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Summary

In this study the unique properties of microfluidic flow have been exploited to generate
efficient mass-transfer in continuous segmented flow to investigate an alternative approach for
performing chemical extractions. The concept of extraction-enhancement, by incorporation of
a solid absorbent in the extracting phase, was explored. Proof-of-principle studies focused on
the use of molecularly imprinted polymers (MIPs) to increase the effectiveness of conventional

approaches.

Laser machining and micro-milling were used to prepare PTFE microfluidic separation
devices. Importantly, this included the design and integration of a continuous-flow microfluidic
liquid phase separator. Propranolol selective molecularly imprinted polymer microspheres (3.6
pm) were prepared by precipitation polymerisation. MIP performance was assessed using

conventional (equilibrium batch rebinding) and segmented-flow liquid-liquid systems.

Interfacial mass transfer processes that occur during segmented flow were characterised with
respect to flow variables, fluid properties and channel geometries. Segment aspect ratio and
flow velocity, together with channel diameter and curvature, were shown to be important. The
MIP was shown to possess high affinity and selectivity for the template (propranolol).
Incorporation of the MIP into a segmented flow extraction regime was shown to significantly
enhance the extent of analyte extraction. Mathematical optimisation approaches showed good
correlation with experimental data. On-chip phase separation was demonstrated to be 100%
efficient for particle-containing and particle-free immiscible flows. The discovery of soluble MIP
species possessing similar binding characteristics to their insoluble counterparts may further

improve the kinetics of the reported solid-liquid-liquid extractions.

It was successfully demonstrated that a solid phase material can be incorporated into an
organic phase to enhance extraction from an aqueous sample either in continuous segmented
flow or under equilibrium conditions. The integration of the segmented flow approach with an
on-chip liquid phase separator provides a novel platform for the development of unique and
highly-efficient continuous flow devices for molecular enrichments, separations and

manipulations.
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and b (indicative of apparent affinity) for the equations describing the isothermal binding
behaviour of each of the three investigated polymer loadings.

Table 11 Full comparative data of the predicted, and experimentally measured, bound and
free data pairs for six different polymer incubation conditions of varying phase ratio.
Consideration of the sol-MIP leaching effect can be seen to produce a more accurate
estimate of experimentally measured binding equilibrium values, compared to that of the
original theoretical model (Chapter 6).
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Figures

Chapter 1

Figure 1 Dimensionless analysis of forces acting on the aqueous fluid of a water and
chloroform multiphase flow, with respect to flow velocity and characteristic length
(channel diameter for cylindrical channels). Reynolds number (light blue), Bond number
(green), Weber number (purple), Capillary number (red).

Figure 2 Absolute force exerted on multiphase flow regimes. Both water-chloroform
multiphase flows and water-air multiphase flows are considered, with the upper plane of
each coloured surface representing the magnitude of force associated with immiscible
liquid-liquid flow, and the lower plane representing liquid-gas immiscible flow. The
proximity of the generated forces in each instance, demonstrates the similarities in
behaviour observed with gases and liquids on the microscale. Very different from our
everyday learned experiences of gas and liquid behaviour on the macro-scale. Differential
gravitational force (dark blue), interfacial surface forces (green), inertial forces (light
blue), viscous forces (red).

Figure 3 Schematic illustration of an H-filter, with a green dye diffusing readily into the
neighbouring stream, for subsequent analysis, whilst the large particles (red blood cells)
remain in the original sample flow. Both fluid phases are aqueous based and fully
miscible, it is the laminar flow nature of microfluidics that creates the side-by-side flow
and prevents the mixing of the two fluid streams.

Figure 4 Computational Fluid Dynamic (CFD) model of pressure driven flow within a
microchannel [37]. Poiseuille flow, defined by a parabolic velocity flow profile is seen to
determine the nature of fluid flow within the channel. The shear force exerted by the
channel walls, results in a near stationary layer of fluid at the channel wall, the laminar
flow of fluid on the microscale means the effect of viscous shear it transferred between
fluid ‘layers’, exhibiting lowest effect at the channel centre, where the fluid travels at
twice the mean fluid velocity. The range of exhibited flow velocities, and absence of
convective mixing results in axial dispersions of analyte ‘plugs’ along the flow path of the
fluid. This effect is greatest for longest channels.

Figure § Microfluidic segmented flow regime of chloroform and water. The water phase
appears green, due to the presence of aqueous miscible dye.

Figure 6 Schematic example of a typical microfluidic flow focusing geometry, used for
the production of monodisperse microdroplets.

Figure 7 Pressure mediated droplet breakup and segmented flow regime formation at a T-
junction architecture [53].

Figure 8 Computation Fluid Dynamic (CFD) vector velocity map of the recirculatory flow
within individual fluid segments of a segmented flow regime. Adapted from [57].

Figure 9 Schematic illustration of the proposed extraction enhancement mechanism
achieved through incorporation of a solid affinity medium in the extracting phase of a
liquid-liquid extraction, segmented flow regime.

Chapter 2

Figure 1 Conceptual schematic cartoon illustrating the molecularly imprinting model.
Figure 2 Scanning Electron Microscopy (SEM) image of propranolol imprinted polymer
microspheres

Figure 3 (R,S)-propranolol bound to MIP or NIP in a range of solvents. Conditions: | mg
polymer, 2 ml incubating solvent containing 25 uM concentration of propranolol. (n=5
+SEM).

Figure 4 Postulated mechanisms of interaction between propranolol moiety and polymer
components, represented and theorised pre-polymerisation complex prior to
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polymerisation of cross-linking and functional monomers.

Figure S Binding of (R,S)-propranolol to MIP and NIP in dry and water saturated
chloroform. (n=5 +SEM).

Figure 6 Equilibrium binding of (R,S)-propranolol to MIP or NIP at a range of (R,S)-
propranolol concentrations in water saturated (0.815%) chloroform. (n=5).

Figure 7 Cross-reactivity binding of structurally related and unrelated compounds to MIP
and NIP in water saturated (0.815%) chloroform. (n=5 +SEM)

Figure 8 Schematic illustration of enhanced selective extraction utilising MIP
microspheres as solvent extraction reagents.

