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TITLE OF THE INVENTION:
SAMPLE PREPARATION FOR PARALLEL CHROMATOGRAPHY

STATEMENT OF RELATED APPLICATIONS

[0001] This application claims benefit of commonly assigned U.S. Provisional
Patent Application Serial No. 60/469,476, filed May 8, 2003.

FIELD OF THE INVENTION
[0002] The present invention relates to the design, fabrication and operation of

systems and devices for parallel ffuid processing performed in microfluidic scale.

BACKGROUND OF THE INVENTION
[0003] Recent developments in the pharmaceutical industry and in combinatorial
chemistry have exponentially increased the number of potentially useful compounds,
each of which must be characterized in order to identify their active components and/or
establish processes for their synthesis. To more quickly analyze these compounds,
researchers have sought to automate analytical processes and to implement analytical
processes in parallel. Commonly employed analytical processes include chemical or
biochemical separations such as chromatographic, electrophoretic,
electrochromatographic, immunoaffinity, gel filtration, and density gradient separations.
[0004] One particularly useful analytical process is chromatography, which
encompasses a humber of methods that are used for separating ions or molecules that
are dissolved in or otherwise mixed into a solvent. Liquid chromatography (“LC”) is a
physical method of separation wherein a liquid “mobile phase” (typically consisting of one
or more solvents) carries a sample containing multiple constituents or species through a
separation medium or “stationary phase.” Stationary phase material typically includes a
liquid-permeable medium such as packed granules (particulate material) or a
microporous matrix (e.g., porous monolith) disposed within a tube or similar boundary.
The resulting structure including the packed material or matrix contained within the tube is
commonly referred to as a “separation column.” In the interest of obtaining greater
separation efficiency, so-called “high performance liquid chromatography” (‘HPLC”)
methods utilizing high operating pressures are commonly used.
[0005] In the operation of a separation column, sample constituents borne by
mobile phase migrate according to interactions with the stationary phase, and the flow of
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these sample constituents are retarded to varying degrees. Individual constituents may
reside for some time in the stationary phase (where their velocity is essentially zero) until
conditions (e.g., a change in solvent concentration) permit a constituent to emerge from
the column with the mobile phase. The time a particular constituent spends in the
stationary phase relative to the fraction of time it spends in the mobile phase will
determine its velocity through the column.

[0006] Early parallel LC systems that coupled multiple conventional tubular
columns to common fluid supply and/or control systems provided only marginal benefits
in terms of scalability and reduced cost per separation. Recent advances in microfluidic
technology have allowed fabrication of microfiuidic multi-column HPLC devices that
permit simultaneous (parallel) separation of multiple samples while consuming very small
quantities of valuable samples and solvents and generating much smaller volumes of
liguid waste. Examples of such devices are disclosed in commonly assigned U.S. Patent
Application Serial No. 10/366,985 filed February 13, 2003 (now publicly available as U.S.
Patent Application Publication no. 2003/0150806). These microfluidic devices require far
fewer parts per column than conventional HPLC columns, and may be rapidly connected
to an associated HPLC system without the use of threaded fittings, such as by using flat
compression-type interfaces either with or without associated gaskets. A further benefit
of microfluidic parallel HPLC devices is that their relatively low cost and ease of
connection permits them to be disposed of after a single or only a small number of uses,
thus eliminating or dramatically reducing the potential for sample carryover from one
separation run to the next.

[0007] Many desirable analyses utilizing HPLC require some preparation of the
sample prior to the analysis. Examples of common sample preparation processes
include, without limitation, metering, pH adjustment, dilution, addition of standards,
solvent extraction, addition of reagents, reconstitution, size exclusion filtration, chemical
affinity filtration (including solid phase extraction), centrifugal separation, molecular weight
cut-off membrane filtration, dialysis, liquid-phase extraction, protein precipitation, etc.
Sample preparation may also include fluid processes such as qualitative or quantitative
tests including various types of assays.

[0008] These sample preparation steps often may be time consuming, labor
intensive, and create the opportunity for error to be introduced (e.g., by incorrect
measurement of quantities or concentrations). It is relatively simple to prepare samples
for analysis in single-column HPLC systems using conventional laboratory techniques
and equipment. Extending such preparations to multi-column (e.g., parallel) HPLC
systems, however, is significantly more challenging due to the sheer volume of samples
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that must be prepared simultaneously to take advantage of high throughput capacity of
microfluidic parallel HPLC devices. For example, if multi-column HPLC system can
process twenty-four samples in a single run, twenty-four samples must be prepared prior
to initiating the run. If samples are processed serially, the cycle time associated with the
sample preparation process could eliminate the time savings provided by the parallel
analysis. In addition, a first set of prepared samples could degrade, evaporate, or
otherwise be damaged while awaiting preparation of the remaining samples for a
particular run.

[0009] Moreover, traditional sample preparation processes and devices are
designed for conventional scale (i.e., non-microfluidic) laboratory devices. Thus, while
microfluidic parallel HPLC devices or other synthesis and/or analytical systems may
require only very small sample volumes, conventional sample preparation processes and
devices typically create large volumes of sample, much of which would be discarded as
waste if such prepared samples were supplied to microfluidic systems. Because samples
may often include scarce and costly chemicals, such waste would be undesirable.
Additionally, samples often contain hazardous or toxic materials with their attendant
safety and disposal concerns. In addition, traditional sample preparation devices may be
complex and expensive to manufacture. As a consequence, economical operation may
require devices to be cleaned and re-used, further increasing the procedures required to
cycle the instruments and related equipment.

[0010] Thus, it would be desirable to provide microfluidic devices for preparing
samples for analysis in microfluidic parallel HPLC devices. It would also be desirable to
provide microfluidic devices for preparing substantially all samples to be used in a
particular analysis operation simultaneously to minimize sample degradation or other
detrimental effects of prolonged delays prior to the (e.g., serial) analysis of individual
samples. If would further be desirable to provide microfluidic devices capable of
performing sample preparation processes while minimizing the consumption of samples
and reagents. It would aiso be desirable to provide microfluidic devices for preparing
multiple sample sets simultaneously to minimize cycle times between analysis runs. It
would further be desirable to provide a system capable of preparing a set of samples
while another set of (previously prepared) samples is being analyzed to minimize delays
between analytical runs. It would also be desirable to provide microfluidic sample

preparation devices that are easily fabricated and disposable.

BRIEF DESCRIPTION OF THE DRAWINGS
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[0011] FIG. 1A is a top view of a microfluidic device according to the present
invention.

[0012] FIG. 1B is a top view block diagram of a portion of the microfluidic device
of FIG. 1A.

[0013] FIG. 1C is a partial cross-sectional view of a portion of the microfluidic
device of FIG. 1B.

[0014] FIG. 2 is a top view block diagram of a portion of an alternate embodiment

of the microfluidic device according to the present invention.

[0015] FIG. 3 is a top view block diagram of a portion of an alternate embodiment
according to the present invention.

[0016] FIG. 4A is a block diagram of a portion of an alternate embodiment of a
microfluidic device according to the present invention, shown in a first operational state.
[0017] FIG. 4B is a block diagram of a portion of the microfluidic device of FIG.
4A, shown in a second operational state.

[0018] FIG. 4C is a block diagram of a portion of the microfluidic device of FIG.
4A, shown in a third operational state.

[0019] FIG. 5A is a block diagram of a portion of an alternate embodiment of the

microfluidic device according to the present invention, shown in a first operational state.

[0020] FIG. 5B is a block diagram of a portion of the microfluidic device of FIG.
5A, shown in a second operational state.
[0021] FIG. 5C is a block diagram of a portion of the microfluidic device of FIG.

5A, shown in a third operational state.
[0022] FIG. 6 is a top view of a microfluidic device according to another
embodiment of the invention.

[0023] FIG. 7A is a block diagram of a portion of the microfluidic device of FIG. 6.
[0024] FIG. 7B is a block diagram of the microfluidic device of FIG. 7A, shown in
a second operational state.

[0025] FIG. 7C is a block diagram of the microfluidic device of FIG. 7A, shown in
a third operational state.

[0026] FIG. 7D is a block diagram of the microfluidic device of FIG. 7A, shown in

a fourth operational state.

[0027] FIG. 8A is a block diagram of a portion of an alternate embodiment of the
microfluidic device according to the invention.

[0028] FIG. 8B is a side cross-section view of a portion of the device of FIG. 8A.
[0029] FIG. 9A is a block diagram of a portion of an alternate embodiment of the

microfluidic device according to the invention, shown in a first operational state.
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[0030] FIG. 9B is a block diagram of the microfluidic device of FIG. 9A, shown in
a second operational state.
[0031] FIG. 9C is a block diagram of the microfluidic device of FIG. 9A, shown in

a third operational state.

[0032] FIG. 10A is a top view of microfluidic sample preparation device according
to the present invention.

[0033] FIG. 10B is an exploded perspective view of the microfluidic sample
preparation device of FIG. 10A.

[0034] FIG. 10C is a partial cross-sectional view of the microfluidic sample
preparation device of FIG. 10A taken across line “A™-“A.”

[0035] FIG. 11 is a partial cross-sectional view of the sample injection region of a ‘
multi-layer, multi-column HPLC device.

[0036] FIG. 12 is a partial cross-sectional view of and interface for mating the
sample preparation device of FIGS. 10A-10C and the multi-layer, multi-column HPLC
device of FIG. 11.

[0037] FIG. 13 is a top view of another embodiment of a microfluidic sample
preparation device according to the present invention.

