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Abstract

Temperature-dependant smart bead adhesion: A versatile platform for biomolecular
immobilization in microfluidic devices

Noah Malmstadt
Co-chairs of the Supervisory Committee:
Professor Patrick S. Stayton and Professor Allan S. Hoffman
Department of Bicengineering

Microfluidic systems for chemical and biochemical analysis promise increased
process portability, speed, and efficiency as well as decreased waste. One important aspect
of microfluidic design is the incorporation of immobilized biomolecules in microfluidic
devices. Of the methods that have been proposed for the microfluidic immobilization of
biomolecules, few allow for reversible immobilization or end-user control over the
immobilization process. The absence of these capabilities limits device flexibility and
reusability.

Presented in this dissertation is a method for achieving the reversible, controlled
immobilization of biomolecules in microfluidic devices. This method is based on so called
“smart beads”: latex nanobeads coated with the temperature-responsive smart polymer
poly(N-isopropylacrylamide) (PNIPAAm). PNIPAAm exhibits lower critical solution
temperature (LCS5T) behavior: soluble in aqueous solutions at room temperature, but
becoming hydrophobic and reversibly aggregating at temperatures greater than ~32 °C.

Similarly, 100 nm diameter polystyrene latex beads coated with PNIPAAm form a



suspension that flows easily through a microfluidic channel constructed from poly{ethylene
terephthalate) (PET) at room temperature, but when the temperature of the channel is
elevated above the polyrner LCST, the beads aggregate and adhere to the channel walls. This
adhesion is stable in the presence of flow, and reversible upon return of the channel
temperature to below the polymer LCST. By co-modifying PNIPAAm-coated beads with
biotinylated poly(ethylene glycol), we have made possible the controlled, reversible
immobilization of diverse biomolecules.

Experiments preliminary to the development of the smart bead system described in
this dissertation include the study of a PNIPAAm-based bioseparation scheme as well as the
investigation of the behavior of PNIPAAm in microfluidic channels. Smart bead applications
include an affinity chromatography system, in which the biotinylated beads serve as a
chromatographic matrix for the separation of streptavidin from a flow stream, and an
immunoassay system, in which beads modified with an antibody for the drug digoxin serve
as the substrate for a competitive digoxin immunoassay. Further prospective applications of
the smart bead system, such the facilitation of multiple parallel bioseparations in a single

microfluidic channel, are also presented.
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Chapter 1: Background and Literature Review

1.1 Summary

The research projects described in this dissertation have come about at the
intersection of two emerging technologies: microfluidics and smart polymers. This chapter
seeks to contextualize the research by providing the reader with a brief review of recent
developments in both fields. Section 1.2 investigates recent developments in microfluidic
integrated systems, including a survey of the range of laboratory operations that have been
adapted to microfluidic devices and a focus on the problem of bicimmobilization in
microfluidic devices, which is the major theme of chapters 4 and 5. Section 1.3 introduces
smart polymer technology, with emphases on both the physics of a specific smart polymer—
poly(N-isoproylacrylamide)—and on the practical applications of smart polymers in general.
Finally, section 1.4 examines a third important technology used throughout the research

described in this document: the streptavidin-biotin system.

1.2 Microfluidic Technology

1.2.1 The promise of the lab-on-a-chip

Recent decades have witnessed a revolution in computing and electronics brought
about in part by microfabrication technologies capable of mass-producing integrated circuits
and microprocessors. The capacity to put complete electronic circuits onto silicon chips has

had an impact throughout society, and has greatly increased productivity across a broad



2
range of scientific and industrial fields. Now, an emerging technology promises to bring the

power of microfabrication and on-chip integration to fluidic circuits for chemical and
biochemical analysis. This technology—termed the lab-on-a-chip, or micro total analysis
system (MTAS)—offers the concept of a complete laboratory analysis process integrated on a
single microfabricated platform, in the manner of an electronic integrated circuit.! Several
authors have recently reviewed the progress and potential of this technology.2*
Microfabricated chemical analysis systems offer many advantages over conventional
laboratory analysis technologies. Transport in a miniaturized fluidic (termed microfluidic)
system becomes greatly simplified: the small distances involved allow for fast operation-to-
operation transport with minimal void spaces, and the small scale ensures a laminar flow.
Aside from fluid transport considerations, many chemical and biochemical processes are
faster and more efficient on a small scale. The small volumes involved allow for relatively
high concentrations of scarce reagents, and separation processes tend to be more efficient in
small physical spaces?. Portability is also an immediate advantage of the lab-on-a-chip. A
portable analysis device can be used to get immediate resuits in the field: medical diagnostic
screening, quantification of environmental contamination, biological warfare agent detection,
and biotechnology quality control are all important fields where the immediate results
available from an on-site analytical device would be invaluable. There are also potential
preparative applications of the lab-on-a-chip: the small size of microfluidic devices makes
scale-up possible via simple parallel operation, and a parallel array of microfluidic devices

could produce industrially relevant amounts of product.



1.2.2 Microfluidic unit operations and integrated applications

The development of complete on-chip integrated microfluidic laboratories depends
upon the development of techniques to adapt standard laboratory operations onto
microfluidic platforms; a wide range of unit operations has therefore been incorporated into
UTAS devices. In this subsection, the breadth of microfluidic unit operation development
will be explored, along with technologies used to drive and control flow through microfluidic
devices and microfluidic fabrication techniques. Several authors have recently reviewed
these issues in more detail #11

One key area of development of microfluidic unit operations has been separations
technology. By far the most prominent microfluidic separation technology is capillary
electrophoresis (CE).121¢ Microchip CE involves the separation of charged biomolecules in a
narrow {10-100 um) channel according to differential mobility in an electric field (typically 1-
30 kV). Standard CE in microfluidic channels is valuable for separating proteins, which carry
a variety of mass-to-charge ratios®; separation of oligonucleotides requires capillary gel
electrophoresis, which has also been implemented in a microfabricated on-chip platform?7,
Various chromatographic schemes have also been devised for use in microfluidic devices!®2,
allowing for separations according to various physiochemical properties and biochemical
affinity interactions. Physiochemical chromatography schemes are typically based on the
interaction between and immobilized stationary phase and a flowing mobile phase. The
fabrication of physically immobilized phases has proven to be a challenge; however, recent
work in micellar chromatography, which is based on the interaction between a mobile phase

and micelles of an amphiphilic compound suspended in that phase, has the potential fo



4

ameliorate some of these difficulties for hydrophobic interaction chromatography systems.?
Affinity chromatography requires immobilization of biochemically active affinity moieties in
microfluidic channels: this issue is explored in greater detail in section 1.2.3. Schemes for
separating magnetic particles from a flow stream have also been proposed®, raising the
prospect of separation of biomolecules via binding to affinity-modified magnetic beads.

In addition to these batch separation techniques, which separate species in the
direction of flow, several techniques have been developed to separate species in the direction
transverse to flow. One such scheme relies on differences in rates of diffusion® of
biomolecules.® Flow in microfluidic systems is laminar. Therefore, after a flow has
developed, there is no convective transport in the direction perpendicular to the flow. Since
transport in this direction is strictly diffusive (in the absence of an external field), the distance
that a molecule travels in this direction over a fixed length of time is determined entirely by
its rate of diffusion. Molecules can therefore be separated along the direction perpendicular
to flow according to differential diffusion distances over a fixed residence time. Another
system for separating molecules and particles in the direction transverse to flow relies on an
electric field oriented perpendicular to the flow axis.?6# Isoelectric focusing of proteins® and
bacteria® has been demonstrated in such a system.

Qutside of separation systems, a wide variety of unit operations have been
developed for microfluidic devices. Microfluidic reactors include heterogeneous phase
immobilized enzyme bioreactors 335, enzymatic flow reactors for protein digestion®” and
enzyme inhibition®4 and kinetics assays, and temperature-controlled microreaction
chambers and channels for polymerase chain reaction (PCR)245. Mixing of fluid streams has

proven to be a nontrivial problem in microfluidic devices: turbulent mixing cannot be relied
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on due to the low-Reynolds-number environment, and it's a difficult microfabrication
problem to insert an impeller or stir bar®® into a microfluidic channel. Consequentially,
several microfluidic constructs have been developed to facilitate the mixing of fluid
streams. % Methods for temperature control in microfluidic channels have also been
developed®! Detection of chemical species in microfluidic devices has focused on
fluorescences2® and electrochemical®*® methods, but other approaches, such as surface
plasmon resonance (SPR)-based detectionsé have also received much recent attention.

Several device fabrication technologies have been explored; along with traditional
silicon lithography® (also used for glass and quartz device fabrication), researchers have
investigated polymer molding®% and polymer laser ablation®® approaches. There are also a
number of options for driving the flow through a HTAS device, such as microsyringe
pumping, electrokinetic flowé.€,, gravitationally driven flow, and centrifugally driven flows.
There has also been much recent interest in microelectromechanical pumping systems, which
allow for pumps to be integrated directly onto microfluidic devices, further improving uTAS
integration and portability.#4% Several approac};es to controlling flow through microfluidic
devices have been explored. Microelectromechanical valves—both passive and actively
actuated —have been developed; such valves have been most prominently deployed in
devices fabricated from silicon.®® A related valve technology, more useful in polymeric
devices, relies on separate control channels that interface with the microfluidic channels at
flexible (but impermeable) polymer junctions. Increasing pressure in a control channel
pushes out the polymer junction material into the microfluidic channel, closing the channel
off.é66” There have also been recent publications describing the incorporation of stimulus-

responsive polymer gels into microfluidic devices as valves: when the polymer is stimulated,
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the gel expands, closing off the channel.®% A final valve technology that has received recent

attention relies on channel surface hydrophobicity or fluid surface tension resulting from an
unusual channel geometry to retain fluid.®#” The hydrophobic or high-surface-tension
region is impassible at low fluid pressures, but fluid can be forced past at higher driving
pressures—valves of this type allow flow to be actively controlled simply through control of
the driving pressure.

Despite the relative youth of uTAS technology, several complete integrated systems
with discrete applications have been presented in the literature. Prominent among these are
systems to perform sample pre-processing for mass spectrometry: microfluidic technology
allows for improved automation of mass spectrometers, contributing to the development of
proteomic research.377 Reactors for performing PCR have already been mentioned; some
of these have been integrated with CE units to yield complete DNA analysis devices.s
Multiple integrated microfluidic systems for performing high-throughput enzyme inhibition
assays have been developed®£3, as have a number of immunoassay devices*78. Microfluidic

devices have also found recent application in the high-throughput screening of conditions for

protein crystallization.”8

1.2.3 Biomolecular immobilization in microfluidic devices

1.2.3.1 The importance of biomolecular immobilization to microfluidic technology

The technology described in chapters 4 and 5 of this document addresses an issue of
paramount importance to the continuing development of integrated microfluidic systems: the

issue of biomolecular immobilization. Immobilized biomolecules have long played a key role
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in biotechnology and molecular biology research. Affinity chromatography and microtiter
plate-based immunoassays are fundamental laboratory techniques that require an
immobilized, biochemically active, phase. Many emerging technologies—including
microarray analysis of genomic8! and proteomics2# material, micro/nanobead-based assays
and separation processes, and various surface patterning-based approaches to tissue culture
and tissue engineering—also require the immobilization of biomolecules onto a solid surface.
As microfluidic analytical systems mature, many of these technologies will be adapted to
microfluidic platforms. This adaptation will require the development of flexible, generally
applicable techniques for immobilizing biomolecules in microfluidic devices.

The system described in this dissertation promises to deliver this generality and
flexibility by providing the means to reversibly and controllably modify the walls of
microfluidic channels with arbitrary biomolecules on an on-demand basis. The benefits of
this system are best understood in the context of an examination of current approaches to
biomolecular immobilization in microfluidic devices. There are currently three broad
categories of microfluidic immobilization techniques: surface modification of microfluidic
channel walls, packing of microfluidic channels with biomolecule-bearing beads, and
packing of microfluidic channels with biomolecule-bearing porous monolithic siabs. This
section contains an enumeration of the advantages and disadvantages of each of these three

approaches, as well as a brief summary of specific implementations of each approach in the

literature.



1.2.3.2 Surface modification

The approach to biomoiecular immobilization described in chapters 4 and 5 is
essentially a surface modification technique. Surface medification involves the chemical
attachment or physical adsorption of molecules of interest to the walls of a microfluidic
channel. Fluid flowing through the channel comes into contact with the medified surfaces
and components of this fluid can interact with the immobilized molecules. The key
advantages of surface modification for biochemical immobilization are its relative simplicity
in implementation and its minimal impact on flow behavior. Surface modification does not
require the microfabrication of any special features in channels, such as the frets or weirs
required by packed-bead approaches. A chanmnel of any size or geometry can be modified.
Of course, specific materials require specific modification approaches; however, a wide range
of modification techniques has been developed, accommodating all commonly used
microfluidic device materials (specific examples are given below). Since surface modification
does not affect device geometry, there is no additional pressure drop associated with a
modified channel segment, and no danger of the formation of void spaces as a result of
modification.

Since the surface chemistry of microfluidic channels has a significant impact on
electroosmotic flow (EOF) through those channels, much work in microfluidic surface
modification focused not on coating channel walls with active moieties for chemical and
biochemical processes, but on the optimization of the EOF properties of channels.s57
Similarly, modification of surfaces with biomolecules can have an unpredictable or
detrimental effect on EOF through the modified channels; consider, for example, the

dampening of EOF mobility observed by Dodge et al. in silanized and protein-coated glass
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channels.”® Surface modification approaches to biomolecular immobilization are therefore
often incompatible with electroosmotically-driven flow.

In contrast to other approaches to biomolecular immobilization (packing with beads
or porous slabs), surface modification approaches suffer from a relatively low surface-area-
to-volume ratio. Molecules in a flow stream must diffuse to the walls of the channel in order
to interact with the chemical moieties immobilized there. This is an especially important
concern for biochemical applications, which may involve large macromolecules with low
rates of diffusion. Fortunately, the small size of microfluidic channels brings the entire flow
stream close to the walls, requiring diffusion over only short distances. Given sufficient
knowledge of the properties of the fluids and molecules involved in a given microfluidic
process, it is possible to engineer a device such that the issue of diffusion is taken into
account and sufficient transport of molecules to the channel surface is allowed.

Many studies of the biochemical modification of microfluidic channel surfaces have
relied on nonspecific physisorption of proteins. Linder et al.#8 demonstrated the adsorption
of biotinylated IgG to poly(dimethyl siloxane) (PDMS) channels, followed by binding to
avidin and biotinylated dextran. Polymer channels have also been treated by laser ablation
to increase their surface roughness and promote protein adsorption.®# For channels made of
materials not amenable to protein adsorption, surfaces have been modified: treatments
include silane coatings on silicon® and glass™ surfaces, and alkanethiol coatings on gold
surfaces®. In these studies, treated surfaces demonstrated nonspecific protein adsorption.
Physical adsorption of DNA to polycarbonate microchannels, modified with UV radiation to
bear surface carboxylate groups, has been used to purify DNA sequencing reaction products

in preparation for electrophoresis.”? In addition to these nonspecific approaches, surfaces
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have been modified with affinity moieties to accommodate specific protein binding. Affinity
approaches include coating of PDMS surfaces with a lipid bilayer functionalized with an
antigen for IgG binding? or with biotin for subsequent binding of avidin and a biotinylated
enzyme . A photoactive biotin derivative has also been pattered onto PDMS microfiuidic
surfaces via lithographic techniques.”? Finally, microfluidic channel surfaces have been
modified with reactive moieties to allow for the covalent immobilization of proteins. Such
modifications include the coating of glass and silicon channels with organosilanes containing

reactive pendant groups”# and chemical vapor deposition of reactive polymer thin films

onto PDMS%,

1.2.3.3 Bead packing

Affinity chromatography is typically performed on columns that have been packed
with beads modified to bear the affinity moiety of interest. Using such systems as a mode)},
several researchers have packed microfluidic channels with biochemically-modified beads to
create columns for affinity bioseparations or bioreactions. The central advantage of such an
approach is that bead-packed chamnels have an enormous surface-area-to-volume ratio,
maximizing the opportunity for interactions between the immobilized biomolecule and
components of the fluid flowing through the packed channel. The smaller the beads, the
more tightly packed the channel; tighter packing decreases the distance that components of
the fluid must diffuse in order to reach the active surface.

Unfortunately, tightly packed columns are associated with large pressure drops. In
fact, the pressure drop over a bead-packed column scales as the inverse of the square of the

bead diameter. Consider, for example, a column with typically microfluidic dimensions of
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0.3 mm % 0.1 mm x 20 mm, and beads of

5 pm diameter. This column would be
expected theoretically to produce a
pressure drop of 1.28 atm at a flow rate
of 344 nL/min; pressure would be

expected to increase with narrower

channels, smaller beads, and faster flow

Figure 1.1: A scanning electron micrograph
(SEM) of a frit in a microfluidic channel. Scale
rates.” In the context of microfabricated | par (white, upper right) is 1 mm long.
Reproduced with permission from reference
mechanical pumps, this is an unusually | 97. © Copyright 2002 Wiley.

high pressure: a recent review of microfabricated pumps found only two reports of pumps
capable of generating static pressure heads of greater than 1 atm out of approximately 45
reports reviewed.® Electroosmotic pumping is capable of generafing significantly more
pressure—up to 140 atm%—and standard lab-scale pumping systems can be coupled to
microfluidic devices to provide arbitrarily high pressures. Nevertheless, the high back
pressure generated by packed bead columns places a severe restriction on the flow-
generating technology available to devices incorporating such columns.

In addition to limits imposed by their high back pressure, packed bead columns
demand specialized fabrication steps. In order to hold beads in place in a microfluidic
channel, special microstructures must be fabricated at the exit of the channel. One such
restraining structure is a frit: a series of ridges at the end of a column spaced more closely
than the diameter of the beads to be restrained (Figure 1.1). Microfluidic frits have been
manufactured in silicon”9.9%, PDMS%%, and SU-8 photoresist>. Another option is a weir: a

constriction (typically a in the form of a raised platform) in a channel that narrows the
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channel width to below the bead

Caver Glass
diameter (Figure 1.2), 4

. " xe . Solvent
Microfluidic weirs have been Flow /

!____,_ b . ....... v

Packed Chamber—/ _\— Etchad Plate

manufactured in silicon®® and

glass®78101%2  In addition to | Figure 1.2: A cross-sectional diagram of a

microfluidic chamber packed with beads, retained on
increasing the complexity of | either side by a weir. Reproduced with permission
from reference 101. © Copyright 2000 American

fabrication, these approaches limit | Chemical Society.

the reversibility of the packing step: beads held in place by a microfabricated fret or weir
cannot be easily removed and replaced, limiting the lifetime and reusability of packed bead
columns. Furthermore, frits and weirs both distort the flow profile through channels, leading
to dispersion and band-broadening®”; this effect is amplified for eletroosmotically-driven
flow, in which these structures distort the electric field, further disrupting the flow. Frits
introduce special problems: they can be fragile, leading to failures of column packing, and
their many sharp edges can serve as nucleation points for bubble formation.13 Another
approach to column packing is so-called “keystone” packing, which involves flowing beads
into a tapered column in such a manner that they crowd together at the point of constriction
and form a plug in the channel.' While this approach does avoid the fabrication issues
raised by frits and weirs, it is similarly irreversible and it generates the high back-pressure
typical of bead-packed columns. Another, ingenious, method for trapping beads in
microfluidic channels was recently reported: pump-driven and electroosmotic flows are
operated against one another, generating a recirculating flow that holds beads in place in a
channel while analyte fluids are pumped through the same channel:* While this technique

does allow for column packing without special microstuctures, as well as for controlled
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reversibility of packing, it requires a highly specialized flow pattern and therefore may not be

generally applicable,

1.2.3.4 Monolithic slab packing

Several researchers have reported packing microfluidic channels with porous
monolithic polymer slabs. Biomolecules immobilized in these slabs are exposed to fluid
flowing through the pores. Like bead-packed columns, monolithic polymer-packed columns
provide for a high surface-area-to-volume ratio. At the same time, they avoid many of the
difficulties associated with packing a microfluidic column with beads. No frits or weirs are
required to hold a monolith in place: a reactive monomer solution is simply flowed into the
channel and polymerization is performed in situ, completely filling the channel with
polymer, which can be bonded chemically to the channel walls or merely held in place by the
geometry of the channel. Columns packed in this manner do share some disadvantages with
packed bead columns, however. Since fluids passing though such columns must perfuse
through a system of pores, there can be a considerable pressure drop across the polymer
monolith. For example, Rohr et al. reported a back pressure of 8.9 atm for a 10 mm x 0.2 mm
%x 0.5 mm column packed with a monolithic slab of 50% porosity with a median pore
diameter of 1 pm, at a flow rate of 1 uL/min.1** Of course, the pressure drop over the column
is highly dependant on the pore diameter and porosity of the column: increasing both of
these parameters decreases the pressure drop. Techniques have been developed for
producing a wide range of pore sizes, porosities, and, consequentially, column fluidic
properties, 105106 Another disadvantage monolithic slabs share with packed bead columns is

the irreversibility of the packing procedure. Once the polymerization has been performed,
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the polymer cannot be removed from the column. Finally, while porous monolithic polymer
columns seem like an appropriate substrate for biomolecular immobilization (and, in fact,
protein immobilization to such materials has been thoroughly explored on larger scales'?),
microfluidic demonstrations of such immobilization have been limited. While porous slabs
have been used as substrates for microfluidic ion-exchange!® and hydrophobic-
interaction®110 chromatography, as well as for microfluidic mixing!®®, there has been only
one microfluidic demonstration of protein immobilization to such a substrate: Peterson et al.
demonstrated the immobilization of trypsin to a porous polymer monolith to form a

microfluidic enzymatic bioreactor®,

1.3 Smart Polymers

13.1 The physiochemical 20

properties of PNIPAAm and
g 220}
=
. . =]
similar smart polymers R
2
E 10
“Smart”, or “intelligent”, or | &
e
“stimuli-responsive” polymers are 00 L=
20 30 40 50 60
synthetic polymers that undergo a Temperature (°C)

Figure 1.3: A typical PNIPAAmM cloud-point
drastic and reversible hydrophobic- | diagram, showing the polymer's phase
transition. As PNIPAAM ftransitions from
hydraphilic to hydrophebic, it aggregates and the
optical absorbance of the polymer solution
increases. Note the sharpness of the phase
response to a change in a specific | transition. Reproduced from reference 126, ©
Copyright 2000, with permission from Elsevier.

hydrophilic phase fransition in

environmental condition (the
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stimulus). This transition is typicaily very sharp—a complete phase change is observed over
a very short range of values of the stimulus condition. Consider, for example, the phase
transition of poly(N-isopropylacrylamide) (PNIPAAm) in response to a temperature change
shown in Figure 1.3: the phase transition begins and is completed over a range of less than 5
degrees centigrade. This sharp response to environmental stimulus is the key to the utility of
smart polymers, since it allows these polymers to operate as an easily controlled binary
switch, The phase transition behavior of smart polymers is further valuable because of the
simplicity of the properties to which various smart polymers are responsive: there are smart
polymers which respond to temperature, pH, ionic strength, and specific wavelengths of
light.! Since smart polymers allow for the coupling of controlled macroscopic system
properties to the microscopic behavior of the system, they are valuable molecular
engineering tools.

The projects described in this dissertation rely on

PNIPAAm as a means of separation and adhesion via aggregation
upon hydophilic-hydrophobic phase transition. PNIPAAm (Figure
1.4) is possibly the best-studied smart polymer, with work on its
temperature-sensitive behavior performed as early as 1968 | Figure 1.4: The
chemical structure

Schild published a thorough review of work on PNIPAAm in | of the repeating
unit of PNIPAAM.