Figure 9 Additional extraction of (R,S)-propranolol from the aqueous phase with the
addition of MIP or NIP to the extracting hexane or chloroform component in the two-
phase system, expressed as a percentage of (R,S)-propranolol remaining in the aqueous
after extraction with organic solvent alone. (n=5 +SEM).

Chapter 3

Figure 1 Kinetics of propranolol binding to MIP and NIP. 1 mg of polymer incubated in
2ml of chloroform containing a 25 uM concentration of propranolol.

Figure 2 Schematic design of fluid devices machined in PMMA. The milling process is
direct write, following the x/y coordinates of the schematic design, with the chosen tool,
assigned processing and z-axis tool height adjustment dictating the final device
geometries.

Figure 3 Machined PMMA device prior to substrate bonding.

Figure 4 Bonded PMMA microdevice consisting of inlet and outlet ports for interfacing
with 1/16” O.D. tubing. Two input ports (left) enable the introduction of two immiscible
phases which co-elute into a common flow carrying channel at a segmented flow
generating T-junction. The segmented flow regime flows through the 35 cm length
channel, enabling phase boundary mass transfer to take place, before flowing to the chip
outlet.

Figure 5 Composite image of measured voltage response traces, proportional to UV
absorption, for three segmented flow regimes, demonstrating increased extraction
efficiency through incorporation of a MIP solid phase adsorbent into the extracting phase.
Peak absorbance is due to a hexane fluid packet passing through the UV detector, the
baseline absorbance of each trace is due to analysis of aqueous fluid segments passing
through the detector. a) 100 uM aqueous propranolol sample extracted with hexane alone.
b) 100 uM aqueous propranolol sample extracted with hexane and MIP § mg ml’. ¢)
Control: Water segmented with hexane and MIP 5 mg ml™' (no propranolol).

Figure 6 Schematic illustration of the CAD file for fluidic circuits produced in PTFE.
Figure 7 PTFE micromilled device assembled in compression housing with amorphous
PEEK intermediary sealing and gasket layer with glass viewing window.

Figure 8 Extraction of propranolol from a 50 pM aqueous solution of propranolol HCI (2
ml) into chloroform (2 ml) in a 2.2 cm diameter cylindrical sample vials shaken at a
frequency of 3.33 Hz and amplitude of 5 cm. (n=3 + S.D.)..

Figure 9 Extraction rate for the extraction of propranolol from a 50 pM aqueous solution
of propranolol HCI (2 ml) into chloroform (2 ml) in a 2.2 cm diameter cylindrical sample
vials shaken at a frequency of 3.33 Hz and amplitude of 5 cm at room temperature with
time. (n=3 = S.D.).

Figure 10 Extraction rate, independent of surface area and volume relationships, for the
extraction of propranolol from a 50 uM aqueous solution of propranolol HCI (2 ml) into
chloroform (2 ml) in a 2.2 cm diameter cylindrical sample vials shaken at a frequency of
3.33 Hz and amplitude of 5 cm with time. (n=3 = S.D.).

Figure 11 Concentration of propranolol extracted into chloroform from a 50 pM aqueous
sample in an on chip segmented flow extraction at a range of flow rates. Channel
dimensions: 1 = 53 cm, w = 600 um, d = 600 pm. (n=3 + S.D.).

Figure 12 Residence time at each flow rate investigated. Time calculated for microfluidic
device with channels of square cross-section (width and depth of 600 um) and length 43.2
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cm with 8.0 cm long, 500 um 1.D. PEEK outlet tubing.

Figure 13 Extraction rate constant (k) for propranolol extraction from a 50 pM aqueous
sample into chloroform on-chip, at each investigated flow rate. (n=3 + S.D.).

Figure 14 Illustration of vertically stratified flow between two immiscible phases in a
micro channel

Figure 1S Extraction rate constant (k) normalised for surface to volume ratio (A:V) for
two potential flow regimes; segmented flow 0.1 — 2.0 ml min™' and vertically stratified
flow 2.4 — 10 ml min™. For propranolol segmented flow on-chip extraction from a 50 pM
aqueous sample into chloroform on-chip. (n=3 + S.D.).

Figure 16 Illustration of vertically stratified flow with a significantly curved interfacial
boundary between immiscible fluids. Such a flow regime may prevail due to differential
wetting properties of the channel floor and walls (e.g. PTFE) in comparison to the channel
lid (e.g. amorphous PEEK), as a result of competing interfacial forces.

Figure 17 Propranolol concentration extracted into chloroform phase following
segmented flow extraction of a 50 pM aqueous propranolol solution with chloroform in
1.5 m of 0.5 mm L.D. FEP tubing at a range of phase ratios at constant total flow rate of
0.1 ml min™. (n=3 £ S.D.).

Figure 18 Propranolol concentration remaining in the aqueous phase following segmented
flow extraction of a S50 pM aqueous propranolol solution with chloroform in 1.5 m of 0.5
mm L.D. FEP tubing at a range of phase ratios at constant total flow rate of 0.1 ml min™.
(n=3+S.D.).

Figure 19 Mole fraction (f) of propranolol extracted into chloroform from a 50 uM
aqueous propranolol solution through segmented flow extraction in 1.5 m of 0.5 mm 1.D.
FEP tubing at a range of phase ratios at constant total flow rate of 0.1 ml min. (n=3
S.D.).

Figure 20 Total quantity of propranolol extracted (nmol) per minute of extraction time,
from a 50 uM aqueous sample by chloroform, in a segmented flow regime for a range of
liquid phase ratios at a constant total segmented flow rate of 0.1 ml min™'. (n=3 + S.D.).
Figure 21 Extraction rate (k) for the extraction of propranolol from a 50 pM aqueous
sample into chloroform in a segmented flow regime for a range of liquid phase ratios at a
constant total segmented flow rate of 0.1 ml min™' in 1.5 m of 0.5 mm L.D. straight FEP
tubing. (n=3 + S.D.).

Figure 22 Extraction rate (k) normalised for the surface area : volume ratio (A:V) of the
aqueous segment from which extraction occurs. Segmented flow extractions of a 50 puM
propranolol aqueous sample into chloroform at a range of phase ratios at a constant total
segmented flow rate of 0.1 ml min™. (n=3 + S.D.).