[0038] FIG. 14 is a partial cross-sectional view of and interface for mating the
sample preparation device of FIG. 13 and the multi-layer, multi-column HPLC device of
FIG. 11.

[0039] FIG. 15 is a schematic showing interconnections of various components of
a first high throughput analytical system according to the present invention.

[0040] FIG. 16 is a schematic showing interconnections of various components of
the sample preparation portion of second high throughput analytical system according to
the present invention.

[0041] FIG. 17 is a schematic illustration of reagents and products of a parallel
sandwich-type (affinity) assay.

[0042] FIG. 18 is a flowchart showing various steps of a parallel fluid processing

method including sample preparation and chromatographic separation steps.

DETAILED DESCRIPTION OF PREFERRED EMBODIMENTS OF THE INVENTION
Definitions
[0043] The term “analysis” refers to the separation, extraction, purification, and/or
identification of one or fnore ingredients of a substance.
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[0044] The terms “channel” or “chamber” as used herein are to be interpreted in a
broad sense. Thus, they are not intended to be restricted to elongated configurations
where the transverse or longitudinal dimension greatly exceeds the diameter or cross-
sectional dimension. Rather, such terms are meant to comprise cavities or tunnels of any
desired shape or configuration through which liquids may be directed. Such a fluid cavity
may, for example, comprise a flow-through cell where fluid is to be continually passed or,
alternatively, a chamber for holding a specified, discrete ratio of fluid for a specified ratio
of time. “Channels” and “chambers” may be filled or may contain internal structures
comprising, for example, valves, filters, and similar or equivalent components and
materials.

[0045] The terms "chromatography column" and "column" are used
interchangeably herein and refer to a device or portion thereof comprising stationary
phase material that is capable of separating at least a portion of an analyte in a fluid.
[0046] The terms “stencil” or “stencil layer” as used herein refers to a preferably
substantially planar material layer or sheet through which one or more variously shaped
and oriented portions have been cut or removed through the entire thickness of the layer,
and which removed portions permit substantial fluid movement within the layer (as
opposed to simple through-holes or vias for transmitting fluid from one layer to another
layer). The outlines of cut or removed portions form the lateral boundaries of
microstructures that are formed when a stencil is sandwiched between other layers such
as substrates or other stencils.

[0047] The term “parallel” as used herein refers to the ability to concomitantly or
substantially concurrently process two or more separate fluid volumes, and does not

. necessarily refer to a specific channel or chamber structure or layout.

Microfiuidic devices generally

[0048] In an especially preferred embodiment, microfluidic devices according to
the present invention are constructed using stencil layers or sheets to define channels
and/or chambers. As noted previously, a stencil layer is preferably substantially planar
and has a channel or chamber cut through the entire thickness of the layer to permit
substantial fluid movement within that layer. Various means may be used to define such
channels or chambers in stencil layers. For example, a computer-controlled plotter
modified to accept a cutting blade may be used to cut various patterns through a material
layer. Such a blade may be used either to cut sections to be detached and removed from
the stencil layer, or to fashion slits that separate regions in the stencil layer without
removing any material. Alternatively, a computer-controlled laser cutter may be used to

6
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cut portions through a material layer. While laser cutting may be used to yield precisely
dimensioned microstructures, the use of a laser to cut a stencil layer inherently involves
the removal of some material. Further examples of methods that may be employed to
form stencil layers include conventional stamping or die-cuiting technologies, including
rotary cutters and other high throughput auto-aligning equipment (sometimes referred to
as converters). ‘The above-mentioned methods for cutting through a stencil layer or
sheet permits robust devices to be fabricated quickly and inexpensively compared to
conventional surface micromachining or material deposition techniques that are '
conventionally employed to produce microfluidic devices.

[0049] After a portion of a stencil layer is cut or removed, the outlines of the cut or
otherwise removed portions form the lateral boundaries of microstructures that are
completed upon sandwiching a stencil between substrates and/or other stencils. The
thickness or height of the microstructures such as channels or chambers can be varied by
altering the thickness of the stencil layer, or by using multiple substantially identical
stencil layers stacked on top of one ahother. When assembled in a microfluidic device,
the top and bottom surfaces of stencil layers are intended to mate with one or more
adjacent layers (such as stencil layers or substrate layers) to form a substantially
enclosed device, typically having at least one inlet port and at least one outlet port.
[0050] A wide variety of materials may be used to fabricate microfluidic devices
having sandwiched stencil layers, including polymeric, metallic, and/or composite
materials, to name a few. Various preferred embodiments utilize porous materials
including filtration media. Substrates and stencils may be substantially rigid or flexible.
Selection of particular materials for a desired application depends on numerous factors
including: the types, concentrations, and residence times of substances (e.g., solvents,
reactants, and products) present in regions of a device; temperature; pressure; pH;
presence or absence of gases; and optical properties. For instance, particularly desirable
polymers include polyolefins, more specifically polypropylenes, and vinyl-based polymers.
[0051] Various means may be used to seal or bond layers of a device together.
For example, adhesives may be used. In one embodiment, one or more layers of a
device may be fabricated from single- or double-sided adhesive tape, although other
methods of adhering stencil layers may be used. Portions of the tape (of the desired
shape and dimensions) can be cut and removed to form channels, chambers, and/or
apertures. A tape stencil can then be placed on a supporting substrate with an
appropriate cover layer, between layers of tape, or between layers of other materials. In
one embodiment, stencil layers can be stacked on each other. In this embodiment, the

thickness or height of the channels within a particular stencil layer can be varied by
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varying the thickness of the stencil layer (e.g., the tape carrier and the adhesive material
thereon) or by using multiple substantially identical stencil layers stacked on top of one
another. Various types of tape may be used with such an embodiment. Suitable tape
carrier materials include but are not limited to polyesters, polycarbonates,
polytetrafluoroethlyenes, polypropylenes, and polyimides. Such tapes may have various
methods of curing, including curing by pressure, temperature, or chemical or optical
interaction. The thickness of these carrier materials and adhesives may be varied.
[0052] Device layers may be directly bonded without using adhesives to provide
high bond strength (which is especially desirable for high-pressure applications) and
eliminate potential compatibility problems between such adhesives and solvents and/or
samples. for example, in one embodiment, multiple layers of 7.5-mil (188 micron)
thickness “Clear Tear Seal” polypropylene (American Profol, Cedar Rapids, IA) including
at least one stencil layer may be stacked together, placed between glass platens and
compressed to apply a pressure of 0.26 psi (1.79 kPa) to the layered stack, and then
heated in an industrial oven for a period of approximately five hours at a temperature of
154°C to yield a permanently bonded microstructure well-suited for use with high-
pressure column packing methods. In another embodiment, multiple layers of 7.5-mil
(188 micron) thickness “Clear Tear Seal” polypropylene (American Profol, Cedar Rapids,
IA) including at least one stencil layer may be stacked together. Several microfluidic
device assemblies may be stacked together, with a thin foil disposed between each
device. The stack may then be placed between insulating platens, heated at 152°C for
about 5 hours, cooled with a forced flow of ambient air for at least about 30 minutes,
heated again at 146°C for about 15 hours, and then cooled in a manner identical to the
first cooling step. During each heating step, a pressure of about 0.37 psi (2.55 kPa) is
applied to the microfluidic devices.

[0053] Notably, stencil-based fabrication methods enable very rapid fabrication of
devices, both for prototyping and for high-volume production. Rapid prototyping is
invaluable for trying and optimizing new device designs, since designs may be quickly
implemented, tested, and (if necessary) modified and further tested to achieve a desired
result. The ability to prototype devices quickly with stencil fabrication methods also
permits many different variants of a particular design to be tested and evaluated
concurrently.

[0054] Further embodiments may be fabricated from various materials using well-
known techniques such as embossing, stamping, molding, and soft lithography.

[0055] In addition to the use of adhesives and the adhesiveless bonding method

discussed above, other technigues may be used to attach one or more of the various
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layers of microfluidic devices useful with the present invention, as would be recognized by -
one of ordinary skill in attaching materials. For example, attachment techniques including
thermal, chemical, or light-activated bonding steps; mechanical attachment (such as

using clamps or screws to apply pressure to the layers); and/or other equivalent coupling
methods may be used.

Preferred embodiments

[0056] Systems and devices as described herein may be used for preparing
samples for chromatographic separations and then chromatographically separating the
prepared samples, preferably in a high-throughput fashion utilizing multiple parallel first
(fluid) processing regions in fluid communication with multiple parallel second (fluid)
processing regions wherein the each second processing region includes a
chromatography column. Additionally, one or more common fluid supplies may be
utilized in each of the sample preparation and separation steps to minimize the number of
requisite fluid connections and external components such as pumps, reservoirs, pulse
dampers, flow controllers, and the like.

[0057] Sample preparation may include any of various fluid processing steps
suitably performed prior to liquid chromatographic separation. Common sample
preparation steps includes various forms of filtration (e.g., size exclusion, ion exchange,
etc.), separation using media containing specific- and non-specific binding receptors,
incubation, and similar commonly performed preparatory processes. Additionally, sample
preparation as described herein is intended to include the performance of various
qualitative or quantitative tests such as assays suitably performed in advance of liquid
chromatographic separation.

[0058] Types of porous elements that may be used for sample preparation
include, but are not limited to, regions packed with particulate material (e.g., conventional
chromatographic separation material), porous monoliths, and porous membranes.
Examples of various types of porous membranes that may be used in sample preparation
devices include: regenerated cellulose, nylon, polytetrafluoroethylene (PTFE),
polyvinylidene fluoride (PVDF), polypropylene, glass microfiber, cellulose acetate, and
polyethersulfone. Molecules or other moeties for performing specific- or non-specific
binding may be added to porous elements where desired to isolate particular types of
materials from a given sample.

