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We present here an innovative and cheap alternative for the preparation of conductive tracks printed
on flexible polymer substrates at room temperature. For this purpose, we applied a combination of a
Tollens reagent-based silver deposition and printed mask, using an office laser printer. The asprepared conductive structures were used for DNA chip fabrication. The great advantage of the
presented method is that the conductive features can be fabricated in a facile and inexpensive way,
while maintaining the high flexibility to tailor the design to its application. The DNA chips showed
the same response as well as sensitivity compared to chips made conventionally by photolithography
or screen printing.

Introduction
Flexible electronics combine bendable substrates together with
inorganic materials by means of printing technologies, enabling
light-weight and extremely cost-efficient electronic systems.
Prevalent market drivers include organic photovoltaics,1 electro-optic devices and displays,2 logic and memory components,3
as well paper-based batteries4 and radio frequency identification
tags.5 In the near future, a highly viable and innovative fusion
of three technological areas—microelectronics, chemistry and
printing—is foreseen, which will create markets with annual
revenues estimated at more than J200 billion.6
Currently, the main method to fabricate conductive features
on a rigid substrate is photolithography. Photolithography
offers superior resolution as well as repeatability; at present,
the industrial state-of-the-art feature size is 32 nm, at mass
production and on 300 mm wafers.7 However, photolithography
is not a flexible fabrication technique, since each deposition of
electrically conductive material requires a pre-designed mask.
Changing the design requires the fabrication of a new mask for
each design, increasing production time, and thereby costs,
significantly. As a result, the process cannot be easily applied to
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rapidly changing demands. In workflows requiring a diverse
range of circuit patterns to be fabricated on demand, such as in a
basic research and development environment, this is a very
significant limitation.
Alternatively, inkjet printing of metal precursor inks, such as
those based on silver nanoparticles or metal–organic complexes,
has proven to be a versatile and comparatively inexpensive
method to create interconnects and contacts.8,9 Inkjet printing is
an advanced dispensing technique that produces on-demand subnanolitre droplets with great precision, and is capable of
patterning substrates in a selective manner. However, the
application of inkjet fabrication methods are as yet precluded
for many mass-production processes, since a post-treatment,
referred to as ‘sintering’, is necessary to convert the printed metal
precursor feature into a functional, electrically conductive
structure.10 Although much effort has been invested in the last
years to decrease the sintering temperature by tailoring the
precursor inks or application of alternative sintering techniques,11,12 a fast and reliable method to produce highly
conductive features on large areas has still not been found.
Moreover, the temperature requirements for sintering limit the
application of inkjet printing to the substrates that are processcapable, and exclude many otherwise desirable, inexpensive,
flexible substrates, such as paper and low melting polymers.
Hohnholz et al. reported the use of an office laser printer to
print the toner ink on specific locations to create a local difference
in surface energy of the substrate.13 The surface was then coated
with the conducting polymer poly(3,4-ethylenedioxythiophene):
poly(4-styrene sulfonate) (PEDOT:PSS) and as a result of the prepatterning, only the hydrophilic parts are covered with the
conductive aqueous ink. The printed toner material is removed by
washing with toluene and the resulting product was used as the
basis for a liquid crystal display with push-button arrays.
This journal is ß The Royal Society of Chemistry 2012
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Besides the aforementioned applications for circuit boards and
electrode structures there are also other applications that
would greatly benefit from inexpensive and flexible production
strategies. One of those possible applications would be chipbased electrical or electrochemical detection of biomolecules and
their interactions. The requirements for chip-based detection
systems are: preferably low costs, the possibility for the detection
of a variety of molecules at the same time (parallel and highthroughput) and only little sample volumes, offering ideally
higher selectivity and greater sensitivity. The rise of interest in
recent years of lab-on-paper approaches to rapid prototyping and
test development illustrates the attractiveness of this philosophy.
The state-of-the-art for the detection of biomolecules is the
readout of the biochips via optical detection schemes—the
majority of which rely on the detection of fluorescence signals. In
recent years, however, alternative concepts which renounce the
use of optics have been described.14 One of these detection
schemes is the electrical readout of biochips.15 There are two
major advantages of electrical readout over the established
optical methods for biochip analysis. Firstly, the optical systems
commonly used are highly delicate systems, which can be easily
damaged without care, while electrical readout systems are
comparatively robust, and offer the prospect of facile miniaturization. Secondly, the optical systems used, as well as the
fluorescent dyes themselves, are often expensive; by contrast,
electrical readout devices are inexpensive and ubiquitous.