Figure 23 Data reported by Lucy et al. [8] illustrating the dependence of extraction rate,
normalised for segment surface area : volume ratio (K/(A:V), termed £ by the authors) on
segment aspect ratio. Data acquired for the segmented flow extraction of caffeine from an
aqueous sample into chloroform with a flow ratio of 1:1, at a linear flow velocity of 0.133
m s ! in straight Teflon tubes of 0.3, 05, 0.8 and 1.0 mm L.D

Figure 24 Measured extraction rate (k) with varying aqueous segment aspect ratio at a
segmented flow rate of 0.1 ml min™' in 0.5 mm 1.D FEP tubing. In support of data reported
by Lucy and co-workers [8], extraction rate is found to be independent of aqueous
segment aspect ratio for long segments. (n=3 + S.D.).

Figure 25 Comparison of measured extraction rate constants with respect to distance (km)
normalised for varying segment surface area to volume ratios (A:V), for the segmented
flow extractions at a range of flow ratios reported here and by the work of Lucy et al.
(Castell: extraction of propranolol from aqueous sample in chloroform in 0.5 mm L.D FEP
tubing, Lucy et al.: extraction of caffeine from aqueous sample in chloroform in 0.8 mm
1.D Teflon tubing.) Comparison of the data sets suggests that significant performance
advantages could be gained through the employment of low aspect ratio segments in the
segmented flow extractions reported in the work of this chapter.

Figure 26 The influence of aqueous segment aspect ratio and linear flow velocity on
extraction rate normalised for segment surface area to volume ratio (&/(4:¥)) extrapolated
and calculated from the experimental data presented by Lucy et al. for the extraction of
caffeine from an aqueous solution into chloroform in segmented flow regimes with a 1:1
ratio of reagent flow, straight tubing of diameter 0.8 mm (8]
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Figure 27 Surface plot illustrating mass transfer coefficient (K/(A:V)) representing mass
transfer within aqueous flow segments (extent of mixing and reduction in diffusional
distances) with respect to segment aspect ratio and linear flow velocity. Values calculated
from the data presented by Lucy and co-workers for the extraction of caffeine from an
aqueous solution into chloroform in segmented flow regimes with a 1:1 ratio of reagent
flow, straight tubing of diameter 0.8 mm [8].

Figure 28 Inertial effects at finite Reynolds number flows induce vortex flow ahead of an
advancing immiscible interface. Additionally, wetting film thickness is observed to grow
and localised pressure gradients develop as a result. Simulations conducted by Heil [16].
Figure 29 CFD simulation showing solute concentration map within an aqueous fluid
segment during partitioning of solute into a neighbouring immiscible phase for an acid-
base titration. Zones of higher solute concentration can be seen where fluid velocity is
equal to that of the upstream and downstream interface and thus, unlike fluid in the
channel centre or channel boundary, no recirculation of flow occurs and mass transfer
from this region is governed by diffusion. Consideration of an axially symmetrical solute
concentration map in three dimensions suggests that these flow domains may constitute a
significant volume of the fluid segment. Simulations conducted by Harries et al. [18).
Figure 30 Liquid-liquid interfacial model for typical mass transfer at immiscible
interfaces. The model assumes the bulk of the fluid volume is well mixed and of uniform
concentration, where mass transfer is dominated by advection. A thin stationary liquid
film, or Nemnst layer, exists either side of the liquid interface, where mixing is low and
fluid is assumed stagnant. In this region diffusion dominates mass transfer processes and
as such, concentration gradients develop across the Nernst diffusional layer. In classical
liquid-liquid extraction, this model describes the mass transfer of the extraction process,
the thickness of the fictitious Nernst layer representing the diffusional length. This layer
thickness is defined in part by extent of mixing in the bulk fluid.

Figure 31 Diffusion dominated radial mass transfer in laminar flow. The figure illustrates
the diffusion of solute material from a channel wall to the centre of the channel,
perpendicular to the direction of flow. The diffusional distance equates to the channel half
width.

Figure 32 Illustration by Song et al. demonstrating the improved intra-segment mixing
resulting from rapid reorientation of fluid segment contents by tight channel curvature,
combined with the axially recirculating flow pattern associated with segmented flow. The
reduced diffusional requirement for uniform analyte distribution is apparent of several
successive re-orientation transformations [17].

Figure 33 Illustration of the secondary Dean flow induced by inertial forces acting on a
fluid flowing in a curved channel. The single phase fluid flow, flowing in an otherwise
laminar fashion is forced centrifugally towards the channel outer wall. The effect is
greatest for the fastest flowing fluid in the channel centre, resulting in the depicted
recirculatory flow illustrated in the plane of the page.

Figure 34 Development of secondary flow at high and low Dean numbers
Figure 35 Variable dependency map illustrating the multiple dependencies governing
interfacial mass transfer within segmented flow liquid-liquid extraction regimes.

Chapter 4

Figure 1 Propranolol base and hydrochloride salt structures. The latter is highly aqueous
soluble and poorly soluble in organic media due the presence of the charged amine group.
The base species is highly soluble in organic media and poorly soluble in aqueous
environments, therefore de-protonation of the propranolol salt is necessary for phase
transfer from an aqueous sample into an extracting organic phase.

Figure 2 Extraction coefficient of control experiments, characterising the extent of
propranolol extraction in the collection vessel. Measured extraction of co-elution of non-
segmented flow streams into a common vessel is compared to the extent of extraction
measured following segmented flow extraction and collection (non segmented 225 s
collection time and segmented flow 225 s collection time). The results indicate that
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although the segmented flow reglme is respons:ble for the majority of the extraction, a
significant quantity of propranolo] is extracted in the collection vessel. This is reinforced
by the observation of increasing extent of extraction with increased collection time,
despite a constant segmented flow rate. Experimental conditions: Flow rate of each phase
0.2 ml min™, where applicable segmented flow generated by a Tefzal T-piece, flowing
into 20 cm of 0.5 mm L.D. FEP tubing. Segmented and non-segmented, individual flows,
were eluted into a 2 ml eppendorf centrifuge tube of diameter 0.9 cm with collection times
of 150, 225 and 330s employed.

