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[0002] Portions of the work described herein was supported by Small Business
Innovation Research (NSF SBIR/STTR Phase | Award No. DMI-0320082) funded by
the Department of Homeland Security, and the government of the United States of
America may retain certain rights to this patent.

Background of the Invention

Area of the Art
[0003] The present invention concerns the art of fluidics and particularly microfuidics.

Description of the Background Art
[0004] Microfluidics involves miniature fluid devices; the art is often defined as the art

of dealing with small fluidic volumes (sub-milliliter volumes) typically in channels having
at least one dimension less than one millimeter. Of course, this definition is flexible and
the present invention can be useful in devices with different configurations and
different sizes. In fact, there are microfluidic devices having no confinement channels
at all. Typical microfluidic devices have micromechanical structures (microchannel,
microvalves and others) and employ various fluid-moving means, such as mechanical
parts (e.g., micropumps) hydro-pneumatic devices/methods and electrically-based
effects (electrophoretic, dielectrophoretic, electro-osmotic, electrowetting, opto-
electrowetting, variations of these effects as well as other effects).

[0005] For biomedical applications, some microfluidic devices are designed to
conduct sample processing, including concentration, filtration, washing, dispensing,
mixing, transport, sample splitting, sample lysing and other sample handling functions.
Biomolecular adsorption is a problem for microfluidic devices in that the surfaces that
are exposed to the sample liquids during sample handling, processing or sensing can
become “fouled” by the adsorption of various biomolecules. Changes in surface
properties due to unwanted surface adsorption of biomolecules can lead to cross
contamination, loss of target molecules availability for sensing, degradation of sensing
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surfaces, and/or degradation in the passive and active control of surface effects,
valving and other mechanical effects needed for sample processing.

[0008] One established method of mitigating biomolecular adsorption is to pretreat or
coat the surface of the microfiuidic device with a blocking agent prior to sample
handling. For example, “Pegylation” involves the precoating of microfluidic surfaces
with Poly-Ethylene-Glycol (PEG) to block non-specific adsorption during sample
handling. Reactive derivatives of PEG can be used to ensure covalent bonding to the
surface. Additional blocking agents include a variety of generally hydrophilic
substances including large molecules like common proteins as well as smaller
molecules which can include carboxylic acid derivatives, carbohydrates and even
silicon containing compounds. While surfaces can be “Pegylated” (including treatment
with other blocking agents) through passive absorption of the blocking agent, it is
generally preferred to effect a covalent linkage of the blocking agent and the surface.

[0007] One possible drawback of pretreatment or pre-coating a microfluidic device to
prevent non-specific binding is that such a treatment leads to permanent changes in
the surface characteristics and may impede active control over surface effects
(adsorption, wettability, etc.) needed to achieve local and intermittent sample
processing effects. Another drawback to precoating with blocking agents is that a
specific blocking agent or surface coating may be required for a particular sample
liquid or molecule, thus rendering the device unusable for other sample molecules or

sample liquid formulations.

Summary of the invention

[0008] As might be expected, different types of molecules have different tendencies fo
foul fluidic surfaces. Generally, proteins and other constituents of biological samples
(i.e., “biomolecules”) are unusually effective at fouling. We have discovered that
molecular adsorption to the microfluidic device surfaces can be passively and actively
mitigated by mixing certain hydrophilic polymers with the sample liquid prior to relevant
operations. By ‘“hydrophilic polymer’” we mean organic polymers of repeating
monomers containing hydrophilic groups such as hydroxyl groups; the preferred
polymers are amphipathic and have at least some surfactant properties—that is, the
ability to lower surface tension and/or interact with both hydrophobic and hydrophilic
substances. It is believed that the effective hydrophilic polymers prevent binding of the
fouling molecules to the surfaces found in many types of microfluidic devices perhaps
by occupying the surface sites in place of the fouling molecules or by interacting with
the fouling molecules to prevent their binding to the surface.
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[0009] In some cases the hydrophilic polymers may be temporarily and locally
concentrated at the surface due to actively induced surface charges. This
concentration occurs with either charged polymers or with polymers having sufficient
dipole moment to respond to the induced charge. The presence of the hydrophilic
polymer at or near the surface may prevent or screen the fouling molecule from
subsequently interacting with the surface. When surface adsorption is thus mitigated,
microfluidic devices can readily handle samples containing biomolecules to enable
active sample concentration, filtering, washing, transport, mixing and other sample
handling operations. A preferred method of mitigation is to actually add the hydrophilic
polymer to the sample liquid. In that situation the hydrophilic polymer molecules may
directly interact with or otherwise screen the fouling molecule and prevent its binding to
the surface. In some situations brief pretreatment will prevent or mitigate fouling
without the permanent change in surface characteristics seen with traditional surface
coating technology.