Furthermore, the latter method is independent of the used chip
substrate.
The usage of polymer foils is also favored, since the foils are
easy to handle and cheaper than glass or silicon substrates. On a
bench scale, they are also easier to tailor to the desired shape and
size. The electrical readout methods have been demonstrated on
silicon and polymer substrates with electrode structures made
by photolithography as well as on glass substrates with screen
printed electrodes.16,17 These experiments have successfully
demonstrated the use of the electrical detection scheme for the
detection of biomolecules with high reproducibility. Biochips,
also known as microarrays, are robust and small substrates, on
which a high number of biological and biochemical tests can be
performed quickly and accurately. They have enormous capacity
(for example, an examination of the entire human genome in a
single experiment) and offer the possibility for a miniaturized,
parallelized, and automated on-site application.18 Based on the
substances to be tested and the readout requirements, the shape
and layout of the microarray can be designed accordingly.
As probe analytes, DNA (oligonucleotides, cDNA, etc.),
proteins,19 peptides,20 and whole cells21 have been used. The
concept of the Southern blot was used in the development and
the creation of microarrays,22 and as a result a solid phase-based
analysis of labelled oligonucleotides was made possible for the
first time.23 A rapid technological development took place in the
early 909s,24 where the first commercially available DNA chip
(HIV-Gene-chip) was manufactured by Affymetrix and was
introduced to the market in 1994.25 Biochips may be produced
with advanced manufacturing processes. The standard readout
for biochips is the detection of a fluorescence signal. However, in
the last years alternative readout methods have been described
that would enable the construction of small, robust and costefficient readout devices for point-of-care applications. One of
This journal is ß The Royal Society of Chemistry 2012

those new readout technologies is the electrical readout of
biochips;25 for this application, electrode structures are required,
which are usually produced by either photolithography or screen
printing.
Here, we report an innovative and cheap method to produce
highly conductive features at room temperature on flexible
polymer substrates, applied in the production of DNA chip
prototypes. Our method uses neither metal precursor inks, nor a
sintering step at high temperature, which we think provides
significant reduction of the production costs. Instead, the process
we developed involves electroless chemical deposition of a thin
layer of nanostructured metallic silver onto a thin polyester foil
(in practice, an ordinary office transparency sheet), which is
subsequently used as the substrate for printing.

Experimental
Materials & chemicals
Silver trifluoromethanesulfonate (Cat. No. AB112072) was
purchased from ABCR (Karlsruhe, Germany). Black toner
(Cat. NO. Q595OA) was purchased from Hewlett-Packard
Company (CA, USA). A4 laser and copier transparencies (210
6 297 mm) and Scotch tape were received from Supplies Team
(West Yorkshire UK). Ammonium hydroxide (25 wt-% aqueous
solution) was purchased from Carl-Roth (Karlsruhe, Germany).
Fructose (Cat.NO. F0127-500G) was purchased from SigmaAldrich (St. Louis, MO, USA).
Preparation of the silver layer
Standard office transparency sheets (A4, PET) are placed onto a
sheet of aluminum foil and the edges of the PET foil are fixed to
the aluminum foil using scotch tape; this is to prevent any liquid
flowing between the aluminum and PET foils. Next, the edges of
the aluminum foil are bent up, to prevent liquids from flowing
off of the PET (see Supplementary Information Fig. 1{). Then,
100 mL of a 20 wt% water solution of fructose was dispensed
onto the PET foil. A mixture of 0.5 g silver triflate and 0.6 mL of
25 wt% ammonium hydroxide was filtrated and added dropwise
uniformly onto the PET using a pipette (see Supplementary
Information Fig. 1{). After 3 h, the fructose solution was
removed and the PET foil was submerged in water. The foil was
then washed by gently shaking underwater back-and-forth for
10 min and dried using a nitrogen stream.
Preparation of the conductive features
The as-prepared PET foil with the deposited silver layer was
placed in the paper reservoir of an office laser printer (HP Color
LaserJet 4700 dn, Hewlett-Packard Company (CA, USA)). The
designed layout was then printed in black-and-white mode, using
only the black toner (Q595OA) (see Fig. 1). The obtained printed
foil was subsequently heated for 30 s at 110 uC, after which the
excess of silver was removed using ethanol and a paper tissue.