Figure 3 Concentration of propranolol remaining in the aqueous phase, following
extraction of a 50uM aqueous sample at pH 5.5 with an equal volume of chloroform,
containing either MIP, NIP (1 mg ml") or no polymer. Extractions conducted by
segmented flow extraction in a 5 m length of 0.5 mm 1.D. FEP tubing, predominantly
coiled (coil diameter 11 cm) at a range of flow rates.

Figure 4 Mole fraction (f) of propranolol extracted from a S0 pM aqueous sample at pH
5.5, followmg extraction with an equal volume of chloroform, containing either MIP, NIP
(1 mg mI™") or no polymer. Extractions conducted by segmented flow extraction ina 5 m
length of 0.5 mm I.D. FEP tubing, predominantly coiled (coil diameter 11 cm) at a range
of flow rates. The flow rate dependant extraction time is also depicted.

Figure S Variable map illustrating the velocity dependent secondary mechanisms of mass
transfer enhancement in segmented flow regimes. Many of the processes exhibit non-
linear behaviour and may be affected by additional variables (e.g. fluid properties, tubing
diameter, tubing coiling or channel comners, segmenting architecture etc)

Figure 6 Calculated extraction rate constant (k) for the extraction of a S0 uM aqueous
sample of propranolol at pH 5.5 with an equal volume of chloroform, containing either
MIP, NIP (1 mg ml™") or no polymer. Extractions conducted by segmented flow extraction
in a 5 m length of 0.5 mm I.D. FEP tubing, predominantly coiled (coil diameter 11 cm) at
a range of flow rates.

Figure 7 Concentration of propranolol remaining in the aqueous phase, following
extraction of a 50 uM aqueous sample of propranolol at pH 5.5 with an equal volume of
chloroform, containing either MIP, NIP (1 mg ml") or no polymer. Individual extraction
results for measurements of each of three sequential runs are plotted. The apparent
distinction between experimental runs is perhaps indicative of temperature, or other local
effect dependencies. Extractions conducted by segmented flow in a 5 m length of 0.5 mm
1.D. FEP tubing, predominantly coiled (coil diameter 11 cm) at a range of flow rates.
Figure 8 Concentration of propranolol remaining in the aqueous phase, following
extraction of a 50uM aqueous sample at pH 5.5 with an equal volume of chloroform,
containing either MIP, NIP (1 mg mi') or no polymer. Extractions conducted by
segmented flow in a 15m length of 0.5 mm I.D. FEP tubing, predominantly coiled (coil
diameter 11 cm) at a range of flow rates.

Figure 9 Mole fraction (f) of propranolol extracted from a 50 pM aqueous sample at pH
5.5, followmg extraction with an equal volume of chloroform, containing either MIP, NIP
(1 mg mI™) or no polymer. Extractions conducted by segmented flow extraction in a 5 m
length of 0.5 mm 1.D. FEP tubing, predominantly coiled (coil diameter 11 cm) at a range
of flow rates. The flow rate dependant extraction time is also depicted.

Figure 10 Calculated extraction rate constants (k) for the extraction of a 50 uM aqueous
sample at pH 5.5 with an equal volume of chloroform, containing either MIP, NIP (1 mg
ml™") or no polymer. Extractions conducted by segmented flow extraction in a 15 m length
of 0.5 mm 1.D. FEP tubing, predominantly coiled (coil diameter 11 cm) at a range of flow
rates. The calculated extraction rate for extractions attaining equilibrium, or extremely
close to attaining equilibrium (chloroform alone), are of limited value due to the ambiguity
of the extraction time taken to achieve equilibrium. Additionally, small uncertainties in
assay measurements or subtle variations in the equilibrium distribution ratio can induce
significant uncertainty in calculation of extraction rate constants (k) for extractions close
to equilibrium.

Figure 11 Measured partition coefficient for the extraction of propranolol from a 50 uM
aqueous solution (pH 5.5) into an equal volume chloroform containing various masses of
added polymer (MIP or NIP). Extractions were conducted usmg a segmented flow regime
in S m of 0.5 mm L.D. FEP tubing at flow rates of 0.4 ml min™, representing an extraction
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time of 147s.

Chapter §

Figure 1 Series of schematic diagrams illustrating i) Device construction. ii) Microfluidic
channel layout, including aqueous and organic inlets, T-junction for generation of
segmented flow, phase separator region of the device consisting of a series of 140 parallel
narrow side channels branching form the main fluidic duct leading to a designated organic
outlet, with the main fluidic duct continuing to the designated aqueous outlet. iii) Cross-
sectional Gaussian profile of a single laser machined separation duct as measured by serial
z-axis optical microscopy and the approximated triangular geometry used for modelling
calculations. iv) Cartoon illustration of the separator in operation, the organic phase (light)
wets the PTFE channel walls and exits through the separation ducts, driven by the applied
pressure differential between the two channel outlets. The non-wetting, aqueous fluid
segments (dark) do not enter the narrow separation ducts but continue to flow in the main
fluidic channel, coalescing into one continuous stream as the organic phase exits the
channel.

Figure 2 A portion of the separation architecture, consisting of the main channel (1) and
adjoining separation ducts (2). Dimensions; main channel (1) width 720 um, depth of 600
um, separation ducts (2) Gaussian profile (approximated to triangular in illustration) 36
pm wide, 130 um deep, machined on a pitch of 100 pm. The complete device consists of
140 paraliel separation ducts, each 5 mm in length, interfaced to a second major outlet
channel.

Figure 3 Experimental setup for phase separator operation and evaluation.

Figure 4 PTFE wettability by chloroform (upper image) and water (lower image), drop
volume 10 pl. Co-elution of the two liquids into a PTFE channel results in a segmented
flow regime with chloroform wetting the channel walls as the continuous phase and water
the disperse, droplet phase (inset image).

Figure 5 Still image taken from a video of the phase separator in operation. Segmented
flow can be seen to be generated through co-elution of the immiscible aqueous and
chloroform phases into a common flow channel, via a T-junction geometry. At the phase
separation architecture, adjacent aqueous liquid slugs (green) are seen to move
progressively closer together and eventually coalesce, as the chloroform exits through the
series of narrow separation channels. Complete liquid phase separation occurs and the two
fluid streams exit the chip through their respective dedicated outlets. Total flow rate 0.12
ml min", 1:1 ratio aqueous/organic flow.

