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Robotic systems and standardization
of fluid containers have facilitated
the industrialization of life science

analysis. Conventional transfer techniques
rely on the use of solids to transfer liquids.
Common methods for liquid transfer include
adhering them to pins or metering them
through an orifice such as a capillary or
piezo nozzle. Numerous instruments have
been developed that require a liquid–solid
interface to be integral to the transfer
process, and over the years, these meth-
ods have incrementally improved precision
at ever-decreasing volumes.

The high-throughput screening (HTS)
world of drug discovery is mature, and with
extensive automation infrastructure for
compound management, assay assembly,
and detection for microplate-based test-
ing, its chemical libraries number in the
millions of compounds. Although common
in life science research, this level of automa-
tion has remained scarce among traditional
analytical chemical methods. Why have
analytical chemists not yet capitalized on
this infrastructure?

The primary reason for this shortcom-
ing is the greater diversity of solvents used
in analytical methods. Because these
solvents tend to be more chemically aggres-
sive, the ubiquitous microplate is unsuit-
able. Also, testing for the property of inter-
est to the analytical chemist often cannot
be performed in situ. Material must be
transferred to another instrument like an
NMR or mass spectrometer. Thus, the devel-
opment of high-throughput testing requires
more investment. Some companies, like
Symyx Technologies (www.symyx.com),
have specialized in developing tools to
screen for polymers or catalysts with desired
properties. These tools are very customized
for the specific investigation.

Reliable low-volume liquid handling has
also been elusive. Reproducibility for trans-
fers of volumes below 50 nL has been a
barrier to miniaturization for many liquid-
handling technologies, which can be

applied only to an undesirably narrow range
of solvents. Systems currently available are
not compatible with many life science appli-
cations or analysis techniques because of
their destructive impact on living cells or
inability to work with volatile, corrosive,
or saturated solutions.

Liquid Handling for 
Analytic Samples
Glass capillaries with narrow bore open-
ings have always been used as reaction
vessels for analytical chemistry or as
conduits to analytical devices. They are
resistant to many solvents and enable
miniaturization of liquid volumes while
protecting the liquids from evaporation.
Capillary action can be used to aspirate
liquids from containers. This is an adequate
mode of filling the capillary vessel if only
one liquid is to be loaded.

Capillary dipping can trap air bubbles,
however, preventing sufficient mixing of
the reactants. Also, when the outside of
the capillary contacts the source liquid and
is not adequately cleaned, the capillary
transfers the source liquid to other wells
when dipped in them and causes contam-
ination. To reduce contamination, Michael
Döring from Microdrop (www.microdrop.de)

used piezoelectric dispensing to load CE
capillaries, injecting droplets of sample
whose diameter was smaller than the capil-
lary orifice, thereby eliminating the need
to dip them into the sample liquid (1). This
method allows loading of multiple chemi-
cal entities into the capillary without
bubble-trapping or cross-contamination. It
offers the additional advantage of not
requiring a syringe or vacuum device.

Despite these improvements, problems

with capillaries remain. Loading by dipping
into a source reservoir and then sipping
fluid requires a volume large enough to
immerse the capillary, wasting the fluid left
behind—the dead volume. Loading with
a piezo unit requires filling the piezo capil-
lary, so the dead volume merely shifts from
the capillary-loading reservoir to the piezo-
loading reservoir. And whereas cleaning the
transfer device or using it only once is feasi-
ble for glass capillaries, cleaning is more
complex for piezo devices, and “single use”
is too expensive. 

Unlike HTS systems, analytical instru-
ments are not restricted to DMSO and aque-
ous solutions in the ubiquitous microplate
of the drug discovery and biochemistry
assays, so a more flexible solution is
required. Focused acoustic transfer, first
developed in the 1920s (see box, “An
Acoustical History”), provides the flexi-
bility needed because it can load directly
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Acoustic technologies facilitate 
ultralow-volume liquid handling.

FIGURE 1: A 9.2-nL drop is ejected from a reservoir into a cylindrical opening 1550 µm in
diameter (left). A 50-pL droplet (46 µm) is ejected toward a 100-µm opening in a capillary
tube with an outer diameter of 360 µm. (Courtesy of Picoliter, Inc.)



from the reservoir without contact between
the acoustic device, the sample fluid, or
the receiver (i.e., the capillary). A focused
acoustic transducer located external to the
sample fluid reservoir is positioned to focus
acoustic energy just below the surface of
the sample liquid (Figure 1). The acoustic
vibration ejects a droplet of precise volume
up toward a target surface or capillary.
Many capillaries can be loaded quickly with
the same liquid or different liquids, and
no cleaning of the acoustic device is
required. Acoustic transfer is also reliable
and precise, in part because of the abili-
ty of the acoustic device to measure
acoustic energy reflected from the fluid
interfaces of the well, providing informa-
tion for both process and quality control.

Acoustic Versatility
The separation of the acoustic transfer
device from the sample liquid provides
flexibility because the physical surfaces
of the transfer device do not play a role
in determining the volume of the droplets
generated, nor are they a source of chem-
ical incompatibility with the sample fluid.
In particular, the influence of surface
roughness and adhesion forces associat-
ed with the transfer device are irrelevant
to the transfer process, and as a result,
the acoustic transfer process is more
scalable than conventional methods.
Droplet volume is proportional to the cube
of the dimension of the focused energy
delivered to the sample liquid surface. The
focal spot size is proportional to the
acoustic wavelength in the sample fluid,
and by adjusting this wavelength, droplets
ranging from <100 fL to more than 10 µL
have been produced. Drops have also been
formed from fluids with viscosities from
0.3 to 100s of centipoise and surface
tensions covering the range from organ-
ic solvents to water (20–74 dyn/cm).