1992113 PNIPAAm exhibits lower critical solution temperature
(LCST) behavior: it is soluble in aqueous conditions below a certain temperature; above that
temperature it undergoes a transition to a hydrophobic phase and aggregates out of solution.
Two approaches have been applied to determining the LCST of PNIPAAm: observation of

solution turbidity upon polymer aggregationz and calorimetry to detect the heat of phase
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transition®. The LCST of PNIPAAm is dependent on the ionic strength of the solution. In

pure water, PNIPAAm has an LCST between 31 °C and 32 °C112 At 500 mM NaCl, the LCST
is lowered to 27-28 °C, and the LCST drops to below room temperature at NaCl
concentrations approaching 1M."5 This dependence on ionic strength is similar to the
salting-out effect commonly observed in aqueous protein solutions. The LCST is also
dependent on pressure, increasing to 35°C at 400 atm.¢ PNIPAAm LCST decreases slightly
with increasing polymer concentration at low polymer concentrations, though it is constant
with increasing concentration above about 5 wi% polymer.1®6 There is no strong dependence
of LCST upon polymer molecular weigh.t!” Conjugation of PNIPAAM to various

biomolecules has also been shown to have very little effect on its LCST.118

Temperature % The mechanism of PNIPAAm phase
- r 40 . 30 . 2
I ! transition is a matter of some contention.
4 -
Early calorimetric work established that the
3 -
¢ endotherm phase transition is endothermic, implying
3 f
9 e g
;. 2 that it is an entropically driven process
o = (Figure 1.5).12 The polymer-solvent system
e
o | PR \ can therefore be described as in balance
25 20 3 10 3
Time {min}
between enthalpic forces favoring the
Figure 1.5: Calorimetry of PNIPAAmM
phase transition. As the temperature of the | golvated configuration and an entropic
solution Is increased, an endothermic peak
is apparent near the LCST. Reproduced ) . . . .
from reference 112. penalty associated with this configuration

and favoring phase separation. It is clear that the source of the entropy gained upon
hydrophobic polymer aggregation is the disordering of structured waters about the

hydrophobic groups on the polymer; this conclusion is supported by several studies of
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PNIPAAm and similar polymers!19120, The source of the countervailing enthalpy, however, is
less clear. One possible source is the heat of dissociation of the hydrogen bonds between the
hydrophilic groups on the polymer and water molecules; early conjecture favored this
source.’2 However, there is evidence that the polymer is highly hydrated in its phase-
separated state, implying that not many of these hydrogen bonds are actually broken upon
phase fransition11212123  The other potential source of the enthalpy of phase transition,
suggested by a number of calorimetric studies, is the breaking of hydrogen bonds in the
ordered water network swrrounding the hydrophobic polymer groups in the solvated
phase.141% A related controversy is the source of the temperature dependence of phase
separation. Those who suggest that the enthalpy of phase separation is related to the
breaking of solvent-polymer hydrogen bonds argue that these bonds are destabilized as the
temperature increases until the entropic pressure towards phase separation overcomes the
enthalpic penalty of breaking the bonds. On the other hand, a similar effect has been
proposed for the hydrogen bonds between water molecules in the hydrophobic solvation
cages: they are destabilized as temperature increases, decreasing the enthalpic penalty of
their dissociation. In addition, since the ordered water systems prevent intramolecular
hydrophobic interactions in the polymer, their destabilization makes such interactions, and
subsequent polymer collapse, more likely.1* The system is complex and incompletely
understood, and there is no single dominant theory describing the molecular origin of
temperature dependant phase-transition.

One useful feature of the PNIPAAm system is that the LCST of the system is tunable,
allowing for the phase separation behavior to be tailored to the requirements of an

application. As described above, increased ionic strength can be used to lower the LCST of
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the polymer. In addition, the LCST of the polymer can be altered
via the inclusion of comonomers. NIPAAm copolymers with ionic *
or polar monomers incorporated have an elevated LCST, while N
copolymers incorporating hydrophobic monomers have a ( W
depressed LCST.11¢ The stereochemical order of the polymer also
Figure 1.6: The
has an impact: isotactic poly(diethylacrylamide) (PDEAm), a | chemical struciure

of the repeating
unit of PDEAm.

related temperature-sensitive smart polymer, has an LCST of 40°C,

elevated from the 32°C LCST of heterotactic PDEAm (figure 1.6).1%

1.3.2 PNIPAAM aggregation behavior

At temperatures above the LCST, hydrophobic PNIPAAm molecules aggregate; this
aggregation is observable as the increase in turbidity of PNIPAAm solutions above the LCST.
An understanding of the mechanism of PNIPAAm aggregation and the structure and
properties of PNIPAAm aggregate particles is important for the work at hand, which relies
on the aggregation of PNIPAAm-conjugated molecules and PNIPAAm-coated particles.
PNIPAAm aggregation can roughly be described as a three-step process. Initially,
PNIPAAm molecules collapse from a random coil configuration to a globular configuration.
This collapse has been observed by static and dynamic light scattering experiments, which
show a radical decrease in the radius of gyration and hydrodynamic radius of PNIPAAm in
very dilute solutions upon elevation of the temperature above the LCST; further analysis of
light scattering data reveals that this transition is accompanied by a change in the shape of
the PNIPAAmM molecules from random coils to hard spheres.® The coil-globule transition of

PNIPAAmM has also been observed via atomic force microscopy'® and rheological



techniques'?. Evidence that this initial transition
is intramolecular (i.e., it results from the collapse
of single hydrophobic molecules rather than the
aggregation of many molecules) comes from
microcalorimetric studies, which establish that the
polymer collapses in domains of approximately
500 monomers each.’® These studies of the phase
transition of single PNIPAAm molecules must be
performed either at wvery low polymer
concentration or in the presence of surfactants in
order to prevent higher-order aggregation events
that would obscure the data.

The single-molecule globules formed by

PNIPAAmM above its LCST are not stable;
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Figure 1.7: Transmission electron
micrograph of PNIPAAM meso-
globules, stained with tungsto-
phosphoric acid. The scale bar
corresponds to 500 nm. Reproduced
from reference 130, © Copyright
1997, with permission from Elsevier.

molecular collapse is soon followed by the formation of “mesoglobules”: extremely

monodisperse spherical particles, with radii on the order of 100 nm, made up of many

polymer molecules. Mesoglobules, which are stable for days at a time at low concentrations,

have been cobserved via dynamic light scattering and transmission electron microscopy

(Figure 1.7)1231 Hahn ef al. have characterized the sedimentation behavior of PNIPAAmM

and NIPAAm copolymer mesoglobules; as the temperature of a PNIPAAm solution is

increased above the LCST, the sedimentation coefficient of PNIPAAmM molecules increases

from ~3 S (comparable to a protein molecule) to ~800 S5 This sedimentation coefficient

translates to a settling velocity of about 5x10% mm/min in the earth’s gravitational field;
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however, further PNIPAAm aggregation creates particles that sediment more quickly. At

sufficiently high concentrations, a third aggregation step takes place: the formation of
micrometer-scale aggregates. This step has not been studied in detail, but it most likely
involves the association of mesoglobules into progressively larger aggregates in a

flocculation process.

1.3.3 Smart polymer applications

Reviews of the current and potential applications of smart polymers to the
biosciences have been published.!1132 One key application of smart polymers has been to
affinity precipitation systems: separation systems that rely on an interaction between a target
molecule and an affinity ligand used to specifically precipitate the target from solution.133-13
Smart polymers have made it possible to trigger the precipitation event with the polymer
phase transition stimulus. In early smart polymer affinity precipitation work, PNIPAAm
was conjugated to proteins to accomplish separation of antibodies?® and antigens!®.%,
PNIPAAm has since been conjugated to a variety of ligands for affinity precipitation
applications. These ligands include: dextran, for the separation of anti-dextran antibodies!?s;
double-stranded DNA, for separation of DNA-binding proteins!40; single-stranded DNA, for
separation of oligonucleotide-labeled proteins'¥!; lysozyme substrate analogs“24 and anti-
lysozyme antibody fragments', for the separation of lysozyme; and iminobiotin, for
separation of avidin. Other temperature sensitive polymers are available for affinity
precipitation: PDEAM has been conjugated to a protease substrate analog for the purification

of subtilisin carlsbergl®. Custom-designed copolymers, sensitive to both temperature and
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pH, have been used in affinity precipitation schemes to purify proteins by metal-affinity
interactions!¥ and antibody-antigen interactions!®, Finally, avidin has been separated using
biotin-conjugated latex microbeads which aggregate in response to changes in ionic strength
and pH.* Since standard bioconjugation techniques can be used to attach the many types of
smart polymers to any of a wide variety of biomolecules, smart polymer based affinity
precipitation allows for the design of highly specified bioseparation processes, with precisely
engineered molecular characteristics. An example of such a design-—in which protein
engineering techniques are used to design a mutant protein/smart polymer affinity
separation agent with highly specified properties—is described in detail in Chapter 2.

In addition to their widespread use in affinity precipitation, smart polymers have
found applications in many other separation systems. PNIPAAm has been used as the basis
of a capillary electrophoresis matrix that can be easily loaded into a capillary at low
temperatures but that forms an effective DNA sieve above the polymer LCST. % Similarly, a
temperature-sensitive polymer has served as the basis of a CE matrix with a mesh size that
varies with temperaturels! Smart polymers have also been used as control elements in
chromatographic separations: temperature sensitive column packings have been developed
for ionic®21%, hydrophobic1s+1%7, size exclusion’®l, and affinity!é16 chromatography. In
these chromatographic systems, the temperature responsiveness of the column allows either
for different chromatographic resolution properties at different temperatures (thermally
tunable columns) or for elution of a bound separation product in response to a temperature
change.

Smart polymers have also seen a wide range of applications away from separation

systems. Cross-linked hydrogels made from smart polymers have been shown to absorb and
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deliver molecular payloads in a stimuli-responsive manner—a behavior with potential
application to drug delivery.165167 Smart polymer hydrogels have also been used as valves in
microfluidic devices: hydrogels are synthesized inside of microfluidic channels such that the
channel is blocked when the gel is expanded but open when the gel is collapsed. Valves of
this type have been implemented with both pH-6816817 and temperature-responsive®® smart
polymers. Surfaces coated with thermoresponsive smart polymers have a variable,
temperature-dependant hydrophobicity. Such surfaces have been shown to allow
eukaryotic cell attachment in a temperature-dependant manmner: cells bind at high
temperature, while the surface is hydrophobic, but they detach at lower temperatures, when
the polymer on the surface transitions to its hydrophilic phase.1217 These applications rely
on bulk properties of structures made from smart polymers; perhaps more exciting from a
molecular engineering perspective are applications in which individual smart polymer
molecules are conjugated to biomolecules in order to confer new properties to these
biomolecules.!'! Conjugation of a temperature-sensitive smart polymer to the proteolytic
enzyme trypsin makes it possible to control enzyme activity by allowing the enzyme to be
removed from solution in response to thermal stimulus.!171717% Control of enzyme activity
has also been achieved via site-specific conjugation of a light-sensitive polymer to the enzyme
endoglucanase 12A.177 Conjugation of both light- and temperature-sensitive polymers to
locations near the streptavidin binding site has been shown to impart stimuli-responsive
biotin-binding behavior.”*82 Finally, pH-sensitive polymers have been incorporated in
biomolecular complexes to direct the intracellular delivery of therapeutic agents via pH-

sensitive endosome disruption, 18387
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An interesting application of smart polymers, and one that has a direct bearing on
the work presented in this dissertation, is the synthesis of latex beads that incorporate
PNIPAAm for the purpose of termperature-responsive flocculation. One example of such an
application involves beads with surface coatings of both latex PNIPAAm and immobilized
enzyme: the enzyme activity can be removed from solution by thermally flocculating the
beads and returned to solution via reversal of the thermal stimulus.’818 Similar bead have
been manufactured to bear antibodies on their surfaces, via both nonspecific adsorption and
covalent attachment.’ PNIPAAm chains conjugated to the surface of latex beads have been
shown to control, in a temperature-responsive manner, the accessibility of soluble substrates
to enzyme molecules also immobilized on the bead surfaces.!” NIPAAm-containing latex
beads have also been synthesized with a co-monomer that has RNA-binding properties; these
beads can serve as an affinity precipitation system for RNA.%2 In the context of the work
presented here, the key lesson of these PNIPAAm bead systems is that, immobilized on the
surface of latex beads, the temperature-sensitive polymer confers its thermal sensitivity to the
beads. PNIPAAm-coated beads aggregate in much the same manner as free PNIPAAmM
molecules do, apparently due to the impact of the PNIPAAm phase transition on the beads’
surface properties. Chapters 4 and 5 describe work in which PNIPAAm-coated latex beads

were used as a temperature-sensitive immobilization substrate in microfluidic channels.
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1.4 The Biotin-Streptavidin System

1.4.1 Introduction

The streptavidin-biotin system plays a

O
key role in many of the experiments described /“\
N N
in this dissertation, either as a model system
for affinity interactions (Chapters 2 and 4) or S O
lecular linker i bi a tem OH
as @ molechiar lnker In a bloassay sys Figure 1.8: The chemical structure of
biotin.

(Chapter 5). Streptavidin is a 53 kDa

tetrameric protein produced in nature by the
bacterium Streptomyces avidinii®*>1% Each of
the four streptavidin monomers binds one
molecule of the vitamin biotin (Figure 1.8)

with extraordinarily high affinity (Figure 1.9).

Because of this high affinity, the capacity of

Figure 1.9: A ribbon diagram
representation of the molecular structure
of streptavidin. Bound biotin molecules
and the ease with which a great variety of | are shown in red. The fourfoid
symmetry of the molecule is apparent,
molecules can be biotinylated, the biotin- as is the orlen'_[atlpn of the binding s’t.es

towards two binding faces on opposite
sides of the molecule.

streptavidin to bind multiple biotin molecules,

streptavidin system has become a key
component of many processes in biotechnology and the biomedical sciences.’6197
Streptavidin is named for its similarity to the avian protein avidin, which is another

tetrameric biotin-binding protein, and which actually has a slightly higher biotin-binding



25
affinity than that of streptavidin.'®® Avidin, however, is a heterogeneously glycosylated

protein with an exceptionally high pl; streptavidin’s relative simplicity (including its
bacterial origin, which make it more accessible to recombinant protein engineering) favors it
for biotechnology applications.

The utility of the biotin-streptavidin system is limited, however, by the fact that, in
practical terms, the biotin-streptavidin interaction is kinetically irreversible. The dissociation
of bound biotin from streptavidin is a first-order process, described by a rate constant k.
The dissociation rate constant of wild-type (WT) streptavidin from biotin at 25 °C is 5.6 x 106
57, corresponding to a binding half-life of over 34 hours.1?#* Since dissociation takes so long,
biotinylated molecules that have been bound to streptavidin cannot reasonably be released
and recovered in the laboratory. Fortunately, molecular engineering techniques have been

applied to the biotin-streptavidin system, allowing for some fine-tuning of the interaction.

1.4.2 Molecular engineering of the biotin-sireptavidin interaction

Work towards altering the characteristics of the biotin-streptavidin interaction has
focused on recombinant protein engineering of streptavidin to yield mutants with relatively
high biotin off-rates. Structural studies of the streptavidin-biotin complex have identified a
number of important van der Waals and hydrogen bonding interactions at the biotin binding
site20201  Elimination of hydrophobic interactions via site-directed mutagenesis of various
tryptophan residues resulted in between a one- and two-order-of-magnitude increase in the
off-rate of biotin from streptavidin.!®?2 Mutagenic elimination of residues that form

hydrogen bonds to the ureido group of biotin had a similar effect, increasing the rate of
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dissociation by over 2

orders of magnitude
relative to the wild-type
protein® These kinetic
changes are
accompanied by similar
changes in the affinity

binding constant.198203 ' [L\d :

In the work | Figure 1.10: Key hydrogen bonds in the streptavidin binding
pocket. In the S45A mutant, the hydrogen bond to residue
described in Chapter 2, | Serd5 is eliminated. Image courtesy of D. Hyre.

a mutant streptavidin with an extraordinarily high biotin off-rate has been used to make the
biotin-streptavidin system reversible, while retaining specificity and a high affinity. The
mutant protein, in which residue 45 has been changed from serine to alanine (S45A) via
recombinant techniques, has a biotin off-rate of 0.05 s at 37°C, corresponding to a binding
half-life of 14 seconds—over four orders of magnitude faster than dissociation from WT
streptavidin (Figure 1.10).2* Hence, when a complex of S45A streptavidin bound to a
biotinylated macromolecule is treated with an excess of free biotin, the macromolecule
should be completely displaced by the free biotin within minutes. In the work presented in
the next chapter, this capacity for release has been investigated in the context of an affinity
thermoprecipitation system, in which a conjugate of 545A streptavidin and thermoresponsive

smart polymer serves as a bioseparation agent for a variety of biotinylated macromolecules.
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Chapter 2: Affinity Thermoprecipitation and Recovery
of Biotinylated Biomolecules via a Mutant Streptavidin-

Smart Polymer Conjugate™

2.1 Summary

The first project described in this dissertation involves the development of an affinity
precipitation system based on a conjugate of a smart polymer to a high off-rate streptavidin
mutant. This work was originally undertaken as part of a long-term project seeking to adapt
affinity precipitation technology to a microfluidic platform; however, the work described in
this chapter stands independent of any of the work with microfluidics described in the
subsequent chapters. The chapter begins with an introduction to bioseparation technologies,
with a focus on affinity separation technologies. The design, implementation, and results of

experiments with the new affinity precipitation system are then described.

2.2 Background: The Importance of Affinity Precipitation

Among Bioseparation Technologies

2.2,1 Introduction to bioseparations

Separation is a key process in classical chemical engineering: purification of
individual chemical species is necessary both for final products and for intermediates in

*Reproduced in part with permission from an article published in the journal
Bloconjugate Chemistry.25 ® Copyright 2003 American Chemical Society.
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complex multi-operation processes. As the field of biotechnology has matured, the

separation of specific biclogical molecules from complex mixtures has proven to be an
equally important process. Efficient, specific bioseparation processes are necessary because
of the stringent purity requirements in biological systems (both in pharmaceutics, where
contamination with nonspecific biochemical agents poses a potential health risk, and in
research applications, where such contamination can have an erratic effect on results).
Efficiency is also important because of the limited availability of biological samples and the
high cost of biochemical raw materials—little waste can be tolerated in a separation process.
Beyond the requirements of efficiency and specificity, the field of bioseparations is
complicated by the inapplicability of standard chemical separation processes to biomolecules.
Biomolecules cannot be separated by distillation or, in general, solvent extraction; they are
delicate and chemically similar to one another. Bioseparation processes must therefore be
performed in gentle aqueous conditions and rely on subtle differences between biomolecular
species, Fortunately, the differences between biomolecules, while subtle, are many, and a
number of separation technologies have been developed to take advantage of these
differences.

Though a thorough review of bioseparation technologies is beyond the scope of this
dissertation, it is appropriate to briefly consider the breadth of the field. There are several
comprehensive treatments of the field of bioseparations2%2% Though all categories of
biomolecules have been the subject of separation processes, the bulk of work towards
development of bioseparation technologies has focused on techniques for separating
individual proteins and oligonucleotides. These technologies have traditionally separated

molecules according to their physiochemical properties. Molecular weight is used to
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separate molecules in ulirafiltration, dialysis, and gel perfusion chromatography; iscelectric

point is used in salting-out precipitations and ion exchange chromatography; differential
solubility is taken advantage of in various solvent-extraction and precipitation processes; and
charge-to-mass ratio is the key to electrophoresis.

Though these technologies can be quite specific, and are capable of producing, under
the proper conditions, products of high purity, they suffer from the reality that the physical
properties of biomolecules lie on a continuous spectrum. The fact that there is overlap in, for
example, the isoelectric points of proteins fundamentally limits such technologies. This
limitation has led to great recent interest in affinity bioseparation systems—systems that rely
on a specific biological interaction between a target biomolecule and an affinity ligand. Since
affinity bioseparation systems rely on the biological properties of target molecules, they
provide unparalleled specificity and resolution. Since this specificity is a property of the
target molecule rather than the stringency and care with which the separation system is

operated, affinity separation systems are relatively robust and easy to use.

2.2.2 The dominant technology: affinity chromatography

Affinity chromatography is the most commonly used affinity bioseparation
technology. Campbell et al?® and Lerman®? did early work on affinity chromatographic
separations in the early 1950’s; the technology was further developed by Cuartrecasas et al.2!t
and Porath et al. 22, Affinity chromatography relies on the attachment of an affinity ligand to
an immobile matrix. A complex mixture containing the target biomolecule is passed over
this matrix, and the target molecule binds to its affinity ligand, allowing the other

components of the mixture to be washed away. The separated target molecule is then ehited



30

from the column, typically with a chemical eluent that weakens the affinity inferaction.
Affinity chromatography is very efficient and specific (delivering yields up to 90% and
capable of increasing the relative concentration of a single species by a factor of 6000).213
These strengths have made affinity chromatography a widely used technique.

A variety of affinity interactions have been employed in affinity chromatography
systems. Primary among these are immunological (antibody/antigen) interactions and
specific protein-protein interactions.#¢ Similarly, enzymes have been purified by affinity to
substrate analogs®®, and specific oligonucleotides have been purified by sequence
complementarity?6. Aside from these molecule-specific interactions, a number of techniques
relying on affinity tags have been developed.2? In these schemes, a target biomolecule is
labeled, either chemically or via recombinant protein engineering, with a specific chemical
moiety. The chromatographic matrix contains an affinity ligand with which this moiety
associates. The most prominent example of this approach is metal affinity chromatography,
in which target molecules are labeled with polyhistadine tags. These tags interact with
divalent metal cations such as Ni#, Cu?, or Zn*, which are chelated to the matrix.2'® Another
emerging technology involves tagging the target molecule with biotin and separating it by
(strept)avidin affinity chromatography.219220

The prominence of affinity chromatography has inspired the development of several
microfluidic affinity chromatography separation systems: these are mentioned in Chapter 1,
particularly sections 1.2.2 and 1.2.3. Chapter 4 describes the development of a new
bioimmobilization platform for microfluidic affinity chromatography. Though the
development of new affinity chromatography techniques remains a vibrant field, several new

affinity separation technologies have recently emerged to offer alternatives that avoid some
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of the drawbacks of affinity chromatography. Primary among these drawbacks is the need

for an immobilized phase. The presence of an immobilized phase introduces diffusional
limitations to the separation process: this issue is often addressed in real affinity
chromatography systems by packing columns densely with beads, thereby maximizing the
surface area to volume ratio of the columns. Unfortunately, as described in section 1.2.3.3,
bead packing introduces its own problems, particularly on microfluidic platforms. In
addition to issues related to diffusion and column packing, affinity chromatography systems
often introduce problems in eluting the bound target molecule from the immobilized column
phase. Often, harsh eluents are required to destabilize the interaction between target
molecule and immobilized phase, and these eluents can damage the target molecules. The
next two subsections (2.2.3-2.2.4) explore alternative technologies that seek to avoid the

disadvantages of affinity chromatography.

2.2.3 Other affinity bioseparation technologies

Aqueous two-phase systems separate proteins by selective partitioning. Such
systems rely on phase coexistence in aqueous systems containing water-soluble polymers.
When such systems separate into polymer-rich and polymer-free phases, some proteins
partition selectively into the polymer-rich phase. These proteins can then be purified by
physical separation of the two phases.2122 The polymer in an aqueous two-phase system can
be modified with an affinity ligand, improving the specificity of the separation.221223 While
these systems eliminate the diffusional limitations present in affinity chromatography, their
utility is limited by the difficulty of recovering the separation target?* Another promising

affinity bioseparation technology is continuous annular affinity chromatography.242 This
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technology allows for continuous separations from a flowing stream, giving it an advantage
over batch-based affinity chromatography; however, it requires specialized equipment with

moving parts, making it difficult to adapt to a microfluidic system.