[0010] Successful mitigation of fouling by molecular adsorption in microfluidic devices
can be achieved with a broad range of hydrophilic polymers and polymeric
surfactants—particularly nonionic ones including (but not limited to) pluronic
surfactants, polyethylene glycol (PEG), methoxypolyethylene glycol (MPEG), poly-
sorbate (polyoxyethylene sorbitan monooleates or Tween®), polyoxyethylene octyl
phenyl ether (Triton X-100%), polyvinyl pyrollidone, polyacrylic acid (and crosslinked
polyacrylic acid such as carbomer), polyglycosides (nonionic glycosidic surfactants
such as octyl glucopyranoside) and soluble polysaccharides (and derivatives thereof)
such as heparin, dexirans, methyl cellulose, propyl methyl cellulose (and other
cellulose esters and ethers), dexirins, maltodexirins, galactomannans,:
arabinogalactans, beta glucans, alginates, agar, carrageenan, and plant gums such as
xanthan gum, psyllium, guar gum, gum traganth, gum karya, gum ghati and‘ gum
acacia. The particular additive can be selected for maximum compatibility with a
specific microfluidic sample. The weight by volume concentration of these additives
needed to mitigate surface fouling can range from below 0.01% to over 25% (weight
by volume) in the case of the less viscous polymers. Amphipathic molecules appear to
be the most effective hydrophilic polymers. The range of the degree of polymerization
(ie., the number of monomers per average polymer chain) is also quite broad:
molecular weights of these additives can also range frdm several hundred to tens of
thousands. We have found that mitigation of surface fouling can be sensitive fo the
particular molecular weight (MW), concentration or type of hydrophilic polymer
additive. For example, higher molecular weight polymers can be significantly more
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effective than lower molecular weight polymers of the same monomer composition.
While most tests have been done using a single hydrophilic polymer, mixtures of
several polymers are also effective and may show special advantages.

Detailed Description of the Invention

[0011] The following description is provided to enable any person skilled in the art to
make and use the invention and sets forth the best modes contemplated by the
inventors of carrying out their invention. Various modifications, however, will remain
readily apparent to those skilled in the art, since the general principles of the present
invention have been defined herein specifically to provide a method to prevent fouling
of surfaces in microfluidic devices.

Experimental Results

[0012] An example of how this inventive system allows microfiuidic sample processing
despite the presence of “fouling” agents has been made using a set of microfluidic
devices that conduct Electrowetting-on-Dielectric (EWOD) based droplet driving [see
1) J. Lee, H. Moon, J. Fowler, T. Schoellhammer and C.-J. Kim, “Electrowetting and
Electrowetting-On-Dielectric for Microscale Liquid Handling”, Sensors and Actuators,
Vol. A95, 2002, pp. 259-268 and 2) S.-K. Cho, H. Moon and C.-J. Kim, “Creating,
Transporting, Cutting, and Merging Liquid Droplets by Electrowetting-Based Actuation
for Digital Microfiuidic Circuits”, Journal of Microelectromechanical Systems, Vol. 12,
2003, pp. 70-80 for background on EWOD]. EWOD has been used for the test for at
least two reasons: 1) EWOD is exquisitely sensitive to surface properties so that
fouling effects can be easily detected without resort to radioactive compounds, etc.;
and 2) EWOD is extremely useful in many microfluidic applications but because of its
sensitivity cannot readily be used with many biological molecule (at least not without
the present invention). It should be appreciated that once an EWOD surface has been
fouled it can be extremely difficult or even essentially impossible to regain proper
operation of the device. EWOD is one of a number of related electrowetting
mechanism. By electrowetting mechanism we mean the use of an electrowetting
method to manipulate and move fluid droplets.