Figure 6 Sequence of still images taken form a video of the phase separator in operation.
Adjacent aqueous liquid slugs (green) are seen to move progressively closer together and
eventually coalesce, as the chloroform exits through the series of narrow separation
channels (top). Total flow rate 0.12 ml min’’, 1:1 ratio aqueous/organic flow.

Figure 7 Phase separation performance at four different flow rates over a range of applied
pressure differentials across the separator. Segmented flow regimes were generated with a
1:1 ratio of reagent flow and the fluid composition passing through the separator ducts was
quantified by measuring the fluid output through the organic outlet over time. Points
signify chloroform flow, whilst the height of lines quantify aqueous breakthrough (ml min’
). Note the ability of the device to act as a valve, allowing zero flow, or volumetrically
controlled passage of one or both fluid phases.

Figure 8 Multiphase flow stream approaching the phase separation duct architecture, the
disperse phase approaches with an advancing contact angle of 6, defined by the wetting
properties of the fluids with the channel wall.

Figure 9 Experimentally defined operating regimes of the phase separator, illustrating
minimum applied pressure required to remove all chloroform from the segmented flow
stream and applied pressure at which aqueous breakthrough begins to occur. The lower
and upper pressure limits for device operation at 100% separation efficiency are illustrated
for each flow rate investigated, defining the region of 100% operation efficiency.

Figure 10 Minimum number of active separation ducts clearing chloroform from the
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segmented flow stream before aqueous breakthrough occurs.

F‘lgure 11 Micrograph images of laser machined separation ducts branching from the
main, micromilled, fluidic channel. Machining damage, or debris, can be observed on the
laser machined ducts at high magnification.

Figure 12 Predicted effect of separation duct geometry on separator performance:
calculated minimum operating pressure (solid line), aqueous breakthrough pressure
(dashed line) and 100% separation efficiency regimes (shaded region). Chloroform/water
separation by triangular separation ducts (n = 140) with dimensions w = 15 um, h = 260
um and w = 15 pum, h = 520 pm compared to the experimentally evaluated duct of
dimensions w =30 pm, h = 130 pum.

Figure 13 Sequence of still images taken from a video of the phase separator operating
with fluorescently labelled polystyrene microspheres (2.0 um diameter) suspended in the
organic phase and passing through the separation ducts, into a second outlet channel. An
aqueous fluid packet (dark, non-fluorescent region) can be seen to move progressively
closer to the aqueous fluid packet in front due to removal of chloroform from the
segmented flow stream (a-f), until complete phase separation, and aqueous phase
coalescence occurs (g).

Figure 14 Comparison of the fluidic design of i) the device reported by Angelescu et al.
[22] which failed to separate segmented flow streams with 100% efficiency, and ii) the
design constructed and evaluated in the work of this chapter, demonstrated to separate
segmented flow streams with 100% efficiency due to appropriately considered geometries
of the channels with respect to fundamental fluid properties.

Figure 15 Scale plan and cross sectional schematic diagrams of the fluidic design of the
Angelescu et al. (i) [22] (dimensions: main channel; w = 100 um, d = 15 um, separation
ducts; w =15 pm, d = 15 um square cross section) and the phase separation device
constructed and evaluated in the work of this thesis (i7) (dimensions: main channel; w =
720 pm, d = 600 pum, separation ducts; w = 36 um, d = 130 um high aspect ratio Gaussian
cross section).

Figure 16 CAD drawings for optimised phase separation device designs for application in
the device manifold illustrated in figure 1. /) illustrates a schematic design drawing of an
extended path length phase separation module. A segmented flow stream (generated off-
chip) enters the device through a dedicated input port (1) which elutes into a main flow
channel (2). The shaded region represents an array of high aspect ratio phase separation
ducts (3). At the juncture of the multiphase flow carrying channel (2) and the separation
ducts (3) phase separation begins to occur with the continuous phase (separated phase)
entering the separation ducts (3). The separated phase continues along the separation ducts
and empties into the common channel (4), which conducts the separated fluid to a
dedicated outlet (5). Removal of the continuous phase through the separation ducts (3),
causes coalescence of the disperse phase droplets into a continuous stream which flows to
a dedicated outlet (6). The extended path length of the separating portion of the device,
allows for a greater number (n) of separation ducts, thus increasing the maximum operable
flow rate of the phase separator device. Designs ii) and ii/) demonstrate extended path
length phase separation modules suitable for the passive separation of multiphase
immiscible fluid flows. The difference in resistance of fluid flow, to the two possible
fluidic exists (5) and (6), achieved by considered design of the channel geometries (length,
width and depth) with respect to the fluid properties and flow characteristics, provides a
pressure differential between the fluidic exits (5) and (6) supporting the flow of the
separated fluid through the separation ducts (3). This pressure differential (AP) is
generated wholly or in part by the flow of the immiscible fluid stream and the individual
fluid flows in their respective channels. The device illustrated in iii) was manufactured in
accordance to the channel geometries of the primary device tested in this chapter (Figure
1-14). The device was demonstrated to separate segmented flow streams of chloroform
and water (1:1) with 100% separation efficiency at flow rates up to 3.0 ml min™. The
pressure differential (AP) across the separation ducts (3), enabling the separatlon, is
provnded entirely by the flow of the immiscible fluid stream and the individual fluid flows
in their respective channels to their respective outlets.
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Chapter 6

Figure 1 Binding Isotherm for MIP and NIP prepared and evaluated in chapter 2

Figure 2 The Imprinting factor for the MIP/NIP pair synthesised and evaluated in chapter
2. The value of the resultant imprinting factor shows a marked concentration dependency
as a result of the non-linear binding behaviour of the MIP compared to the near linear
behaviour of the NIP as a function of free concentration. (Imprinting factor = bound to
MIP / Bound NIP following incubation under equivalent conditions).

Figure 3 The percentage of analyte bound to the MIP and NIP synthesised and evaluated
in chapter 2. The value of the reported percentage bound is seen to show a marked
concentration dependency. Affected by both phase ratio and analyte concentration.

Figure 4 Typical chromatographic peak obtained by MIP stationary phase HPLC.