2.2.4 Affinity precipitation: A powerful approach

In affinity precipitation systems, affinity ligands are used to associate target
biomolecules into high-specific-gravity aggregates, which are separated from bulk solution
either by centrifugation or by sedimentation at 1 g. Several thorough reviews of the field are
available?2135; this section provides a brief summary of recent work. There are two broad
categories of approaches to affinity precipitation (Figure 2.1). In primary effect, or
homogenous, affinity precipitation, multivalent affinity ligands are used to associate target
molecules into networked complexes. In secondary effect, or heterogeneous, affinity
precipitation, an affinity interaction is used to attach a target molecule to a second species
which can be precipitated from solution in a controlled fashion. Examples of primary effect
affinity precipitation include the precipitation of avidin by bis-biotin’®, the
immunoprecipitation of antigens via antibody cross-linking?%, and the aggregation of
charged biomolecules by polyelectrolytes'®. Primary effect affinity precipitation strategies
are notoriously nonuniform—the details of the protocol vary widely based on the nature of
the target. Furthermore, precipitated product can be very difficult to recover.® This
discussion, therefore, focuses on secondary effect affinity precipitation; the term “affinity

precipitation” will henceforth refer to such strategies.
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Figure 2.1: Affinity precipitation. (a) Primary effect affinity
precipitation, in which the target molecule (dark blue) is
aggregated by cross-inking via a multivalent affinity ligand
{cyan). (b} Secondary effect affinity precipitation. The
target molecule {magenta) is associated with an affinity
macroligand. An environmental stimulus (temperature in
this example), friggers aggregation of the macroligand,
leading to precipitation of the target molecule.

control and manipulate in a flow system.
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The advantages of
affinity precipitation are
centered on the fact that the
precipitation

agent (the

molecule to which the
target molecule binds by
affinity interaction, also
referred to as an affinity
macroligand, or AML) is
present as a soluble species.
This greatly reduces the
diffusional and  steric
limitations on target-ligand
binding present in affinity

chromatography.
Furthermore, the fact that

the precipitation agent is

soluble makes it easy to

In addition, while chromatographic and

electrophoretic separations must typically be performed in the direction of flow—making

them batch processes—precipitation can be performed transverse to flow, allowing it to be

run in a continuous mode,
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Strategies for affinity precipitation have typically relied on stimuli-responsive
polymers, which, as described in Chapter 1, undergo a reversible hydrophilic-hydrophebic
phase transition in response fo an environmental stimulus. This phase transition results in
polymer aggregation; polymer aggregates can be separated from bulk solution by
sedimentation, typically in a centrifugal field. In affinity precipitation systems, a stimuli-
responsive polymer is chemically conjugated to an affinity ligand, creating an AML. This
AML binds the target species in solution, and the target species is precipitated with the AML
in response fo the phase-separation stimulus. In this manner, the target species is separated
from the other components of the bulk solution in response to an easily controlled
environmental stimulus, and the AML-target molecule complex can be returned to a soluble
state by reversal of this stimulus. The first paragraph of section 1.3.3 provides a brief survey

of the breadth of applications of smart polymer-based affinity precipitation systems.

2.3 Experimental Objectives and Design Considerations

2.3.1 Objectives

The remainder of this chapter describes the development of a novel affinity
thermoprecipitation system. This development was intended as a pilot study contributing to
the eventual implementation of affinity precipitation in continuous flow microfluidic devices.
Though this system was designed with an eye towards eventual incorporation in a
microfluidic bioseparation system, initial characterization and optimization of the system
was performed at the standard lab scale for the sake of simplicity. Therefore, the first goal of

this project was to develop a system for separating biotinylated macromolecules from a bulk
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solution via affinity with a streptavidin-smart polymer conjugate by centrifugation at an
elevated temperature.

This goal was not novel —affinity precipitation via (strept)avidin conjugates has been
demonstrated.!4.155 The second goal of this project, however, addressed a fundamental limit
of the streptavidin-biotin system: this goal was to introduce reversibility to the association of
biotinylated macromolecules with streptavidin. The incorporation of a high off-rate
streptavidin mutant, as described in section 1.4.2, allowed for biotinylated macromolecules
separated by this system to be recovered from the precipitation agent by treatment with
excess free biotin. This work was completely novel, and it stands independently from the
other projects described in this dissertation as a contribution to the field of affinity
precipitation. As will be demonstrated by data presented in this chapter, it was important
that the initial affinity precipitation system was designed with the final goal of reversibility in

mind. The goals for this project can therefore be succinctly stated as follows:

1. Design a conjugate of a high off-rate streptavidin mutant with a thermoresponsive smart
polymer for efficiently separating biotinylated biomolecules from bulk solution.
2. Demonstrate that separated biomolecules can be removed from this conjugate by

treatment with excess free biotin.

2.3.2 Initial design considerations

In accomplishing the first goal, there were several important design choices to be made.
Clearly, a streptavidin mutant and smart polymer had to be chosen. We chose the mutant

S45A (described in section 1.4.2} by virtue of its high biotin off-rate, and the polymer
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PNIPAAm, which has been used in many other

thermoprecipitation schemes (see section 1.3.3). b

4

, /.4
I ¢
. - A
A more subtle option in this design process is v+ ” —_—> '
ki

the choice of a means of fabricating the protein-

b

polymer conjugate. There are two possible | .
N
approaches: direct covalent conjugation of the .

polymer to streptavidin and noncovalent

Figure 2.2: Creation of a precipitating
streptavidin affinity macroligand. (@)
Complexation of streptavidin with a
bictinylated smart polymer. (b)
streptavidin binding (streptavidin’s tetrameric | Covalent conjugation of streptavidin to
a smart polymer.

attachment of a biotinylated polymer via biotin-

structure means that molecules conjugated to
polymer in this marner still have binding sites available for binding the target molecules).
Both of these options have been explored (Figure 2.2). Another design choice, important to
both goals, was that of which target biomolecules to separate. The target molecules used in
the work described below were biotinylated immunoglobin G (IgG) and a biotinylated
single-stranded oligonucleotide. These molecules represent the two most important classes
of bioseparation targets: proteins and oligonucleotides.

The final initial consideration was that of basic experimental design {figure 2.3). The
biotinylated target molecule was tracked by labeling with a fluorophore. The target was
incubated with the S45A-polymer conjugate (either covalent or noncovalent) and the solution
was centrifuged at an elevated temperature, triggering aggregation and sedimentation of the
conjugate. The supernatant was then removed and the pellet dissolved into fresh buffer at
low temperature. The fluorescence of this redissolved pellet was measured to determine the

fraction of target molecule separated by the thermoprecipitation. To test release of the target,



an excess of free biotin was added to the
redissolved pellet and the thermoprecipitation
step was repeated. This protocol was refined
over time; the details of the final protocol are

given below.

2.4 Experimental Materials and

Methods

2.4.1 Preparation of PNIPAAm

Linear PNIPAAmM containing a single
terminal N-hydroxysuccinimidyl (INHS) ester
group was synthesized by Zhongli Ding

according to a previously published protocol.1”
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Figure 2.3: Diagrammatic
representaion of the basic
experimental protocol used in section
3.1. A streptavidin-polymer conjugate
(1) is bound to a bictinylated
macromolecule (2), forming a affinity
complex (3). The temperature is
raised, triggering the formation of
smart polymer aggregates (4). These
aggregates are precipitated (ppt) from
solution via centrifugation. The
separated aggregates are
resolubilized and ireated with excess
free biotin, releasing the separated
target molecule {5).
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The number-average molecular weight (M ») of this polymer was determined to be 11,000

by vapor pressure osmometry (VPO, device model OSV111, Knauer, Germany).

The

polymer LCST in pure water was determined to be 32°C. To generate free (unmodified)

PNIPAAm matching the molecular weight distribution of this NHS-terminated polymer, the

NHS-terminated polymer was dissolved in deionized water at 3.2 mg/ml and incubated at

room temperature for 48 hours to allow for hydrolysis of the NHS group.
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2.4.2 Preparation of S45A and WT streptavidin
The S45A streptavidin gene was constructed from the recombinant WT core
streptavidin gene by PCR muiagenesis by Hyre et al2¢ Recombinant S45A and WT

streptavidin were expressed and purified according to a previously published protocol.2

2.4.3 PNIPAAm-streptavidin conjugation

A solution of 20-30 mg/m] streptavidin (WT or 545A) in pH 7.6 phosphate buffered
saline (PBS, 20mM phosphate, 5mM sodium chloride) was prepared. To this solution 50 pl of

140 mg/ml NHS-PNIPAAm solution in DMF was added. This reaction mixture was

incubated, with rotation, at 4 °C

O o}
i i 4. Followi
o]

reaction, the PNIPAAm-containing

O
species were thermoprecipitated.
P PrEcE — ( Streptavidin )—NH PNIPAAM

Thermoprecipitation  proceeded  as

Figure 2.4: Reaction of streptavidin primary
follows: the reaction mixture was | amine with NHS-PNIPAAm to form
streptavidin-PNIPAAmM conjugate.

centrifuged for ten minutes at 14,000
rpm (16,600 x g relative centrifugal force) in a microcentrifuge, which had been heated to 37
°C. The pellet was resolubilized by incubation in 150 ul pH 7.6 PBS (20mM phosphate, 5SmM
sodium chloride) at 4 °C for one hour followed by vortexing. The supernatant was subjected
to centrifugation at 37 °C twice more, with resolubilization of each resultant pellet. The
resolubilized pellets were pooled and the supernatant was reserved. The supernatant

contained a high concentration of unreacted streptavidin—to this solution was added a fresh
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volume of NHS-PNIPAAm solution, and the reaction and thermoprecipitation process was
repeated. The reaction was repeated twice more, until most of the streptavidin in the
supernatant had been reacted. The resolubilized pellets from each reaction were pooled and
subjected to iminobiotin affinity chromatography?”, removing all unreacted polymer
(iminobiotin-modified agarose beads were obtained from Pierce, Rockford, IL).
Thermoprecipitation was repeated a final time with the resultant conjugate solution, in order

to remove any unreacted streptavidin.

2.4.4 Biotinylation of PNIPAAm

A solution of 100 mg/ml NHS-PNIPAAmM was prepared in DMF. 100 pl of this
solution was added to a 4 mg/ml solution of biotin-PEO-amine (Pierce) in 1 ml pH 10
carbonate buffer and thoroughly mixed. This reaction mixture was incubated on ice for 2
hours. Polymer-containing species were then separated from the mixture by
thermoprecipitation, as described above. Any remaining free biotin molecules were removed

from the product solution by 48-hour dialysis across a 3500 Da molecular weight cut-off

(MWCQ) membrane into distilled water.

2.4.5 Biotinylated IgG and oligonucleotide preparation

Immunoglobulin G (IgG) was used as a model protein target molecule. It was
biotinylated and fluorescently labeled in-house. Pooled bovine IgG was obtained from Sigma
(5t. Louis, MO) and dissolved at 15 mg/ml in pH 7.6 PBS (20 mM phosphate, 5 mM sodium

chloride). To 800 pl of this solution was added 20 pl of 9 mg/ml NHS-LC-biotin (Pierce) in
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DMF. Following incubation on ice for ten minutes, the reaction was quenched by the
addition of 100 ul 100 mM pH 7.6 Tris buffer (the primary amines on the tris molecules
provided an alternate target for the NHS groups on the modified biotin). The reaction
mixture was then dialyzed overnight across a 10,000 molecular weight cut-off (MWCQO)
membrane into pH 7.6 PBS, with one buffer exchange. This biotinylated IgG was then
fluorescently labeled with Texas Red C2 maleimide (Molecular Probes, Eugene OR), a thiol-
reactive label. The IgG solution was concentrated to 400 pl and 40 pl of 20 mM tris(2-
carboxythyl) phosphine hydrochloride (TCEP-HCL, Pierce) solution was added to reduce
disufides. To this solution was added 40 pl of 30 mg/ml Texas Red C2 maleimide in DMSO.
This reaction mixture was rotated at 4 °C for four hours and then dialyzed across a 10,000
MWCO membrane into pH 7.6 PES for 48 hours, with two buffer exchanges.

Biotinylated, fluorescently labeled oligonucleotide was obtained directly from
Integrated DNA Technologies (IDT, Coralville, IA). The single-stranded oligonucleotide had
the sequence GGACTCAGGCTTATAGCTGT and contained a 5' fluorescein modification and

a 3' biotin modification (with a tri-(ethylene glycol) spacer).

2.4.6 Analysis of conjugation products

The conjugation products were assayed spectrophotometrically, using a Hewlett-
Packard mode] 8452A spectrophotometer (HP, Cupertino, CA). To determine the degree of
biotinylation of the IgG-biotin conjugate, the 2-(4-hydroxyazobenzene) benzoic acid (HABA)
assay?® was used. IgG concentration was monitored based on the optical density of the IgG

solution at 280 nm, using an extinction coefficient of 210,000 cm'M. The fluorophore-
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labeling ratio for the IgG species was determined by measuring the optical density of the
solution at 582 nm (the excitation maximum of Texas Red), using an extinction coefficient of
112,000 cm M. PNIPA Am-streptavidin conjugation yield was determined by monitoring
the optical density of the product solution at 280 nm, based on a streptavidin extinction

coefficient of 139,000 cm-iM- for the tetramer.

2.4.7 Separation and recovery with covalent conjugate, IgG target

Biotinylated, fluorescently labeled IgG (60 pmol) was incubated with 35x molar
excess (based on tetramer concentration) of either S45A-PNIPAAm conjugate or WT-
PNIPAAm conjugate in PBS. The separation experiments were performed in 500 ul pH 7.6
PBS with 20 mM phosphate and 5 mM sodium chloride. To these IgG/streptavidin-
PNIPAAm solutions were added 20 pl 20 mg/ml bovine serum albumin (BSA, Sigma) to
block non-specific interactions and 50 ul 32 mg/ml free PNIPAAm to aid
thermoprecipitation. ~The initial fluorescence of each solufion was measured, and
thermoprecipitation was performed in triplicate at 37°C, as described above, with free
PNIPAAmM (3.2 mg/ml concentration, 50 ul) added to the supematant after each
centrifugation. The pellets were resolubilized and pooled in PBS such that the total volume
of the pooled pellet solution was equal to the initial volume. An amount of BSA equal to the
original amount of BSA was added to each pooled resclubilized pellet solution. The
fluorescence of the pooled resolubilized pellet solution was measured and a 25x molar excess
(relative to streptavidin binding sites) of free biotin (Sigma) was added. After incubating this

solution for 20 minutes, the thermoprecipitation process was repeated, and the fluorescence
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of the resulting pooled pellet solution was measured. To this resolubilized pellet solution
was added a 25x molar excess of free biotin; the solution was then incubated overnight.
Following this incubation, the thermoprecipitation process was repeated a final time and the
fluorescence of the resulting pooled pellet solution was measured. Conirols for this
experiment included samples containing unconjugated streptavidin rather that streptavidin-
PNIPAAm conjugate, samples containing free PNIPAAm but no streptavidin-PNIPAAm
conjugate, samples containing neither streptavidin nor PNIPAAm, and samples to which no
free biotin was added. All experiments were performed in triplicate. Fluorescence
measurements were taken with a Hitachi F-4500 fluorescence spectrophotometer (Hitachi

Instruments, Inc., Tokyo, Japan).

2.4.8 Noncovalent conjugate, IgG target

Separation experiments involving the noncovalent conjugate of 545A with biotin-
PNIPAAm were performed in the same manner as the experiments involving the covalent
conjugate, with the following exceptions. As a first step, a solution containing a 1:1 molar
ratio of S45A streptavidin and biotin-PNIPAAm (4.2 M in each) was prepared in 500 pM
PBS (20 mM phosphate, 5 mM NaCl). To this solution was added biotinylated, fluorescently
labeled IgG at 120 nM (a 35x molar deficiency relative to the streptavidin and biotin-

PNIPAAm species). The thermoprecipitations and biotin additions otherwise proceeded as

described above, with similar conirols.
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2.4.9 Covalent conjugate, oligonucleotide target

Experiments investigating the separation of the biotinylated oligonucleotide target
via the covalent streptavidin-PNIPAAmM conjugates were performed in the same manner as
the experiments investigating the separation of IgG via these covalent conjugates, with the
following exceptions. Initially, a solution containing 60 pmols of biotinylated, fluorescently
labeled oligonucleotide was prepared in 250 ul pH 7.6 PBS with 20 mM phosphate and 100
mM sodium chloride. To this solution was added a 35x molar excess of WT- or S545A-
PNIPAAm conjugate (according to streptavidin tetramer concentration). Ten ui 20 mg/ml
BSA and 25 pl 3.2 mg/ml free PNIPAAm were then added. To samples that were to be
thermoprecipitated at low temperature (28 °C), ammonium sulfate was added at 250 mM to
decrease the LCST of the PNIPAAm. Thermoprecipitations were performed as described
above, at either 37 °C or 28 °C. Biotin additions were as described above, maintaining a
molar ratio of 25x excess free biotin relative to available biotin binding sites. Controls were
similar to those described above. Fluorescence measurements for these experiments were
performed on a Perkin Elmer LS50B fluorescence spectrophotomer (Perkin Elmer

Instruments, Inc., Shelton, CT).

2.5 Results and Discussion

2.5.1 Results: Characterization of conjugation products

HABA assay of the IgG-biotin conjugate revealed an average of 1.5 biotin groups per

IgG molecule; the ratio of IgG dye labeling was similar. HABA assay of the biotin-PNIPAAm
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conjugation product showed that 20% of the polymer molecules had been biotinylated; in

subsequent concentration calculations with this species, only the concentration of biotin
moieties was considered. The low yield of this biotinylation reaction was most likely due to
hydrolysis of the polymer NHS group during storage—NHS groups are highly labile to base-
catalyzed hydrolysis even at very low concentrations of water. For the complete
streptavidin-PNIPAAmM conjugation procedure (four reaction cycles), the yield was about
20%. Similar results were observed for WT and S45A streptavidin. The low yield is likely
due to the relative inaccessibility of primary amines on the surface of the streptavidin

molecule, as well as hydrolysis of NHS groups during polymer storage.

2.,5.2 Results: Separation

e o
[T

of IgG with noncovalent 07
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B Initial Precipitation
O After 4 hour Biotin

biotin-PNIPAAmM/S45A

Test No Biotin ~ No Paly No Stav
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Fraction Fluorescence Precipitated
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Figure 2.5 shows the | gjgure 2,5: Data for separation of bictinylated IgG via

noncovalent biotin-PNIPAAmM / S45A complex. In each
data for a set of thermo- |cluster of bars, data are given for biotinylated IgG
precipitated initially and after 1 hour incubation with
precipitation experiments in- | €XCess biotin. The cluster of bars on the far left
describes the experiment; data for controis are in the
clusters to the right.

volving precipitation of

biotinylated IgG by a noncovalent b-PNIPAAm/S45A complex. The bars show the
normalized amount of fluorescence present in the resolublized pellet following each
thermoprecipitation; they indicate the fraction of target molecule precipitated at each step.

The test case and biotin-free control show significantly more IgG precipitation than the
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negative controls. In addition, these data make clear that excess free biotin effects the release
of streptavidin-bound biotinylated IgG. A significantly larger fraction of IgG remains
associated with the precipitation complex in the biotin-free control than in the test sample.
The most outstanding feature of these data is that only a small fraction of target
molecule was initially precipitated, despite the large molar excess of precipitating complex
present. In order to assure that the streptavidin in these experiments was precipitated along
with the biotinylated smart polymer, the experiments were repeated with fluorescently
labeled streptavidin. Figure 2.6 shows the data for labeled streptavidin. It's clear from these
data that the fraction of streptavidin precipitated during these experiments is far greater than
that of the target proteins. Further, it is clear that the majority of this streptavidin is released
from the b-PNIPAAm it is bound to by the addition of excess free biotin. This may be an

undesirable feature in a system intended to isolate a biotinylated target protein.
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2.5.3 Explaining incomplete thermoprecipitation in the noncovalent system

1t is important to remember in working with high off-rate streptavidin mutants that

these mutants come to equilibrium with biotinylated species in solution in a relatively short
time frame. The kinetics of the wild-type streptavidin-biotin interaction are such that the
molecules are kinetically locked together over the course of several hours. This is not so with
high off-rate mutants. Let us therefore examine the equilibrium situation for a system of
S45A streptavidin and biotinylated PNIPAAm. Due to the large size of the biotinylated
polymer, only one polymer molecule can bind to each streptavidin binding face, allowing for
up to two molecules to bind each streptavidin tetramer. The system is therefore described by
two equilibria:

Stav + b — poly <=2 Stav — b~ poly

Stav—b— poly +b— poly «—=—» Stav —2(b— poly)
We can write the following equations for these equilibria:

[Stav—b- polyl,,
[Stav], [b- poly],,

[Stav - 2(b - pOIy)]eq _
[Stav--b —POIJ’]eq[b - pozy]eq o

where [X]e«q represents the equilibrium concentration of species X and Keq represents the

thermodynamic equilibrium constant. Considering also the mass balances

[Stav],, +[Stav— b~ poly],, +[Stav —~2(b— poly)],, =[Stav};
[6~ poly],, +[Stav - b~ poly],, +2[Stav-2(b - poly)],, = [b- poly],.'

where [X}i is the initial concentration of the species X, we have four equations and four

variables. If we redefine as:
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[Stav—b— poly],, = x,,[Stav = 2(b— poly)],, = x,,[Stav],, = x,,[b— poly],, = x,

and combine the equations, we have:

[Stav]Kx, 2 Stav), K,
Kx,+Kx; +1 Kx,+K’x +1

+x, —[b— poly]. =0.
Solving this equation numerically for a range of values of the ratio [b-poly}i/[Stav] yields the
curves shown in figure 2.7. The species we're most interested in is Stav-b-poly, since it is the
only species that contains a binding site for complexation with a biotinylated target molecule
as well as the polymer necessary for precipitation. The concentration of this species is
maximized when the ratio of initial concentrations is unity; even then, it makes up only a
third of all streptavidin species.

The situation is more complex than this analysis shows, however. Upon addition of
the biotinylated molecule, the system will re-equilibrate. This new equilibrium is described

by:

Stav +b— poly e s Sray~b- poly

Stav—b— poly +b— poly Ly Stay— 2(b - poly)

Stav+b—1IgG Lo Sy -b- IgG

Stav—b—IgG + b~ IgG «=2 Stav—2(b— IgG)

Stav+b— poly+b—IgG<—""~Li—>Stav—-b—poly -b-1IgG

Stav—-b—-IgG+b- poly(-—’fﬂ—wtavmb— poly—-b-1IgG
as well as the associated mass balances. This system is considerably more complex than the
one considered above, so we will forgo a description of the full expansion of the equations,
In the special case [Stav]=[b-poly}=2[b-IgG];, the ratio of the equilibrium concentration of the

key species, Stav-b-poly-b-IgG, to the total concentration of all IgG species is 0.366. It seems

that a system that uses biotinylated PNIPAAm is inherently limited to separating only a
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Figure 2.7: Equilibrium concentrations
of streptavidin species in a solution
containing streptavidin and biotinylated
polymer. Possible species are
unbound  streptavidin, streptavidin
bound to a single biotinylated polymer
molecule, and streptavidin bound to
two biotinylated polymer molecules.
Equilibrium concentrations are shown
over a range of initial
polymer/streptavidin ~ concentrations.
The desired species, available for
binding as an affinity macroligand, is
the singly bound streptavidin molecule.

The maximum possible concentration
of this species, as a fraction of all
streptavidin species. is only one third.

fraction of biotinylated target molecule from solution. The noncovalent separation system

was therefore abandoned without further investigation.