[0059] In certain embodiments, a sample preparation device generally functions
to separate a sample into retentate, which is retained by the separation media, and
filirate, which passes through the filtration media. Analytes of interest may be contained

9
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in either the retentate or filtrate, depending on the particular application. Thus, if the
filtrate contains the analytes of interest, then the filirate may be subjected to
chromatographic analysis while the retentate is discarded; or, if the retentate contains the
analytes of interest, then the filtrate may be discarded while the analytes retained by the
retentate may be re-suspended or flushed from the filtrate with the aid of an added
solvent or other appropriate means.

[0060] Various types of transport means may be utilized with a sample
preparation device to motivate the passage of samples through sample preparation
elements. In one embodiment, one or more pressurized fluid(s) may be supplied to
samples by one or more pump(s) or other pressurized fluid source(s) to carry or “push”
samples through preparative media. One potential advantage of using pressurized fluids
is that high pressure differentials (e.g., equivalent to many atmospheres) may be
generated. In another embodiment, one or more vacuum source(s) may be used to draw
samples through preparative media. While the pressure differential of a vacuum system
is limited to within one atmosphere, a potential advantage of using vacuum is that dilution
of the samples may be minimized. In another embodiment, samples may be transported
through preparative media electrokinetically with the application of a voltage differential.
[0061] In one embodiment, a microfluidic sample preparation device fabricated
with a plurality of device layers, including at least one stencil layer, defines multiple
microfluidic sample preparation elements. Each sample preparation element preferably
includes a porous element of a similar type. The sample preparation elements may be
adapted to perform one or more steps, which may occur continuously, selectively,
periodically, or require incubation. In a particularly preferred embodiment, a sample
preparation device includes multiple sets of parallel sample preparation elements, with
each set of sample preparation elements adapted to process multiple samples in parallel.
The design and fabrication of multi-layer microfluidic devices is described in commonly
assigned U.S. Patent Application Serial No. 10/366,985, filed February 13, 2003 (now
publicly available as U.S. Patent Application Publication no. 2003/0150806) and U.S.
Patent Application Serial No. 10/696,354, filed October 28, 2003. Microfluidic sample
preparation devices according to the present invention may be integrated with multiple
HPLC separation columns, also defined in the plurality of device layers, as illustrated in
FIGS. 1A-9C. Alternatively, microfluidic sample preparation devices according to the
present invention may be adapted to interface with multiple HPLC separation columns, as
ilustrated in FIGS. 10A-16.

[0062] In one embodiment, a microfluidic device for performing liquid

chromatography includes porous membranes, frits, secondary packed columns, or other
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structures (collectively referred to as “filters”) adapted to purify multiple samples prior to
their injection into multiple parallel HPLC columns. The filters may provide one or more
functions, including filtering of large particles that might clog the column, desalting of the
column, specific binding of certain materials based on chemical or biological affinity, and
other desirable functions. Each HPLC column preferably has at least one associated
filter. In one embodiment, each HPLC column preferably has at least two associated
filters.

[0063] FIG. 1A shows a multi-layer, stencil-based liquid chromatography device
10 having multiple liquid chromatography columns 12A-12X. (Although FIG. 1A shows
the device 10 having twenty-four columns 12A-12X, it will be readily apparent to one of
ordinary skill in the art that any number of columns 12A-12X may be provided. For this
reason, the designation “X” is used to represent the last column 12X, with the
understanding that “X” represents a variable and could represent any desired number of
columns. This convention is used throughout this document.) As described in the above-
referenced patent applications, the columns 12A-12X are packed with a stationary phase
material through a packing manifold 50. The stationary phase is retained within the
device 10 by a plurality of frits 51-53. The packing manifold 50 may be sealed by closing
the packing inlet 55 by any suitable means, such as cauterization, application of an
adhesive tape, or injection of an epoxy or other suitable sealant. Alternatively, a
secondary stream of mobile phase may be injected into the device 10 through the
packing manifold 50 during operation of the device 10 to maintain the packing integrity of
the stationary phase material within the device 10. A mobile phase manifold 60 also is
provided. Each column 12A-12X includes a sample injection port 14A-14X. A porous
membrane 16 is disposed between the injection ports 14A-14X and the columns 12A-
12X.

[0064] FIG. 1B is a representation of the sample injection portion a single column
12A shown in block diagram form for simplicity. In operation, a sample 17A is injected
into the sample injection port 14A. The membrane 16 acts to prevent contaminant
particles 18A above a certain size (i.e., larger than the average pore size of the filter 16)
from entering the columns 12A-12X. Thus, large particles 18A (such as debris, proteins,
cells, or undesirable contaminants) are prevented from contaminating the column 12A or
adversely affecting the chromatographic separation. Particles 20, which are smaller than
the average pore size of the filter membrane 16, pass into the column 12A to be
separated. In this manner, the membrane 16 acts as a size exclusion filter. As shown in
FIG. 1C, the porous membrane 16 is positioned between the stencil layers 50, 51, which,
together with the device layers 60, 61, define the column 12A and the injection channel
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13A. The incorporation of membranes in multi-layer microfluidic structures is described in
commonly assigned U.S. Patent Application Serial Number 10/256,505, filed September
27, 2002 (now publicly available as U.S. Patent Application Publication No.
2003/0150792).

[0065] Although FIG. 1A illustrates the columns 12A-12X and injection ports 14A-
14X as being stacked, or super-imposed, it will be readily understood by one of ordinary
skill in the art that many geometric arrangements of columns, separation ports, and
membranes may be selected as desired and appropriate for different applications.
Additionally, the porosity of the membrane 16 may be selected to provide any desired
filter resolution. Further, the membrane 16 may -provide certain desirable characteristics
for filtering by means other than size exclusion, such as chemical affinity, specific binding,
ion exchange, and other useful interactions.

[0066] For example, in an alternate embodiment illustrated in FIG. 2, multiple
sample inlet ports 14A, 15A may be associated with a single column 12A. Thus, the
column 12A may be used to perform separations of multiple samples 17A, 17B. A first
filtration and separation is performed using the first inlet port 14A, as described above.
Once the first filtration and separation is complete, a second sample 17B is injected into
the second sample port 15A. Contaminants 18B are filtered by the porous membrane
16A and the filtered sample 21 is injected onto the column 12A to undergo separatidn.
Because multiple sample inlet poris 14A, 15A are provided, contaminants 18A filtered
from a first sample 17A will not interact with a second sample 17B, thus minimizing the
risk of erroneous results arising from chemical interactions, carryover, or contamination
between various samples.

[0067] In another example, illustrated in FIG. 3, a contaminant wash injection
channel 22A is provided to allow the membrane 16 to be washed and re-used. In this
embodiment, a sample 17A is injected through the port 14A, through the membrane 16
and onto the column 12A. Contaminants 18 are retained by the membrane 16 while the
filtered sample 20 travels to the separation column 12A. The contaminant wash injection
channel 22A is located on the column 12A side of the membrane 16 and may be isolated
with a valve or other closure mechanism (not shown). An exit channel 24, also valved or
otherwise controlled, is provided on the sample injection port 14A side of the membrane
16. Once the separation is complete, a solvent stream 26 is pushed from the inlet
channel 22A, through the membrane 16, and out the exit channel 24. The contaminants
18 that were filtered by the membrane 16 are washed off and out the exit channel 24,
thus enabling the membrane 16, and hence, the injection port 14A and the column 12A,

o be re-used.
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[0068] In another embodiment, shown in FIGS. 4A-4D, a structure, similar to that
shown in FIGS. 1A-1C, is provided having a chromatography column 112A, a porous
membrane 116, and a sample injection port 114A. In addition, a secondary mobile phase
channel 115 is provided. The porous membrane 116 is adapted to perform a chemical or
biochemical extraction. For instance, the membrane 116 may be an ion binding
membrane where molecules with a certain charge bind to the material. Alternatively, the
membrane 116 may be an affinity membrane adapted to attract specific molecules based
on any number of propetties. In another embodiment, the membrane 116 may contain
specific receptors attached (for example anti-bodies) adapted to bind to biological or
chemical moieties. For example, the membrane 116 may be used to enhance the
resolving power of the chromatography column 112A. A sample 120 containing a
complex mixture of proteins (122, 124) is injected into port 114A at a pH of about seven.
The membrane 116 is fabricated with a material that is positively charged at the selected
pH. As a consequence, any negatively charged proteins 122 in the sample 120 are
retained by the membrane 116 (and thus prevented from entering the column 112A), as
shown in FIG. 4A. A reverse-phase or any other desirable separation may then be
performed on only the positively charged proteins 124 contained in the sample 120, such
as shown in FIG. 4B. After completion of the separation, a high pH solution may be
provided through the channel 115 and passed across the membrane 116, thereby
releasing the negatively charged proteins 122, which then pass into the column 112A
whereupon another separation may be performed as shown in FIG. 4C.

[0069] Referring to FIGS. 5A-5C, another embodiment, similar to the embodiment
discussed above with respect to FIGS. 4A-4C includes a separate waste port 130. A first
separation on positively charged molecules 124 is performed as described above.
However, the negatively charged molecules 122 are not injected into the column 112A,
but instead are washed out through the waste port 130 once the separation of the
positively charged molecules 124 is complete. In this manner, the system is flushed and
prepared for new sample 120 and minimizing the risk of sample-to-sample contamination.
[0070] Such embodiments may be used to perform the bind-and-elute step
typically used in DNA/RNA purification. A sample is passed through a porous membrane
material that binds the molecules to be studied. The remaining solution is sent to waste.
A different elution fluid which liberated the bound molecules from the porous membrane
may be used to extract the sample from the membrane and carry it into the HPLC column
where it is separated.

