kept at the Biology 
department, another is transported and stored, and the 
last part is printed. The printing was done over several 
minutes at a constant position into a test tube to collect 
200 µl. An agarose-gel assay test shows the size distri-
bution of the added molecules by applying a voltage. 
The positions of the travelled molecules are made vis-
ible with dyes. The smaller the molecule is, the further 
it travels in the gel, compared to molecules with the 
same charge. The size of the band for a particular size 
gives a qualitative information about the amount of 
that molecule in the added solution. Figure 3 shows no 
difference in the molecular sizes of all three solutions. 
It is concluded, that the shear stress and heat from ink-
jet printing do not tear plasmid molecules apart and it 
is assumed, that it will not damage similar molecules 
such as aptamers. This is also suggested by other works 
on inkjet printing of DNA micro-arrays (Goldmann and 
Gonzales, 2000), fabricating microfluidic paper-based 
analytical devices (Yamada, et al., 2015), and depositing 
nucleic acids to fabricate DNA chips (Okamoto, Suzuki 
and Yamamoto, 2000).

1 kb DNA ladder 

test-plasmid ctrl 

stored & transported 

printed 

Figure 3: Plasmid test with 1 % agarose-gel, where the 
stored, transported and printed solutions can be seen in 

comparisson to a DNA ladder, which is used as a 
reference; per lane, 500 ng are applied

3.2  Functionality of nucleic acids 
printed onto carrier material

After verifying the printing process, the carrier mate-
rial has to be chosen. We consider two aspects. First, 
the material properties should not interfere with the 
detection. Mainly this concerns the autofluorescence 
of the potential carrier material. Additionally, the car-
rier materials have to interact in a way that the nucleic 
acids are well stored and protected, but not hindered 
to bind. This can only be determined by testing.

3.2.1 Fluorescence of carrier materials

As we need to detect fluorescence for CFX or DNA 
dyes with a comparable fluorescence, the autofluo-
rescence of the material has to be as low as possible 
in the same region. To determine which carrier mate-
rial has the lowest auto-fluorescence in the range of 
the illumination and detection wavelength of CFX, all 
materials listed in Table 2 are examined at the max-
imum excitation and emission wavelength of CFX by 
an illumination at 328 nm and a detection at 450 nm, 
respectively. The measurements are carried out 
with punched-out pieces of the materials placed in a 
microplate and the fluorescence intensities measured 
in relative fluorescence units (RFU) by the plate reader 
are shown in Figure 4 in logarithmic scale to illustrate 
the broad range in intensities. It is not standard prac-
tice to analyze solid samples with a microplate reader, 
but the resulting order is confirmed by the imager 
measurements.

Especially certain plastics but also paper, because of its 
lignin content, show a high fluorescence. The intensity 
seems to correlate with their thicknesses as seen by 
the three PET foils Hostaphan GUV 4600, GN 4600 and 
Melinex 339. 

Three different carrier materials with least fluores-
cence are selected for further experiments: the nitro-
cellulose HF 120, the PET Hostaphan GUV 4600 and the 
paper Whatman Grade 1. The PET foil was chosen over 
the BoPP foil SFT 40 T, because the latter is only pro-
duced in unpractically thin films. 

Other works on depositing biological inks use nitrocel-
lulose and nylon membrane (Goldmann and Gonzales, 
2000) or filter paper and chromatography paper 
(Yamada, et al., 2015). There, the paper materials are 
stated to be composed of pure cellulose without addi-
tives such as brighteners, which might interfere with 
fluorescence-based detection, but the already men-
tioned lignin in paper has an autofluorescence, too. 
The filter paper Whatman Grade 1 is made of cotton 
fibers, which have a low lignin content when compared 
to other cellulose sources (Ververis, et. al., 2004).