2,54 Results: Separation of IgG with covalent streptavidin-PNIPAAm

conjugates

Figure 2.8 shows the results of a separation/release experiment with biotinylated IgG
and WT-PNIPAAm conjugate. The data shown are the fluorescent intensities of the
resolubilized pellets at three points in the experiment—after an initial thermoprecipitation,
after a thermoprecipitation which followed a 20 minute incubation with biotin, and after a
thermoprecipitation which followed an overnight incubation with biotin—normalized to the

initial fluorescent intensity. The three bars corresponding to the experiment described in

section 2.4 are on the far left; also shown are data corresponding to the following controls: no
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biotin added in the release

steps, no polymer present (only
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present), no  streptavidin
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polymer present), and neither

polymer  nor  streptavidin Figure 2.8: Data from separation and release of

biotinylated 1gG via WT-PNIPAAM conjugate. In each
present. Error bars are plus and | cluster of bars, data are given for biotinylated 1gG
precipitated initially, after 20 minutes incubation with
minus one standard deviation | €xcess biotin, and after overnight incubation with
excess biotin. The cluster of bars on the far left
describes the experiment; data for controls are in the

over a series of three | o gercts the right.

experiments. Except for a small -
B
PR ; £ 08 1
co-precipitation effect evident | &
& 06 -
. . 8 I Initial Precipitation
with the unconjugated polymer, g 0 0 Ater 20 min Biotin
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- S 0.2
there was no nonspecific IgG | 2
g 0 L4 L .
e . . 5 test  no no no  IgG
thermoprecipitation observed in | g 02 ) bictin  poly  StAv  only

the control experiments. The

Figure 2.9: Data from separation and release of
WT-PNIPAAm conjugate was | Diotinylated 1gG via S45A-PNIPAAmM conjugate. Data
are presented as in figure 2.8. Release of 70-80% of

. . s the target molecule is apparent.
an effective thermoprecipitation g PP

agent, capable of separating all initially present biotinylated IgG. Release, however, was not
effective. Even after overnight incubation with free biotin, only about 10-20% of the
fluorescence was freed from the conjugate. This negligible release effect was comparable to

the control in which free biotin has not been added.
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Contrast the data for biotinylated IgG and the S45A-PNIPAAmM conjugate, shown in

Figure 2.9. All data presented in this figure are as in Figure 2.8. The S45A-PNIPAAmM
conjugate proved to be as effective a thermoprecipitation agent as the WT-PNIPAAm
complex. However, it did release biotinylated IgG upon treatment with free biotin. 50-60%
of the initially precipitated fluorescence was freed after 20 minutes’ incubation with biotin
and 70-80% of this fluorescence was freed after overnight incubation with biotin. This release

effect was not seen in the biotin-free control.
2.5.5 Incomplete release of biotinylated IgG from S45A-PNIPAAm

Figure 2.10 shows a direct comparison of biotinylated IgG release from WT-
PNIPAAm conjugate and S45A-PNIPAAm conjugate. Even after overnight incubation with
free biotin, some biotinylated IgG remained bound to the 545A-PNIPAAm conjugate. This
residually bound IgG might be explained by the fact that the IgG population contained some

multiply biotinylated protein molecules. If multiple biotin moieties on a single IgG molecule

bind to the same streptavidin

molecule, a cooperative effect

would be expected. In fact, it

B Initlal Precipitation
0 After 20 min Biotin
a1 After Crernight Biotin

has been shown??® that high off-

Fluorescenca Precipitated

rate streptavidin ~ mutant

molecules interacting with a

biotinylated f d -
iotinylated - surace - aemon Figure 2.10: Direct comparison of separation and

. release of biotinylated IgG via WT-PNIPAAmM conjugate
strate @ radically decreased | and S45A-PNIPAAM conjugate.  Bar order as
described for figure 2.8.

apparent off-rate when allowed
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to bind bivalently. In the context of these thermoprecipitation experiments, this decreased

off-rate was observed as a population of multiply biotinylated IgG molecules that did not
dissociate from the S45A-PNIPAAm complex in the same time frame as the majority of the
biotinylated IgG. To control for this effect, separation and release was investigated for a

molecule containing only a single biotin moiety —a biotinylated oligonucleotide.

2.5.6 Separation of oligenucleotide with covalent conjugates

The data for separation and release of the oligonucleotide target via the S45A-

PNIPAAm conjugate at 37 °C are

=
F 1
shown in figure 2.11. There are 2
& 0.8
i ; 2 06
two important features apparent 8 W Initial Precipitation
2 04 - O After 20 min Biotin
in these data: release of the g 62 @ Alter Ovamight Biotin
] <=1
F —r'h:—-qu-w-\
biotinylated target after treatment | § ¢-
E st A% o o 146
£ 02 L biotin  poly  StAv  only

with free biotin was rapid and

nearly total; and a much smaller

Figure 2.11: Datia for separation of bictinylated DNA
fraction of the initially present via S45A-PNIPAAmM conjugate at 37 °C. Data are
presented as described for figure 2.8. Only about
target molecule was precipitated half of the target molecule is initially precipitated.

than in the case of biotinylated IgG. The complete release demonstrates that a singly
biotinylated molecule is not retained by the high off-rate conjugate in the presence of excess
free biotin. The smaller fraction of initially precipitated oligonucleotide is indicative of a
decrease in the equilibrium affinity of the S545A-PNIPAAm conjugate for biotinylated

oligonucleotide relative to that for biotinylated IgG. This is further indicated by the data for



the biotin-free control (second
cluster of bars from the left,
figure 2.11), which shows only a

fraction of the

initially
precipitated oligonucleotide
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precipitation. This is consistent
with a reequilibration of the
streptavidin-biotin binding, at a
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affinity,

following the

initial
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In order to improve the
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Figure 2.12: Data for separation of biotinylated DNA
via S45A-PNIPAAmM conjugate at 28°C, Data are
presented as described in figure 2.8.
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Figure 2.13: Data for separation of biotinylated DNA
bia WT-PNPAAM conjugate at 28°C.

presented as described in figure 2.8.

target molecule is apparent, in contrast to data shown
in figure 2.12 for S45A-PNIPAAM conjugate.
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experiments were repeated at a lower temperature (28 °C), in the presence of a moderate

concentration of ammonium sulfate, which lowers the LCST of PNIPAAm. Figure 2,12

shows the data for thermoprecipitation and recovery of a biotinylated oligonucleotide 20-mer

via 545A-PNIPAAm conjugate at 28 °C. The fraction of biotin-DNA initially precipitated is

higher than at 37 °C, and the biotin-free sample remains bound to a much higher fraction of

biotin-DNA throughout the experiment. This indicates that the increase in the biotin-S45A
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affinity (and decrease in off rate) between 37 °C and 28 °C is large enough to significantly

impact the utility of S45A as an affinity ligand. Compare the data for the S45A conjugate
with those for the WT-PNIPAAm conjugate and biotinylated DNA (figure 2.13). These data
are similar to those for the experiments with WT-PNIPAAm and biotinylated IgG, revealing
complete and specific thermoprecipitation and no target recovery in response to treatment
with free biotin.

The measured K. for S45A streptavidin at 37 °C is 4.9x10° M-1.2¢ This means that,
given the concentrations of streptavidin and biotinylated DNA used in these experiments,
over 99.99% of the biotinylated oligonucleotide originally present in solution should be
bound to streptavidin-PNIPAAm conjugate molecules at equilibrium. In order for the
binding fraction to decrease to 50%, as observed at 37 °C, the Ka of the interaction must
decrease by over four orders of magnititude. Similar decreases in the affinity of the biotin-
streptavidin system have been cbserved for various chemical modifications to the biotin
tail?®; it is conceivable therefore that the conjugation of an oligonucleotide to biotin would
decrease the affinity of the system. A four-orders-of-magnitude decrease in the affinity of
WT streptavidin for biotinylated oligonucleotide would not be expected to be observable in
these experiments, since the affinity of WT for unmodified biotin is nearly four orders of
magnitude greater than that of $45A. The observed fraction of biotinylated oligonucleotide
thermoprecipitated by the WT-PNIPAAm conjugate is therefore consistent with a general

large decrease in the affinity of streptavidin for biotin conjugated to an oligonucleotide.
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2.6 Conclusions
We have demonstrated an affinity precipitation system in which the replacement of
WT streptavidin with a high off-rate streptavidin mutant allows for the triggered release of
biotinylated macromolecules from the affinity precipitation agent. This release is a
demonstration of the reversibility that high off-rate streptavidin mutants can impart to
systems relying on the biotin-streptavidin interaction: a reversibility that is currently lacking
in such systems. The system developed here also demonstrates some potential pitfalls of
relying on high off-rate streptavidin mutants. Cooperative binding to multiply biotinylated
molecules can partially eliminate the reversibility of the system, and unexpected decreases in
the off-rate due to biotin modification can have drastic effects since the baseline off-rate is
already unusually high. However, the techniques presented here open up a wide range of
new possibilities for biotin-streptavidin technology, and demonstrate the power of coupling
protein engineering and macromolecular conjugation technologies to develop novel
conjugate molecules with highly specified properties. In the next chapter, the sedimentation
properties of smart polymers in microfluidic channels are examined, in an assessment of the

feasibility of adapting the system developed in this chapter to a microfluidic bioseparation.
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Chapter 3: Smart Polymer Aggregation in Microfluidic

Devices*

3.1 Summary

The work described in this chapter began as an extension of the work described in
Chapter 2: an attempt to adapt an affinity precipitation system for bioseparations to a
microfluidic platform. This scheme, as originally conceived, is described in Section 3.2. As
pilot research towards this goal, the sedimentation behavior of smart polymer aggregates in
microfluidic channels was characterized. This experimental work is described in Section 3.3,
with results given and discussed in Section 3.4. Through these pilot studies, it was
determined that sedimentation in microfluidic devices was an impractical means of
separation. However, in the course these experiments, interesting properties were
discovered in a new hybrid material. This material—latex nanobeads surface-modified with
PNIPAAm —aggregates and adheres reversibly to the walls of a mylar microfluidic channel
in response to a thermal stimulus. Experiments investigating this property are described in
Section 3.3, with results given and discussed in Section 3.4. The temperature-triggered,
reversible adhesion of PNIPA Am-coated nanobeads to the walls of microfluidic channels is a
novel and potentially powerful means of biomolecular immobilization in microfluidic
devices. The experiments described in this chapter establish the feasibility of such an

immobilization system; applications are described in Chapters 4 and 5.

*Reproduced in part with permission from an article published in the journal
Anatytical Chemistry.2¥ © Copyright 2003 American Chemical Society.
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3.2 Motivation: Sedimentation of Smart Polymers in

Microfluidic Devices

3.2.1 Fundamentals of sedimentation behavior

The work described in this chapter was undertaken as an evaluation of the feasibility

of adapting an affinity precipitation system to a microfluidic platform. The design concept

for such a system involved the separation of

a stream containing a homogenous B b '
suspension of solid particles into two ——» ‘

streams: one containing concentrated | Figure 3.1 Separation of aggregate
particles in a microfluidic device. A
particles and the other cleared of particles | N0MOgenous suspension of particles (gray)

enters the device, flowing in the direction of
the arrow. These particles settle intc a
zone that is split off from the rest of the
flow. This produces two output streams:
separation and aggregation could be used to | one enriched in particles, and one free of
particles.

(Figure 3.1). Smart polymer phase

trigger particle formation and to thereby
control the separation process. In analyzing the feasibility of this concept, it was necessary to
establish standards for the sedimentation behavior of smart polymer aggregate particles.
These standards were based on the fundamentals of particle sedimentation.

The details of particle sedimentation are covered in great depth by basic texts®22%3;
this section consists of a brief overview. Let us consider initially the sedimentation of a single

particle. The terminal velocity of a spherical particle settling in a fluid at low Reynolds

number is described by Stoke's law:
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F=6muv,,

where F represents the force on the particle, u is the viscosity of the fluid, 7 is the radius of the
particle, and s is the terminal settling velocity of the particle. For a solid spherical particle

sedimenting under the force of gravity in a viscous flow, this equation has the analytical

solution:

_2r’glp, —py)
Iy

5 Hd

where g is gravitational acceleration, py is the density of the particle, and pr is the density of
the fluid. For general particles, the value of the sedimentation velocity is given by:
v, =58,

where s is the sedimentation coefficient of the particle, and is dependant on the size, shape,
and density of the particle and the density and viscosity of the fluid. In a collection of
settling particles at sufficiently low .particle concentrations, each particle settles
independently with this velocity. Systems at these concentrations are described as behaving
in the “particulate settling” or “free settling” regime. Note that the velocity of sedimentation
is independent of particle concentration in the particulate settling regime.

At higher concentrations, particles moving past one another begin to interact and
interfere with each others’ settling behavior; the system is then in the “hindered settling”
regime. Due to the complexity of interparticle interactions, both direct and fluid-mediated,
the description of sedimentation in the hindered settling regime is not analytically tractable;
however, an empirical correlation has been developed by Richardson and Zaki?#, Velocity of

sedimentation in the hindered regime is related to free settling velocity by the relationship:

—_ n
vil -—-ng L]



58

where o is the velocity of hindered sedimentation, ¢ is the volume fraction of fluid, and 7 is
an empirical constant. The dependence on fluid volume fraction means that hindered
sedimentation velocity does, in fact, depend on the concentration of particles. At particle
concentrations above those in the hindered regime, the system enters the compression

regime, in which particles are mechanically supported by one another, and little settling can

be observed.

Consider now settling of particles from a

homogenous suspension, beginning with the

Figure 3.2: The establishment of a
sedimentation houndary. Hemo-
genously distributed particles setile
regime. As the particles at the top of the container | into a zone of concentrated particles
and a particle-free zone. The red
settle out at a constant velocity, a zone of the fluid | line on the right represents an
arbifrarily assigned sedimentation

particle concentration in the particulate settling

becomes  cleared  of boundary.
particles, and a boundary
is established between
settled particles and
h hinder compressio

cleared fluid (Figure 3.2).

So long as  the particulat \

concentration of particles

ins in th ticulate
remains in the particu’a Figure 3.3: The change in the height of a sedimentation

boundary (h) with time (t). The houndary initially moves with
a constant velocity {particulate regime). As the concentration
of particles increases, settling velocity becomes dependant
boundary will move | upon concentration, and, therefore, boundary height
{hindered regime). Finally, the system enters the

downward at arate 3. As | compression regime, and little further setting can be
observed.

settling regime, this
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the concentration increases and the system enters the hindered settling regime, the rate of
movement of the boundary decreases, and it continues to decrease as the concentration
increases. Finally, the system enters the compression regime, and no more settling is
observed. This series of transitions is shown in Figure 3.3, which depicts the downward

movement of a sedimentation boundary with time.

3.2.2 Research objectives and experimental design considerations

The sedimentation behavior described above poses a fundamental engineering
optimization challenge: a separation system based on sedimentation should attempt to
achieve the highest concentration possible of settled particles, but at high concentrations of
settled particles, further sedimentation occurs relatively slowly. A high product stream
concentration—and subsequently, a high quality separation—is at odds with a fast
separation. This an especially important point for the system proposed in section 3.2.1: since
sedimentation must take place within the residence time of the aggregated particles in the
microfluidic channel, a fast sedimentation is necessary. In order, therefore, to determine
whether such a system can feasibly perform efficient separations, it was necessary to
investigate the rate of sedimentation of smart polymer aggregates in microfluidic channels.
This investigation consisted of the straightforward microscopic observation of suspensions of
aggregated smart polymers in a simple single-channel microfluidic device under static (no
flow) conditions. Eliminating flow allowed for a baseline sedimentation rate to be
determined; in evaluating the feasibility of adapting this system to a flow stream, this

baseline served as a best-case scenario. Construction of the channel and details of the
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observations are described in Section 3.3. Two temperature-responsive smart polymers—
PNIPAAm and PDEAm-—were examined, at a range of concentrations and polymer
molecular weights, in order to determine if these parameters had any impact on
sedimentation behavior. Sedimentation was performed at room temperature in the presence
of high concentration of ammonium sulfate, which lowered the LCST of the polymers to
below room temperature. This eliminated complications related to heating a microfluidic
channel, including the complexities of heated channel construction and temperature-
gradient-induced convective flow in the channel. The sedimentation rate for each system
studied was determined simply by designating an arbitrary sedimentation boundary and
recording the downward movement of that boundary over time,

In addition the behavior of smart polymer aggregates, a potential method for
increasing the rate of smart-polymer triggered sedimentation was investigated. This method
was based on the PNIPAAm latex-based flocculation systems described in Section
1.3.3.188189192 PNIPAAm was covalently conjugated to the surface of latex nanobeads and
these conjugate particles were observed in a heated microfluidic channel. However, rather
than sedimenting, the PNIPAAm-coated beads aggregated and adhered to the walls of the
channel in a reversible response to channel temperatures above the LCST of the polymer.
This behavior was immediately apparent as a potential method for controllably and
reversibly immobilizing biomolecules in microfluidic channels: a process the importance of

which is described in Section 1.2.3. Consequently, the stability and reversibility of the

observed adhesion behavior was studied in some detail,
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3.3 Experimental Materials and Methods

3.3.1 Microfluidic device design and fabrication

Microfluidic devices were constructed from stacked sheets of poly(ethylene
terephthalate) (PET). Two-dimensional features were cut into these sheets via ultraviolet
(UV) laser ablation and the cut sheets were stacked and joined with adhesive to form three-
dimensional features (see figure 3.4).20 Adhesive-coated PET was obtained from Fralock, Inc,
(San Carlos, CA). This substrate was machined with a computer-controlled CO: laser-
cutting system (model M25, Universal Laser Systems, Scottsdale, AZ). The fluidic access
ports in these devices were designed to be compatible with a standardized microfluidic
manifold. The devices were held in the manifold by a screw-on pressure plate; FDMS
gaskets sealed the external fluidic tubing on the manifold to the fluidic access ports machined

in the device (Figure 3.5). This manifold served to connect the input and output ports of the

c/l b
1

NN

/

Figure 3.4: Device fabrication. Device features are cut into mylar sheets (a). These
sheets are aligned and joined together with pressure sensitive adhesive, sealing off the
features and forming a closed microfluidic device (b). This diagram shows a device made
from three layers. The top layer contains fluidic access holes, the middie layer contains a
channel, and the bottom layers seals off the channel.
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Figure 3.5: Fluidic manifold assembly for a stacked mylar device. Pressure on the
device, delivered by the screws passing through an aluminum plate, secures the fluidic
access points on the device to the gaskets in the manifold. Fluidic input and output tubing
passes through these gaskets and are held against the access points on the device.
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Figure 3.6: Top-view schematic of device used for polymer aggregate sedimentation
experiments. The single channe! had dimensions of 1 mm x 54 mm x 0.3 mm (in the z
dimension). This diagram shows the channel input (1) and output (2} ports.

device to polyetheretherketone (PEEK) tubing. PEEK tubing had a 0.030 inch inner diameter
(ID) and was obtained from Upchurch Scientific (Oak Harbor, WA). The device input and
output were each connected by the manifold to about 6 cm of tubing.

A schematic of the device design used for the polymer sedimentation experiments is
shown in Figure 3.6. This device contained a single channel with one input port and one

output porf, with dimensions of 54 mm x 1 mm x 300 um. The channel was formed from a
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sheet of 250 pm-thick PET, coated on each side with a 25 um-thick layer of adhesive. The

channel layer was sealed on each side by a 100 um-thick sheet of PET; into one side the inlet
and outlet ports were cut. The device used for PNIPAAm-coated nanobead experiments had
a similar design, but it incorporated a thin film heater in a PET layer adjacent to the channel
(Figure 3.7). The thin-film heater was obtained from Minco (Minneapolis, MN); this heater
was operated using an electronic feedback controller {Minco) to maintain temperatures in the
device channel between 40 and 45 °C. (A Therma-Clear™ model heater and HeaterStat™
model controller were used.) The heater was separated from the channel by two layers of

PET. A 100 um thick layer formed the wall of

B/a

/ N

= b
device. The heater itself was about 250 um /_ /C

/

the channel and a 100 um thick adhesive-

coated layer joined the heater to the rest of the

thick and was incorporated into a 250 um thick

-~ d

-

e

%
g

PET layer. The heater was positioned so as to

-

heat the entire length of the channel.

NN R

3.3.2 Observations of smart polymer

aggregate sedimentation Figure 3.7: Exploded view of device with

thin film heater incorporated. Layers
shown are: (a) Device top with fluidic
input and output holes. (b) Microfluidic
channel. {c) Channel back wall. (d)
polymer aggregates in the microfluidic | Adhesive layer for attaching heater. (e)
Heater layer (with wire leads of heater

channel, the device was oriented as shown in shown). (f).Adhesive 'a}’er . (9) Device
hottom, sealing off adhesive.

To monitor sedimentation of smart

Figure 3.8: with the y-axis parallel to the
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gravitational field. The device was o
v

mounted on a translation stage, allowing W /\/\/\_; CCD Camera

for focus to various points on the z-axis

and movement along the x-axis. A CCD ‘[ y
Zz

camera {Optronics, Goleta, CA) was

Device

Figure 3.8: Observational apparatus for
experiments involving sedimentation in a
microfluidic channel. The y- and z-axes
train along the z-axis of the device, | shown here correspond to those shown for
the device design in figure 3.6. Light is shane

: : ; ; through the thin axis of the device channel.
which was illuminated from behind by a Particles in the channel absorb and scatter

light, and therefore appear dark in images
diffuse incandescent lamp. Images from | captured by the CCD camera.

focused through a magnifying optical

the CCD camera were captured on a
personal computer equipped with a Scion SG-9 video capture card (Scion Corp., Frederic,
MD).

The polymers PNIPAAm and PDEAm were synthesized according to previously
published protocols.t7181 PNIPAAm molecular weight was determined by vapor pressure
osmometry; PDEAm molecular weight was determined by gel permeation chromatography.
Sedimentation experiments were performed for a number of molecular weights: PDEAm
preparations of 6.7 kDa, 12.8 kDa, and 57.8 kDa; and PNIPAAm preparations of 5 kDa, 7 kDa,
11 kDa, and 21 kDa. In each sedimentation experiment, an aggregated polymer suspension
consisting of a varying concentration of polymer, 600 mM ammonium sulfate, 20 mM
phosphate, and 5 mM sodium chloride buffered at pH 7.6 was prepared. The addition of
ammonium sulfate resulted in the immediate aggregation of the polymer at room
temperature. For each polymer molecular weight, concentrations of 2 mg/mL, 3 mg/mL, and

4 mg/mL were prepared. PNIPAAm samples were also examined at 1 mg/mL. At the
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beginning of each sedimentation experiment, the polymer aggregate suspension was injected
into the microfluidic channel manually via a syringe connected by standard HPLC fittings
(Upchurch, Qak Harbor, WA) to the manifold input PEEK tubing. After this initial loading,
the channel was sealed off by an HPLC valve (Upchurch) and fluid in the channel was
allowed to remain undisturbed by any flow field for the duration of the experiment. Once
the aggregate suspension was loaded into the channel, images of the channel were captured
by the CCD camera/ video capture card at a rate of once per minute for an hour. The channel

was then rinsed by flowing through deionized water.

3.3.3 Analysis of sedimentation data

Images captured during the polymer

aggregate sedimentation experiments were
analyzed using in-house software built with the
ImageMagick  image-processing  library p- Direction of
Averaging
(hitp://www.imagemagick.org).  The image y
dimensions were 480 pixels along the device x- X
o e gy r

axis and 640 pixels along the device y-axis. - - W M

Initially, the images were averaged along the x- | Figure 3.9: Channel immediately
following introduction of polymer
axis, as shown in Figure 3.9. This process | adgregate suspension.  Axes as
shown in Figure 3.6. The box shows
the swath averaged along the x-axis

produced a set of average pixel intensities as a | ¢ 4ata analysis

function of y-axis position (y-axis position is

henceforth referred to as “height” or “channel height”). These functions were truncated
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manually at each end to remove values corresponding to the top and bottom of the channel,
seen at the top and the bottom of the image in Figure 3.9. The remaining average intensities
reflected the concentration of aggregate particles at each point along the channel height;
darker pixels corresponded to higher concentrations of aggregate particles. We attempted to
establish an arbitrary sedimentation boundary for each “intensity vs. height” data set.
Typically, this boundary could only be located in images taken at least 15 minutes into the
sedimentation experiment, since it took this long for the aggregates to begin settling and
form a sedimentation boundary. For each sedimentation experiment (corresponding to a
time series of images), the initial image in which a sedimentation boundary could be
established was identified, and the height of the sedimentation boundary was determined for
each subsequent image in the series. This analysis yielded a data set of sedimentation
boundary height vs. time for each experimental condition. A nominal sedimentation rate
could be determined by making a linear regression to the linear region of each of these data
sets.

Two approaches were taken to establish the location of the sedimentation boundary.
The first method was based on the empirical observation that the concentration profile of a
settling suspension is sigmoidal with height. Averaged pixel intensity was therefore fit to the

Pearl-Reed sigmoidal curve as a function of channel height:

1

§= v
1+ae™

where g represents normalized grayscale pixel intensity, y is position in the channel, and 2

and b are arbitrary curve position and shape parameters. This equation was linearized by the

transformation:
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such that:

G = +by, where a=-Ina.
The data were fit to this function by linear regression to determine b and a. The Pearl-Reed
curve is symmetric in the dependant variable, with the inflection point at g =1/2. This
inflection point was used as the arbitrary sedimentation boundary.