Finally, the circuitry design was cut out to its final shape.
DNA chip preparation
As previously mentioned, the circuitry design on the PET foil
was pre-cleaned in distilled water for 10 min (gently shaken) and
RSC Adv., 2012, 2, 2308–2313 | 2309
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Fig. 1 Workflow for the fabrication of conductive features: (a) transparency coated with a silver nanoparticle layer, (b) printing a circuitry layout
using a standard office laser printer, (c) images of the obverse and reverse sides of the printout, (d) removal of excesses silver using ethanol-soaked
paper tissue, (e) final conductive patterns layout as viewed through the reverse side of the transparency, (f) bright field microscopy image of individual
lines of silver covered with black toner material.

Fig. 2 Circuitry layout printed on PET foil: (a) proof of conductivity (note: black layer of toner must be broken to reach the conductive silver—see
Supplementary Information Fig. 2{), (b) scanning electron microscopy (SEM) image of toner coating silver, (c) 3D optical profilometry image of the
patterns, (d) cross-sectional SEM of the conducting path, (e) conducting silver layer under the black toner material.
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dried under nitrogen. Next, single stranded DNA (59-TTT TTT
CAG CAT GTG CTC CTT GAT TCT ATG-39, Amino C6 on
59) was manually spotted in different concentrations as well as
different sequences for one mismatch (59-TTT TTT CAG CAT
GGG CTC CTT GAT TCT ATG-39, amino-modified on 59) and
three mismatches (59-TTT TTT CAG CAT TAT CTC CTT
GAT TCT ATG-39, amino-modified on 59). A spotting buffer
containing 10 wt-% glycerin and 56 phosphate buffered saline
(PBS) buffer was used to ensure a homogeneous spot coverage.
To assure the coverage of every electrode gap, 15 drops per spot
(15 6 0.4 nL = 6 nL) were applied to larger spots.
The prepared DNA chip was subsequently incubated overnight at 37 uC in a humidity chamber. Afterwards, the DNA
spots on the foil were allowed to dry and then exposed for 10 min
to UV light (254 nm), followed by 10 min washing in 0.16
saline-sodium citrate (SSC) buffer/0.5% sodium dodecyl sulphate
(SDS).
After the immobilization of the capture DNA on the PET foil,
the hybridization of biotin labeled target DNA was performed.
For this, a 500 nM target DNA solution (B150 - 59-CAT AGA
ATC AAG GAG CAC ATG CTG AAA AAA-39, Biotin
marked) was used at 40 uC in 26 SSC/0.1% SDS for 1 h.
Subsequently, the foil was washed for 5 min in 26 SSC/0.1%
SDS, 5 min in 26 SSC and finally 5 min in 0.26 SSC. The
binding of the enzyme horseradish peroxidise (HRP) 1 : 1000 in
PBST (16 PBS/0.05% Tween20) allows a final enzyme induced
silver deposition, followed by washing 3 6 5 min with 16 PBST
and shortly with distilled water, to remove any remaining
chloride. An enzyme-controlled silver deposition is then applied
to bridge the electrodes, using EnzMetTM reagent (Nanoprobes,
Yaphank, NY). The reaction was stopped with water and the foil
was dried under nitrogen.
Characterization of silver paths
A part of the conductive silver layer was peeled off from a
chip using standard office Scotch adhesive tape (Product No.
34-8509-3289-7, 3 M, St. Paul, MN, USA). The thickness as well
as the cross-sectional area of the silver layer was measured using
an optical profilometer (Wyko NT9100, Veeco, Tucson, USA,
2.56 magnification, coupled with a 2.06 FOV). Field emission
scanning electron microscopy (FE-SEM) images were taken
using a JEOL JSM-6700F (Tokyo, Japan).