3.2.2 Fluorescence of printed DNA and DNA dyes

Hoechst 33342 has the most similar fluorescence 
spectrum to CFX and seems promising to function as 
an alternative system for doing pre-tests for printing 
of aptamers and detection of CFX. Measurements in 
solution using the microplate reader, averaged over 
three measurements, show the characteristic rise and 
saturation of fluorescence when increasing the DNA 
concentration while holding the amount of 178 nM 
Hoechst 33342 constant (Figure 5).
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The problem is the relatively high fluorescence of the 
DNA dye alone when no DNA is present, which lies 
at 7 200 ± 700 RFU and correlates with the intensity 
achieved by adding 30–90 nM DNA. All lower DNA 
concentrations added, actually yield a smaller fluo-
rescence. The fluorescence intensity of Hoechst 33342 
bound to DNA is not even twice the intensity of the 
unbound one, which was not expected, as the litera-
ture claims a twentyfold increase after binding. This is 
probably the case because DNA dyes are usually used 
with gel assays or inside cells, where the DNA concen-
tration is a lot higher than in the tested solutions in the 
range of 1 nM to 1 μM. Furthermore, gels or assays are 
washed after staining to have only the dyed DNA left 
for detection.

Nonetheless the experiment is conducted with Hoechst 
33342, since different DNA concentrations can be dis-
tinguished by fluorescence. A solution containing 10 µM 
DNA is printed onto the three selected carrier mate-
rials and left to dry, using the parameters in Table 4. 
Onto the same spots 5 µl solutions of different Hoechst 
33342 concentrations, namely 10 nM, 100 nM, 1 µM, and 
10 µM, are pipetted and the fluorescence is measured 
with the imager in the wet state (Figure 6).

Table 4: Inkjet printing parameters for four 
0.5 cm × 0.5 cm squares with increasing DNA 

concentration, printed with a drop volume of 260 pl 
from a 10 µM DNA solution

Drop 
spacing

Grid size/ 
drops

Amount of DNA solution 
printed

1.180 mm  6 × 6  0.2 ml/m2  0.01 μl
0.354 mm  20 × 20  2.0 ml/m2  0.10 μl
0.114 mm  62 × 62 20.0 ml/m2  1.00 μl
0.036 mm 196 × 196 20.0 ml/m2 10.00 μl

Table 5: The molar ratios between DNA and dye, 
where the DNA solution is concentrated by using 

varying amounts of a 10 µM solution; 
the dye is always used in 5 µl quantities, 

but of varying molar concentrations

Dye     
DNA 0.01 µl 0.1 µl 1 µl 10 µl

 10 µM 0.002  0.02  0.20   2
 1 µM 0.020  0.20  2.00  20
100 nM 0.200  2.00  20.00  200
 10 nM 2.000 20.00 200.00 2000

Figure 4: Fluorescence of the different carrier materials at CFX excitation (328 nm) and emission maxima (450 nm) 
taken with the microplate reader and shown in logarithmic scale

Figure 5: Fluorescence of different DNA V11 concentrations mixed with a constant amount of 178 nM Hoechst 33342 
dye; the intensity of the dye alone is indicated by the blue bar
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Figure 6: Different DNA volumes printed onto different 
carrier materials, abbreviated with Whatman 

(Whatman Grade 1), Host. GUV (Hostaphan GUV 4600); 
Hoechst stands for the dye Hoechst 33342

The dyes, varying in concentration, are added onto the 
dried DNA spots. All shown sub-pictures are taken with 
different exposure times to avoid over- and underex-

posure. All measurements are done when the spots 
are still wet after adding the dye. This yields 16 meas-
urements for each carrier material with varying molar 
ratios between DNA and dye. The values lie between 
0.002 and 2 000 and are shown in Table 5.

Unfortunately, all materials containing foils filter out 
the UVB transillumination, leaving only the paper as 
possible carrier. The intensity evaluation of Figure 6 
is done by comparing area integrated densities and is 
shown in Figure 7. For each data set the integrated den-
sities are processed by subtracting the dye fluorescence 
without DNA and normalizing to the highest fluores-
cence of that set. On Whatman Grade 1 the integrated 
intensity of the wet area increases between zero, 0.01 
and 0.1 µl DNA solution, but falls to its initial value at 
1 and 10 µl DNA. The only difference between low and 
high DNA concentration is that the fluorescence of the 
latter is spread more evenly instead of accumulating in 
the middle, see top left in Figure 6.