[0071] In another embodiment, shown in FIGS. 6, 7A-8E, and 8A-8B, packed

columns may be placed in series to provide the desired preparation of a sample prior to
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separation. Referring to FIG. 6, a microfluidic device 300 includes multiple
chromatography columns 302A-302N and sample injection ports 304A-304X. A column
packing manifold 306 is also provided. Each of the columns 302A-302X is filled with the
desired stationary phase material through the manifold 306. Notably, the manifold 306 is
in fluid communication with the columns 302A-302X by way of the packing ports 308A-
308X, which are disposed between either end of the columns 302A-302X. In this
manner, different stationary phase materials may be serially packed in the columns 302A-
302X to provide a pre-column or guard column portion, which acts to prepare a sample
before it enters the remainder of the column.

[0072] The point of intersection (i.e., the packing port 308A) between the packing
manifold 306 and the column 302A is positioned at an intermediate point between a first
end 301A and a second end 301B of the column 302A, as shown in FIG. 7A. As shown
in FIG. 7B, the column 302A may then be packed with a first stationary phase material
320. As shown in FIG. 7C, a portion of the stationary phase material may then be
evacuated from the column 302A through an evacuation port 318A. Alternatively, a fluid
flow may be provided through the evacuation port 318A during the packing of the first
stationary phase material 320 to direct all such material into the upper portion of the
column 320A. As shown in FIG. 7D, a second stationary phase material 322 may then be
introduced in a similar manner, filling the remaining portion of the column 320A. As a
result, the column 320A includes two separate stationary phase regions in series — a “pre-
column” 321 and the column 323.

[0073] It will be apparent to one of ordinary skill in the art that the pre-column may
be used to prepare the samples being separated in any desirable manner, including, but
not limited to the techniques described above. Any suitable combination of stationary
phase materials may be used to achieve the desired results. As illustrated in FIG. 6, the
packing ports 308A-308X are located very near the termini of the columns 302A-302X;
however, it will be apparent to one of ordinary skill in the art that the packing ports 308A-
308X may be located at any desirable point along the columns 302A-302X so that the
pre-column and column portions may have any desired or appropriate length within the
overall column 302A-302X.

[0074] In another embodiment, shown in FIGS. 8A-8B (which show a single
channel of a multi-channel device 400, for clarity), a pre-column 403A and column 402A
are provided. The pre-column 403A may be packed with a first stationary phase material
422 through a packing channel 407 at a packing port 409. The column 402A may be
packed with a second stationary phase material 420 through a packing channel 406 at a
packing port 408. The pre-column 403A is in fluid communication with the column 402A
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at an intersection 416 and across a porous membrane or “frit” 418. The frit 418 prevents
the stationary phase material in the column 402A from traveling into the pre-column 403A
and vice-versa. It will be apparent to one of ordinary skill in the art that the pre-column
403A may be used to prepare the samples being separated in any desirable manner,
including, but not limited to the techniques described above. Any suitable combination of
stationary phase materials may be used to achieve the desired results.

[0075] In another embodiment, a sample is prepared by adding a quantified
amount of a solution or solvent to the sample prior fo injection into an operative region of
a device. One or more samples may be prepared simultaneously or in series. The
solution or solvent may be added to dilute the concentration of a sample prior to injection.
Alternatively, the solution may be added to the sample to perform a chemical or
biochemical reaction. In another embodiment, the solution may be used to alter the pH of
the sample.

[0076] As shown in FIGS. 9A-9C, a microfluidic device 200 includes multiple
separation columns 210A-210X adapted for performing parallel separations, each column
210A-210X having an independent sample injection port 212A-212X. Also provided is a
trunk channel 214 having a plurality of branch channels 216A-216X in fluid
communication with the injection ports 212A-212X and the columns 210A-210X. A
solution 220 to be combined is injected at a first port 222A, filling the trunk channel 214
and branch channels 216A-216X. Sufficient solution 220 is provided to fill the branch
channels 216A-216X completely. Excess solution 220 may be prevented from exiting the
device 200 through the injection ports 212A-212X through any desirable means including,
but not limited to, capillary breaks, valves (on-board or off-board), porous membrane,
compressed gaskets, or other suitable mechanism. An evacuation port 222B is then
opened and the solution 220 contained in the trunk channel 214 is evacuated while a
portion thereof remains in the branch channeis 216A-216X to form fluid plugs 220A-220X.
Because the volume of each branch channel 216A-216X is known, each plug 220A-220X
has a predetermined volume. Samples 230A-230X may then be introduced into the
sample injection ports 212A-212X. The injection ports 212A-212X and evacuation port
222A may then be sealed and the pressure within the trunk channel 214 increased so
that the solution 220 mixes with the samples 230A-230X. Once the solution 220 mixes
with the samples 230A-230X, the trunk channel 214 may be pressurized (with any
suitable fluid, such as a gas or a mobile phase material) to force the mixture into the
HPLC columns 210A-210X for separétion.

[0077] Microfluidic devices and systems according to the present invention also
may be used to perform other useful sample preparations. For example, sample
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preparation may include a stability reaction in which compounds of interest are incubated
in a variety of incubation solutions. HPLC separation and detection is then performed on
each incubated solution to determine if the incubation solution changed the molecules of
interest.

[0078] Incubation may be performed using any of the previously described
embodiments. For example, the sample injection ports of the embodiments shown in
FIGS. 1A-1C, 2, 3, and 4A-4C may be proportioned to accommodate a sample and an
incubation solution. The two fluids are mixed and incubated for a desired period of time.
Thereafter, a HPLC separation is performed on the incubated solution. In such
embodiments, any combination of samples and incubation solutions may be provided in
any number of separation columns. If a device such as that shown in FIGS. 9A-9C is
used, multiple samples may be injected into separate sample injection inlets while a
single incubation solution is delivered through the trunk/branch channel network. In this
manner, multiple samples may be subjected to the same incubation solution
simultaneously. Alternatively, multiple incubation solutions may be injected into the
sample injection ports and a single sample compound delivered through the trunk/branch
channel network, thereby subjecting a single sample to any number of desirable
incubation experiments.

[0079] Certain embodiments may be used to perform analyte tagging. It is often
desirable to chemically tag a sample prior to introducing it into a HPLC column. As will be
readily apparent to one of ordinary skill in the art, such tags may provide a variety of
functions, such as a detection label for fluorescence or mass spectrometry analysis.
Alternatively, the tag can serve to more effectively resolve the molecules during
separation. For example, a solvent added to the sample may contain a chemically or
biologically active tag that will either permanently or semi-permanently interact with some
or all of the molecules in the sample. The solvent and sample are mixed and allowed to
interact for a period of time. The sample rﬁay be heated or otherwise subjected to
stimulus to enhance the desired interaction. The sample may then be passed through a
filter to remove any unbound tagging material. Alternatively, the entire sample is simply
injected onto the HPLC column where the unbound tag elutes at a different time.

[0080] Certain embodiments also may be used to perform enzymatic assays.
Currently, enzymatic assays are often performed in a “homogenous” format when done in
high throughput. In this format, assay development is conducted to learn how to “tag” the
enzyme so that the tag is optically active and will change its properties a molecule is
added to the solution that interacts with the enzyme. Then, the assays can be performed
in well-plates at very high throughput using robots to dispense the tagged enzymes and
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molecules of interest. These plates are then read using optical readers. A significant
limitation of this approach is that the assay development step is very slow and labor
intensive. A way to perform the assays at high throughput without needed to tag the
enzymes would be much more preferable.

[0081] Thus, in certain embodiments, enzymes and target molecules may be
combined as described above, and allowed to incubate. The amount of the target
molecule may be serially diluted prior to incubation with the enzyme to perform an IC 50
curve. Serial dilution may be performed using conventional techniques. Alternatively, a
microfluidic serial dilution device, such as that disclosed in commonly assigned U.S.
patent application serial no. 10/372,032 (now publicly available as U.S. Patent Application
Publication No. 20030198576), may be incorporated in or otherwise in fluid
communication with the microfluidic HPLC device. An HPLC separation is then
performed on the incubated solution. A control standard of pure enzyme may be
separated on one HPLC column. If the target molecule interacts with the enzyme and is
bound, the position of the enzyme peak on the chromatogram obtained from the sample
HPLC column will move relative to the peaks appearing in the chromatogram obtained
from the control column. Likewise, if the target molecule cleaves the enzyme, multiple
peaks will show up on the chromatogram. Because most proteins and peptides contain
molecular moieties that absorb UV light, no tagging of the enzymes is necessary. Thus,
assay development may be minimized or eliminated entirely, thus enhancing analytical
throughput.

[0082] Of course, multiple sample preparation steps may be combined for more
complex processes. For example, many protein analyses include an extraction step
followed by a degradation step (where large proteins are broken down into smaller
peptides that are then analyzed using HPLC). The degraded protein sample also may be
filtered or otherwise purified prior to performing a separation. Other useful processes
include, without limitation, protein precipitation, cell fractionation, solvent extraction, and
desalting. 1t will be readily apparent to one of ordinary skill in the art that any of the
microfluidic sample preparation structures described above, as well as other useful
microfluidic sample preparation structures may be combined to perform any number of
desirable sample preparation processes.