For some images, however, it was difficult to fit the pixel intensity values to a
sigmoidal curve: the data for these images, which typically involved relatively large
aggregate particles, took the form of a step function. In these cases, a second method for
determining the height of the sedimentation boundary was used. The arithmetic mean and
standard deviation of the average pixel intensity was calculated for the five pixels closest to
the top of the channel in the image. The sedimentation boundary was then assigned to the

highest pixel in the image with an average intensity two standard deviations darker than this

mean. )
o
H-ng-cHg]Fs—cHECH;é:_o_N;
§=o0 P
3.3.4 Preparation of PNIPAAm- 3:
MG CH,
coated latex beads
A
Primary amine-functionalized | w4 . Q
polystyrene latex beads were obtained SfC‘CHz'OHz'CHz'CHfg—ﬁ‘['CHz‘CHEOﬂ;g'O'N
o
from Polysciences (Warrington, PA). 100 | Figure 3.10: Chemicals used to modify latex
beads. NHS-PNIPAAm (top) and NHS-PEG-
nm  diameter Polybead®  Amino | b (bottom).
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Microspheres were used in all experiments, The beads were covalently modified with 11 kDa
PNIPAAm and 3.4 kDa poly(ethylene glycol)-biotin (PEG-b) via N-hydroxysuccinimide
(NHS) ester conjugation chemistry. The PNIPAAm imparts temperature-responsive phase
aggregation behavior to the beads, while the PEG-b allows the beads to be conjugated to a
variety of biomolecules via the biotin-streptavidin interaction. The chemical structures of
these modification agents are given in Figure 3.10. NHS-PEG-biotin was obtained from the
Shearwater Corporation (Huntsville, AL). NHS-PNIPAAm was synthesized according to a
previously published protocol'”, as in Chapter 2. The number-average molecular weight
(M . ) of this polymer was determined to be 11,000 by vapor pressure osmometry (VPO,
device model OSV111, Knauer, Germany).

Beads were modified with NHS-PEG-biotin by reaction at a 1:10 molar ratio of
surface amine groups to NHS-PEG-b at pH 9.0 and 4 °C overnight. Approximately 40% of the
available amine groups on the bead surfaces were modified. Beads were separated from
unreacted NHS-PEG-b by threefold centrifugation and resuspension. PEG-b modified beads
were then reacted with NHS-PNIPAAm. The reaction was performed at a 10-fold molar
excess of NHS-PNIPAAm relative to unmodified surface amine groups at pH 2.0 and 4 °C
overnight. Beads were separated from unreacted NHS-PNIPAAm by threefold
centrifugation and resuspension at 4 °C to avoid the phase transition and aggregation of
unreacted NHS-PNIPAAm. In addition to the doubly modified PEG-b/PNIPAAm beads,

singly modified PNIPAAm beads were prepared. All centrifugations were performed at a

relative centrifugal force of 16,600 x g.
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3.3.5 Analysis of conjugation reaction products

The concentrations of beads in bead suspensions were determined by measuring the
optical density at 600 nm (ODsw) of these suspensions. This method of analysis was
calibrated by measuring the ODeo of five serial dilutions of beads from 0.15 to 1.5 wt% and
fitting these measurements by linear regression, resulting in the relationship

[bead],,, = 0.0683 0D, —0.000522.

The correlation coefficient for this regression was 1.000. Serial dilutions were made from
unmodified Polybead® Amino Microspheres, and concentrations of all types of beads were
determined from the derived relationship.

To determine the degree of conjugation of modification chemicals to nanobeads, two
colorimetric assays were used. For biotinylated beads, a modified version of the (4'-
hydroxyazobenzene) benzoic acid (HABA) assay was used.?® This assay is based on the fact
that HABA undergoes an increase in absorption at 500 nm upon binding to the biotin binding
site of streptavidin. However, the association between HABA and streptavidin is weak, and
HABA bound to streptavidin is promptly competed off by any free biotin in solution. Hence,
the change in ODsw of a solution of streptavidin and HABA upon addition of a sample can be
used to report on the concentration of biotin present in that sample. This change is typically
calibrated via titration of the HABA/streptavidin solution with known concentrations of
biotin. For the sample at hand, however, this straightforward assay is complicated by the
fact that the beads scatter strongly at 500 nm. To take this effect into account, a non-
traditional calibration approach was taken. Two solutions of beads were prepared—one

solution containing the modified PNIPAAmM/PEG-b bead sample, the other containing
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unmodified beads. These solutions contained the same concentration of beads, as confirmed
by absorbance at 600 nm. To calibrate the assay, a 10 uL aliquot of the unmodified bead
solution was added to a solution of HABA/streptavidin. A series of aliquots of standard
biotin solution was then added to this unmodified bead/HABA solution in order to generate
a standard curve of ODsw vs. biotin concentration in the presence of beads. The biotin-
modified bead sample was analyzed by adding a 10 uL aliquot of the modified bead
suspension to a solution of HABA/streptavidin, identical to the HABA solution used to
generate the standard curve. The ODsw of the combined solution was compared to the
calibration curve to determine the biotin conceniration.

The degree of modification of the PNIPAAm meodified beads was determined using
the 2,4,6-trinitrobenzene sulfonic acid (TNBSA) assay®s; this assay had to be modified in a
similar manner. TNBSA reacts with primary amines to produce a derivative with absorbance
at 335 nm. Unfortunately, the latex beads used in this work also absorb strongly at this
wavelength. To take this effect into account, bead samples to be reacted with TNBSA were
divided into two aliquots: to one aliquot the TNBSA solution was added, to the other only
buffer was added. The ODsss of the unreacted sample was subtracted from that of the reacted
sample to isolate the TNBSA signal from the bead signal. This TNBSA signal was then
divided by bead concentration, determined as described above, to produce a number

proportional to the amount of free amine per bead.
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3.3.6 Observations of bead aggregation, adhesion, and stability

Observations of bead aggregation and adhesion were made in the heated device
described in the section “microfluidic device design and fabrication” above. This device was
mounted and cbserved as described above in the section “observations of smart polymer
aggregate sedimentation” (Figure 3.8). The bead suspension injected into the microfluidic
channel consisted of 0.3 wt% doubly modified b-PEG/PNIPAAm beads, 0.3 wt% singly
modified PNIPAAm beads, and 2.5 mg/mL free PNIPAAm in pH 7.6 PBS (20 mM phosphate,
5 mM NaCl). The singly modified beads and free PNIPAAm were added to decrease the
concentration of doubly modified beads required to form a continuous adherent network on
the channel walls. The suspension was degassed by agitation under vacuum for
approximately five minutes immediately prior to use. Bead suspension was injected into the
channel from a syringe directly connected to the manifold tubing. Upon activation of the
device heater, images were captured at a rate of 3 per minute to obtain a visual record of
bead aggregate formation and adhesion. To observe dissolution, the heater was deactivated
at a nominal zero time point and images were subsequently captured at a rate of 3 per
minute. Images were processed and analyzed using in-house software based on the
ImageMagick library.

Further experiments were undertaken to explore the stability of bead adhesion. The
device was mounted in the manifold and 300 uL of bead matrix suspension were injected into
the primary fluid input port of the channel from a syringe directly connected to the manifold
tubing. The manifold tubing was then connected to a 1.5 mL sample loop filled with

degassed pH 7.6 PBS. This sample loop was connected to a computer-controlled syringe
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pump system (Kloehn Co., Ltd., Las Vegas, NV) fitted with 100 uL syringes. After activating

the heater, matrix formation was allowed to proceed in the absence of flow for 10 minutes.
The pumps were then activated, pushing buffer through the system at a rate of 10 pL/min.
Fluid flowing through the device was captured at the exit of the manifold output tubing in 50
uL aliquots. After 70 minutes, the heater was deactivated while the flow was maintained ata
constant rate, Aliquots continued to be collected for an additional 40 minutes as the matrix
dissolved. The output aliquots were then diluted to 500 pL in deionized water and the ODso
of each aliquot was measured to obtain a bead concentration, as described above. This

experiment was performed in triplicate.

3.4 Results and Discussion

3.4.1 Results: Smart polymer aggregate sedimentation

Figure 3.11 shows a series of images from a PDEAm sedimentation experiment. The
downward movement of the sedimentation boundary as the experiment proceeds is
apparent. Figure 3.12 shows a typical fit of intensity profile data from one of these images to
a Pearl-Reed sigmoidal curve. The inflection point of this curve, which was arbitrarily
designated as the sedimentation boundary, is highlighted. All PDEAm data taken after the
formation of sedimentation boundaries could be successfully fit to Pearl-Reed sigmoidal
curves. Figure 3.13 shows the sedimentation boundary height over the course of an
experiment, with a linear regression to the part of the curve corresponding to the particulate

settling regime shown. Similar linear regressions were performed for each sedimentation



3.14 shows the

experiment:  Figure
corresponding sedimentation rates plotted as a
function of polymer molecular weight and
concentration. Attempts were rade to study
PDEAm concentrations lower than 2 mg/mlL;
however, polymer aggregate suspensions at
these concentrations were insufficiently dense to
absorb the light necessary to produce quality
sedimentation images. Concentrations greater
than 4 mg/ml displayed no appreciable
sedimentation in the time frames studied.

A series of images demonstrating
PNIPAAm aggregate sedimentation is shown in
Figure 3.15. PNIPAAm aggregate particles were
larger than PDEAm aggregate particles. As a
result, the image grayscale profiles from
PNIPAAm sedimentation experiments had a
step functional form; they could not be easily fit
to sigmoidal curves.

The second method of

sedimentation boundary determination
described in section 3.3 was therefore used for

data from these experiments. The determined
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Figure 3.11: A series of images taken
during the sedimentation of PDEAmM
aggregates. Channel orientation as in

figure 3.9. (a) 10 minutes after
injection of aggregate suspension. (b)
20 minutes. (c) 30 minutes. Down-
ward movement of the sedimentation
boundary is apparent.




sedimentation rates over the set of
PNIPAAm sedimentation experi-

ments are given in Figure 3.16.

3.4.2 Lessons from polymer

aggregate sedimentation data

The PDEAm data reveal a

clear trend

relating  polymer
concentration and sedimentation
rate. As concentration increases,
sedimentation rate decreases. This

is expected from the theory
described in Section 3.2.1: as particle
concentration increases, the
suspension becomes increasingly
crowded, and the particles begin to
hinder one another. Though it is
unclear from these data whether the
differences between the 2 mg/mL
and 3 mg/ml samples are

sufficiently significant to indicate a

transition from the particulate to
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Figure 3.12: A typical fit of grayscale data from a
PDEAm aggregate sedimentation experiment to a
Peari-Reed curve. The inflection point is indicated
on both axes by the red lines. These data are from
an experiment with 12.8 kDa polymer at 4 mg/mL.
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Figure 3.13: Sedimentation boundary height in a
PDEAm sedimentation experiment as a function of
time. Each data point corresponds to the boundary
height in a single image. A linear regression fit to
the initial linear portion of the sedimentation curve
is also shown. Points prior to the beginning of this
fit (about 1400 s) are artifacts produced when the
image analysis routine is applied to images in
which no clear sedimentation boundary is apparent.
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Figure 3.14: PDEAm sedimentation rate as a

function of polymer concentration and molecular
weight.




hindered settling regime, the radically
decreased rates of sedimentation observed at 4
mg/mL indicate that these samples, at least,
show signs of hindered sedimentation. No
conclusions on a relationship between
sedimentation rate and polymer molecular
weight can be drawn from the PDEAm data.
While PNIPAAm particles showed, in general,
faster sedimentation than PDEAm particles,
their was significantly more scatter in the
PNIPAAmM data, and no trends can be observed
in these data,

From an engineering point of view,
these questions of trends in the sedimentation
data are less important than the fundamental
question of whether the observed sedimentation
rates are sufficient to facilitate a sedimentation-
based separation process in a flowing fluid
stream. A sedimentation-based separation
device would operate by splitting off a flow
stream from which particles have been cleared

by sedimentation. The distance over which

75

Figure 3.15: A series of images taken
during the sedimentation of PNIPAAm
aggregates. Channel orientation as in
Figure 3.9. (a) Immediately following

injection of polymer aggregate
suspension. (b} 2.5 minutes after
initial injection; settling of particles is
evident. (c) 6.5 minutes after initial
injection; most particles have settled
to the bottom of the channel. These
images are from an experiment
involving 21 kDa PNIPAAM at a
concentration of 4 mg/ml.




76

such particles must sediment in order
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Figure 3.16: PNIPAAmM aggregate sedimentation
rate as a function of polymer concentration and
molecular weight.

used to make the devices in which

these experiments were performed,

the minimum possible channel width is about 300 um. For the fastest PNIPAAm particle
sedimentation rate observed, 140 um/min, this distance would require a channel residence
time of 2.1 minutes. For PNIPAAm sedimentation rates closer to the median observed rate,
the required residence time begins to approach 5 minutes. For the most rapidly sedimenting
PDEAm particle, the residence tirme necessary to effect a separation increases to 10 minutes.
Based on average linear flow rates, these residence times translate to volumetric flow rates of
between 1.6 and 7.7 uL/min in the device constructed for these experiments. While these are
achievable flow rates for a microfluidic system, they are quite slow, and they represent an
absolute best-case scenario. In a real flow system, the fluid at the center of the channel will
be moving at a rate considerably faster than the average linear flow rate, and will therefore
have a shorter residence time. Furthermore, there is no guarantee that polymer aggregate
particles sedimenting in a flowing stream will settle at the same rate as in a stagnant fluid.
To compensate for such complicating factors, it was deemed desirable to find a more rapidly
sedimenting smart polymer separation agent before sedimentation-in-flow experiments were

considered. PNIPAAm-coated latex beads were investigated as such as system.
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3.4.3 Characterization of latex bead modification products

To determine the degree of biotinylation cn PNIPAAmM/PEG-b modified latex beads,
a HABA assay was performed. Based on the concentration of amine groups on the beads
reported by the bead manufacturer, 40% of available primary amine groups had reacted with
NHS-PEG-biotin. Approximately 60% of the reactive amine moieties originally on the beads
were therefore available for modification by NHS-PNIPAAm in the subsequent reaction.
Unfortunately, a TNBSA assay to quantify the extent of total modification of these beads
failed to produce sensible results. However, the beads displayed aggregation behavior at
temperatures above the LCST of PNIPAAm, demonstrating sufficient polymer conjugation
for function. A TNBSA assay of beads modified only with PNIPAAm did produce sensible
results: these beads had 66% as many free primary amines as unmodified beads, indicating
that ~34% of the available primary amines were modified with NHS-PNIPAAm. These beads

demonstrated temperature-sensitive aggregation behavior as well.

3.4.4 Characterization of bead aggregation and adhesion in microfluidic

channels

The initial intention in modifying latex beads with PNIPAAm was to take advantage
of their flocculation properties to accelerate sedimentation. However, initial observations of
the behavior of these beads in a heated microfluidic channel revealed that while they did, in

fact, aggregate in response to a thermal stimulus, the aggregates did not sediment. Rather,
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they formed extended fibrous

b
structures that adhered to the walls
of the channel. Figure 3.17 shows a
series of images demonstrating the
formation and dissolution of these d

structures in response to

temperature changes. In Figure

3.17a, the channel s filled with the Figure 3.17: A series of images showing matrix

formation and dissolution, taken in a type A
bead matrix suspension at room | channel under static (no flow) conditions. X- and y-
axes on this figure correspond to those shown in
temperature; 3.17b shows the | Figure 3.6 and the edge of the channe! can be
seen at the left side of each image. (a) Matrix
suspension at room femperature. (b} After
approximately 30 seconds of heating, aggregates
of beads can be seen. (c) After approximately 2
after the heater has been activated— | minutes of heating, aggregates have formed large
siructures that are adhering to the channel wall. {d)
aggregate formation is apparent; in | APproximately one minute after heater deactivation,

' bead structures can be seen dissolving. Each
panel in this figure is approximately 1 mm wide (in
the y dimension).

channel approximately 30 seconds

3.17¢, the aggregates have coalesced

into large aggregated networks

which have adhered to the side of the channel after about 2 minutes of heating; finally, 3.17d
shows the network dissolving about 1 minute after the heater was deactivated. Once
network dissolution was complete, the channel appeared as it does in Figure 3.17a. In order
to assign a numerical index to the process of adherence and network formation, images like
those in Figure 3.17 were analyzed by taking simple averages of the grayscale values of the
image pixels. Though the average grayscale was the same in images before (Figure 3.17a)
and after (Figure 3.17c) adhesion, the standard deviation from the mean was significantly

greater in images containing aggregated beads than in those containing free bead suspension.
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Figure 3.18 shows a plot of standard
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deviation versus time for two series
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of images: one taken from an
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experiment, the other from an
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Figure 3.18: Plots showing bead aggregate
Both of these experiments took | network formation and dissolution, derived from
images like those in Flgure 3.17. These plots give
place in a temperature-controlled the stan_dar_d deviation from the mean grayspale_ in
sequential images captured after heater activation
(the zero time point for the “formation” plot} or
heater deactivation (the zero time point for the
“dissolution” plot). Standard deviation is plotted
clear from Figure 3.18 that adhesion on the y-axis, while time since heater activation or
deactivation is plotted on the x-axis. The structure
and dissolution take place on formatiqn that' can be seen in Figures_3..'17b and c
results in an increased standard deviation that (s
reflected in these plots. These plots reveal that for
the system used in the present experiments,
matrix formation and dissolution take place on a
minutes for the bead, heater, and similar time scale, about 3 to 6 minutes. Prior to
averaging, a strip of 100 x 480 pixels containing
device combination used in this the channel edge seen to the left of the images in
Figure 3.17 was excised from each image. Image
statistics were taken on a pixel-by-pixel basis over
the remaining 540 x 480 pixels.

aggregate dissolution experiment.

channel in the absence of flow. Itis

similar time scales, about 3-6

experiment.

Of course, the behavior of PNIPAAm beads in a microfluidic channel is of minimal
practical interest in the absence of a flowing fluid stream. Continuously pumping an
aqueous suspension of the beads into a heated channel resulted in aggregate formation, but
no adhesion to the channel wall. However, when aggregated and adhered beads were
subjected to flowing fluid, they remained adhered, so long as the temperature of the channel
was maintained above the PNIPAAm LCST. Figure 3.19 shows a plot of the concentration of
beads in the output of a channel over time under a 10 pL/min flow. The output was collected

in 50 uL aliquots, such that each point represents the previous five minutes’ worth of flow



through the system. The x-axis is
labeled according to the total
volume that has been pumped
through the system at each point.
Beads were initially adhered to the
channel walls under static
conditions, with no flow through
the channel. The peak apparent in
the first 100 pL leaving the system
represents beads that did not
adhere to the side of the channel
during this initial formation step.
After this initial flowthrough peak,
no beads are present in the next 700
uL leaving this system. The heater

was deactivated at 70 minutes into

the experiment (corresponding to
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Figure 3.19: Concentration of beads in samples
coliected from the manifold output line over the
course of a flow experiment. Bead adhesion
formation was performed in the absence of flow; 10
uL/min flow was initiated at the zero volume point
of this plot. Each point represents 5 minutes of
flow through the system, corresponding to a 50 pL
sample. The y-axis gives the concentration of
beads in the samples, determined spectro-
photometrically as described in the experimental
section. The x-axis gives the total volume that has
flowed through the system at the time of coilection
of each sampie. The heater was activated prior to
the initiation of flow, and it remained on until the
indicated point at 700 ul, at which point it was
deactivated. The initial peak, at about 50 pL,
corresponds to beads that did not adhere to the
channe! during the initial adhesien siep. The peak
at 800 ul. corresponds to begds antering the flow
stream from the dissolved matnx. The lack of
beads in the output stream between these points
indicates that the adhered beads remained stable
and intact in the presence of flow. Displayed points
represent the arithmetic means of data from three
experiments; error hars are * one standard
deviation.

the 700 uL point in Figure 3.19). It took another 10 minutes (100 pL) for the bead matrix to
dissolve and pass through the manifold output tubing. The peak at the 800 pL point
represents these released matrix beads. The two peaks in this plot have similar areas,
indicating that about 50% of the initially injected bead suspension adhered to the channel

walls until the elution step, while another 50% was non-adherent and was washed out of the

channel immediately. These data demonstrate that the matrix is stable under flow conditions
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for long periods of time and that it maintains reversibility after being exposed to prolonged

flow conditions.

3.5 Conclusions

Smart polymer sedimentation has been investigated as a means of controlled
separation in microfluidic devices. Experiments were performed to determine the rates of
sedimentation of aggregates of the temperature-responsive polymers PNIPAAm and
PDEAm in stagnant fluid in a microfluidic channel. These rates proved to be insufficient to
facilitate an effective separation in a microfluidic device in a reasonable time frame. Inn an
attempt to increase the rate of sedimentation of the temperature-sensitive particles,
PNIPAAm was conjugated to the surface of polystyrene latex beads. Rather than
sedimenting in response to a thermal stimulus, however, these beads aggregated and
adhered to the walls of the microfiuidic channel.

Fortunately, this controllable adhesive property is also potentially valuable in
microfluidic devices: it can be used as a means of controlled immobilization of biomolecules.
Experiments described in this chapter have demonstrated that adhered beads are stable in the
presence of flow through the channel, and that the adhesion is reversible upon reversal of the
thermal stimulus, even after prolonged adhesion. In future chapters, PNIPAAm-coated
beads are demonstrated to be controllable, reversible immobilization substrates for
bioanalytical systems, including an affinity chromatography system and an immunoassay.
The application of smart polymer aggregate sedimentation to separation in microfluidic

devices is not studied further in experiments described in this dissertation; however,
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experiments in this chapter have demonstrated that such an application may be an

intriguing, if challenging, possibility.
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Chapter 4: A Smart Microfluidic Affinity Chrom-

atography Matrix Composed of Poly(N-isopropylacryl-

amide)-Coated Beads*

4.1 Summary

The experiments described in Chapter 3 have established that PNIPAAm-coated
polystyrene latex beads aggregate and adhere reversibly to the walls of PET microfluidic
channels in response to a thermal stimulus. Furthermore, these experiments have established
that this adhesion is stable in the presence of flow for over an hour, so long as the thermal
stimulus is maintained. These properties—controlled, reversible, stable adhesion—make
PNIPAAm-coated latex beads a potentially ideal platform for biomolecular immobilization in
microfluidic devices. In order to demonstrate this potential, PNIPAAm-coated beads co-
modified with biotin were deployed as a reversibly immobilized affinity chromatography
matrix to separate streptavidin from a microfluidic flow stream. Affinity chromatography
was chosen as a demonstration technology because, as described in Section 2.2, it is a
bioseparation technology of central importance in modern biochemistry and molecular
biology laboratories. Furthermore, affinity chromatography is an appropriate initial
demonstration because it is a relatively straightforward technology to implement: to serve as
an affinity chromatography substrate, the beads only need by modified with a small

molecule affinity moiety, rather than with a relatively large, complex protein. This chapter

*Reproduced in part with permission from an arkicle published in the journal
Analytical Chemistry.23! @ Copyright 2003 American Chemical Socicty.



84

describes the implementation and investigation of a “smart bead”-basud affinity
chromatography system. Section 4.2 describes the design options considered in the process
of this implementation, including options for attaching an affinity moiety to the beads, for
loading the beads into the microfluidic device, and for introducing the appropriate solutions
to the microfluidic flow stream. Section 4.3 describes in detail the experimental protocols
employed; results of these experiments are given and discussed in Section 4.4. This chapter

concludes with abrief overview of the implications of these results.

4.2 Objectives and Experimental Design Considerations

The objective of the work described in this chapter is simple: to demonstrate the
feasibility of an affinity chromatography system based on thermally immobilized PNIPAAm-
coated beads. For this proof-of-principle system, little work was done to optimize the
performance of the chromatography or to compare the system’s performance to the state-of-
the-art in microfluidic affinity chromatography. Furthermore, a simple biomolecular affinity
model system was chosen to provide the interaction by which the affinity separation was
effected. This was the biotin-streptavidin system, described in detail in Section 1.4. The high
affinity, fast on-rate, and practically irreversible binding of this system make it an appealing
option. PNIPAAm beads were therefore co-modified with biotin and streptavidin was
injected into the microfluidic channel as a separation target molecule.

Two options were explored in attaching biotin to the beads. Biotin groups were
conjugated to beads either through a short linker consisting of a five-carbon-long alkane

chain, or through a 3.4 kDa PEG linker, This variable allowed the importance of the distance
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of the biotin group from the bead surface to be explored: an important parameter given the
potential of the PNIPAAm molecules bound to the bead surface to interfere sterically with
streptavidin binding. Successfully demonstrating smart bead affinity chromatography also
involved an exploration of some options for microfiuidic device geometry. Two devices
geometries were investigated. The first type of device involved a single, straight,
homogenously heated charnnel. A second design attempted to eliminate some limitations
encountered in using the first type of device. This new design involved multiple channels for
injection of a variety of reagents, a geometry designed to maximize surface area and
minimize bubble formation, and a heater configuration designed to eliminate clogging of the
channel input and output ports with aggregated beads.