Hence, the DNA dye YOYO-1 is chosen as an alternative 
to Hoechst 33342 because of the fact that it is stated to 
have an enormously larger difference in fluorescence 
between the bound and unbound state. Due to the dif-

Figure 7: The intensity evaluation of Figure 6 with the fluorescence intensities of each data series normalized by 
setting the highest intensity to 1; straight lines are added in between single data points as guide for the eyes
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ferent excitation wavelength, a different illumination 
can be chosen. As this illuminates from the top side, all 
three carrier materials can be used for this test.

The best results (Figure 6) are obtained with YOYO-1 
on Whatman Grade 1 and Hostaphan GUV 4600. The 
fluorescence intensity (Figure 7) increases mostly for 
bigger DNA amounts. They are distinguishable from 
each other by their fluorescence while using all but the 
lowest dye concentration, however, the foil is imprac-
tical and not suited as carrier material for a biosensor. 
The wet spots are not well located, but spread unpre-
dictably and are prone to running off the sample. On 
the nitrocellulose HF 120 a less steep increase in flu-
orescence is visible, but with a decrease towards the 
highest DNA concentration.

One important result of interactions between the 
printed nucleic acids and their carrier materials is their 
immobilization potential. The ink should not undergo 
global motion after adsorption and stay at the printed 
location, but it has to be able to undergo recognition 
and signaling chemistry (Carrasquilla, et al., 2015). One 
aspect that influences the immobilization is the protein 
binding capacity, which is assumed to be the highest 
for the nitrocellulose and the smallest for the foil. It 
is observed, that the general spreading of the printed 
fluid is the greatest on Whatman Grade. This is why it 
was suspected, that less of the DNA would be available 
for intercalation. But these factors prove to be less sig-
nificant than the optimal immobilization potential of 
the filter paper.

A work on detecting viruses in dried serums, compares 
Whatman Grade 1, nylon membrane and nitrocellulose 
membrane as possible carrier materials and comes also 
to the conclusion, that Whatman Grade 1 provides the 
most efficient immobilization (Wang, Giambrone and 
Smith, 2002). The distribution of the DNA over the PET 
foil (Hostaphan GUV 4600) is nonuniform due to the 
creation of big droplets on its surface during printing 
and developing nonuniform contact lines during dry-
ing. Another aspect which should have an influence on 
the immobilization and thus the function of molecules 
on the substrates and especially on inhomogeneity of 

the fluorescence is the surface energy and its distribu-
tion over the substrate. This should be measured and 
compared to the obtained results.

4.  Conclusions

On our way to printing a functional biosensor with 
aptamers we were able to answer a few questions. 
Inkjet printing is a suitable method for transferring 
variable amounts and concentrations of nucleic acid 
solutions without damaging the molecules. The work 
with fluorescence substances which require excitation 
in the central UVB sector identified several problems 
to consider in the future. The CFX and Hoechst 33342 
are both excited in a wavelength range that is provided 
by a UVB, rather than a UVA light source, which is fil-
tered out by most materials containing foils. The trans-
mittance of the carrier materials for the wavelength 
required to excite the fluorescent compound has to be 
considered or an illumination from the top must be 
possible in the imaging unit.

It was shown that DNA solutions can be left to dry on 
suitable carrier materials and still display their usual 
response to DNA dyes after renaturation, but on each 
material the amount of dye and DNA needed differed. 
For Hoechst 33342 no fitting settings were found, 
maybe the amounts of DNA and dye need to be higher. 
The YOYO-1 dye showed the greatest increase in fluo-
rescence on the filter paper Whatman Grade 1 and the 
foil Hostaphan GUV 4600, with a steeper increase for 
higher dye concentrations. As the foil induces handling 
issues, the filter paper will be used in future experi-
ments on printing an aptamer-based CFX biosensor. 
Future studies need to examine more material prop-
erties which play a role in immobilizing and maintain-
ing the functionality of nucleic acids, like the surface 
energy. Another problem is building a detector system 
based on minimal fluorescence changes. Even after 
finding good conditions, the detected intensity was 
often hard or impossible to distinguish from the auto 
fluorescence of the DNA dye. An ideal detector system 
should produce a much better contrast between posi-
tive and negative probes.
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