[0083] In addition, sample preparation steps may be performed in a separate
microfluidic device that is physically distinct from a multi-column separation device, as
shown in FIGS. 10A-16. A number of benefits arise by the use of separate sample
preparation and separation devices. For example, different sample preparati?n

processes may be selected through the use of various sample preparation devices
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without requiring a change in the separation columns in use. Also, sample preparation
devices may become fouled by contaminants; thus, a separate, disposable sample
preparation device can simplify operation of the HPLC system. Furthermore, the sample
preparation device may be adapted to permit parallel preparation of sample sets, further
reducing the cycle time of the HPLC system.

[0084] Referring to FIGS. 10A-10C, one example of a stand-alone sample
preparation device 700 comprises multiple sample preparation elements 702A-702X.
Each sample preparation element 702A-702X includes a sample inlet 704A-704X, a
mobile phase inlet 706A-706X, and a mobile phase outlet 708A-708X. One or more
membranes 710, 712 may be provided. The device 700 is fabricated from six device
layers 701A-701F.

[0085] FIG. 11 illustrates the sample injection section of a HPLC device 720
similar to that illustrated in FIG. 1A (although only one separation column is shown, it
should be understood that FIG. 11 illustrates, for simplicity, a cross section 6f one sample
injection section of one column in a multi-column device). The HPLC device 720 includes
a mobile phase outlet 722A, a mobile phase/sample inlet 724A, a mobile phase manifold
726, a frit 728, a separation column 730A, and stationary phase packing manifold 732.
Stationary phase material (not shown) for performing liquid chromatography is packed
into the separation column 730A via the packing manifold 732. The solid phase material
is retained within the column 730A by the frit 728.

[0086] FIG. 12 illustrates the interface 740 between the stand-alone sample
preparation device 700 and the sample injection section of the HPLC device 720. The
interface 740 includes a mobile phase conduit 744A and a mobile phase/sample conduit
742A. The interface 740 may be fabricated from any suitable material, preferably a
chemically inert or non-contaminating material including, but not limited to, stainless steel,
polyimide, polypropylene, a fluoropolymer, or glass. The interface 740 is preferably at
least partially planar to ensure a pressure-tight seal between the interface 740 and the
sample preparation device 700 and the HPLC device 720.

[0087] In operation, the sample preparation device 700 is positioned against the
interface 740 so that the mobile phase inlet 708A is aligned with the mobile phase conduit
744A and the mobile phase/sample outlet 706A is aligned with the mobile phase/sample
conduit 742A. A seal is formed between the devices 700, 740 by gaskets 746A, 747A, or
other suitable sealing mechanisms, such as gasketless pressure seals. Notably, a press-
fit may be used to establish a desired seal without the use of threaded fittings. A
pressure plate or similar compression element (not shoWn) may be positioned above and
compressed against the sample preparation device 700, thereby sandwiching the sample

18



10

15

20

25

30

35

WO 2004/101151 PCT/US2004/014148

preparation device 700 and the interface 740 to maintain the desired seal. The HPLC
device 720 is positioned against the interface 740 so that the mobile phase outlet 722A is
aligned with the mobile phase conduit 744A and the mobile phase/sample inlet 724A is
aligned with the mobile phase/sample conduit 742A. A (preferably threadless) seal is
formed between the devices 720, 740 by gaskets 748A, 749A, or other suitable sealing
mechanisms. A pressure plate or similar support surface as part of a compression
element (not shown) may be positioned below and compressed against the HPLC device
720, thereby sandwiching the HPLC device 720 and the interface 740 to maintain the
desired seal.

[0088] Once the devices 700, 720 are mated with the interface 740, a sample (not
shown) is deposited in the sample inlet 704A by manual or automated means. The
sample inlet is then sealed with a sealing plate 750 and a mobile phase is pumped
through the mobile phase manifold 726 through the mobile phase outlet 722 and into the
mobile phase conduit 744A. The mobile phase then enters the sample preparation
device 700 through the mobile phase inlet 708A and passed through the first membrane
710. The mobile phase entrains the sample and carries it through the sample preparation
element 702A and the membrane 712. The mobile phase/sample combination then
travels through the mobile phase/sample outlet 706A and into the mobile phase/sample
conduit 742. The mobile phase/sample combination then enters the HPLC device 720
through the mobile phase/sample inlet 724A and enters the column 730A where the
separation is performed.

[0089] Various types of sample preparation methods may be performed. For
example, the sample processing element 702A may include reagents or diluents to act as
a reaction vessel to create reaction analytes, precipitate proteins, or desalt the sample;
the membrane 706A may be a size exclusion or chemical affinity filter to purify the
sample; or any combination thereof. Moreover, it will be readily apparent to one skilled in
the art that the structure may be modified to include mechanisms for performing any of
the sample preparation processes described above. In addition, the sample preparation
device 700 could be mated directly to the HPLC device 720, obviating the need for a
separate interface 740. Also, the mobile phase conduit 744 and the mobile phase/sample
conduit 742 may be vias defined in the interface 740 as illustrated or any other suitable
mechanism for transferring fluids, such as capillary conduits.

[0090] As illustrated in FIG. 13, a sequential parallel sample preparation device
800 may include multiple sample preparation sets 801A-801X, each set including multiple
parallel sample preparation elements 802A-802X (for simplicity only the sample
preparation elements of sample separation set 801B are numbered). The term
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“sequential parallel” refers to a device adapted to utilize (preferably only once) a first set
of parallel sample preparation elements for a first parallel sample preparation run, and
then utilize (preferably only once) a second set of parallel sample preparation elements
for a second parallel sample separation run, and so on. The number of sample
preparation elements 802A-802X contained in a single sequential parallel sample
preparation device 800 should significantly exceed the number of separation columns in
an associated multi-column separation device. As described above with respect to FIGS.
10A-10C, each sample preparation element 802A-802X preferably includes a mobile
phase inlet 806A-806X, a sample inlet 804A-804X, and a mobile phase/sample outlet
808A-808X. Each sample preparation set 801A-801X may include one or more
membranes 810A-810X, 812A-812X. The sample preparation elements 802A-802X may
be configured for any desired sample preparation process, as discussed above.

[0091] In operation, the sequential parallel sample preparation device 800 may be
used in the same manner as shown in FIG. 12. This approach provides the ability to
periodically advance (e.g., translate or otherwise move) the sequential parallel sample
preparation device 800 across the interface 740 using an automated or manual
translation system, which, in turn, reduce the frequency at which the sequential parallel
sample preparation device 800 must be replaced.

[0092] In another example, shown in FIG. 14, a sequential parallel sample
preparation device 800 may be used to reduce the cycle time associated with performing
separations on (e.g., analyzing) multiple sets of samples. A two stage interface 840 is
provide, which includes all of the features described above with respect to interface 740
as well as a sample preparation stage including first and second fluid conduits 860A,
870A. When a sequential parallel sample preparation device 800 is mated to the
interface 840, a sample separation set 801B is placed in fluid communication with the first
and second fluid conduits 860A, 870A — specifically, the mobile phase inlet 806A of the
sample preparation element 802A is mated to one fluid conduit 870A and sealed with a
gasket 853A, O-ring, gasketless surface contact, or other appropriate and preferably
threadless sealing means. The mobile phase/sample outlet 808A of the sample
preparation element 802A is mated to one fluid conduit 860A and sealed with a gasket
852A or other appropriate sealing means. Once a seal is formed between the sequential
parallel sample preparation device 800 and the interface 840, a sample may be
introduced into the sample inlet 804A and sealed in with a sealing plate 851 or other
appropriate sealing mechanism. The sample may then be prepared by introducing and
removing fluids through the fluid conduits 860A, 870A. For example, the membranes
810B, 812B have a chemical affinity for the sample being prepared when dissolved fluids
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having particular characteristics. Such a fluid may be pumped through the sample
preparation element 802A to bind the sample to the membranes 810A, 812A while
washing away impurities. Of course, the number and arrangement of fluid conduits 860A,
870A, may be varied as necessary to perform the desired sample preparation — i.e., the
sample preparation elements 802A-802X and the interface may be modified to perform
any of the sample preparation processes described above, as well as other useful sample
preparation processes.

[0093] While one sample preparation set 802B is mated to the interface 840,
other sample preparation sets 801A, 801C-801X may also be mated fo the interface. For
example, as illustrated in FIG. 14, a first sample preparation set 801A is mated fo an
HPLC device 820 via the interface 840. Thus, while samples are being prepared in a
second sample preparation set 801B, samples in the first sample preparation set 801A
may be separated and analyzed. Moreover, the sequential parallel sample preparation
device 800 may be translated, whether manljally or automatically with appropriate
automation element(s), to travel across the interface 840. In this manner, samples in first
sample set 801A are transferred to the HPLC device 820 for separation while samples in
a second sample preparation set 801B a substantially simultaneously prepared for
separation. Once both operations are complete, the sequential parallel sample
preparation device 800 is translated so that the second sample separation set 801B is
mated to the HPLC device 820 and a third sample separation set 801C is prepared.
Because separation steps and sample preparation steps may occur substantially
simultaneously, cycle times for running successive sample sets may be reduced.
Moreover, multiple sample preparation stages may be provided on the interface 840 to
permit more complex and multi-step sample preparation processes to be used.

[0094] FIG. 15 illustrates a high throughput analytical system 900 according to the
invention. The system 900 comprises a sample delivery subsystem 901, a sample
preparation subsystem 902, a chromatographic subsystem 903, and a detection
subsystem 904.