[0013] Several different biomolecules have been used as experimental fouling agents.
The water soluble globular protein Horse Radish- Peroxidase (HRP) (MW 40,000) is
used in many diagnostic processes that are amenable to EWOD automation, but
unfortunately it is an extremely effective fouling agent. So, here we chose to use HRP
to demonstrate the present invention in an EWOD setting. As a control a 25 pi droplet
of HRP (1.0 units/ml = 0.1 mg/mi) in PBS (phosphate buffered saline) was deposited
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on the active surface of an EWOD device. A variety of DC and AC driving voltages (20
to 100 volts rms) and driving frequencies (10 to 10,000 Hz) were then applied in an
attempt to move the droplet. No droplet transport was observed, thereby verifying the
potency of HRP as a fouling agent. Polyethylene glycol (PEG) (MW = 3,300) at 0.01%
whi was added to the HRP in PBS solution. A 25 pl droplet of this PEG/HRP solution
was then deposited on the EWOD device. The same driving voltage parameters were
then applied. Rapid droplet transport was observed and repeatedly conducted over a
preprogrammed path. This shows that a small quantity of PEG can overcome HRP
fouling and permit HRP containing samples to be processed by a microfluidic device
by means of EWOD.

[0014] It will be appreciated that extremely low concentrations of a fouling agent such
as HRP are capable of preventing the usual EWOD effect. Since similar proteins are
likely to be found in almost any use of EWOD involving biological samples, the ability
of the invention to overcome this problem extends the usefulness of EWOD
manipulations into a broad range of diagnostic and biotechnology applications.
Similarly, the inventive addition of the effective hydrophilic polymers to other
microfluidic devices readily prevents molecular fouling without the complexity and
drawbacks of permanent surface coatings.

[0015] Additional experiments were conducted to explore the influence of polymer
size (i.e., MW of polymer). The EWOD conditions as above were used, but a different
fouling agent was substituted. In these experiments variable concentrations of Bovine
Serum Albumin (BSA) were used with a minimum concentration of only 50ug/mi (that
is about half the weight of HRP used above). BSA is a globular protein with a
molecular weight of around 67,000 and is used in many biochemical experiments as a
protein protective agent. Also, it is a reasonable model for human serum albumin
which will be present in tests involving human blood and many other human fluids.
Thus, it is very important to overcome fouling caused by albumin. Because of its higher
molecular weight and lower experimental concentration fewer molecules of BSA are
present than the HRP molecules in the previous experiment—this merely highlights
the effectiveness of BSA as a fouling agent. A series of experiments were undertaken
to determine the concentration of various PEG polymers that were effective to
overcome the negative effects of different concentrations of BSA.

[0016] In the experiments test solutions were made up consisting of different
concentrations of BSA with different PEG concentrations as specified in Table 1. The
conditions were otherwise the same as in the HRP experiment and 25 i droplets of

each test solution were subjected to attempted EWOD movement. The table indicates
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the PEG concentration needed to overcome a particular concentration of BSA—that is
to permit the BSA containing droplet to be moved by EWOD.
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[0017] Table 1: Concentrations of PEG needed to overcome various concentrations of
BSA for various molecular sizes of PEG polymer

BSA Concentration 50ug/ml 100pg/ml  200pg/ml  300pg/mi
Minimum Effective 10wt/v % 20wtiv%  30wtiv% 35wt %

PEG 400 Conc.