The electrical resistance r of the patterns was calculated from
the resistance R, the length l, and the cross sectional area A of the
line, using the formula r = R?A/l. The resistance was measured
over 1.0 cm, and was found to be 6.0 ¡ 0.2 V using a multimeter
(Voltcraft Plus VC 960, Conrad, Germany). The calculated
resistivity was found to be 4.4 mV?cm, which is approximately
2 to 3 times the value for bulk silver (1.59 mV?cm).8
After enzymatic silver deposition, the conductance was
measured independently in three separate experiments, carried
out using three chips that were prepared in three separate
printouts. Within the chip, the spot contained the same
formulation of reagents and the spot was printed three times
to yield in total 9 readouts (3 times 3 chips) for each analytical
event: positive control, negative control, complementary DNA,
1 and 3 mismatches. The data collected from 3 different chips
revealed a small standard deviation (see Fig. 4).
This journal is ß The Royal Society of Chemistry 2012

Results and discussion
In contrast to photolithography, where rigid substrates with
fixed dimensions are used, printing opens the possibility to a
much broader selection of substrates. From a processability
standpoint, flexible polymer substrates have a number of
comparative advantages over rigid counterparts, since they
can be readily bent and cut in all desired shapes. Moreover,
polymer substrates are mechanical resistive as well as transparent. Many photolithographic processes, however, involve
aggressive chemicals, such as strong acids, which may preclude
substrates and processing sequences that are otherwise compatible. In the workflow, shown in Fig. 1, only ethanol is required
for the removal of excess silver nanoparticles. Furthermore, the
expensive lithography instruments are here replaced by cheaper
laser printers that are available in the majority of modern
offices.
One of the challenges was identifying an efficient method for
depositing a conductive silver layer without the need for
sintering. There are numerous examples in the literature that
describe the preparation of conductive features by using
nanoparticle ink that require a sintering step.8 In general, the
higher the sintering temperature the lower the resulting resistivity
will be. However, when using temperature sensitive polymer
foils, the processing temperature is limited.
For almost 120 years,26 the Tollens reaction has been proven
to be a perennially abundant source for new forms of electroless
metallic silver, with an as-yet unexhausted-variety of possible
morphologies.27 By changing the stoichiometry and the reaction
conditions, and by the addition of soft templates, the growth of
metallic silver can be guided to a specific goal.28 While there are
numerous protocols for developing silver nanoparticles using the
Tollens reaction for a diverse number of technical applications,
the variety of publications investigating its use as an electroless,
sinterless/low sintering temperature technique has remained
somewhat limited until recently.
The objective was to utilize the Tollens reaction in a manner
that would yield conductive printed structures without the need
for sintering. For this purpose, we combined two reactive
components: an aldehyde and a silver complex. For the
aldehyde, fructose was chosen. The silver complex was diaminesilver trifluoro-methane-sulfonate, which was selected due to
its attractive high solubility compared to other commercially
available silver salts, with the logic being that it could be used in
higher concentrated formulations later on (if required).
By using the Tollens reaction, described in more detail in the
experimental section, a thin layer of silver nanoparticles was
prepared on standard polyethylene terephthlate (PET) transparency sheets. The circuitry diagram is designed using standard
drawing software on a personal computer, which is saved as a
bitmap file. The silver coated transparency foil was subsequently
placed in a laser printer, which was used to print the
aforementioned circuitry layout directly onto the as-prepared
silver layer. At this point, the toner coated silver layer was found
to be well adhered to the transparency, but to ensure that the
toner material was fully immobilized, the sample was heated for
30 s on a hotplate at 110 uC. The binding of the toner material
was then found to be good, since the layer was observed to
remain intact upon removing the excess of silver using ethanol
RSC Adv., 2012, 2, 2308–2313 | 2311
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and a paper tissue (see Supplementary Information Fig. 2{). This
process yielded the final conductive features.
The characterization of conducting paths was performed using
confocal interferometry, scanning electron microscopy (SEM)
and resistance measurements, as well as imaging using low
resolution bright light microscopy (Fig. 2).
The resistivity of the structures was found to be 4.4 mV?cm; a
value that is approximately twice the corresponding value for
bulk silver. For comparison, room temperature sintering of
inkjet printed silver nanoparticles has been reported by Magdassi
et al. recently.29 They obtained features with a resistivity of 56
the bulk silver value without heating. While a lower resistivity
can be obtained by using a high temperature (.400 uC).10 This
approach is not compatible with temperature sensitive polymer
foils, like PET. The feature resolution of the resulting printed
features is practically equal to the resolution of the laser printer,
which in this case is 600 dpi, but could be readily improved by
using a higher resolution laser printer.