[0095] The sample delivery subsystem 901 comprises a sample source 905 and
one or more transfer elements 906A-906X. The samble source 905 may be any
desirable sample storage 'and retrieval system or format, such as well-plates or micro-well
plates. The transfer elements 906A-906X may be any suitable mechanism for
transferring the samples from the sample source 905 to the sample preparation
subsystem 902. Examples of suitable transfer elements include manual pipettors,

automated pipettors, robotic samplers, and capillary lines.
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[0096] The sample preparation subsyétem 902 comprises a sample ‘preparation
device 907, an upper seal plate 908, a lower seal plate 909, a compression element 910,
a waste receptacle 911, a translation element 912 and one or more common fluid
supplies 913, 914.

[0097] The sample preparation device 907 may selected from any of the sample
preparation device types or configurations discussed above in any desired combination.
[0098] The upper seal plate 908 and a lower seal plate 909 are substantially
planar plates adapted to engage and form a seal with the sample preparation device 907.
The upper seal plate 908 and a lower seal plate 909 may be fabricated from any suitable
material, including include, but not limited to: fluoropolymers, poly(ether ether ketone)
(PEEK), polyimide, stainless steel, or any other material having sufficient structural
characteristics and a chemically compatible make-up or coating. Optionally, the upper -
seal plate 908 and a lower seal plate 909 may include gaskets 908A, 909A or other
suitable sealants to ensure an appropriate seal between the upper seal plate 908 and a
lower seal plate 909 and the sample preparation device 907. The upper seal plate 908
and a lower seal plate 909 preferably include one or more orifices or ports (not shown)
adapted to permit fluids to enter and exit the sample preparation device as required to
perform the desired sample preparation processes.

[0099] The compression element 910 engages the upper seal plate 908 and
lower seal plate 909 to compress them against the sample preparation device 907. The
compression element 910 may include any suitable actuator, including, but not limited to,
hydraulic pistons, electro-mechanical actuators, screw-type actuators, or manually
actuated clamps. )
[00100] " The waste receptacle 911 may include any container suitable for capturing
fluids exiting the sample preparation device 907 for disposal, including, but not limited fo,
laboratory fluid containers, buckets, hazardous material disposal containers, and drains to
sewage.

[00101] The translation element 912 may include any suitable mechanism for
translating the sample preparation device as required to operate the system 900. For
example, the translation element 912 may be adapted to periodically translated the
sample preparation device 907 in predetermined steps to allow the use of sequential
parallel sample preparation devices discussed above. Alternatively (or additionally), the
translation element 912 may be adapted to remove and replace the sample preparation
device 907 after each cycle.

[00102] The common fluid supplies 913, 914 may be any systems for supplying
fluids as required to operate the sample preparation device 907. Suitable systems
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include, but are not limited to, laboratory reservoirs containing the desired solvents and
other fluids used in sample preparation and pumps or vacuum systems for moving the
fluids into and out of the sample preparation device 907.

[00103] The chromatographic separation subsystem comprises multiple sample
delivery conduits 920A-920X, a liquid chromatography device 930, an upper seal plate
931, a lower seal plate 932, a compression element 933, and one or more common fluid
supplies 934, 935.

[00104] The multiple sample delivery conduits 920A-920X may be any suitable
means for transferring samples from the sample preparation device 907, including, but
not limited to, capillary lines or interfaces such as that described above with reference to
FIGS. 12 and 14.

[00105] The liquid chromatography device 930 may include any device adapted to
perform multiple simultaneous chromatographic separations. Suitable devices include
the multi-column devices described above, the Veloce™ micro-parallel liquid
chromatography system utilizing Brio™ cartridges (Nanostream, Inc., Pasadena, CA), or
multiple ganged convention HPLC columns.

[00106] The upper seal plate 931 and lower seal plate 932 preferably include
substantially planar plates adapted to engage and form a seal with the liquid
chromatography device 930. The upper seal plate 931 and a lower seal plate 932 may
be fabricated from any suitable material, including include, but not limited to:
fluoropolymers, poly(ether ether ketone) (PEEK), polyimide, stainless steel, or any other
material having sufficient structural characteristics and a chemically compatible make-up
or coating. Optionally, the upper seal plate 931 and a lower seal plate 932 may include
gaskets 931A, 932A or other suitable sealing elements to ensure an appropriate seal
between the upper seal plate 931 and a lower seal plate 931 and the liquid
chromatography device 930. The upper seal plate 931 and a lower seal plate 932 may
include one or more orifices or ports (not shown) adapted to permit fluids to enter and exit
the liquid chromatography device 930 as required to perform the desired chromatographic
separation processes.

[00107] The compression element 933 engages the upper seal plate 931 and
lower seal plate 932 to compress them against the liquid chromatography device 930 and
may include any suitable actuator, including, but not limited to, hydraulic pistons, electro-
mechanical actuators, -type actuators, or manually actuated clamps.

[00108] The common fluid supplies 934, 935 may include any systems for
supplying fluids as required to operate the liquid chromatography device 930. Suitable
systems include, but are not limited to, laboratory reservoirs containing the desired
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solvents and other fluids used in sample preparation and pumps or vacuum systems for
moving the fluids into and out of the liquid chromatography device 930.

[00109] The detection subsystem 904 may comprise a flow-through detection
instrument 940 and a consumptive detection instrument 941. The flow-through detection
instrument 940 may perform any suitable form of detection and analysis, including, but
not limited to, UV-visible spectroscopy, Raman spectroscopy, fluorescence detection,
chemiluminescence, electrochemical detection, capacitive measurement, and
conductivity measurement. The consumptive detection instrument 941, if provided, may
perform any suitable form of detection and analysis, including, but not limited to, mass
spectrometry, nuclear magnetic resonance, evaporative light scattering, ion mobility
spectrometry, and matrix-assisted laser desorption ionization (MALDI). Of course, any
combination of one or more of each form of detection may be used to obtain the desired
measurements.

[00110] In operation, the sample preparation device 907 is secured between the
upper and lower seal plates 907, 908 and compressed by the compression element 910
and the liquid chromatography device 930 is secured between the upper and lower seal
plates 931, 932 and compressed by the compression element 933. Samples (not shown)
are selected from the sample source 905 and delivered to the sample preparation device
907 via the transfer elements 906A-906X. The samples are then prepared in the sample
preparation device 907 using the desired sample preparation process (e.g., using one of
the sample preparation processes described herein). Any fluids used in the sample
preparation process are provided by the common fluid supplies 913, 914. Following
processing within the sample preparation device 907, the prepared samples are delivered
to the liquid chromatography device 930 via the sample delivery conduits 920A-920X.
The sample preparation device 907 may be re-used or discarded. If the sample
preparation device 907 is a sequential-parallel device, then the translation element 912
may be used to reposition the sample preparation device 907 as desired to permit
continued operation using a fresh set of parallel sample preparation elements. |f the
sample preparation device 907 is disposable, the translation element 912 may be used to
remove and discard the sample preparation device 907.

[00111] The prepared samples are processed by the liquid chromatography device
930 in a desired manner (e.g., isocratic separation, gradient separation, or other suitable
separation techniques may be used). The mobile phase used to perform the separation
is provided by the common fluid supplies 934, 935. The eluate from each separation
column of the multi-column chromatography device 930 is then analyzed using the flow-
through detection instrument 940 and/or consumptive detection instrument 941.
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[00112] In another embodiment as depicted in FIG. 16, a sample preparation
subsystem 1000 comprises a sample preparation device 1001, an upper seal plate 1002,
a lower seal plate 1003, a compression element 1004, a collection/waste receptacle
1005, a translation element 1006A-1006B, and one or more transport subsystems 1007A-
1007C, 1008.

[00113] The sample preparation device 1001 may include sample preparation
elements (not shown) selected from any of the sample preparation devices described
herein in any desired combination. Moreover, as depicted in FIG. 16, the sample
preparation device 1001 may be provided as a continuous strip or roll containing multiple
sets of sample preparation elements.

[00114] The upper seal plate 1002 and a lower seal plate 1003 preferably include
substantially planar piates adapted to engage and form a seal with at least a potion of the
sample preparation device 1001. The upper seal plate 1002 and lower seal plate 100
may be fabricated from any suitable material, including include, but not limited to:
fluoropolymers, poly(ether ether ketone) (PEEK), polyimide, stainless steel, or any other
material having sufficient structural characteristics and a chemically compatible make-up
or coating. Optionally, the upper seal plate 1002 and a lower seal plate 1002 may include
gaskets 1002A, 1003A, O-rings, gasketless interconnects, or other suitable sealing
means to ensure an appropriate seal between the upper seal plate 1002 and a lower seal
plate 1003 and the sample preparation device 1001. The upper seal plate 1002 and a
lower seal plate 1003 may include one or more orifices or ports (not shown) adapted to
permit fluids to enter and exit the sample preparation device 1001 as required to perform
the desired sample preparation processes.

[00115] The compression element 1004 engages the upper seal plate 1002 and a
lower seal plate 1003 to compress them against the sample preparation device 1001 and
may be any suitable actuator, including, but not limited to, hydraulic pistons, electro-
mechanical actuators, screw-type actuators, or manually actuated clamps.

[00116] The collection/waste receptacle 1005 may be any container suitable for
capturing fluids exiting the sample preparation device 1001 for further analysis and/or
disposal, inc|ﬁding, but not limited to, fraction collectors, laboratory fluid containers,
buckets, hazardous material disposal containers, and drains to sewage.