Minimum Effective 0.1 wt/v % 05wtiv% 1.0wth% 1.0wth %
PEG 3350 Conc.

Minimum Effective 0.01wtiN% 01wt % O01wtih% 1.0wtiv%
PEG 6000 Conc.

[0018] These results show a significant and somewhat surprising relationship
between polymer length or size (MW) and effectiveness. With a PEG polymer the
larger the polymer, the more effective the antifouling effect. Thus, at a BSA
concentration of 50pug/ml increasing the polymer MW from 400 to 6000 decreases the
required concentration of PEG from 10% to 0.01 % (by weight). This relationship is
fortuitous in that higher MW polymers tend to be more viscous but the greatly
increased efficacy avoids any problem of excess viscosity. With a given MW polymer
there is a rough relationship between the amount of BSA and the effective amount of
PEG. With 400 MW PEG doubling the BSA concentration requires a doubling of PEG
at the low concentration end of the series. At higher concentration of BSA a smaller
increase of PEG is fully effective. However, with PEG MW 6000 although a much
lower total concentration of PEG is effective, doubling the BSA concentration requires
a ten-fold increase in PEG (at least at the lower concentrations).

[0019] The explanation for this behavior is not well understood at this time. However,
this effect does indicate that until limiting viscosity is reached, a higher molecular
weight polymer is probably preferred. In a real life laboratory testing situation it may not
be possible to know in advance exactly what level of fouling agents are present.
Therefore, it is desirable to prepare reagents that have a sufficiently high level of -
effectiveness to neutralize the worst possible expected fouling situation. Tests made
along the lines of those presented in Table 1 make it fairly simple to determine the
relative effectiveness of different polymers against various levels of fouling agents. In
this way reagents having the lowest possible level of the most effective anti-fouling
agents can be selected. That is, once tests have indicated that a particular sample or
type of sample contains a fouling agent, it is possible to prepare a matrix of samples
where a range of concentrations of a number of candidate hydrophilic polymers are
added. Then the samples are analyzed using EWOD to determine which of the
candidate polymers is most effective (i.e., effective at the lowest concentration) to
overcome the fouling.
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[0020] Some hydrophilic polymers appear to be ineffective even at the highest
concentration tested. For example, Dextran polymer is available in a number of
grades. Dextrans are used in medicine to coat platelets so it was expected that these
polymers might be effective to mitigate fouling. Tests showed that droplets containing
Dextran were driven normally in the test EWOD device. That is to say, while Dextran
has coating properties, it does not itself act as a fouling agent. However, 20% by
weight solutions of two different Dextran polymers (3,000 MW and 25,000 MW) were
completely ineffective at preventing fouling by BSA. This is in spite of the fact that this
weight percent is within the weight range that was highly effective with PEG polymers.
At this point it is not conclusively known whether Dexfran polymers are simply
ineffective or whether the polymers tested had an insufficient number of effective
monomers at the concentrations tested. With PEG it is clear that longer polymers
(more monomer units) are considerably more effective. In the case of Dextran each
monomer is much larger (a glucose molecule) than those of PEG (an ethylene glycol
molecule). Therefore, it is possible that the tested Dextran polymers simply had an
insufficient number of monomers (these results also suggest that sugars may be
inherently less effective monomers in preventing fouling). However, it is believed that
water-soluble Dextran may be insufficiently amphipathic to provide antifouling effects.