Figure § Binding Isotherm for MIP and NIP prepared and evaluated in chapter 2 with
fitted equation describing the experimentally observed equilibrium binding behaviour of
the MIP.

Figure 6 The effect of phase ratio on analyte depletion. An equal mass of polymer is
incubated in both a large and small volume of incubating solvent of equal analyte
concentration (140 uM). Concentration depletion is considerably greater in the situation of
small incubation volume, resulting in a lower free equilibrium concentration (greater
extent of analyte depletion). However, the amount of analyte bound is a function of free
analyte concentration (assumption 1) and this is consequently lower in the case of small
incubation volume also.

Figure 7 The equation describing conservation of ligand (equation 5) superimposed with
the binding isotherm described by equation 3. Values of C,= 100 uM, V, =2 ml, and m, =
1 mg are employed, the straight line described by the equation represents the conservation
of total ligand in the incubation system for the parameter set (C,, V,, m,), with the
equation (5) describing the free ligand concentration (C,,) as a function of ligand bound to
the MIP (Py). Consequently the x-axis intercept represents the free concentration if all
ligand were free in solution, with none bound, equivalent to the concentration of the
incubation solution. The y-axis intercept represents the concentration of ligand on the
polymer if all ligand were bound. The simultaneous solution of equation 5 with that
describing the binding isotherm (equation 3) describes the equilibrium bound (P,) and free
(Cey) values for the incubation conditions described by the applied parameter set (C,, V,,
m,).

Figure 8 Theoretical equilibrium bound and free conditions. Represented graphically as
the solution to the fitted equation describing the measured binding isotherm (red) and the
equation representing conservation of ligand for the stipulated conditions (blue).
Intersection of the lines described by the respective equations indicates the predicted
equilibrium bound and free concentrations. (f1(c) and f2(c) denote the plotted functions
described by the Mathcad script detailed in section 6.3.2.4.1 for the stipulated condition
set).

Figure 9 Theoretical plot illustrating the predicted extent of propranolol binding to the
MIP prepared in chapter 2 at a range of polymer masses and incubation volumes of 50 yM
propranolol solutions in chloroform. The plot illustrates the difficulty in gauging polymer
performance expressed as percentage bound due the dependence upon mass and volume
incubation parameters. Application of the predictive model to generate such data from a
preliminary experimental data set may be of value in optimising binding conditions for an
intended application, or comparing the performance of two or more MIPs.

Figure 10 Theoretical equilibrium bound and free conditions for simulated NIP
incubations. Represented graphically as the solution to the fitted equation describing the
measured binding isotherm (red) and the equation representing conservation of ligand for
the stipulated conditions (blue). Intersection of the lines described by the respective
equations indicates the predicted equilibrium bound and free concentrations. (f1(c) and
f2(c) denote the plotted functions described by the Mathcad script detailed in section
6.3.2.4.1 for the stipulated condition set).

Figure 11 Imprinting factor (IF), modelled for a range of polymer masses and incubation
volumes of a S0uM propranolol solution. The imprinting factor (IF) is seen to vary
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dramatically with phase ratio, demonstrating the unsuitability of IF as a measure of
imprinting efficacy.

Figure 12 Theoretical equilibrium bound and free conditions for MIP. Represented
graphically as the solution to the fitted equation describing the measured binding isotherm
(red) and the equation representing conservation of ligand for the stipulated conditions
(blue). Intersection of-the lines described by the respective equations indicates the
predicted equilibrium bound and free concentrations for each of the parameter sets
modelled, each containing a total of 150 nmol of propranolol ligand. (f1(c) and f2(c)
denote the plotted functions described by the Mathcad script detailed in section 6.3.2.4.1
for the stipulated condition set).

Figure 13 Theoretical plot illustrating the predicted extent of propranolol binding to the
MIP prepared in chapter 2 at a range of polymer masses and chloroform incubation
volumes containing a total of 150 nmol of propranolol. The plot illustrates the difficulty in
gauging polymer performance expressed as percentage bound due the dependence upon
mass and volume incubation parameters. Application of the predictive model to generate
such data from a preliminary experimental data set may be of value in optimising binding
conditions for an intended application, or comparing the performance of two or more
MIPs.

Figure 14 Theoretical equilibrium bound and free conditions for NIP. Represented
graphically as the solution to the fitted equation describing the measured binding isotherm
(red) and the equation representing conservation of ligand for the stipulated conditions
(blue). Intersection of the lines described by the respective equations indicates the
predicted equilibrium bound and free concentrations for each of the parameter sets
modelled, each containing a total of 150 nmoles of propranolol ligand. (f1(c) and f2(c)
denote the plotted functions described by the Mathcad script detailed in section 6.3.2.4.1
for the stipulated condition set).

Figure 15 Theoretical plot illustrating the predicted extent of propranolol binding to the
NIP prepared in chapter 2 at a range of polymer masses and chloroform incubation
volumes containing a total of 150 nmol of propranolol. The difference in isothermal shape
between the MIP and NIP binding curves manifest as different dependencies of ligand
bound upon the variables of mass and volume. Comparison of the equivalent MIP and NIP
plots may provide a useful opportunity to optimise conditions of MIP application to
maximise specific template binding and minimise non-specific binding, assumed to
represented by binding to the NIP.

Figure 16 Imprinting factor (IF), modelled for a range of polymer masses and incubation
volumes containing 150 nmol of propranolol ligand. The imprinting factor (IF) is seen to
vary dramatically with phase ratio, demonstrating the unsuitability of IF as a measure of
imprinting efficacy.

Figure 17 Three dimensional surface plot illustrating the significance of phase ratio (mass
of polymer/volume incubating solvent (mg ml")) on equilibrium binding for both MIP and
NIP for incubation in 150 uM propranolol solution. The intersection of the red plane with
the blue (MIP) or green (NIP) isotherm represents theoretical equilibrium binding
conditions for ascribed phase ratio. The two plots illustrated represent the same data
viewed from different observational angles to convey fully the curvature of red plane and
consequently the phase ratio defined equilibrium position.