Evaporation or precipitation of the
sample fluid will not degrade the robust-

ness of the process as in conventional trans-
fer methods. In fact, sample solutions near
saturation can be transferred acoustically
even if they contain volatile components
such as those in Table 1, because the focus
can be adjusted to compensate for evap-
oration, and precipitate cannot build up
on the acoustic device. 

The material for the container can be
chosen to accommodate the fluid—not the
transfer device—as long as it enables suffi-
cient acoustic energy to travel through it
to facilitate ejection of droplets. Most
solvent-resistant materials are accept-
able, including glass, Mylar, and microplate
polymers such as polypropylene, poly-
styrene, and cyclic olefins. Having a flat-
bottomed container is also preferred as it
will not deflect or refocus the acoustic beam
generated by the external transducer.

Acoustics in Action
Acoustic transfer provides a more effec-
tive method than conventional liquid handl-
ing because of the advantages of not having
the transfer device touch the liquid. Droplets
can be ejected directly into capillary tubes,
which enables loading without bubbles.
The capillary does not need to be dipped
into the sample fluid, and hence the volume
of sample can be small. In general, load-
ing requires a sample liquid depth of approx-
imately five times the diameter of the
desired droplet for the dispensed volumes
to be very accurate. Transfers from shallow
depths of fluid can be achieved, but with
less-reproducible volumes.

Capillary tubes of all dimensions can be
loaded with acoustically generated droplets.
The drop size can be adjusted by varying
the acoustic frequency. Figure 1 shows
droplets of water of 9.2 nL and 50 pL gener-
ated from pulses of acoustic energy at 7
and 30 MHz, respectively. The ratio of drop
diameter to capillary inner diameter can
be small because the drop trajectory is
repeatable. For the 50-pL example, the ratio
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TABLE 1: Typical Solvents Used in Analytical Chemistry

Boiling Vapor pressure Volatility Example 
point (°C) (mm Hg) (BuAc = 1) application

Water 100 18 0.3 Buffer solutions, cell assays
Acetonitrile 82 73 5.8 DNA synthesis, 

MALDI matrix solvent
Ethanol 78 40 1.4 Solvating agent
Methanol 65 97 5.9 Seed crystallization
Acetone 57 184 5.6 Solvating agent
Methylene chloride 40 350 27.5 Synthesis solvent



is just over 2:1, with a 46-µm droplet diam-
eter and a 100-µm capillary opening.

The Picoliter acoustic dispensing system
has been tested for various materials and
transfer volumes. Typically, the drop-to-
drop repeatability from the same sample
fluid reservoir has a coefficient of variation
(CV) below 2%, and this can be attributed
to the lack of solid–liquid surface interac-
tions in the acoustic transfer process. When
moving from well to well in a microplate
filled with binary mixtures of water and
DMSO, however, the CV will be higher
because of changes in both the microplate
bottom and the well fluid composition.
Determination of the bottom properties and
the DMSO hydration by processing the
acoustic reflection provides an upper bound
on the dispensing precision of 8% CV.
Improvements in assessment method and/or
the application of external knowledge of
DMSO composition will reduce CVs to 4%.

Sounds Good 
Analytical chemistry presents a more chal-
lenging set of materials for small-volume
liquid handling and often cannot easily
adopt the high-throughput infrastructure
developed for automation in the life
sciences. Conventional liquid-handling
methods such as pins, capillaries, and
dispensers with nozzles rely on reproducible
behavior at the interface of the liquid
sample to be transferred and the solid of

the transfer device. The chaotic nature of
surface wetting becomes more apparent
with the reduction in transfer volume, and
reliability suffers when either more aggres-
sive solvents or precipitation of solute alters
the physical characteristics of the surfaces
of the transfer device.

Acoustic transfer improves the effec-
tiveness of many existing applications
by eliminating contamination and wash
steps. The acoustic method provides excel-
lent CV for nanoliter and picoliter trans-
fers and improves precision and repro-
ducibility with better knowledge of the
fluid to be transferred.
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An Acoustical History

The origin of liquid transfer with acoustic
energy dates back to early experiments
with high-intensity acoustic beams at the
Tuxedo Park laboratory of Alfred Lee
Loomis in 1927 (2), where it was observed
that immersing a high-power acoustic
generator in an oil bath would create a
mound at the surface “erupting oil
droplets like a miniature volcano.”
Improvements in the 1950s and early
1960s localized the energy with “expo-
nential” acoustic horns or focused it with
acoustic lenses, but still maintained the
high intensity of earlier devices. These
devices create drops with continuous
application of acoustic energy to form
geysers of small droplets or patterns of
disturbances on the liquid surface, where
some of the swells grow large enough to
pinch off and become drops.

In the early 1970s, researchers intro-

duced a lower-intensity process that both
focused and pulsed the acoustic energy
to create a single “drop on demand”
(3). Here, one acoustic lens was used in
direct contact with ink to create a droplet
when an ink pixel was desired on a print-
ed page. Since the late 1970s, the tech-
nology has been extended to multiple
lenses and multiple inks for printing
(4). The crossover of advances in focused
acoustic, drop-on-demand technology
back to biological materials arose as life
science research became increasingly auto-
mated during the 1990s to support the
need for precise and reliable robotic liquid
dispensing. Adapting acoustic drop
ejection technology for microplates began
in earnest in the 2000s (5). The initial
commercial instruments based on acoustic
transfer in the life sciences by Picoliter,
Inc., will be for direct microplate-to-
microplate transfer from conventional
flat-bottom microplate wells (6).


