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Abstract The standard TopSpot® technology has been
successfully used in the recent years for the highly parallel
nanoliter dispensing of bio-chemical substances for micro-
array printing. It is based on a pneumatically actuated
printhead which enables non-contact microarray fabrication
at a pitch of typically 500 µm. This paper reports on a new
and improved way of operating the printheads termed
TopSpot® Vario technology, using an incompressible
material between the piezo actuator and the dispensing
medium. The advantage of the incompressible medium is
the direct relation between the displacement amplitude and
the ejected liquid volume. Earlier reports stated that the
filling of the printheads is a key issue. In this paper we
report on the implementation and characterization of a new
printhead design including microchannels for bubble free
priming of blind channels. Microarray fabrication was
successfully conducted with four different types of protein.

Keywords MEMS .Microarrays . Non-contact printing .
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1 Introduction

In the last years, microarrays became a crucial tool for
large-scale and high throughput technologies. They enable
a fast and parallel detection of thousands of addressable
elements in one single experiment (Zhu and Snyder 2003).
At the moment it is the most promising application for
which the drug discovery process seeks: to develop a
biological or chemical entity that, when administered to a
patient, will improve the disease symptomatology or
actually treat the underlying pathophysiological basis of
the particular disease state (Hardiman 2002).

The basic idea of a microarray is a spatially ordered,
miniaturized arrangement of a multitude of immobilized
reagents (Weller 2003). Only tiny quantities of precious and
expensive samples are consumed, stocks that might have
taken researchers years to prepare (Mitchell 2002). This
low volume requirement and the multiplexed detection
capability make optimum use of precious clinical samples.
Large sample sets, as required for several biological studies,
can be processed in parallel. Additionally microarray assays
are rapid and amenable to automation. The assays can be
very sensitive, reproducible and quantitative because of the
use of optimized detection methods and rigorous quality
control (Haab 2003).

One step in performing a microarray assay is the
production of the microarray itself. Mainly two production
principles are used. First, the on-chip approaches where the
features of the microarray are synthesized directly on the
substrate (Affymetrix, Inc. 2009, Roche NimbleGen 2009,
Febit Biotech GmbH 2009, Agilent Technologies, Inc.
2009, Li et al. 2004). Second, the more commonly used
approach of deposition of pre-synthesized molecules by a
microarrayer onto the substrate. Commercial available
microarrayers currently use contact and non-contact micro-
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array printing. Contact arrayers commonly use different
shaped steel pins for direct deposition of droplets onto the
substrate by touching the surface with the pins (TeleChem
International, Inc. 2009, Perkin Elmer, Inc. 2009, Genomic
Solutions, Inc. 2009, BioRad Laboratories 2009, Whatman
plc. 2009, Genetix Ltd. 2009, Lin et al. 2004). Non-contact
arrayers rely often on piezo-driven ink-jet like dispensers
and shoot a droplet onto the substrate without getting in
contact with the substrate surface (BioFluidix GmbH 2009,
Perkin Elmer, Inc. 2009, microdrop Technologies GmbH
2009, GeSim GmbH 2009, Scienion AG 2009, Genomic
Solutions 2009, de Heij et al. 2003, Takagi et al. 2004,
Kuoni et al. 2004). The ink-jet printing approaches
apparently provide less spot to spot and chip to chip
variability than contact printing methods (Park et al. 2004).
A few microarrayers which use other technical approaches
are also commercially available (Zyomyx, Inc. 2009,
Nanogen, Inc. 2009). Last but not least an alternative to
purchase an entire microarrayer is to purchase custom made
microarrays.

For the high throughput production of microarrays a
highly parallel method for dispensing the different reagents
is needed. We previously reported on highly integrated
TopSpot® printheads with 24 and 96 channels, operated by
compression of air (Gutmann et al. 2005). In this paper we
report on the use of a new actuation technology (TopSpot®
Vario) relying on the displacement of an incompressible but
deformable and elastic medium. This guarantees a cross
contamination free self-filling of the printhead and a full
control of speed and size of the ejected droplets (de Heij et
al. 2003, Steinert et al. 2004).

2 TopSpot® Vario principle

The basic elements of the TopSpot® Vario technology are a
micromachined printhead made from silicon and Pyrex
glass (Steinert et al. 2004), an elastomer sheet and a piston
(Fig. 1). The one mm thick elastomer sheet (Sylgard 186,
Dow Corning) is placed between the piston and the
printhead on top of the nozzle array. The piston is actuated
by a piezo stack actuator enabling displacement of the
elastomer of up to 15 µm. The movement of the piston is
thus transferred into a direct displacement of the liquid
contained in the nozzles which causes the droplets to be
ejected.