The resulting prepared samples were used as the basis of a
DNA chip, applying the strategy as described elsewhere in more
detail.30 Briefly, the individual electrode gaps are modified with
different capture molecules. After the binding of the complementary target molecules to the immobilized capture molecules,
an enzyme is bound to the immobilized target molecules. The
enzyme catalyses the deposition of silver that, as a consequence,
bridges the electrode gap. This leads to a conductive path and
hence the binding of target molecules can be detected by a simple
electrical conductivity measurement (Fig. 3). For comparison,
Supplementary Information Fig. 4{ shows images of screen
printed reference samples.
Besides electrochemical detection, the binding of complementary target DNA can also be measured optically. For the optical
measurement images of the silver spots were taken and evaluated
by measuring the resulting gray value, using the program ImageJ
1.40 (National Institute of Health, USA). After the determination of the gray values for the positive control, which is set as
100%, all other values are measured in proportion to this
(Fig. 4). The convergence of the results obtained with the use of
chips produced in separate cycles leads to the conclusion that the
quality of the chips does not change between successive prints.
Furthermore, the obtained results here were found to be similar,
independent of the chip substrate and the production method for
the electrode structures.16
The thickness of the silver deposition depends on the
complementary behavior and concentration of the target
DNA. Therefore, the hybridization of complementary DNA
results in a higher electrical conductivity than the measured
conductivities for the mismatched probes (Fig. 4). The obtained
results correlate also with the optical results showing a high
gray value for the positive control and for the complementary
DNA, corresponding to the highest degree of silver deposition
as a result of the binding efficiency of the DNA. Samples
that exhibit increased numbers of mismatches result in a lower
binding efficiency and, consequently, a lower deposition of
silver, as well as a decrease (increase) of the conductivity (gray)
value. The negative control shows a very low conductance, as
expected. These results demonstrate the successful transfer of
the chip-based electrical DNA detection to the new substrates
as the results are in good agreement with tests performed on
2312 | RSC Adv., 2012, 2, 2308–2313

Fig. 3 Working principles of a DNA chip: (a) scheme of the chip
preparation and analysis, (b) DNA chip reader, (c) printed circuit board
layout, (d) bridge between two electrode gaps due to the binding of
complementary target molecules and enzyme catalyzed silver deposition.

glass substrates with screen printed electrodes.16 Hence, our
approach can produce DNA chips in a fast and inexpensive
manner, without the need for an expensive mask required for
photolithography.

Fig. 4 Comparison of optical and electrical measurements, showing the
effect of hybridization efficiency/mismatching on the measured gray
values and conductance.
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This method does not produce samples in a high quantity, as
for example photolithography, but has the advantage of
being highly flexible, enabling design tailoring for a particular
application, such as chip-based DNA detection. With this in
mind, our approach of chip production described here is not to
compete with photolithographic techniques, where (hundreds of)
thousands of identical samples can be prepared in a fast and
cheap manner with an extreme high resolution (nanometer).
Rather, the aim is to enable the production of a small number of
samples, i.e. several dozens to a few hundred, while maintaining
the high flexibility to tailor the design to its application, with
minimal effort, and having a resolution in the micrometre range.
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Conclusions
An innovative and alternative method was presented for the
fabrication of disposable electrical circuitries on flexible polymer
substrates for usage in DNA chips. We have used a modified
Tollens reaction, where the aim was to prepare highly conductive
features on simple, unmodified polymer substrates without the
need for (high temperature) sintering and masks. Instead of
using the expensive and comparatively inflexible lithography
route, standard office laser printers were used to fabricate the
mask layout. Laser printing has the advantage of being a
maskless and digital technique, where one-of-a-kind circuit
layouts can be easily programmed using standard drawing
software and where layouts can be changed easily. The obtained
resistivity was approximately twice that of bulk silver, which is
usually obtained only via a high temperature sintering process.
As a consequence, the usage of cheap polymer foils that require a
low processing temperature, for example PET, is enabled.
The flexible conductive features were successfully used in a
chip-based DNA detection with electrical readout. Furthermore,
the geometry of the chips as well as the number of electrodes per
chip can be easily adapted using this flexible approach; hence
allowing a rapid prototyping of different chip layouts for many
applications with minimal cost and time requirements.
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