The final parameter that was optimized in designing chromatography experiments
was the methodology for injecting a variety of flow stream components into the device,
Affinity chromatography protocols necessarily involve flowing a sequence of different
reagents—corresponding to the steps of sample binding, washing, and elution-through the
column. For the purposes of this work, microfluidic approaches to controlling the order in
which solutions were delivered to the column were avoided. This simplified the
experimental results by focusing the experiments on the chromatographic performance of the
device rather than on the performance of any microfluidic flow control elements. Two
approaches to delivering various solutions to the device were explored. In the first approach,
a sequence of solutions was pre-loaded into a sample loop and delivered to the device via the
syringe pump system. In the second approach, solutions were loaded into two separate

sample loops and the solution to be delivered to the device was selected manually by

operation of a flow injection valve.
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4,3 Materials and Methods

4.3.1 Preparation of PNIPAAm and bead modification

Primary amine-functionalized polystyrene latex beads were obtained from
Polysciences (Warrington, PA). 100 nim diameter Polybead® Amino Microspheres were used

in all experiments. The beads were covalently

modified with 11 kDa PNIPAAm and one of

X
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two types of biotin reagents via N- 0 j\/WH
iu—o N S
o
o

hydroxysuccinimide (NHS) ester conjugation

chemistry. NHS-PNIPAAm (Figure 3.10) was | Figure 4.1: NHS-LC-biotin; a reagent
used to biotinylate amine-coated latex
beads.

synthesized according to a previously

published protocol.!’? The number-average molecular weight (M .} of this polymer was

determined to be 11,000 by vapor pressure osmometry (VPO, device model OSV111, Knauer,
Germany). The two biotin reagents used were NHS-LC-biotin (Pierce; LC stands for “long
chain”), which consists of a biotin group separated from an NHS ester by an alkane chain
(Figure 4.1), and NHS-PEG-biotin (NHS-PEG-b, obtained from Shearwater Corp., Huntsville,
AL), which consists of a biotin group separated from an NHS-ester by a 3.4 kDa PEG

molecule (Figure 3.10).
Beads co-modified with PNIPAAm and PEG-b were prepared exactly as described in
Section 3.3 of the previous chapter. Beads were modified with NHS-LC-biotin by reaction at

a 1:5 molar ratio of surface amine groups to NHS-PEG-b at pH 9.0 and 4 °C overnight.
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Approximately 50% of the available amine groups on the bead surfaces were modified.

Beads were separated from unreacted NHS-LC-biotin by threefold centrifugation and
resuspension. LC-biotin modified beads were then reacted with NHS-PNIPAAm. The
reaction was performed at a 10-fold molar excess of NHS-PNIPAAm relative to unmodified
surface amine groups at pH 9.0 and 4 °C overnight. Beads were separated from unreacted
NHS-PNIPAAm by threefold centrifugation and resuspension at 4 °C to avoid the phase
transition and aggregation of unreacted NHS-PNIPAAm. In addition to the two types of
doubly modified biotin/PNIPAAm beads, singly modified PNIPAAm beads were prepared.

All centrifugations were performed at a relative centrifugal force of 16,600 x g.

4.3.2 Preparation of chromatographic bead suspension

The bead suspension injected into the microfluidic channel consisted of 0.3 wt%
doubly modified biotin/PNIPAAm beads (either PEG-b/PNIPAAm or LC-biotin/PNIFPAAmM
beads, depending on the experiment), 0.3 wt% singly modified PNIPAAm beads, and 1.67
mg/mL free PNIPAAm in pH 7.6 phosphate buffered saline (PBS, 50 mM phosphate, 5 mM
NaCl). The singly modified beads and free PNIPAAm were added to decrease the
concentration of beads required to form a continuous adherent network on the channel walls.

The suspension was degassed by agitation under vacuum for approximately five minutes

immediately prior to use.
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4.3.3 Streptavidin preparation and labeling

Wild-type streptavidin was expressed and purified according to a previously
published protocol. 22 Streptavidin was labeled with a succinimidyl ester of AlexaFluor® 488
carboxylic acid (Molecular Probes, Eugene, OR), an amine-reactive fluorescent dye with an
absorbance maximum at 494 nm and emission maximum at 518 nm. The conjugation
reaction was performed at an eighifold excess of AlexaFluor® relative to streptavidin
tetramers, in aqueous conditions, at pH 9.0 and 4 °C. The reaction was allowed to proceed
overnight, and unreacted dye was separated from labeled streptavidin by 72-hour dialysis

across an 11,000 Da molecular weight cut-off (MWCQO) membrane into pH 7.6 PBS.

4.3.4 Analysis of modification products

The conjugation products were assayed spectrophotometrically, using a Hewlett-
Packard (Cupertino, CA) model 8452A spectrophotometer. To determine the degree of
biotinylation of biotinylated beads, the HABA assay?® was used, as described in Section 3.3.
To quantify unreacted primary amines on singly modified PNIPAAm beads, the TNBSA
assay?* was used, also as described in Section 3.3. Streptavidin concentration was monitored
based on the optical density of streptavidin solutions at 280 nm, using an extinction
coefficient 139,000 ecmM? for the tetramer. The fluorophore-labeling ratio for the
streptavidin was determined by measuring the optical density of the solution at 494 nm (the
excitation maximum of AlexaFluor® 488), using an extinction coefficient of 71,000 cM-1.

The concentration of beads in bead suspensions was determined by measuring the

optical density at 600 nm (ODew) of these suspensions, as described in Section 3.3.



4.3.5 Microfluidic devices

Two types of microfluidic

devices were wused. Initial

experiments were performed
with the heated device described
in the previous chapter (Section
3.3, Figures 3.6 and 3.7). For the
purposes of this chapter, this
single channel, uniformly heated
device will be referred to as a
“type A" device. A second (“type
B”) device design was utilized in
later chromatography experi-
ments. This device was, like the
type A device, manufactured
from layers of laser-ablated PET;
a diagram of the type B design is
shown in Figure 4.2,
Chromatography was performed

in a primary channel with ports

for fluidic input and output, with
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Figure 4.2: Diagrams of the type B device used in
chromatography experiments. a: A top view of the
device, showing the main channel with dimensions
54 mm x 4 mm x 0.3 mm (perpendicular to the plane
of this diagram). Also shown are input (1) and outlet
(2) ports, the heated region (3), and the small
auxiliary channel used to inject smart bead
suspension (4). b: An exploded view of the device,
showing each of the machined PET layers from
which the device was assembled. These layers
were: 0.1 mm thick, with inlet and outlet poris (1);
0.250 mm thick, with the channel cut into it and
coated on each side with 0.025 mm adhesive (2); 0.1
mm thick (3); 0.08 mm thick, coated on each side
with 0.025 mm adhesive (4); 0.25 mm thick, with a
rectangle cut out for placement of the 0.25 mm thick
heater, shown here with two wire leads (5); 0.05 mm
thick, coated on each side with 0.025 mm adhesive
(6). and 0.1 mm thick (7).
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dimensions of 54 mm x 4 mm (at the widest point in the channel) x 300 um. The channel was
formed from a sheet of 250 pm-thick PET, coated on each side with a 25 pum-thick layer of
adhesive. The channel layer was sealed on each side by a 100 um-thick sheet of PET; into one
side the inlet and outlet ports were cut. In addition to the main input and output ports to the
fluidic channel, a small injection channel for introducing bead suspension into the primary
channel was incorporated into the device; this channel was cut into the same PET layer as the
primary channel and was fed by an inlet cut into the same layer as the primary input/output
ports. A thin-film heater obtained from Minco (Minneapolis, MN) was incorporated into the
device; this heater was operated using an electronic feedback controller (Minco) to maintain
temperatures in the device channel between 33 and 37 °C. (A Therma-Clear™ model heater
and HeaterStat™ model coniroller were used.) The heater was separated from the channel
by two layers of PET. A 100 pm layer formed the wall of the channel and a 100 um adhesive-
coated layer joined the heater to the rest of the device. The heater itself was about 250 um
thick and was incorporated into a 250 um-thick PET layer. The heater was aligned to heat
only a portion of the channel and adherent bead network formation occurred only in the
heated region. The heated region was 19 mm wide, beginning 25 mm after the channel inlet
and ending 10 mm before the channel outlet.

Assembled devices were mounted in a microfluidic manifold incorporating an
aluminum pressure plate and polydimethylsiloxane (PDMS) gaskets to seal the input and
output ports of the device to polyetheretherketone (PEEK) tubing, as described in the
previous chapter. PEEK tubing had a 0.030 inch inner diameter (ID) and was obtained from
Upchurch Scientific (Oak Harbor, WA). The device input and output were each connected by

the manifold to about 6 cm of tubing. Additional tubing was connected to this fixed tubing
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using standard HPLC fittings, also obtained from Upchurch. The sample loop and all pump

lines were also constructed from 0.030 inch ID PEEK tubing. Flow was directed by
computer-controlled syringe pumps (Kloehn Co., Ltd., Las Vegas, NV) fitted with 100 pL
syringes. All fluids were pushed through the system with dejonized water from the syringes,
such that there was never any sarnple in contact with the syringes themselves. Two pumps
were operated in a continuous handshake mode, with one syringe filling while the other
dispensed, to provide a continuous buffer flow over long periods of time. In experiments
involving a flow injection valve and a second sample loop, a third pump was operated

independently to inject the streptavidin sample.

4.3.6 Chromatography

Two techniques were explored in performing chromatography experiments. In the
first technique, a sample loop was loaded sequentially with a series of solutions and the
contents of the sample loop were pumped through the chromatography device. In the
second technique, one sample loop was loaded with buffer, while a second sample loop was
loaded with the streptavidin-containing sample. A flow injection valve was used to select
between the buffer (for washing and elution steps) and the sample (for the sample loading
step). Type A device were used exclusively for the single-sample-loop experiments, whereas
type B devices were used exclusively for the valve-selected, double-sample-loop
experiments. In both experimental techniques, bead suspension was injected into the
channel, heated, and allowed to adhere in the absence of flow before any fluid was pumped

through the device.
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Chromatography in type A devices proceeded as follows. Three hundred microliters

of the bead suspension were injected into a type B channel from a syringe directly connected
to the manifold input tubing. The 1.5 ml sample loop, disconnected from the device input
line and pump line, was then filled with the following sequence of solutions: 100 uL PBS, to
serve as a column wash; 150 uL fluorescently-labeled streptavidin solution at a concentration
of 2.5 uM; and 1250 uL PBS, to wash through excess streptavidin and to serve as the elution
buffer. All solutions had been previously degassed. The sample loop was then connected
between the manifold input and the pump system. After activating the heater, bead
aggregation and adhesion was allowed to proceed in the absence of flow for 10 minutes. The
pumps were then activated, pushing buffer through the system at a rate of 10 pl/min. Fluid
flowing through the device was captured at the exit of the manifold output tubing in 50 pl
aliquots. After 70 minutes, the heater was deactivated while the flow was maintained at a
constant rate. Aliquots continued to be collected for an additional 40 minutes as the matrix
dissolved. In some experiments, the heater was deactivated after only 50 minutes, prior to
collection of additional elution samples. The output aliquots were then diluted to 500 ul in
deionized water and the fluorescence of each sample was measured on a Perkin Elmer L5508
fluorescence spectrophotomer (Perkin Elmer Instruments, Inc., Shelton, CT), with excitation
at 492 nm and emission at 518 nm. For negative controls, a biotin-free bead suspension—
consisting of 0.6 wt% singly modified PNIPAAm beads and 1.67 mg/mL free PNIPAAm in
pH 7.6 phosphate buffered saline—was utilized. Experiments were performed in triplicate.
Chromatography in type B devices proceeded as follows. Two hundred microliters of
the bead suspension were injected into a type B channel manually via a small bead injection

channel, connected by the manifold to a short length of PEEK tubing. After bead injection,
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this tubing was closed off by a standard HPLC tubing valve, preventing flow through the

injection channel. The input port of the device was connected to the output of a flow
injection valve that allowed to operator to select between two flow sources: a 0.3 mL sample
loop and a 1.5 mL sample loop. The 1.5 mL sample loop was filled with degassed PBS. The
0.3 mL sample loop contained fluorescently labeled streptavidin in degassed PBS at a
concentration of 2.5 uM. After the bead suspension had been injected into the primary
channel, the heater was activated and bead aggregation and adhesion was allowed to
proceed in the absence of flow for 10 minutes. The pumps were then activated, pushing
buffer from the 1.5 mL sample loop through the system at a rate of 20 pL/min. Fluid flowing
through the device was captured at the exit of the manifold output tubing in 50 pL aliquots.
After 2.5 minutes of buffer wash, the injection valve was switched to the 0.3 mL sample loop,
allowing the streptavidin sample to flow into the device. The valve wes switched back to the
buffer-containing sample loop after 15 seconds, making the volume of the injected
streptavidin sample 5 pL.. After allowing the sample to bind and excess to be washed out (25
minutes after the initiation of flow), the heater was deactivated while the flow was
maintained at a constant rate. Aliquots continued to be collected for an additional 15 minutes
as the adhered beads dissolved. The output aliquots were then diluted to 500 pL in
deionized water and the fluorescence of each sample was measured on a Perkin Elmer LS50B
fluorescence spectrophotomer (Perkin Elmer Instruments, Inc., Shelton, CT), with excitation
at 492 nm and emission at 518 nm. The ODewo of each sample was also measured, using a
Hewlett-Packard model 8452A spectrophotometer (HP, Cupertino, CA). For negative
controls, free biotin was added to the streptavidin sample at a concentration of 50 uM. This

excess of free biotin would be expected to occupy all available streptavidin binding pockets,
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eliminating any interaction between the sample and the beads in the channel. Experiments

were performed in triplicate.

4.3.7 Subtraction of bead background signal from fluorescence

measurements

The presence of beads in the output samples introduced a scattering signal in the
fluorescence measurements for samples containing beads. This signal made the measured
fluorescence higher than it would be in a sample containing no beads. To correct for this
effect, a set of samples containing a range of bead concentrations (determined by the ODeco of
the samples) without streptavidin were analyzed in the fluorescence spectrophotometer.
This analysis yielded a linear relationship between bead concentration (as determined by
ODsuw) and scattered fluorescent signal. For each chromatographic sample, the ODswo was
measured and this linear relationship was used to determine what scattering signal to
subtract from the measured fluorescence signal. Subtraction was performed only for results

of experiments in type B channels; in the discussion below, data for which background

subtraction has been performed are clearly identified.
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4.4 Results and Discussion

4.4.1 Conjugation of PNIPAAm to beads and fluorescence labeling of
streptavidin

To determine the degree of biotinylation of biotin-modified latex beads, HABA
assays were performed. Based on the concentration of amine groups on the beads reported
by the bead manufacturer, 40% of available primary amine groups had been biotinylated in
the PEG-b/PNIPAAmM beads, whereas 50% had been modified in the LC-biotin/PNIPAAmM
beads. Approximately 50-60% of the reactive amine moieties originally on the beads were
thus available for modification by NHS-PNIPAAm. Unfortunately, a TNBSA assay to
quantify the extent of total modification of these beads failed to produce sensible results.
However, the beads displayed aggregation behavior at temperatures above the LCST of
PNIPAAm, demonstrating sufficient polymer conjugation for function. A TNBSA assay of
beads modified only with PNIPAAm did produce sensible results: these beads had 66% as
many free primary amines as unmodified beads, indicating that ~34% of the available
primary amines were modified with NHS-PNIPAAm, These beads demonstrated
temperature-sensitive aggregation behavior as well. The degree of labeling of 3.1
AlexaFluor® groups per streptavidin tetramer was determined spectrophotometrically, using

known extinction coefficients for streptavidin at a wavelength of 280 nm and for the

fluorophore at 494 nm.
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4.4.2 Microfluidic device fabrication and operation

The evolution of device designs evident in this chapter was driven by practical
problems encountered in performing chromatography in a type A device. The narrow
channel of the type A device restricted the maximum possible flow rate: at above about 10
HL/min, shear forces would pull adhered beads from the channel walls. In the wider type B
channel, on the other hand, beads would remain adhered at flow rates above even the 20
pL/min operating rate. In a type B device, the primary flow channel, fed at its input port by
the pump system, widened between the input and output ports to provide an expanded
surface to which PNIPAAm-coated beads could adhere. The slowly tapered geometry at the
primary flow channel input allowed for efficient and complete wetting-out of the relatively
hydrophobic PET; more sudden channel width changes were found to lead to bubble
formation when fluid was first introduced into the channel. The type B flow channel was
heated only in a limited region, starting about 25 pm from the input port and ending 10 um
from the output port. Bead aggregation and adhesion was limited to this heated region.
Restriction of the size of the heated region was found to be necessary to keep bead aggregates
from clogging the input and output ports; a problem often encountered in operating type A
devices.

Loading the bead suspension into type A channels proved to be another source of
difficulty. In experiments with type A channels, the fluidic manifold input tubing was
disconnected from the pump line and a syringe was used to manually inject bead suspension
directly through this input tubing. However, this process required the pump line to then be

reconnected to the manifold input tubing a procedure that occasionally introduced air
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bubbles into the tubing, ruining the experiment. This problem was solved in type B devices
via the addition of a narrow bead injection channel, which had a separate input port. The
bead injection channel intersected with the primary flow channel between the primary input
port and the beginning of the heated region. The injection channel allowed for bead
suspension to be injected manually into the device without disconnecting the pump lines
from the primary input port. During experiments, there was no flow through the bead
injection channel: it was used only to introduce bead suspension into the channel prior to

experiments.

4.4.3 Chromatography results:

LC-biotin/PNIPAAm beads in a | ° 220 °§ 5 2 _""'ig. Q s T_.
type A device Ty T T %089,
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Figure 4.3 shows a schematic of | Figure 4.3: A schematic of the experimental
protocol for streptavidin affinity chrom-
the protocol used in  the | atography. The channel is initially filed at
room temperature with a suspension of
biotinylated, PNIPAAmM-coated beads (1). The
temperature in the channel is then raised to 45
°C and the beads aggregate and adhere to the
in this chapter. Figure 4.4 shows the | channel walls (2). Buffer is then pumped
through the channel (the presence of flow is
results of such an experiment using a indicated in this schematic by an arrow),
washing out any unbound beads (3). A
fluorescently labeled streptavidin sample is
then introduced into the flow stream (4).
Streptavidin binds the beads, and any unbound
thermally immobilized LC- | streptavidin is washed out of the channel (5).
Finally, the temperature is reduced to room
‘L . ‘ temperature, leading to the break up of the
biotin/PNIPAAm-coated beads.  This bead aggregates. Beads, bound to labeled
streptavidin, elute from the channel (6). X- and
z-axes in this figure correspond to those shown
in Figure 4.2.

chromatography experiments described

chromatographic matrix based on

experiment was performed in a type A
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Figure 4.4: Results of streptavidin affinity chromatography via LC-biotin/PNIPAAM-coated
beads in a type A device. The negative control data are for the same experiment
performed with beads that had been coated with PNIPAAm, but not biotinylated. Matrix
formation took place prior to the introduction of flow; a 10 pl/min buffer flow was
introduced at the zero volume point of this plot. Each point represents 5 minutes of flow
through the system, corresponding to a 50 uL sample. The y-axis gives the fluorescence
in the samples, normalized to the total fluorescence captured at the output. The x-axis
gives the total valume that has flowed through the system at the time of collection of each
sample. The heater was activated prior to the initiation of flow, and it remained on until
the indicated point at 500 pl., at which point it was deactivated. In both the experiment
and the negative control, a 150 uk bolus of fluorescentiy labeled streptavidin entered the
channel at the 100 pL point. These data reflect the dispersion of samples encountered in
the operation of the type A device: peaks are broad and indistinct. 1t is possible to pick
out a peak corresponding to unbound streptavidin passing through the system in the
“biotinylated beads” trace, and both traces contain elution peaks corresponding to
adhered beads dissociating from the channel walls and leaving the system. However, itis
impossible to see any significant difference between the two traces, and to therefore

observe any specific streptavidin-biotin binding. Each trace in this plot represents the
results of a single experiment.

device. The plot represents the fluorescence from labeled streptavidin present in the system
output under continuous 10 pL/min flow. The fluorescence measurements reported on the y-
axis are normalized by the total fluorescence captured in the output throughout the
experiment. Adhesion of the bead matrix was initiated by activating the heater in a bead-
suspension-filled channel ten minutes prior to the initiation of flow. The zero point on the x-
axis of Figure 4.4 represents the initiation of flow (with heat maintained). The sample loop

connected between the pumps and the channel was filled sequentially with 100 uL PBS, to
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serve as a column wash; 150 pL fluorescently labeled streptavidin solution; and 1250 uL PBS,

to wash through excess streptavidin and to serve as the elution buffer. A peak corresponding
to labeled streptavidin that failed to bind the immobilized bead can be seen clearly starting at
the 150 pL point of the “biotinylated beads” sample. This peak has a long tail, spread out
considerably from the 150 uL volume of streptavidin initially injected in the sample loop.
This spreading is explained by laminar Taylor dispersion of the injected bolus of streptavidin
during sample loading and pumping. 2 There is no similarly sharp peak in the trace for the
negative confrol, though there is a similar tail evident in this trace.

At 50 minutes (500 pL) into the experiment, the heater was deactivated, triggering
matrix dissolution. At the 600 pL point of the both traces in Figure 4.4, elution peaks can be
seen, corresponding to labeled streptavidin bound to the beads that made up the matrix. It's
impossible to determine, based on these data, whether the bictinylated-coated beads bound
more streptavidin than the unbictinylated beads. In an attempt to improve the binding of
biotin-coated beads, the spacer with which biotin was attached to the beads was lengthened.
It was hoped that by attaching biotin to the beads via a 3.4 kDa PEG tether, steric hindrance
of streptavidin-biotin binding would be reduced. This would be consistent with the work of
Yasui et al., who demonstrated that PNIPAAm molecules conjugated to the surface of latex

beads can block the access of small molecules to enzymes also on the surface of the beads.!t
4.4.4 Chromatography results: PEG-b/PNIPAAm beads in a type A device

Figure 4.5 shows the results of an experiment using a chromatographic matrix based
on thermally immobilized PEG-b/PNIPAAm-coated beads. As with the experiment with LC-

biotin/PNIPAAmM beads, this experiment was performed in a type A device. Other
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Figure 4.5: Results of streptavidin affinity chromatography via PEG-b/PNIPAAm-coated
beads in a type A channel. The negative control data are for the same experiment
performed with beads that had been coated with PNIPAAm, but not bictinylated. Matrix
formation took place prior to the introduction of flow; a 10 ul/min buffer flow was
introduced at the zero volume point of this plot. Each point represents 5 minutes of flow
through the systern, corresponding to a 50 ul sample. The y-axis gives the fluorescence
in the samples, normalized to the total fluorescence captured at the output. The x-axis
gives the total volume that has flowed through the system at the time of collection of each
sample. The heater was activated prior to the initiation of flow, and it remained on until
the indicated point at 700 uL, at which point it was deactivated. In both the experiment
and the negative control, a 150 pl bolus of fluorescently labeled streptavidin was
introduced at the 100 ul point. Peaks corresponding {o unbound streptavidin passing
through the channel at this point can be seen in both traces. The peak for the negative
control is higher, indicating the less streptavidin bound the immobilized beads in the
negative control. The “biotinylated beads” trace also contains & clear elution peak,
corresponding to streptavidin bound to beads eluting from the channel in response to
decreasing channel temperature. These observations are indications of specific
streptavidin binding to the beads. Each trace in this plot represents the results of three
experiments, with error bars indicating + one standard deviation.

experimental details were also similar: beads were allowed to adhere to the channel walls in
the absence of flow, flow was initiated, a streptavidin sample was injected into the device
channel via sequential loading in the sample loop, and the heater was deactivated. The main
protocol difference between this experiment and that presented above was the amount of
time between injection of the streptavidin sample and the deactivation of the heater. This

amount of time was increased for this experiment in order to allow any unbound
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streptavidin to wash through the channel, thereby allowing the chromatographic trace to

return to a baseline before the elution step.