The filling of the printhead takes place through capillary
forces. Surface tension transports the liquid from each
reservoir to the corresponding ejection nozzle. Also the
refilling after droplet ejection is accomplished by capillary
forces.

The key problem during printhead priming is a reliable
cross-contamination free and bubble free filling of the
printheads. In earlier experiments (de Heij et al. 2003) it
was not possible to reliably prevent cross-contamination
between the channels when inserting the elastomer after the
printhead has been filled. Vice versa, if the elastomer is
placed before printhead filling, air bubbles are trapped
inside the nozzles. Latter form a fluidic capacity preventing
the actuation energy to be fully coupled into the droplet
generation.

To avoid these air bubbles a principle for bubble free
priming of blind-channels reported earlier (Steinert et al.
2004) was integrated into the printhead design.

Fig. 1 Schematic cross-section
of the TopSpot® Vario set-up
(top) and working principle
(bottom)
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3 Bubble-free printhead priming

Trapping of air inside the channel system can be avoided by
a two step channel structure as depicted in Fig. 2. Fig. 2(a)
shows the implementation of the two-level microchannel
structure for bubble free filling of blind channels into the
TopSpot® Vario printhead design. The working principle is
explained by the cross sections in Fig. 2(b). Liquid flows
from the microchannels on the bottom side of the silicon
layer to the via. There it changes to the top side into the
lower level of the nozzle inlet channel and flows towards
the nozzle. A sharp step between lower and upper level
prevents liquid transfer into the upper level at this stage. At
the blind end of the microchannel the sharp step is removed
and changeover into the upper level is enabled. After liquid
transfer the upper level is filled in reverse direction
displacing air out of the air outflow channel. As last
preparation step the prestress on the elastomer is raised to
seal off the air outflow channel. A fabricated 24 channel
TopSpot® Vario printhead with implemented two-level
microchannel design is shown in Fig. 3.

4 Experiments

The TopSpot® Vario technology was extensively tested for
its printing performance with respect to the piezo actuation
and the elastomer parameters. Printing performance was
characterized by observing droplet volume, droplet veloc-
ity, array homogeneity, stable operation and system mal-
functions. Figure 4 shows the experimental setup. A
stroboscopic camera (Mocon-RT, Visit GmbH) was used

Fig. 2 Bubble free priming of the TopSpot® Vario printheads (a)
implementation of the principle for bubble free priming of blind
channels into the TopSpot® printhead design (b) working principle

Fig. 3 Fabricated 24 channel TopSpot® Vario printhead and zoomed
views into the actuation chamber. Nozzles have a pitch of 500 µm

Fig. 4 Experimental setup
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for recording the droplet flight. Droplet volume and
velocity were directly determined from the taken images
by an image analysis software. Additionally a fluorescence
scanner (BioAnalyzer 4S/4F, LaVision Biotech) was used
for measuring diameters and integral intensities of the
corresponding microarray spots. A laser vibrometer (Laser
Doppler Vibrometer, Polytec GmbH) was used for measur-
ing piezo stroke and speed.

Main objective of the reported experiments was to find
the influence of piezo stroke, piezo speed and elastomer
prestress on droplet volume, droplet speed and array
homogeneity. Afterwards the system performance was
characterized by repeating one printing experiment ten
times with fixed parameters set to the optimum values
determined before. Finally the maximum printing frequen-
cy, the maximum stable dispensable liquid viscosity and the
long time performance were evaluated.

5 Results

5.1 Droplet volume

The volume of the ejected droplets can be tuned by the
piezo stroke in a linear fashion. Six different piezo strokes
between 2.5 µm and 13.5 µm were evaluated and the
corresponding droplet volumes were measured. Figure 5
shows the results. As expected from the direct displacement
principle, the ejected droplet volume is proportional to the
piezo stroke. It can be tuned between 250 pl and 1,500 pl
for the described setup. A degradation of the CV of the 24
droplet volumes within one array (inter nozzle reproduc-
ibility) was observed with increasing piezo stroke. The inter
nozzle reproducibility of droplet volume increased from
7.5% at a small piezo stroke (2.5 µm) up to 10.2% at
maximum piezo stroke (13.5 µm).