Figure 18 Improved experimental accuracy can be achieved by altering the incubation
phase ratio in order to probe different regions of the binding isotherm. The measurement
of small concentration depletion from the incubating phase can compound any
experimental error or uncertainty in the assumed bound concentration on the polymer.
Consequently the employment of high polymer loadings and increased incubation
concentrations can assist in determining the near-saturation region of the binding isotherm
with improved accuracy.

Figure 19 Manual method for estimating equilibrium bound and free values for desired set
of incubation conditions from a reported MIP or NIP isotherm. Example illustrated for an
incubation system of 4 mg polymer incubated in 2 ml of chloroform containing 300 nmol
of propranolol a) Calculation of the analyte concentration in the incubating solvent if all
analyte were in solution, this is equal to 150 uM, equivalent to the incubation
concentration. This value is marked on the x-axis. b) Calculation of the concentration of
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analyte on the polymer, if all the analyte were bound to the polymer present in the
incubation system. Equivalent to 75 nmol mg”, this value is marked on the y-axis. c)
Connecting the points made in a) and b) with a straight line defines the maintenance of
ligand in the binding system, with the molar sum of propranolol in solution and bound to
the polymer equal to the total propranolol in the incubation system (300 nmol) at every
point on the line. d) The intersection of the line constructed in c¢) with the isotherm of the
MIP and NIP represents the equilibrium conditions for the hypothetical set of incubation
conditions. It should be noted that the isotherm should report the concentration of analyte
in each phase (solvent or bound to polymer) and not the incubation concentration, the total
quantity bound, or the concentration of analyte removed from the liquid phase by the
polymer, which are occasionally reported in the context of MIP binding.

Figure 20 Application of the predictive model to five propranolol isothermally reported
MIPs prepared by different imprinting methodologies [31-34). Comparison with binding
behaviour of a sixth polymer [30] evaluated non-isothermally. The conditions under which
this MIP {30] were evaluated were modelled for the isothermally reported MIPs, namely a
polymer loading of 2 mg ml" and an incubation concentration of 154.2 pM. Where NIP
binding isotherm were reported the predicted NIP binding under the stipulated conditions
is also illustrated. This comparative methodology enables comparisons to be drawn
between imprinting protocols and re-binding media. The addition of the equivalent NIP
data is of some assistance in gauging the extent of specific and non-specific binding
interactions in the different incubation media.

Figure 21 Distribution ratio (D) plotted against log,, free equilibrium concentration (log
¢). Linear regression produces a line of best fit described by the equation; D = -802.57
(log10 c) + 2464.6.

Figure 22 Distribution ratio (D) plotted against free equilibrium concentration (¢).

Figure 23 Comparison of methods. The approach proposed by Horvai et al. [24] (a) and
the fitted equation describing the isothermal shape of the MIP (Section 6.2.1.1.1) (b) are
compared. In each comparative graph the model generated by the approach of Horvai;
fitting a linear equation to the plot of D vs. log c, is illustrated by a dashed red line. The
model described by the equation fitted to the isothermal binding data by non-linear
regression is described by a solid blue line. The D vs. log ¢ plot (c) suggests that the
experiential data is described equally well by the linear fit of D = -802.57 (logl0 c) +
2464.6, as it is by the transposed isothermal equation (q = 129.7(1 — ¢®°'"*? x ¢)) [The
transposition is achieved substituting the isothermal equation into equation (6) (D = g/c)
with appropriate consideration for the units of g and c]). However, the transposed
isothermal equation produces a monotonically decreasing function describing a curve
rather than the straight line of the linear fit of the data derived directly from this plot (D =
-802.57 (logl0 c) + 2464.6). Transposition of this equation onto the binding isotherm (g
vs. ¢) (d) demonstrates that the equation derived from the distribution ratio technique
describes the binding behaviour of the MIP well at low free propranolol concentrations.
As the isotherm approaches saturation the equation is seen to diverge from the measured
results, ultimately overestimating the maximum binding capacity of the MIP before
diverging completely from the expected saturable binding behaviour and describing a
decrease in binding with further increases in free propranolol concentration, ultimately
describing negative values of bound analyte (not shown). This behaviour indicates that the
data described by the plot of D vs. log ¢ is not linear and is described more accurately by
the transposed curve, derived from the isotherm itself by non-linear regression. However
the straight line approximation of the D vs. log ¢ data does describe the binding behaviour
adequately for sub-saturation behaviour of MIPs, making it suitable for inter-polymer
comparisons and prediction of MIP suitability for potential applications, as intended by
the authors [24]). The accuracy of modelled predictions of binding behaviour can be
expected to be slightly less accurate than the approach outlined in this chapter due to the
linear approximation made when fitting to the D vs. log c plot. However this technique
can be conducted manually if the required software for non-linear regression is
unavailable. The close agreement of the approach reported by Horvai with the method
developed independently in the work of this chapter provides good supporting evidence
for the validity of the method and the assumptions made in its development (sections
6.3.1.1.1-6.3.1.1.3).
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Chapter 7

Figure 1 Comparison of experimental and predicted bound and free equilibrium
conditions for MIP binding under a range of experimental conditions. Predicted estimates
were made from the previously acquired binding isotherm and mathematical model
described in chapter 6.

Figure 2 Experimentally derived binding isotherms for propranolol binding to MIP in
chloroform, investigated at three different polymer loadings (1mg/4ml, 3mg/3ml and
4mg/2ml). (Error =+ S.D, n =5)

Figure 3 Experimentally derived sub-saturation portion of binding isotherms for
propranolol binding to MIP in chloroform, investigated at three different polymer loadings
(Img/4ml, 3mg/3ml and 4mg/2ml). Data points are plotted for each of the $ replicates for
cach of the investigated incubation conditions.

Figure 4 Adjustment of measured binding isotherms to consider template leaching at each
of the investigated polymer loadings maintains three non-superimposable binding
isotherms. The effect is minimal and results in an approximately equal increase in
equilibrium bound at each of the three polymer loadings. This indicates that the effect of
template leaching is not responsible for the measured divergence of the binding isotherm
with increased polymer loading.

Figure 5§ Adjustment of measured binding isotherms to consider template leaching at each
of the investigated polymer loadings maintains three non-superimposable binding
isotherms. The effect is minimal and results in an approximately equal increase in
equilibrium bound at each of the three polymer loadings. This indicates that the effect of
template leaching is not responsible for the measured divergence of the binding isotherm
with increased polymer loading.