Starting at the 150 uL point, a peak corresponding to unbound streptavidin can be
seen in both the experimental (“biotinylated beads”) and negative control traces. This peak is
larger in the negative control trace, indicating that less streptavidin bound the beads when
they were not biotinylated. At 70 minutes (700 pL) into the experiment, the heater was
deactivated, triggering dissolution of the adhered bead aggregates. At the 750 uL point of the
experimental trace in Figure 4.5, an elution peak begins, corresponding to labeled
streptavidin bound to the eluting beads. The negative control trace contains no similar
elution peak, indicating negligible streptavidin association with the biotin-free matrix. The
biotinylated smart-polymer beads, adhered in a temperature-sensitive manner to the channel
wall, thus act as an effective affinity chromatography matrix to specifically separate
streptavidin from the flowing input stream.

While this experiment does demonstrate successful affinity chromatography via
smart polymer-coated beads, the broad unbound streptavidin peak is of some concern. This
peak is so much broader than the elution peak because of the method of introducing the
streptavidin sample into the system. The streptavidin sample was loaded sequentially into a
1.5 mL sample loop, along with wash and elution buffer. During the process of sample
loading and pumping, the streptavidin in the sample loop was dispersed a volume far
greater than the original 150 pL. This dispersion broadens the unbound peak, and makes it

difficult to judge the relative amount of streptavidin in this peak for the experiment versus

the negative control.
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4.4.5 Chromatography resulis: PEG-b/PNIPAAm beads in a type B device

In order to generate a sharper unbound streptavidin peak, injection of the
streptavidin sample was performed with a flow injection valve. This valve allowed the
source of the fluid being pumped into the channel to be selected from one of two sample
loops. One sample loop contained buffer, the other contained streptavidin solution. Since
the valve was located immediately upstream of the microfluidic device, dispersion of the
streptavidin sample in the flow stream was minimized. The use of a flow injection valve also
allowed the volume of the injected bolus of streptavidin to be minimized: while experiments
based on a single sequentially packed sample loop required at least 2 150 pL sample of
streptavidin for proper sample loading, the valve could be used to inject as little as 5 pi.. The
experiments described in this section were also performed in a type B microfluidic device, the
advantages of which are described in Section 4.4.2. The negative control used for the
experiment described in this section also differed from previous negative controls. Channels
used in negative controls were loaded with the same bead suspension used in the
experiment, rather than with a suspension made up exclusively of unbiotinylated beads.
However, the sample used in the negative control contained an excess of free biotin, which
bound the binding pockets of the labeled streptavidin, making it unable to bind the
biotinylated beads.

Figure 4.6 shows the results of a streptavidin affinity chromatography experiment
and the corresponding negative control. The plot corresponds to an experiment similar to
those described above. Adherence of the bead matrix was initiated by activating the heater
in a bead-suspension-filled channel in the absence of flow. The zero point on the x-axis of

Figure 4.6 represents the initiation of flow (with heat maintained). A 5 pL volume of
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Figure 4.6: Results of streptavidin affinity chromatography via PEG-b/PNIPAAm-coated
beads in a type B device, using a flow injection valve to introduce the streptavidin sample.
As with the experiments described above, matrix formation took place prior to the
introduction of flow; a 20 uL/min buffer flow was infroduced at the zero volume point of this
plot. Each point represents 2.5 minutes of flow through the system, corresponding to a 50
pl. sample. X- and y-axes are as described for Figures 4.4 and 4.5. The heater was
activated prior to the initiation of flow, and it remained on until the indicated point at 500
ul, at which point it was deactivated. In both the experiment and the negative control, a 5
ul. bolus of fluorescently labeled streptavidin was introduced at the 50 ulL point. in the
negative control, this streptavidin sample contained an excess of free biotin, making it
incapable of binding the bictinylated beads. The remainder of the fluid pumped through
the system was buffer. A broad peak, corresponding to unbound streptavidin, can be
seen at the 200 pL point of both traces. This peak is significantly broadened from 5 pl
due to dispersion of the streptavidin bolus during sample injection. Significantly less
streptavidin passes through the system at the beginning of the experimental trace,
indicating that the immobilized beads hind streptavidin. The peak starting at 600 L on
this trace corresponds to this bound streptavidin eluting with beads, since bead
aggregates dissolved and dissociated from the channei walls as the channel temperature
decreased. Displayed points represent the arithmetic means of data from three
experiments; error bars are * one standard deviation.

fluorescent streptavidin was injected 2.5 minutes into the experiment. The peak
corresponding to this streptavidin, at the 200 pL point, is spread out considerably from this
volume due to dispersion. This dispersion, however, is not nearly as drastic as that
encountered using earlier sample loading techniques, and both experimental and control
traces return to baseline at only 400 uL into the experiment. Note that the peak starting at the

200 pL point of the experimental trace (diamonds) is smaller than that for the negative
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control (squares). This indicates that rather than passing through the channel, some labeled

streptavidin in the sample was bound by the biotin groups in the chromatographic matrix.

At 25 minutes (500 uL) into the experiment, the heater was deactivated, triggering
dissolution of the adhered bead aggregates. At the 600 uL point of the experimental trace in
Figure 4.6,. an elution peak can be seen, corresponding to labeled streptavidin bound fo the
no-longer-adhered beads. The negative control trace contains a much smaller peak at this
point; the significance of this residual peak is explored in the next section. These data are a
clear indication that streptavidin in the sample specifically binds the biotinylated
immobilized beads in the channel, and that the bound streptavidin can be eluted from the

channel in a temperature-responsive manner.

4.4.6 Bead fluorescence
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samples introduced an extran- | Figure 4.7: The relationship between ODggo and
fluorescent intensity for serial dilutions of the bead
suspension used in chromatography experiments.
These ODggq vs. fluorescence data points were fitto a
linear regression, which took the form:

samples. All fluorescent signals fluorescence =210.50- 0D, +9.875.

The correlation coefficient (R?) for this regression was
0.988. This correlation was used to determine the
fluorescence contribution of beads in chromatographic
therefore reflect not only the | samples, based on the measured ODgy of these
samples. This contribution could then be subtracted

concentration of streptavidin in from the total fluorescent signal,

eous fluorescent signal in those

reported earlier in this chapter
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each sample, but a combined signal contributed to by both the labeled streptavidin and by

any beads in the sample. This is an issue at two points in each chromatographic experiment:
the first few samples from each experiment contain the beads that failed to initially adhere to
the channel walls, and the samples from the elution peak contain the beads eluting from the
channel walls. The fact that there are beads in these samples means that the flucrescent
intensities reported for these samples in the experiments above are higher than they would
be if only labeled streptavidin contributed to the fluorescent signal. To correct for this factor,
the expected fluorescent signal from the beads was calculated and subtracted from the total
fluorescent signal. The data used to calculate the contribution from beads are shown in
Figure 4.7. Serial dilutions of the chromatographic bead suspension were prepared; the
fluorescent intensity of each of these dilutions was measured under the same instrument
conditions used to measure the fluorescence of the chromatography samples. In addition, the
ODeun of each dilution was measured. A linear regression to these data was then performed,
allowing an empirical relationship between bead ODswe and fluorescence contribution to be
derived. Since the ODen for each sample for the experiment described in Section 4.4.5 had
been measured, and the streptavidin-labeling fluorophore had no absorbance at 600 nm, this
relationship could be used to derive an expected bead contribution to the sample
fluorescence. This contribution was then subtracted from each fluorescence data point,
resulting in the plot shown in Figure 4.8.

This plot shows the same data as that shown in Figure 4.6, with the fluorescent signal
arising from the presence of beads in samples subtracted prior to data normalization and
averaging. The subtraction process has no significant impact on the overall interpretation of

the data. The experimental frace continues to show a prominent elution peak and a smaller
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Figure 4.8: Results of streptavidin affinity chromatography via PEG-b/PNIPAAmM-coated
beads in a type B device, using a flow injection valve to introduce the streptavidin sample.
These data are exactly as described for Figure 4.6. |n fact, they are the same data for the
same experiment, with subtraction for the bead fluorescent signal, as determined via the
relationship shown in Figure 4.7, performed. Eliminating the bead signal greatly reduces
the intensity at the first two points in the trace, which arises entirely from the unbound
beads initially washed from the channel. The height of the elution peak in the
experimental trace is also reduced, and the elution peak in the negative control trace is
eliminated completely,

unbound streptavidin peak than the negative control. The background subtraction process

has affected the data most at those points where the fluorescent signal of the sample was a
result entirely of the presence of beads. For example, in the first two points of both traces in
Figure 4.6, the elevated fluorescence values are due to beads that have failed to adhere to the
channel walls being washed through the system. There is no similar elevation apparent in
Figure 4.8, as the signal arising from the beads has been eliminated. A similar effect can be
seen in the elution peak of the negative control. The fact that a small peak can be seen at the
600 uL point of Figure 4.6, but that this peak is gone in Figure 4.8, indicates that the peak is
due entirely to the presence of beads in elution samples in the negative control. In other
words, no nonspecific streptavidin binding to immobilized beads can be observed in the

negative control. The data in Figure 4.8 also represents quantitative binding more accurately
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than that in Figure 4.6. The fluorescent values in the unbound streptavidin peak of the

negative control trace in Figure 4.8 add up to about 1.0, consistent with the observation that
no streptavidin bound the immobilized beads. On the other hand, the unbound peak of the
experimental trace in this figure represents about 75% of the entire streptavidin sample,
while the other 25% is fully accounted for by the elution peak. It is likely that much of the
75% of the streptavidin sample not captured by the beads in this experiment was flowing
through a region of the channel too distant from the walls to allow diffusion to the adhered
beads within the channel residence timé. it is, on the other hand, not likely that the amount
of streptavidin injected into the channel exceeded the total binding capacity of the
immobilized beads; experiments with type A channels (Section 4.4.4) demonstrate binding of
significantly more streptavidin when larger volumes of streptavidin solution are injected.
The issue of incomplete sample binding may in the future be addressed through the use of
narrower channels that place more of the fluid closer to the channel walls. However, the
capacity demonstrated in the experiment at hand (about 3 pmol streptavidin captured and

eluted), is already within range of practical microfluidic applications.

4,5 Conclusions

The work described in this chapter shows how PNIPAAm-coated beads, which were
previously established to adhere stably and reversibly to the walls of microfluidic channels in
response to a thermal stimulus, can be used as a stationary phase in protein affinity
chromatography. In the process of refining this chromatographic system, several conclusions

were drawn regarding performance optimization. For example, it was found that
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streptavidin binding to PNIPAAm-coated, biotinylated beads was maximized when the

biotin was attached by an extended (3.4 kDa, in this case) linker. This is a sensible
conclusion, given that the surface-bound PNIPAAm molecules would be expected to
sterically hinder binding of macromolecules to groups close to the bead surface. In addition,
it was found that, since the adhesion of the immobilized beads became unstable in response
to shear forces above certain linear flow rates, increasing the volumetric flow rate (and,
therefore, the speed with which samples could be processed) required increasing the channel
volume. This could be accomplished, however, by increasing the breadth of the channel in
the y-dimension (see Figure 4.2), which avoids increasing the distance through which target
molecules must diffuse to reach the immobilized beads while increasing the channel surface
area to which beads can adhere. Finally, the protocol and equipment used to handle the
sample fluid were found to be critical factors in obtaining a high-quality chromatogram.
There is much room for improvement in these factors, especially via on-chip integration of
sample-hardling channels and valves. This integration, however, is beyond the scope of this
chapter, which seeks only to demonstrate the feasibility of an isolated microfluidic separation
operation.

The approach described in this chapter has several advantages over current
techniques of immobilization for microfluidic chromatography. For example, the reversible
immobilization of PNIPAAm-coated beads allows for the packing of microfluidic affinity
chromatography columns at the time of use. A single device can therefore be used to separate
any number of target species, depending on how it is packed. The ability to easily remove
the immobilized beads allows for straightforward renewal of a microfluidic chromatography

column, improving the reusability and flexibility of devices. The responsiveness and
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reversibility of the matrix might also allow a device user to control the exact location and
timing of a separation by controlling the location and timing of temperature changes on the
device. Finally, reversible matrix formation simplifies the elution process: separated
biomolecules can be eluted by lowering the channel temperature, eliminating the need for
harsh chemical eluents.

The basic technology of biomolecular immobilization by smart polymer-modified
beads is not limited to applications in affinity chromatography. Chapter 5 explores the
application of this immobilization platform to an immunoassay, and a variety of other

applications are proposed in Chapter 6.
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Chapter 5: Smart poly(N-isopropylacrylamide)-coated

beads as a controlled immobilization substrate for a

solid-phase microfluidic immunoassay

5.1 Summary

The adaptation of immunoassay technology to microfluidic formats is an important
prerequisite to the widespread adaptation of microfluidic approaches to sample analysis. In
this chapter, the PNIPAAm-coated beads described in previous chapters are used as a
controllable, reversible immobilization substrate for a competitive solid-phase immunoassay.
This application calls for the attachment of antibodies to the PNIPAAm-coated beads; it
therefore demonstrates that PNIPAAm-coated beads are an aépropriate immobilization

substrate for active macromolecules.

5.2 Objectives and Experimental Design Considerations

Immunoassays—methods for detecting and quantifying biomolecules via the binding
of these molecules to antibodies--have become essential tools in both clinical and research
laboratories. The applications and fundamental science of immunoassay technology are
dealt with in great detail in basic texts?”#8 Because of the central importance of

immunoassays to modern biochemical analysis, the adaptation of immunoassay techniques



111

to microfluidic platforms is a prerequisite to the widespread acceptance of microfluidic
analytical technologies. Several microfluidic immunoassays have been developed.®778 In
fact, any microfluidic technology capable of detecting binding between two molecular species
is eligible for adaptation to an immunoassay. This chapter describes the adaptation of the
PNIPA Am-coated bead immobilization platform to a solid-phase competitive immunoassay.
This work involved attaching active antibodies to the beads. This is in stark contrast to the
work described in the previous chapter, which required only functionalization of the beads
with a small molecule moiety. The fact that PNIPAA-coated beads can successfully bear
active antibodies not oniy demonstrates the applicability of this system to an important class

of molecules, but it also bodes well for the potential of

\ / smart bead-mediated immobilization of arbitrary

5 macromolecules, since antibodies are especially large
and fragile proteins. As with the chromatographic
system demonstrated in Chapter 4, the immunoassay
demonstrated in this chapter is not intended to be as

sensitive or accurate as state-of-the-art immunoassays,

but merely to establish that PNIPAAm-coated beads are

f(;g:jerseents;tlibnA 0? Ia&fm;nr:;ﬁ a viable immobilization substrate for a solid-phase
bead construct used for the
digoxin immunoassay. A 100 | antibody binding assay.
nm diameter latex nanobead
(1) is surface-conjugated with
PNIPAAmM (2) and PEG-biotin
(3). Streptavidin (4) is bound )
to the exposed biotin, providing commonly prescribed drug used to treat symptoms of
a binding site for the
biotinylated anti-digoxin 1gG | heart failure and certain arrhythmias. Monoclonal

(5).

The target molecule for this assay was digoxin, a
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antibodies to digoxin are readily available, and several digoxin immuncassays have been

developed.2¥22 An antibody-bearing bead construct was built up from the co-modified

PNIPAAmM/PEG-b beads described in previous chapters.

As shown in Figure 5.1, this

construct was built by binding streptavidin to the biotinylated beads, and then binding

bictinylated anti-digoxin immunoglobulin G (IgG) to the free biotin binding pockets on this

bound streptavidin. These antibody-bearing beads were thermally immobilized to the walls

of a microfluidic channel to serve a substrate for an immunoassay.
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Figure 5.2: A schematic of the immunoassay
protocol. Suspended smart beads are loaded
into the PET microfluidic chennel (1). The
temperature in the channel was then increased
from room temperature to 37 °C, resulting in
aggregation and adsorption of the beads to the
channel wall (2). Flow was initiated (the
presence and direction of flow is indicated by an
arrow in this diagram), washing unadsorbed
beads out of the channel (3). A mixture of
fluorescently labeled digoxigenin (at a fixed
concentration) and digoxin (at varying
concentrations) was flowed into the channel (4);
components of this mixture that fail to bind the
immobilized antibodies were washed through (5).
Since digoxin and labeled digoxigenin compete
for antibody binding, the higher the concentration
of digoxin, the more labeled digoxigenin will flow
through at this step. Finally, the temperature in
the channel is reduced, and the
aggregation/adsorption process reversed:
antigen-bound beads leave the channel with the
flow stream (6).

A schematic of the
immunoassay protocol is shown in
Figure 5.2. Digoxin was assayed in a
competitive format. The samples
introduced into the channel in which
the beads were immobilized
contained a fixed concentration of
fluorescently labeled digoxigenin, a

molecule for which anti-digoxin IgG

has strong cross-reactivity. These
samples also contained varying
concentrations of digoxin: the

molecule to be assayed. Binding of
digoxin to the immobilized antibodies

competed with the binding of
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fluorescent digoxigenin such that as the concentration of digoxin in samples increased, the
amount of fluorescent species bound to the beads decreased. Fluorescence arising from the
labeled digoxigenin could be measured either as unbound digoxigenin flowed through the
channel early in the experiment or as digoxigenin eluted bound to antibody-coated beads
later.

The equilibrium-binding configuration for a competitive immunoassay can be
treated analytically. Consider the binding of two analytes, one labeled and one unlabeled, to

a set of surface binding sites. These binding reactions are described by the chemical

equations:

!
4+8 ?AS (5.1) A: Unlabeled analyte
: A*: Labeled analyte
K, S: Binding site on an
A*+5 <> A*S (52) antibody
2

where A represents the unlabeled analyte, A* represents the labeled analyte, and § represents

abinding site. This situation is described by the equilibrium equations:

= [45] (5.3)
[4]([S], —[A4S]-[4*S])
. [4*S5] 5.4)

[A*¥1([S], —[4S]-[4*5])
where [X]represents the concentration of species X, [S]o represents the initial concentration of

binding sites, and K* and K are the equilibrium binding coefficients for the labeled and

unlabeled analytes, respectively. Solving equation 5.3 for {S]e:

£A4S]
K[ 4]

[S1, = +[AS]+[4* 8] (5.5)
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If we define T as the total concentration of unlabeled analyte and T* as the total concentration
of labeled analyte:

T =[AS]+{4]

T*=[4%8]+[4*] Gl

and R as the ratic of bound unlabeled analyte concentration to total unlabeled analyte
concentration:
R=[AS]/T (.7),

then [S]o can be expressed as:

1 *

Solving for T:

o1
R K(1-R)

~T* (5.9).

If it is assumed that binding of the labeled analyte has the same equilibrium constant as

binding of the unlabeled analyte, the right

sides of equations 5.3 and 5.4 can be set

@
equal to yield the following relationship: %
A *
[473]_145] (5.10).
T* r

[A*SIH[A*S]HAT)

In other words, the R in equation 5.9 Figure 5.3: The relationship described
by equation 5.9. The x-axis corresponds
represents the ratio of bound labeled analyte to the ratio of bound labeled analyte

concentration to total labeled analyte
) concentration; the y-axis corresponds to
concentration to total labeled analyte | the (otal concentration of unlabeled
analyte. A competitive immunoassay
concentration. Since the total concentration seeks to find the y-axis value of a sample
by measuring the x-axis value.
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of labeled analyte in a competitive immunoassay is known and fixed, equation 5.9 gives the
total concentration of unlabeled analyte as a function of the concentration of bound labeled
analyte, which is a measurable quantity. Figure 5.3 shows the relationship described by
equation 5.9—the relationship between total unlabeled analyte and fraction of bound labeled

analyte—for typical values for K, [S]o, and T*

5.3 Materials and Methods

5.3.1 Materials
Oy =0
Digoxin Ho =
Digoxin was obtained from
Sigma (St. Louis, MO), as was o o o
Ho’;\;q,o’j\/’w
biotinylated, monoclonal murine OH OH
anti-digoxim  IgG  (clone DI-22).
Digoxigenin oo

obtained from Molecular Probes

(Eugene, OR). Structures for both

N
H

chemical are given in Figure 54.

Wild-type streptavidin Was | Figure 5.4: Analyte and labeled analyte analog

used in immunoassay experiments,

expressed and purified according to

a previously published protocol® An N-hydroxysuccinimidyl ester of PNIPAAm (NHS-

PNIPAAm) was synthesized according to a previously published protocol.”” The number-
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average molecular weight (1\7 ) of this polymer was determined to be 11,000 by vapor

pressure osmometry (VPO, device model OSV111, Knauer, Germany). Primary amine-
functionalized polystyrene latex beads were obtained from Polysciences (Warrington, PA).
100 nm diameter Polybead® Amino Microspheres were used in all experiments. Beads were
co-modified with PNIPAAm and 3.4 kDa poly(ethylene glycol)-biotin (PEG-b) via N-
hydroxysuccinimide (NHS) ester conjugation chemistry. NHS-PEG-biotin was obtained from
the Shearwater Corporation (Huntsville, AL). In addition to the doubly modified PEG-
b/PNIPAAm beads, singly modified PNIPAAm beads were prepared. The preparation and

characterization of both types of beads were as described in Chapter 4.

5.3.2 Loading of beads with anti-digoxin IgG and preparation of bead

suspension

Doubly modified beads were incubated with wild-type streptavidin in phosphate
buffered saline (PBS, 50 mM phosphate, 5 mM NaCl), with equimolar amounts of
streptavidin tetramers and available biotin moieties, for 15 minutes, saturating the beads
with streptavidin. To remove any unbound streptavidin, these beads were centrifuged at a
relative centrifugal force of 16,600 x g and a temperature of 4 °C for 15 minutes. The
supernatant was removed and the beads were resuspended in pH 7.6 PBS. This suspension
was vortexed and agitated at 4 °C for 2 hours to assure that no bead aggregates remained.
Bioinylated anti-digoxin IgG was then loaded onto the beads by adding it to the streptavidin-

coated bead suspension at a 20 x molar excess of streptavidin (assuming streptavidin
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tetramers bound at a 1.1 stoichiometry to biotin moieties in the first step). To prepare beads

for a negative contro), this final step of adding antibody was omitted.

The bead suspension injected into the microfluidic channel consisted of 0.10 wt%
doubly modified b-PEG/PNIPAAmM beads loaded with streptavidin and anti-digoxin IgG,
0.40 wt% singly modified PNIPAAm beads, and 2.5 mg/mL free PNIPAAm in pH 7.6 PBS.
The singly modified beads and free PNIPAAm were added to decrease the concentration of
doubly modified beads required to form a continuous adherent network on the channel
walls, and to thereby conserve protein reagents. The suspension was degassed by agitation

under vacuum for approximately five minutes immedjately prior to use.

5.3.3 Microfluidic devices

Experiments were performed in a type B device, as described in Chapter 4. All

device mounting and plumbing details were as described for experiments with a type B

device in Chapter 4.