5.2 Droplet speed

The droplet velocity can be controlled by tuning the
piezo speed. As reported earlier there exists a certain
stable range—depending on the liquid properties—where
exactly one droplet is ejected out of each nozzle (de Heij
et al. 2003). Velocities above that range produce satellite
droplets following the main droplet. Speeds below that
value result in an unstable droplet tear-off. This observation
could be verified by an experiment with piezo stroke set to
5 µm and tuning piezo speed between 50 mm/s and
120 mm/s (see Fig. 6). The dotted lines in Fig. 6 give the
stable range which was found for piezo speeds between
60 mm/s and 70 mm/s using 3 M betaine/6× SSC as
printing liquid.

5.3 Elastomer prestress force

The influence of the prestress exerted on the elastomer on
the inter nozzle reproducibility was measured for various
prestress forces between 6 N and 14 N. The records in
Fig. 7 show that with increasing elastomer prestress force
the droplet homogeneity decreased. The absolute values of
droplet velocity and volume were not influenced remark-
ably in the tested range but the corresponding CVs were
(see table in Fig. 7).

5.4 System performance

The conclusion from the previous three paragraphs is that
best results in terms of array homogeneity can be found for
a small piezo stroke (2.5 µm) and a small elastomer
prestress force (6 N). Hence, to quantify the overall
performance of the system, an experiment with a prestress
force of 6 N and a piezo stroke of 2.5 µm was repeated ten
times using a fluorescence marked aqueous solution (3 M
betaine/6× SSC+2 µM Dyomics DY555) as printing
solution. A mean droplet volume of all 24 droplets of one
array was measured at 270 pl with a CV of 5% over all ten

Fig. 5 Droplet volume versus piezo stroke. Error bars represent the CV
of 5% of mean droplet volume of one array between the experiments
(including printhead washing and refilling). Bottom pictures show
records of stroboscopic camera and fluorescence scanner for two
different droplet volumes (printing solution: 3 M betaine/6× SSC+
2 µM Dyomics DY555; slide: epoxy modified glass slide)
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experiments (including printhead washing and refilling
between the experiments). The inter nozzle reproducibility
of spot diameters within one print was in average 2.4% and
below 3.4% in all experiments. The inter nozzle reproduc-

ibility of droplet volumes was determined to be 7.5%. The
intra nozzle reproducibility of the droplet volume (CV of
the volume of 100 subsequently ejected droplets out of the
same nozzle) was measured at 1.9%.

5.5 Printing frequency

Printing frequency was increased in 100 Hz steps and the
system performance was observed to estimate the maxi-
mum frequency where stable operation could still be
guaranteed. At a frequency of 500 Hz the first satellite
droplets appeared and printing became unstable. Thus, a
maximum printing frequency of 400 Hz can be considered
as upper limit for safe operation. This is much higher than
typical frequencies currently used for micro array printing.

5.6 Liquid viscosity

Experiments using different mixtures of aqueous glycerol
solutions as printing medium were performed to estimate the
maximum dispensable liquid viscosity. While 60 wt.%
aqueous glycerol solution (viscosity of 11 mPa s) could still
be ejected in stable operation, no droplet tear off could be
observed anymore using a 70 wt.% aqueous glycerol
solution (viscosity of 23 mPa s). Furthermore, at constant
piezo stroke, a decrease of droplet volume with increasing
liquid viscosity was observed. At a piezo stroke of 13 µm the
droplet volume decreased from 1,600 pl using dispensed
water (viscosity of 1 mPa s) down to 600 pl using 60 wt.%
aqueous glycerol solution as printing solution (see Fig. 8).

5.7 Longtime performance

Changes in array homogeneity or droplet volume with
increasing number of prints in one experiment were
measured to evaluate the long term performance of the
technology. Printing frequency was set to 1 Hz and spot
integral intensity and diameter were analyzed after several
time intervals. Figure 9 shows the results.

Fig. 7 Influence of elastomer prestress force on droplet and spot
homogeneity respectively. Top pictures show camera records of
ejected droplet arrays. The table lists mean droplet volume, mean
spot diameter, CV of droplet speed and CV of spot diameters of all
droplets/spots in one array

Fig. 8 Droplet volume versus liquid viscosity at a constant piezo
stroke of 13 µm

Fig. 6 Droplet velocity versus piezo speed. Error bars represent the
CV of the droplet velocity of all 24 droplets in one array. Bottom:
piezo speeds below the stable range result in unstable droplet
ejections, speed above generate satellite droplets
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Spot diameter (SD) and spot integral intensity (SI) as
well as the corresponding CVs (SDCV: 1.7%–3%; SICV:
5.8%–7.4%) remained constant during the entire printing
time of 5 h. After 5 h the first system malfunction was
observed due to intermission of one nozzle and printing
was stopped after 18,000 prints.