[0021] This surmise is consistent with the discovery that hydrophilic polymers with
significant surfactant properties show the most significant antifouling properties. An
experiment was conducted to discover how effective poly sorbate (polyoxyethylene
sorbitan monooleate or Tween-20) is at preventing the fouling effect of BSA. The
experiment was identical to the BSA experiments already presented. The test was
conducted with 300ug/ml BSA solution. It was found that only 0.01% wt/v of the
polysorbate surfactant was sufficient to overcome the fouling effect of this amount of
BSA. This is a 100 fold improvement over PEG which shows weaker surfactant
properties. With lower concentrations of BSA this surfactant appears to be even more
effective. With 200pg/ml BSA solution only 0.005% wt./v was required which is a 200
fold improvement over PEG. It is anticipated that higher molecular weigh surfactants
with similar chemical structures (e.g. Tween-80°) will be even more effective. When
polyoxyethylene octyl phenyl ether (Triton X-100%), another surfactant, was tested in
parallel to the polyoxyethylene sorbitan monooleate, it was also found to be much
more effective than PEG. For a 300ug/ml BSA solution only about 0.005% wt./v is
required to avoid fouling effects.

[0022] However, not all hydrophilic polymers are effective. For example, tests have
shown that polyvinyl alcohol (PVA) itself is an extremely effective fouling agent. The
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PVA used had an average between MW 60-100,000. Addition of PVA to the test
droplet made it impossible to move the droplet by EWOD even in the absence of BSA.
PVA is known to have significant film forming properties; it seems likely that PVA coats
the EWOD surfaces and prevents any changes in surface tension. It is possible that a
smaller polymer might not be a fouling agent and might actually be an anti-fouling
agent. In other words, it is possible that when the hydrophilic polymers become too
large, they become fouling agents rather than anti-fouling agents.

[0023] The following claims are thus to be understood to include what is specifically
illustrated and described above, what is conceptually equivalent, what can be
obviously substituted and also what essentially incorporates the essential idea of the
invention. Those skilled in the art will appreciate that various adaptations and modifica-
tions of the just-described preferred embodiment can be configured without departing
from the scope of the invention. The illustrated embodiment has been set forth only for
the purposes of example and that should not be taken as limiting the invention.
Therefore, it is to be understood that, within the scope of the appended claims, the
invention may be practiced other than as specifically described herein.
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What is claimed is:

1. A method for preventing adsorption of molecules to surfaces in
microfluidic devices comprising the step of adding a quantity of hydrophilic polymer

effective to prevent surface adsorption of samples used in the microfluidic devices.

2. The method according to claim 1, wherein the hydrophilic

polymer is a nonionic surfactant.

3. The method according to claim 2, wherein the nonionic
surfactant is selected from the group consisting of polyoxyethylene octy! phenyl ether

and polyoxyethylene sorbitan monooleate.

4. The method according to claim 2, wherein the nonionic
surfactant is selected from the group consisting of polyethylene glycol and

methoxypolyethylene glycol.

5. The method according to claim 1, wherein the microfluidic
device employs effects selected from the group consisting of mechanical, electrical,

optical, chemical and combinations thereof.

6. The method according to claim 5, wherein the microfluidic

device employs droplets.
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7. The method according to claim 5, wherein electrical effects are
used to implement mechanisms selected from the group consisting of electrowetting,
opto-electrowetting, electrostatic, electrophoretic, dielectrophoretic, electro-osmotic

and combinations thereof.

8. The method according to claim 7, wherein electrical effects are

used to manipulate droplets.

0. The method according to claim 7, wherein the microfluidic

device employs an electrowetting mechanism.

10. A method for selecting an optimal hydrophilic polymer for
prevention of fouling an electrowetting microfluidic device comprising the steps of:
processing a first aliquot of a fluid sample contaihing a potential
fouling agent using an electrowetting microfluidic device; and
testing a panel of candidate hydrophilic polymers if the electrowetting
microfluidic device was fouled by the first aliquot by:
adding increasing amounts of each member of the panel of
candidate hydrophilic polymers to a plurality of aliquots
of the fluid sample so that there are aliquots containing
a range of concentrations of each member;
processing each of the aliquots of the plurality to
determine whether any of the aliquots prevents

fouling; and
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14 selecting the optimal hydrophilic polymer as the member of the panel
15 which prevents fouling at the lowest concentration.
1 11.  The method according to claim 10, wherein the hydrophilic

2  polymers are surfactants.
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