5.3.4 Digoxin immunoassay experiments

Digoxin immunoassay experiments proceeded as follows. Two hundred microliters
of bead suspension (described above, in the section entitled “loading of beads with anti-
digoxin IgG and preparation of bead suspension”) were injected into the primary device
channel manually via a small matrix injection charnel, connected by the manifold to a short
length of PEEK tubing, After bead injection, this tubing was closed off with a standard

HPLC tubing valve, preventing flow through the injection channel. The input port of the
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device was connected to the output of a flow injection valve that allowed to operator to select
between two flow sources: a 0.3 mL sample loop and a 1.5 mL sample loop. The 1.5 mL
sample loop was filled with degassed PBS. The 0.3 mL sample loop contained BODIPY® FL
digoxigenin in degassed PBS at a concentration of 2.5 uM. This sample loop also contained
digoxin in concentrations varying from 0 to 12.8 uM (concentrations of 0, 1.28, 2.56, and 12.8
M were investigated). After the matrix suspension had been injected into the primary
channel, the heater was activated and matrix formation was allowed to proceed in the
absence of flow for 10 minutes. The pumps were then activated, pushing buffer from the 1.5
mL sample loop through the system at a rate of 20 pL/min. Fluid flowing through the device
was captured at the exit of the manifold output tubing in 50 uL aliquots. After 2.5 minutes of
buffer wash, the injection valve was switched to the 0.3 mL sample loop, allowing the labeled
digoxigenin/digoxin sample to flow into the device. The valve was switched back to the
buffer-containing sample loop after 1.25 minutes, making the volume of the
digoxigenin/digoxin sample 25 ul. After allowing the sample to bind and excess to be
washed out {25 minutes after the initiation of flow), the heater was deactivated while the flow
was maintained at a constant rate. Aliquots continued to be collected for an additional 15
minutes as the matrix dissolved. The output aliquots were then diluted to 500 pL in
deionized water and the fluorescence of each sample was measured on a Perkin Elmer LS50B
fluorescence spectrophotomer (Perkin Elmer Instruments, Inc., Shelton, CT), with excitation
at 492 nm and emission at 511 in. The ODen of each sample was also measured, using a
Hewlett-Packard model 8452A spectrophotometer (HP, Cupertino, CA). Experiments were
performed in triplicate for each concentration investigated. Fluorescence arising from beads

present in samples was corrected by background subtraction as described in Chapter 4.
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5.4 Results and Discussion

Figure 5.5 shows a record of the fluorescent signal measured at the device output

throughout digoxin immunoassay experiments at four digoxin concentrations. The y-axis
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Figure 5.5: The fluorescent intensity of the device output throughout the digoxin
immunoassay experiments. The x-axis corresponds to the total volume of fluid that has
flowed through the device at each point, each point represents a 50 pl sample. The y-
axis corresponds to the fluorescent intensity measured in each of these samples,
normalized to the total fluorescence observed throughout the duration of the experiment.
The data traces correspond to immunoassays with varying concentrations of digoxin: 0
uM (orange diamonds), 1.28 puM (dark blue squares), 2.56 pM (light blue triangles), and
12.8 pM (magenta x's). Flow was initiated with the heater activated; the heater was
deactivaied at the 500 pl point, as shown. In each of {he data fraces, two peaks can be
seen. The first peak, beginning at the 250 pul. point, corresponds to unbound labeled
digoxigenin flowing past the immobilized antibodies and out of the channel. As digoxin
concentration increases, less digoxigenin can bind the antibodies, and the size of this
peak increases. The second peak, beginning at the 600 L peak, corresponds to bound
labeled digoxigenin eluting with the no-onger-simmobilized beads. As digoxin
concentrations increase, less digoxigenin is bound to the beads, and the size of this peak
decreases. Error bars are + one standard deviation over three experiments.
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values on this plot correspond to the fluorescent intensities of 50 uL. volumes of output, each
normalized to the total output fluorescence throughout the experiment. The x-axis values
correspond to the total volume pumped through the system at each output collection point.
The zero point on the x-axis corresponds to the initiation of pump-driven flow, after bead
aggregation and adhesion had been allowed to take place in the heated channel for ten
minutes. The initially elevated fluorescence values at the 50 and 100 uL points are due to
non-adherent beads being washed out of the channel. The peaks that begin at 250 pL
represent unbound BODIPY® Fl. digoxigenin flowing past the immobilized antibodies and
out of the channel. At the 500 uL point, the heater was deactivated, lowering the temperature
in the channel and resulting in the dissolution of the adherent bead matrix. The beads were
washed out of the channel, along with bound streptavidin, antibodies, and bound digoxin

and fluorescent digoxigenin. The fluorescent signal from this bound digoxigenin is observed

as the peak beginning at the
0.4

heater

600 pL point. Compare the deactivated
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plot in Figure 5.5 to that in

Figure 5.6, which shows the

data for a negative control in

Fraction of total fluorescence

which the beads were loaded
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Figure 5.6: Negative control for the immunoassay
antibody was bound to this experiments. Beads were loaded with streptavidin, but

with no anti-digoxin |gG. Data are as described for
Figure 5.4. Note that there is no significant elution
peak, indicating a minimal non-specific interaction
between the digoxin/digoxigenin species and the
ing is apparent in this immobilized beads in the absence of antibody.

streptavidin,.  Minimal bind-




40

g 1

38 =

Peak Area

30

25 T T 1
Q 5 10 15

Digoxin Concentration (micromolar)

12

Peak Area

o

0 T : 1
0 5 10 15

Digoxin Concentration (micromolar)

Figure 5.7: Integrated flowthrough and elution peak area
as a function of digoxin concentration. a: Integrated area
of the flowthrough (250 ul) peaks from figure 5.4 as a
function of digoxin concentration. As digoxin concen-
tration increases, so does competition for antibody
binding, and the amount of labeled digoxigenin bound to
the immobilized aniibodies decreases. The amount of
digoxigenin flowing directly through the system therefore
increases, increasing the size of this peak. b: Integrated
area of the elution (600 ul-) peaks as a function of digoxin
concentration.  Increasing concentrations of digoxin
decrease the amount of labeled digoxigenin bound to the
eluting beads, thereby decreasing the size of this peak.
All error bars are + one standard deviation over three
experiments.
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negative control; the binding
observed in the immunoassay
therefore

experiments  is

clearly a result of specific

binding of digoxin or

digoxigenin to the im-

mobilized antibodies.
Looking again at

Figure 5.5: as digoxin con-
centration increases, the flow-
through peak at 250 pL
becomes larger while the
elution peak at 600 uL
becornes smaller. This change
is due to digoxin competition
with fluorescent digoxigenin
for binding to the im-

mobilized antibodies. As less

labeled digoxigenin binds the

beads, more passes through the channel with the flowthrough peak, and less flows out with

the beads in the elution peak. Unfortunately, as is clear from the error bars in Figure 5.5 (=

one standard deviation over three experiments), it is difficult to distinguish between different

digoxin concentrations based simply on the peak heights. While the height of the 0 uM peak
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is statistically distinguishable from that of the 12.8 uM peak, the error bars for any two

adjacent peaks overlap, indicating that the difference in the heights of these peaks is not
statistically significant. To some extent, this relative lack of precision is to be expected for
this system: the process of bead adhesion to the channel wall is imprecise, and the amount of
immobilized antibody therefore varies slightly with each trial.

Nevertheless, the data from these experiments are sufficiently rich to produce a
precise calibration curve for a digoxin immunoassay. Figure 5.7 shows two plots of peak area
as a function of digoxin concentration; Figure 5.7a corresponds to the flowthrough peak,
while Figure 5.7b corresponds to the elution peak. Peak areas were obtained simply by
integrating the peaks shown in Figure 5.5 after drawing straight lines between the data
points. The flowthrough peak was integrated from the 200 uL point to the 450 uL point while
the elution peak was integrated from the 550 pL point to the 700 pL point. In both Figures
5.7a and 5.7b, while the 1.28 and 2.56 uM points remain statistically indistinguishable, the 0
and 12.8 pM points are now distinguishable from all other points. This indicates that by

analyzing peak area data, the

immunoassay presented here is

=
_% 22 r
capable of detecting £%5 5l_*
2 c
: : £ g ¢
concentrations of digoxin as low 85 1
% E -
as 1.28 uM and distinguishing 2 10 - , -
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varying concentrations of digoxin Bound labeled digoxigenin (peak area)

Figure 5.8: Digoxin concentration in immunoassay
samples as a function of elution peak area. These
: are the same data as shown in Figure 5.6b, with
fact, the flowthrough peak data is | the axes inverted. Compare to the theoretical
competitive immunoassay curve in Figure 5.3.

over an order of magnitude. In
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sufficient to provide the full calibration curve throughout this range: this peak is completely
collected after 22.5 minutes, meaning that the assay can be performed in under half an hour.
Figure 5.8 shows the data depicted in Figure 5.7b with the axes inverted. The axes
now match those in Figure 5.3: the y-axis corresponds to the total amount of unlabeled
digoxin in the sample, while the x-axis corresponds to the amount of labeled digoxigenin
bound to the immobilized antibody (differing from the x-axis of Figure 5.3 by only a scale
factor of total labeled analyte concentration). Inbroad terms, based on a comparison between
the shape of the theoretical curve and the form of the experimental data, the immunoassay
described in this chapter performed as expected from theory. Beyond this general
assessment, it is difficult to make any concrete conclusions regarding the quality of the fit of
these data to theory. The model described in Section 5.2, while sufficient to describe the
general shape of expected data, makes many assumptions that are not necessarily valid for
the experiments described here. Further modeling was not attempted, as the conclusions to

be drawn from this work are not dependant on any strict theoretical construct,

5.5 Conclusions

The digoxin immunoassay demonstrated in this chapter is a powerful proof-of-
principle for immobilization via PNIPAAm-coated smart beads. It was possible to generate a
calibration curve for the assay over an order of magnitude of digoxin concentrations, with
sensitivity to concentrations as low as 1.28 uM. More importantly, the immobilization
technique used to generate this curve—temperature-dependant immobilization of IgG- and

PNIPAAm-coated beads to the walls of the microfluidic channel—allowed for all
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experiments to be performed in a single device over a period of several weeks with a fresh

immobilized antibody reagent for each new experiment. Loading this reagent took only ten
minutes, and not once during this series of experiments was it necessary to remove the
device from the fluidic manifold connecting it to the sample delivery system. This platform
is completely general: any molecule that can biotinylated or otherwise bound to the surface
of a latex bead can be immobilized in microfluidic channels via this technology. Finally, the
precise and reversible temperature-responsive nature of the smart polymer gives engineers a
novel means of control for microfluidic processes, since the spatial distribution of
immobilized molecules in a microfluidic device can be controlled merely by controlling the

temperature at various locations in the device.
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Chapter 6: Conclusions and Outlook

Microfluidic technology has the potential to transform modern clinical and research
laboratory biochemical analysis. It is, however, a young field, and only a small fraction of
available molecular engineering technologies have been explored in terms of their
applicability to the solution of microfluidic problems. This dissertation has described
attempts to bring the advantages of one such technology—stimuli-responsive polymer
conjugate engineering—to bear on issues involving the control of bioseparations and
biomolecular immabilization in microfluidic devices. Smart polymers seem like a natural fit
for microfluidic devices: they allow macroscopic environmental controls to be transduced
into micro- and nano-scale signals. Since the environmental stimuli to which smart polymers
are sensitive are easily accessible in microfluidic devices, these polymers seem like ideal tools
with which to execute control on the microfluidic scale. In the early work described in this
dissertation, this control element was pursued in the context of a familiar smart polymer
application: separation via stimulus-triggered sedimentation. Chapter 2 describes a pilot
study in which a smart polymer conjugate-based separation system was developed, and
Chapter 3 describes the analysis of this system's fitness to application in microfluidic devices.
Unfortunately, this work revealed that smart polymer-mediated sedimentation is not a
particularly practical separation process in a microfluidic context.  However, it
simultaneously revealed another facet of microfluidic systems where smart polymer-
mediated control can be useful: immobilization of biomolecules. PNIPAAm-coated latex
beads were found to adhere in a temperature sensitive, reversible, stable manner to the walls

of PET microfluidic channels. Chapter 4 describes how these beads, co-modified with biotin,
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can serve as a temperature-controlled microfluidic affinity chromatography matrix for

separation of streptavidin. Chapter 5 describes the modification of the beads with an
antibody to serve as a substrate for a solid-phase microfluidic immunoassay.

While the work described in Chapters 2 and 3 was not expanded into a working
microfluidic separation system, some valuable conclusions can be drawn from it. The system
described in Chapter 2 is especially important in the context of applications of the biotin-
streptavidin system. Biotin-streptavidin binding is typically perceived as an irreversible
process—the dissociation kinetics of the binding interaction are so slow that biotinylated
macromoelecules cannot be separared from a streptavidin substrate in a reasonable laboratory
time frame. However, the work in Chapter 2 demonstrates that, through the use of high off-
rate streptavidin mutants, reversibility can be introduced in the biotin-streptavidin system
while high affinity and specificity is maintained. The results described in Chapter 2 also
highlight some potential pitfalls of working with high off-rate streptavidin mutants,
including decreased off-rate resulting from cooperative binding and reduced affinity to
certain biotinylated species. As for Chapter 3, while the work described there failed to
produce a viable microfluidic smart polymer affinity precipitation system, it did establish
that smart polymer aggregate seclimentation can be observed in microfluidic channels, and
described some of the bounds of this sedimentation behavior. This information may be
valuable to future microfluidic sedimentation projects.

Nevertheless, the most promising and innovative work described in this document is
the development of a smart bead system for immobilizing biomolecules in microfluidic
channels in a temperature-sensitive manner. There are a number of straightforward

experiments that can be performed to expand upon this work. The most obvious of these are
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further demonstrations of the generality of smart beads as
an immobilization system. Figure 6.1 shows diagrams of
proposed smart bead/biomolecule constructs, like that
shown in Figure 5.1. Figure 6.1a shows a biotinylated
enzyme attached to the beads. Such a construct could be
used as the basis for a microfluidic bioreactor; such
bioreactors have potential research application in high-
throughput screening of enzyme inhibition, which is
important to the screening of combinatorial molecular

libraries

during drug design. Active

enzyme
immobilization on smart beads could also serve as the basis
for developing an enzyme-linked immunoassay, which
would be more sensitive than the assay presented in
Chapter 5. Figure 6.1b show a single-stranded
oligonucleotide as part of a smart bead construct. Such a
construct could be immobilized in a microfluidic channel to
serve as an affinity separation substrate for complimentary
oligonucleotides, either as means of detecting their presence
or in preparation for further processing. In addition to
serving as an immobilization substrate for biomolecules,

smart beads might be useful for immobilizing cells. Beads

modified with cell adhesion molecules could be thermally
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immobilized in a microfluidic channel and cells cultured on the channel walls. Once in place
in a microfluidic channel, various molecules could be delivered to the cells in a controlled
fashion, and the cells could be observed microscopically of via the analysis of any cell
metabolism products in the downsiream flow. A platform like this one could be a valuable
step towards the development of automated, high-throughput cell culture technologies, as
well as a tool for affinity isolation of specific cell types, such as stem cells.

In addition to being a versatile means of biomolecular immobilization, smart beads
are promising as a microfluidic control element. Figure 6.2 shows a prospective application
of temperature-sensitive immobilization in a separation process. In two separate
temperature-controlled regions of a microfluidic channel, beads are immobilized such that
the beads in each region bear different affinity moieties. A mixed solution containing several
biomolecules of interest is passed through the channel. Each region of immobilized beads
specifically binds a different biomolecular species from this mixed solution. The
temperatures in the heated regions are then lowered sequentially, releasing the beads—along
with their distinct bound affinity cargos—at separate times. Downstream flow control
elements can segregate the two types of beads into separate flow streams. In this manner, a
single channel can be used to separate multiple species from a single flow stream
simultaneously. This concept can be scaled up to separate an arbitrarily large number of
species in a single affinity column, This mode of separation highlights a key feature of the
smart beads: they enable the connection of a single control element to a discreet biochemical
functionality. The user of a microfluidic device is given precise control over the distribution
of the biomolecules immobilized within the device. This level of biochemical control can be

further enhanced by the development of immobilization substrates based on a variety of
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Figure 6.2: A prospective microfluidic smart bead application, with which multiple
biomolecular species could be separated in a single channel. This diagram shows a
microfluidic channel layout, consisting of a primary channel (PC), two bead injection
channeis (IC1 and 1C2), and two heated regions (H1 and H2). In this diagram, arrows
represent the presence and direction of flow, and a red color indicates an elevated
temperature in a heated region. Initially (1}, a suspension of smart beads modified with an
affinity moiety (pale yellow) is injected through IC1. The temperature in H1 is elevated,
resulting in bead adhesion, and excess beads are washed out (2). Next, a suspension of
smart beads bearing a different affinity moiety (pale blue) is injected through 1CG2 (3).
Region H2 is heated, beads adhere, and unbound beads are washed through the channel
(4). Two different affinity moisties are now immobilized in the two separate heated
regions. A bolus of solution containing a mixture of target molecules (green) is then
injected into the primary channel (5). Different components (dark yellow and dark blue) of
this mixture bind the different affinity moieties; unbound molecules are washed through
the channel (6). The temperature in H2 is then decreased, eluting the bound blue
molecule (7). Finally, the temperature in H1 is decreased, eluting the bound yellow
molecule {8). In this manner, two different molecules can be separated into two distinet
product streams.

smart polymers; in addition to temperature-responsive polymers, polymers that undergo
phase transition in response to pH, ionic strength, and light are available. By connecting a

specific stimulus to a specific biochemical functionality, control of the environment in a



Figure 6.3: A diagram of a scheme for tightly
packing a column with smart bead
aggregates. This diagram shows a
microfluidic channel with a constriction in it
(sclid lines) and a heated region (dashed
lines). Flow is indicated with an arrow, and
an elevated temperature in the heated region
is indicated with a red color. lnitially,
suspended smart beads are flowing through
the channel (1}. They are smaller than the
channel constriction, and are not obstructed
by it. Then, the heater is activated and the
smart beads aggregate (2). The aggregates
are too large to pass through the channel
constriction, and they begin to pack tightly
into the space upstream of the constriction
{3). The column is now packed, and fluid can
be pushed through it (4). Components of the
fluid can interact with the surfaces of the
bead aggregates, tight packing provides a
relatively high surface area. When the
packed column is no longer needed, the
heater is deactivated, lowering the channel
temperature and leading to dissoluticn of the
aggregates. The resuspended beads are
washed away (5).
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microfluidic channel can be coupled
precisely to the biochemical
functionalization of that channel.

Figure 6.3 contains a diagram of
yet another application of smart beads in
microfluidic  devices. By wusing a
microfluidic channel with a constriction
that has a width on the same scale as the
diameter of smart beads aggregate
particles, it should be possible to pack that
channel tightly with smart bead
aggregates. Assuming that this channel
packing material is sufficiently porous to
facilitate high-pressure flow, smart beads
could in this manner be used to form very
high-surface-area columns in microfluidic
devices

in a conirolled, on-demand

manner. Upon reversing the phase
aggregation stimulus of the beads, the
aggregates will dissolve, and the beads

will flow out of the channel. This system

introduces all of the advantages of
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reversibility and column renewal that come with the smart bead system to a densely packed

column. Such a system would be useful in affinity chromatography applications requiring
stringent and complete separation or separation of relatively large amounts of a target
molecule, as well as in electrophoretic or physiochemical separation systems requiring a
porous substrate.

The reversible immobilization of biomolecule-modified beads via grafted smart
polymer phase transitions as an approach to biomolecular immobilization has many
advantages over conventional microfluidic immobilization schemes.  Immobilized
biomolecules can be loaded into a device by the end user in an on-demand manner, allowing
for improved flexibility and customizability in device use. On-demand immobilization also
improves device shelf life, since devices need not be stored with fragile biomolecules pre-
immobilized in them. The reversibility of this immobilization scheme allows the user to
renew the immobilized substrate, increasing usable device lifetime. Finally, stimulus-
dependant immobilization introduces a new control element into microfluidic devices: the
location and timing of biomolecular immobilization can be controlled simply by controlling

the polymer stimulus at various points on a device.
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Figure A.1: Flow chart describing the operation of the program used to determine
sedimentation rates for smart polymer aggregate particles, as described in Section
3.3.3. The program is described in detail in the text below.
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Figure A.1 is a flowchart describing the operation of the program that was used to
analyze polymer aggregate sedimentation data from the experiments described in Section 3.3.
Section 3.3.3 describes this analytical process in some detail. The program was written in the
C programming language to operate on a GNU/Linux system. Functions from the
ImageMagick image-processing library (http://www.imagemagick.org) were used to input
the images and reduce them to numerical data. Each sedimentation experiment produced a
time series of images; as the particles settled, the sedimentation boundary height as
determined from the images decreased. To quantify change in sedimentation boundary
height with time during a single experiment, the images produced during that experiment
were processed as follows: First, the grayscale values of the pixels in a single image were
averaged across a user-selected swath (see Figure 3.9), yielding data that represented mean
grayscale value as a function of height. These data were transformed from a sigmoidal
function of height to a linear function of height, as described in Section 3.3.3. A linear
regression was then performed for the transformed grayscale/height data, and the
transformed grayscale midpoint (the inflection point of the pre-transformation sigmoid) was
selected as the sedimentation boundary point, allowing for the determination of a
sedimentation boundary height. After a sedimentation boundary height was determined for
each imaged produced during an experiment, sedimentation boundary height was plotted
for the user as a function of image collection time. The user was then allowed to select from
this plot the linear region of the sedimentation curve (see Figure 3.3). A linear regression was

performed for this region, yielding a sedimentation rate.
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Table A.1: Commands for pump-control software developed for use in conjunction with
Kloehn syringe pumps. In the experiments described in Chapters 3, 4, and 5, flow through
microfluidic devices was driven by a bank of five syringe pumps. The software described in
this table allows the user to address these pumps individually via a "pump number” assigned
to each pump. Each pump was connected by a valve to both the microfluidic system and a
reservoir containing working fluid (deionized water). The software controlled the valves such
that clean working fluid was always drawn into the syringes from the reservoir and injected
into the microfluidic system to drive flow. In this table, the term “steps” refers to pump motor
steps: each pump can operate its syringe over a range of 40,000 steps. With 100 pL
syringes installed in the pumps, this range represented about 60 uL. The “speed” parameter
was entered by the user in units of “steps per second”; in main text of this document, these
speeds have been translated to volumetric flow rates.

Command Description User-specified parameters
Pump withdraws fluid from reservoir into * pump number
load . + speed
syringe.
* number of steps
- . R * pump number
dispense Pump dispenses fluid from syringe into * speed
system.
» number of steps
Two pumps are operated simultaneously
such the as one pump is Injecting fluid into + two pump numbers
handshake the system, the other is withdrawing fiuid » speed
from the reservoir. Fluid can thereby be ¢ number of syringe volumes to
continuously driven through the system for pump through system
an arbitrary length of time.
+ pump numbers for two
Two pumps operate in handshake mode, ha_ndshaking pumps and one
providing continuous flow through the injection pump
iniect system. A third pump is filled with fluid from s speed
: the reservoir. At the command of the user, « total number of samples to be
the fluid from this third pump is injected into collected from system
the system. « volume of each sample
+ volume of injection
reset_all All pumps are initialized. none
help A description of commands is displayed. none
exit Program is terminated. none
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Table B.1: Settings for fluorescence spectrophotometers used to analyze samples from
various experiments. For each target analyte, this table lists the excitation wavelength (Aey),

emission wavelength (Aem), excifation slit width, emission slit width, wavelength scan speed,
and instrument modei used.

section 5.3.4)

. Excitation Emission Scan
Labeled species Dox Aom slit width slit width speed Instrument
Texas Red-labeled 1gG
in affinity precipitation 582 603 240 Hitachi
experiments (see nm nm 5.0 nm 5.0 nm nmfs F-4500
sections 2.4.7, 2.4.8)
Fluorescein-labeled
streptavidin in affinity 1 40, 58 240 Hitachi
precipitation nm am 5.0 nm 5.0 nm hm/s F-4500
experiments (see
section 2.5.2)
Fluorescein-labeled
DNA in affinity Perkin-
precipitation ﬁ?nz i:na 2.5nm 25nmm ﬁgﬁ. s Elmer
experiments (see LS50B
section 2.4.9)
Alexafluor 488-labeled
streptavidin in affinity Perkin-
chramatography ﬁrgnz g:na 2.5 nm 2.5nm ﬁ?nols Elmer
experiments (see LS508
section 4.3,6)
Bodipy Fl.-labeled
digoxigenin in Perkin-
. 492 511 200
immunoassay am nm 8.0 nm 5.0 nm amis Elmer
experiments (see LS50B
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Table B.2: Serial port settings for interfacing with Kloehn syringe pumps, The computer that
controlled the pump rack (see sections 3.3.6 and 4.3.5) communicated with the pumps over
as standard RS232 (serial) port. This table describes the serial port settings that made this
communication possible. In a Linux system serial port settings can be viewed using the
command “stty -F <device name> -a", where <device name> is the path of the device file
corresponding to the appropriate serial port (/dev/ityS1, for instance). The “sity" and
“setserial” commands can be used fo set serial communication parameters, as can functions
in the "termios” standard C library.

Parameter Value

speed 9600 baud

rows 0

columns 0

line 0

intr AC

quit M

erase A?

kil ~J

eof D

eol undefined

eonl2 undefined

start M

stop A5

susp 4

rprot R

werase N

Inext '

flush "o

min 1

time 5

options -parenh, -parodd, cs8, hupcl, -cstoph, cread, clocal, -crtscts, ignbrk, -brkint,
-ignpar, -parmrk, <inpck, -istrip, -inler, -igner, -icrnl, -ixon, -ixoff, -iucle, -ixany,
-imaxbel, ~opost, -olcuc, -onlcr, -onocr, -onlret, -ofill, -ofdel, n10, crd, tab0, bs0, vt0,
ff0, -isig, -icanon, -lexten, -ech, -echoe, -echonl, -noflsh, -xcase, -tostop, -echoprt,
-echoctl, -echoke
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