6 Discussion and conclusion

A novel method for tunable and highly parallel picoliter
dispensing, the TopSpot® Vario technology, has been
presented. It can be used for non-contact printing of
microarrays. A technique for bubble-free priming of
blind channels described in (Steinert et al. 2004) was
successfully implemented into the printhead design. This
solved one of the major problems of the TopSpot® Vario
technology—the cross contamination free and bubble free
printhead priming—reported earlier (de Heij et al. 2003,
Steinert et al. 2004).

With the new printhead design various experiments
have been performed to study the printing performance.
For example, by adjusting the piezo actuator stroke the
droplet volume can be tuned linearly in a range between
250 pl and 1,500 pl for aqueous solutions. Stable
operation, which means that only one droplet is ejected
out of each nozzle, could be achieved in this case by
setting the piezo actuator speed between 60 mm/s and
70 mm/s.

The observed increase of inter nozzle CV with
increasing droplet volumes suggests that higher spot
diameters should be achieved by multiple printing of
small droplets into each other instead of ejecting only
one large droplet. Best printing performance was found
at a droplet volume of 270 pl with an inter- and intra
nozzle reproducibility of droplet volume of 7.5% and

1.9% respectively. The CV of droplet volume between
different experiments (including printhead washing and
refilling) was measured to be 5%. Printing was stable up
to frequencies of 400 Hz. Liquids with viscosities of up
to 11 mPa s (corresponds to 60 wt.% aqueous glycerol
solution) could be successfully dispensed up to 18,000
times during one experiment in stable operation. Table 1
summarizes the overall performance of the TopSpot®
Vario system used for the experiments. In addition to the
liquids considered in detail in this paper many other
liquids have been successfully dispensed to fabricate
microarrays with a similar quality like reported for
aqueous solutions (see Table 1).

The presented results prove that the TopSpot® Vario
technology can compete with other state-of-the-art non-
contact microarrayers (BioFluidix GmbH 2009, Perkin
Elmer, Inc. 2009, microdrop Technologies GmbH 2009,
GeSim GmbH 2009, Scienion AG 2009, Genomic
Solutions 2009, de Heij et al. 2003, Takagi et al. 2004,
Kuoni et al. 2004) with respect to reproducibility and
performance. In terms of parallelism and speed it even
outperforms most of the other technologies. Thus, the real
benefit of the TopSpot® Vario technology lies in the
highly flexible high-throughput microarray production.

Fig. 9 Longtime performance. Arrays with droplet volumes of 270 pl
were printed consecutively with a frequency of 1 Hz. Spot diameter
(SD) and spot integral intensity (SI) were measured with a
fluorescence scanner in the shown intervals. After 18,000 prints one
nozzle stopped printing and the experiment was stopped

Table 1 Specifications of the TopSpot® Vario system

Parameter Value

Droplet volume 24×270 pl

Array format 6×4

Spot pitch 500 µm

Inter nozzle reproducibility (CV of all
24 droplet volumes in one array)

7.5%

Intra nozzle reproducibility (CV of droplet
volumes ejected out of one nozzle)

2%

CV of mean droplet volume of one array
of consecutive experiments

5%

Maximum printing frequency 400 Hz

Maximum filling quantity per reservoir 6 µl

Maximum viscosity of dispensable liquids 11 mPa s

Max. number of consecutive prints
in one experiment

18,000

Printhead preparation time 5 min

Printhead cleaning time 15 min

If not specially mentioned, all values are given for aqueous solutions

Successfully dispensed reagents:

water; 3 M betaine/6× SSC; up to 60 wt.% aq. glycerine mixtures

oligos: 56-mer 100 µM; 60-mer 140 µM

proteins: BSA 500 µg/ml; goat anti human IgG 500 µg/ml; mouse anti
rabbit IgG 500 µg/ml; peptides (n=15) 1 mM

cells: human cells; cell line: CMK; cell type: human acute megakar-
yocytic leukemia (8×107 cells/ml)
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