[00117] The translation element 1006A-1006B may be a spooling mechanism (e.g.,
utilizing feed and take-up rollers coupled to a stepper motor (not shown)) for moving a
continuous roll of the sample preparation device 1001. For example, translation element
1006A-1006B may be adapted to periodically translate the sample preparation device
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1001 in predetermined steps to allow the use of sequential parallel sample preparation
devices discussed above.

[00118] The transport subsystems 1007A-1007C, 1008 may include one or more
mechanisms for driving fluids through or within the sample preparation device 1001 in
order to effect the desired preparation process. For example, certain assay processes
require the use of a vacuum to draw a sample through a porous membrane (allowing
analysis of either the filtrate or retentate). Thus, the transport subsystem may include a
vacuum source 1008 to provide the requisite vacuum to the sample preparation device
1001. Similarly, it may be desirable to perform on the sample some form of electrokinetic
process, such as electrophoresis. Thus, the transport subsystem may include an
electrokinetic system comprising voltage sources and sinks 12007A, 1007C and a
transport fluid source 1007B. One or more electrodes 1007D may protrude from the
upper or lower seal plates 1002, 1003 and interface with the sample preparation device
1001 to provide the electrical signal required to implement the electrokinetic flow.
Moreover, electrical conduits or pathways (not shown) may be provided within the sample
preparation device 1001 to further facilitate electrokinetic operations.

[00119] In operation, samples (not shown) are transferred from the sample source
1010 to the sample preparation device 1001. The samples are processed in the sample
preparation device 1001 in the selected manner (e.g., vacuum filtration, electrokinetic
based process) and delivered to an HPLC device (not shown) in the manner described
above with respect to FIG. 15.

[00120] As noted previously, sample preparation devices may be adapted to
perform quantitative or qualitative tests such as assays. Examples of desirable assays
include permeability assays (e.g., phospholipid artificial membrane permeability assay or
“PAMPA”); solubility assays (e.g., utilizing silica-based separation media to which carbon
chains (e.g., C2, C6, or C18) have been added for ascertaining the relative solubility of
different analytes in a given solvent environment); bioaffinity assays (e.g., utilizing specific
binding media adapted to bind selected types of molecules); and sandwich assays (e.g.,
utilizing an array of labeled captured ligands as antibodies pre-bound with labeled
reéeptors or antigens to look for various analytes to compete off of the labeled receptors
or antigens).

[00121] Permeability assays are often designed to predict passive, transcellular
permeability of drugs. An artificial membrane disposed between a donor region and an
acceptor region is used to measure the ability of compounds to diffuse from the donor
region to the acceptor region. Vacuum may be used to draw samples through the
membrane. One type of permeability assay is the Parallel Artificial Membrane
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Permeation Assay (PAMPA), as introduced by Kansy, et al. (see, e.g., Kansy M, Senner
F, Gubernator K., “Physicochemical high throughput screening: parallel artificial
membrane permeation assay in the description of passive absorption processes,” J Med
Chem 1998;41:1007—1010). The pH of solutions used in the analysis can be adjusted to
determine the effect of pH on compound permeability. Various types of membranes that
can be used for permeability assays include a polycarbonate support (e.g., 3 um track
etched, 10 ym thickness) with a hexadecané artificial membrane, and a PVDF support
(e.g., 0.45 um) with a lecithin in dodecane artificial membrane.

[00122] Solubility assays are typically used to determine compound solubility in
water. A traditional solubility assay method utilizes a shake flask and involves adding an
excess quantity of solid material to a volume of buffer at a set pH. Since shake-flask
solubility methods are inherently low throughput, filtration-based assays have been
developed. A conventional device for performing solubility assays is the Millipore
MultiScreen Solubility plate, catalog no. MS SLB PC 10 (Millipore Corp., Billerica, MA),
utilizing a 0.4 um modified PCTE membrane. Buffers and samples are dispensed into
well plates having solubility membranes, and then covered and shaken. Filtration may be
acéomplished by vacuum, and then an appropriate method such as UV spectroscopy
may be used to quantify dissolved compound versus standard curves.

[00123] Various affinity media suitable for bioaffinity assays and/or purification of
tagged proteins, monoclonal and polyclonal antibodies, glycoproteins, enzymes, nucleic
acids, cells, and other proteins are commercially available, e.g., from Amersham
Biosciences (Piscataway, NJ) and Millipore Corp. (Billerica, MA).

[00124] A schematic illustration of reagents and products of a parallel sandwich-
type (affinity) assay is provided in FIG. 17. An array is provided of multiple analytical
regions or wells containing the same type of ligand or antibody (represented
schematically as a “circle-Y” combination in FIG. 17) to which a labeled receptor mimic or
antigen mimic (e.g., the mimic and tag are represented by “D*” in FIG. 17) is bound —
preferably weakly. Preferred label types are fluorescent tags to permit fluorescent
detection of the mimics. A different analyte-containing sample (e.g., A, B, C) is then
supplied to each analytical region or well. If the analyte (e.g., A, B, C) has any affinity for
the ligand or antibody, then it may compete off and ultimately displace the receptor /
antigen mimic (e.g., D*). The relative amounts of unbound (free) analyte (e.g., A, B, C)
and receptor / antigen mimic (e.g., D”) that results in each analytical region or well may
be measured to determine the relative affinity of the analytes (e.g., A, B, C) for the ligands
/ antibodies. In the example shown in FIG. 17, the analyte A contained in the first
analytical region has a greater affinity for the ligand / antibody than the mimic D*, thus
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displacing D* from the and resulting in a relatively high concentration of unbound D* in
the analytical region. Parallel liquid chromatography and an appropriate detection
technique may then be used to analyze the unbound contents of the “prepared” samples
to determine presence of and/or quantify the unbound free contents. Preferably, the
ratios of the labeled mimic to the analyte initially supplied to each analytical region are
compared to determine relative affinity for the ligands / antibodies.

[00125] Referring to FIG. 18, a method for preparing and analyzing multiple sets of
samples includes multiple method steps. A first step 2001 includes providing a sample
preparation device defining muitiple sets of parallel sample preparation elements. A
second step 2002 includes providing multiple parallel separation columns containing
stationary phase material. A third step 2003 includes providing a first set of samples to
the sample preparation device. A fourth step 2004 includes processing the first set of
samples with the (e.g., first set of) parallel sample preparation elements to yield a first set
of prepared samples. A fifth step 2005 includes transferring the first set of prepared
samples to the multiple of parallel separation columns. A sixth step 2006 includes
separating the first set of prepared samples with the plurality of sets of parallel separation
columns. A seventh step 2007 includes detecting a property of at least one component of
each sample of the first set of separated samples. An eighth step 2008 includes
supplying a second set of samples to the sample preparation device. A ninth step 2009
includes processing the second set of samples with the (e.g., second set of) parallel
sample preparation elements to yield a second set of prepared samples. A tenth step
2010 includes transferring the second set of prepared samples to the multiple of parallel
separation columns. An eleventh step 2011 includes separating the second set of
prepared samples with the plurality of sets of parallel separation columns. Notably,
certain steps may be performed substantially simultaneously. For example, the ninth step
2009 may be performed substantially simultaneously with the sixth step 2006 and the
seventh step 2007. One significant advantage of this capability is to reduce overall cycle
time associated with processing and separating multiple sets of sampies.

[00126] Thus, various inventive systems and elements thereof have been
described herein. It is also to be appreciated that the foregoing description of the
invention has been presented for purposes of illustration and explanation and is not
intended to limit the invention to the precise manner of practice herein. It is to be
appreciated therefore, that changes may be made by those skilled in the art without
departing from the spirit of the invention.
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What is claimed is:

1. A parallel fluid processing system (900) comprising:

a plurality of parallel separation columns (12A-12X, 112A, 210A-210X, 302A-
302X, 730A) containing stationary phase material (320, 322, 420, 422);

a sample preparation device (10, 300, 400, 200, 700, 800, 907, 1001) defining a
plurality of parallel sample preparation elements (16, 16A, 116, 214, 216A-216X, 320,
322, 420, 422, 702A-702X, 802A-802X) and a plurality of sample outlet ports (706A-
706X, 806A-806X) in fluid communication with the plurality of sample preparation
elements (16, 16A, 116, 214, 216A-216X, 320, 322, 420, 422, 702A-702X, 802A-802X);

a first fluid supply (913, 914, 934, 935); and

an interface (740, 840, 908-910, 1002-1004) adapted to threadlessly engage at
least a portion of the sample preparation device (10, 300, 400, 200, 700, 800, 907, 1001)
to establish temporary fluid communication between the first fluid supply (913, 914, 934,
935), at least some sample preparation elements (16, 16A, 116, 214, 216A-216X, 320,
322, 420, 422, 702A-702X, 802A-802X) of the plurality of sample preparation elements
(16, 16A, 116, 214, 216A-216X, 320, 322, 420, 422, 702A-702X, 802A-802X), and the
plurality of separation columns (12A-12X, 112A, 210A-210X, 302A-302X, 730A).

2. The system (900) of claim 1 wherein the plurality of sample outlet ports (14A-14X,
114, 304A-304X, 212A-21X, 704A-704X, 804A-804X) are in fluid communication with the
plurality of separation columns (12A-12X, 112A, 210A-210X, 302A-302X, 730A).

3. The system (900) of any of the preceding claims, further comprising a plurality of
fluid conduits (742A, 744A, 842A, 844A, 920A-920X) disposed between the plurality of
sample outlet ports (14A-14X, 114, 304A-304X, 212A-21X, 704A-704X, 804A-804X) and
the plurality of separation columns (12A-12X, 112A, 210A-210X, 302A-302X, 730A).

4. The system (900) of any of the preceding claims wherein at least a portion of the
interface (740, 840, 908-910, 1002-1004) is moveable.

5. The system (900) of any of the preceding claims wherein the at least a portion of
the interface (740, 840, 908-910, 1002-1004) is substantially planar.

6. The system (900) of any of the preceding claims wherein the interface (740, 840,
908-910, 1002-1004) comprises a gasket (908A, 909A, 1002A, 1003A).
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7. The system (900) of any of the preceding claims wherein the interface (740, 840,
908-910, 1002-1004) comprises:

a first interface (740, 840, 908-910, 1002-1004) portion between the first fluid
supply (913, 914, 934, 935) and the sample preparation device (10, 300, 400, 200, 700,
800, 907, 1001); and : |

a second interface portion (740, 840, 908-910, 1002-1004) between the sample
preparation device (10, 300, 400, 200, 700, 800, 907, 1001) and the plurality of
separation columns (12A-12X, 112A, 210A-210X, 302A-302X, 730A).

8. The system (900) of any of the preceding claims wherein the first fluid supply
(913, 914, 934, 935) comprises a pump and a reservoir.

9. The system of any of the preceding claims further comprising a second fluid
supply (913, 914, 934, 935).

10.  The system (900) of any of the preceding claims further comprising a vacuum
source (1008) in fluid communication with the plurality of sample preparation elements
(16, 16A, 116, 214, 216A-216X, 320, 322, 420, 422, 702A-702X, 802A-802X).

11.  The system (900) of any of the preceding claims further comprising a voltage
source (1007A, 1007C) in electrical communication with the plurality of sample
preparation elements (16, 16A, 116, 214, 216A-216X, 320, 322, 420, 422, 702A-702X,
802A-802X).

12.  The system (900) of any of the preceding claims further comprising a translation
element (912, 1006A, 1006B) adapted to move the sample preparation device (10, 300,
400, 200, 700, 800, 907, 1001) relative to the interface (740, 840, 908-910, 1002-1004).

13. The system (900) of any of the preceding claims wherein the number of sample
preparation elements (16, 16A, 116, 214, 216A-216X, 320, 322, 420, 422, 702A-702X,
802A-802X) of the plurality of sample preparation elements (16, 16A, 116, 214, 216A-

216X, 320, 322, 420, 422, 702A-702X, 802A-802X) exceeds the number of separation
columns (12A-12X, 112A, 210A-210X, 302A-302X, 730A) of the plurality of separation

columns (12A-12X, 112A, 210A-210X, 302A-302X, 730A).
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14.  The system (900) of any of the preceding claims wherein each of the plurality of
separation columns (12A-12X, 112A, 210A-210X, 302A-302X, 730A) and the sample
preparation device (10, 300, 400, 200, 700, 800, 907, 1001) is integrated within a unitary
body structure (10, 300).

15. The system (900) of any of the preceding claims further comprising a plurality of
sample injectors (906A-906X) adapted to intermittently supply a plurality of samples to a
plurality of sample inlet ports (14A-14X, 114, 304A-304X, 212A-21X, 704A-704X, 804A-
804X).

16.  The system (900) of any of the preceding claims wherein each sample preparation
element (16, 16A, 116, 214, 216A-216X, 320, 322, 420, 422, 702A-702X, 802A-802X) of
the plurality of sample preparation elements (16, 16A, 116, 214, 216A-216X, 320, 322,
420, 422, 702A-702X, 802A-802X) comprises packed particulate material (320, 322, 420,
422).

17. The system (900) of any of the preceding claims wherein each sam;;le preparation
element (16, 16A, 116, 214, 216A-216X, 320, 322, 420, 422, 702A-702X, 802A-802X) of
the plurality of sample preparation elements (16, 16A, 116, 214, 216A-216X, 320, 322,
420, 422, 702A-702X, 802A-802X) comprises a porous membrane (16, 16A, 116, 702A-
702X, 802A-802X).

18. The system (900) of any of the preceding claims wherein each sample preparation
element (16, 16A, 116, 214, 216A-216X, 320, 322, 420, 422, 702A-702X, 802A-802X) of
the plurality of sample preparation elements (16, 16A, 116, 214, 216A-216X, 320, 322,
420, 422, 702A-702X, 802A-802X) comprises a guard column (320, 403A, 420).

19. The system (900) of any of the preceding claims wherein the plurality of sample
preparation elements (16, 16A, 116, 214, 216A-216X, 320, 322, 420, 422, 702A-702X,
802A-802X) is adapted to perform any of: size exclusion filtration, chemical affinity
filtration, solid phase extraction, liquid phase extraction, protein precipitation, and
desalting.

20. The system (900) of any of the preceding claims wherein the plurality of sample
preparation elements (16, 16A, 116, 214, 216A-216X, 320, 322, 420, 422, 702A-702X,
802A-802X) is adapted to perform any of serial dilution and metering.
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21. The system (900) of any of the preceding claims wherein the plurality of sample
preparation elements (16, 16A, 116, 214, 216A-216X, 320, 322, 420, 422, 702A-702X,
802A-802X) is adapted to perform any of: permeability assays, solubility assays,
bioaffinity assays, sandwich assays, and enzymatic assays.

22.  The system (900) of any of the preceding claims, further comprising a flow-
through detector (940).

23. The system (900) of claim 22 wherein the flow-through detector (940) is adapted
to perform any of: UV-visible spectroscopy, Raman spectroscopy, fluorescence
detection, chemiluminescence, electrochemical detecﬁon, capacitive measurement, and
conductivity measurement.

24.  The system (900) of any of the preceding claims, further comprising a
consumptive detector (941).

25. The system (900) of claim 24 wherein the flow-through detector (941) is adapted
to perform any of: mass spectrometry, nuclear magnetic resonance, evaporative light
scattering, ion mobility spectrometry, and matrix-assisted laser desorption ionization.

26. A parallel fluid processing method comprising the steps of:

providing a sample preparation device (10, 300, 400, 200, 700, 800, 907, 1001)
defining a plurality of sets of parallel sample preparation elements (16, 16A, 116, 214,
216A-216X, 320, 322, 420, 422, 702A-702X, 802A-802X)(2001);

providing a plurality of parallel separation columns (12A-12X, 112A, 210A-210X,
302A-302X, 730A) containing stationary phase material (320, 322, 420, 422)(2002);

supplying a first plurality of samples to the sample preparation device (10, 300,
400, 200, 700, 800, 907, 1001)(2003);

processing the first plurality of samples with the plurality of sets of parallel sample
preparation elements (16, 16A, 116, 214, 216A-216X, 320, 322, 420, 422, 702A-702X,
802A-802X) to yield a first plurality of prepared samples (2004);

transferring the first plurality of prepared samples to the plurality of parallel
separation columns (12A-12X, 112A, 210A-210X, 302A-302X, 730A)(2005);

supplying a second plurality of samples to the sample preparation device (10, 300,
400, 200, 700, 800, 907, 1001)(2008);
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>separating the first plurality of prepared samples with the plurality of sets of
parallel separation columns (12A-12X, 112A, 210A-210X, 302A-302X, 730A)(2006); and

substantially simultaneously with the separating step, processing the second
plurality of samples with the plurality of sets of parallel sample preparation elements (16,
16A, 116, 214, 216A-216X, 320, 322, 420, 422, 702A-702X, 802A-802X) to yield a
second plurality of prepared samples (2009).

27.  The method of claim 26 wherein:

the first sample processing step is performed with a first set (801A-801X) of
parallel sample preparation elements (16, 16A, 116, 214, 216A-216X, 320, 322, 420, 422,
702A-702X, 802A-802X) of the plurality of sets (801A-801X) of parallel sample
preparation elements (16, 16A, 116, 214, 216A-216X, 320, 322, 420, 422, 702A-702X,
802A-802X); and

the second sample processing step is performed with a second set (801A-801X)
of parallel sample preparation elements (16, 16A, 116, 214, 216A-216X, 320, 322, 420,
422, 702A-702X, 802A-802X) of the plurality of sets (801A-801X) of parallel sample
preparation elements (16, 16A, 116, 214, 216A-216X, 320, 322, 420, 422, 702A-702X,
802A-802X).

28.  The method of claims 26 or 27, further comprising the step of moving the sample
preparation device (10, 300, 400, 200, 700, 800, 907, 1001) relative to the plurality of
parallel separation columns (12A-12X, 112A, 210A-210X, 302A-302X, 730A).

29, The method of claims 26, 27, or 28 wherein the first sample processing step
comprises performing any of: size exclusion filtration, chemical affinity filtration, solid
phase extraction, liquid phase extraction, protein precipitation, and desalting.

30. The method of claims 26, 27, or 28 wherein the first sample processing step
comprises performing any of serial dilution and metering.

31.  The method of claims 26, 27, or 28 wherein the first sample processing step
comprises performing any of: permeability assays, solubility assays, bioaffinity assays,
sandwich assays, and enzymatic assays.

32. The method of claims 26, 27, 28, 29, 30, or 31, further comprising the step of

detecting a property of the first plurality of samples (2007).
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33.  The method of claim 32 wherein the first sample property detecting step
comprises performing any of: UV-visible absorption detection, Raman radiation
detection, fluorescence detection, chemiluminescence detection, electrochemical
detection, capacitive measurement, conductivity measurement, mass spectrometry,
nuclear magnetic resonance, evaporative light scattering, ion mobility spectrometry, and
matrix-assisted laser desorption ionization.
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