Figure 6 Scgmented flow extraction of propranolol from an aqueous sample (10mM
acetate buffer pH 5.5 acetate buffer containing 50 uM propranolol HCI) into an equal
volume of chloroform, either alone or containing soluble MIP or NIP fraction. Segmented
flow rate 0.06 ml min’!, over a path length of 25 cm in 0.5 mm diameter FEP tubing. (n=2
+S.D.)

Figure 7 Calculated equilibrium bound values, as defined by the fitted isothermal
equations, for each of the three investigated polymer loadings, at four sub-saturation free
equilibrium concentrations (12.5, 25, 50 and 100 pM). Although the data set is limited to
three polymer loadings, a linear relationship appears to exist, with each of the fitted
isotherms describing a linearly decreasing bound equilibrium value with increasing
polymer loading, for each of the four theoretical free equilibrium concentrations.

Figure 8 Extrapolated ‘true’ binding isotherm for the tested MIP, equivalent to what
would be expected to be measured if no soluble polymer fraction leaching were occurring.

Figure 9 Application of the MIP predictive binding model developed in the work of
chapter 6 to each of the three experimentally measured binding isotherms, and the
extrapolated ‘true’ isotherm representing actual MIP binding, free from underestimation
due to the leaching of the soluble MIP fraction. Modelled incubation conditions of 1 mg of
polymer incubated in 1 ml of chloroform at an initial incubation concentration of 50 uM.
The blue plot (f2(c)) represents the conservation of propranolol in the incubation system,
with every point on the line representing a sum total of 50 nmol of propranolol distributed
between being in solution (free x-axis (tM)) or bound to the polymer (bound y-axis (nmol
mg™"). The intersection of this line with each of the four isothermal curves, represents the
theoretical equilibrium situation for the specified incubation conditions, for a binding
material possessing the binding behaviour described by each of the four isothermal
equations. (fl(c) (red) = ‘true’ binding isotherm, f5(c) (pink dashed) = MIP isotherm
measured at a polymer loading of 0.25 mg ml”, fa(c) (black dashed) = MIP isotherm
measured at a polymer loading of 1 mg ml", f3(c) (green dashed) = MIP isotherm
measured at a polymer loading of 2 mg ml"). None of the measured isotherms (dashed
lines) accurately describe the binding behaviour of the MIP, this is result of a leaching
soluble fraction, causing the measurement of additional propranolol in the incubating
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solvent which is wrongly assumed to be unbound. The effect of increased polymer
leachate with increased polymer loading, resulting in a increased experimental
measurement of assumed free propranolol and consequently an underestimate in amount
bound, can be clearly seen from the intersection of each of the experimentally acquired
binding isotherms (dashed lines) with that of the plot describing propranolol conservation
within the system (f2(c) blue). Consequently, with knowledge of the ‘true’ MIP
equilibrium binding behaviour (fl(c) (red)), the extent of overestimation of free
propranolol can be deduced and an estimation of the extent of leaching of soluble MIP
fraction can be made.

Figure 10 Estimated apparent mass of leached MIP fraction resulting in overestimation of
measured free propranolol and hence leading to divergence of the measured MIP binding
isotherms with increased polymer loading. Values calculated from the divergence of each
of the three measured isotherms from that of the extrapolated ‘true’ binding isotherm,
representative of no soluble MIP leaching. This raw data is illustrated in table 9. The
estimated mass of leached polymer can be seen to increase with increased polymer
loading, as anticipated.

Figure 11 Estimated apparent mass of leached MIP fraction at each of the three
investigated polymer loadings. As soluble polymer leaching can be expected to be
independent of propranolol concentration, the linear, near zero gradient elucidated for
incubation concentrations in the subsaturation region of the isotherm, suggests, as
expected, the leaching of a constant mass of soluble polymer at each of the polymer
loadings, independent of propranolol incubation concentration. It can therefore be
concluded that the soluble, leaching MIP fraction (sol-MIP) possesses similar binding
properties to its insoluble counterpart.

Figure 12 Apparent concentration (mg ml™") of leached polymer fraction with increased
MIP microsphere loading (phase ratio (mg ml™)).

Figure 13 Experimentally elucidated bound propranolol (nmol mg ') at 6 experimental
polymer loadings (phase ratio (mg mi')) compared to the theoretically predicted
equilibrium value, calculated by the original MIP binding model (Chapter 6), and also that
calculated by the sol-MIP leaching incorporated model. The predicted estimate from this
model represents the anticipated measured bound value as a result of overestimation of
measure free propranolol as a result of leaching of a soluble MIP fraction. (experimental
data n=5 +S.D.)

Figure 14 Experimentally measured free propranolol concentration (uM) at 6
experimental polymer loadings (phase ratio (mg ml™')) compared to the theoretically
predicted equilibrium value, calculated by the original MIP binding model (Chapter 6),
and also that calculated by the sol-MIP leaching incorporated model. The predicted
estimate from this model represents the anticipated measured free concentration, including
the theorised over-estimation as a result of leaching of a soluble MIP fraction.
(experimental data n=5 +S.D.)

Figure 15 Comparative data of the predicted, and experimentally measured, bound and
free data pairs for six different polymer incubation conditions of varying phase ratio.
Consideration of the sol-MIP leaching effect can be seen to produce a more accurate
estimate of experimentally measured binding equilibrium values, compared to that of the
original theoretical model (Chapter 6). This improved correlation can be seen to mirror the
observed experimental trend, with the equilibrium data failing to lie on a single isothermal
curve, as would be anticipated.
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Chapter | Introduction

1.1 Microfluidics

Microfluidics defines the science and technology of systems that process or manipulate small
(10 to 10" L) volumes of fluids using channels with dimensions on the micrometer scale [1].
Microfluidics is a comparatively young field of research and technological application that is
rapidly generating interest among academics and within industry. The fundamental differences
between fluid behaviour on the micro-scale compared to that on the macro-scale gives rise to
unique phenomen.a which provide opportunities for fluid and sample handling unachievable
with large scale approaches. It is this key concept, together with the inherent small size of
‘lab-on-a-chip’ devices, their potential for mass production, high-throughput and automation,
together with minimal reagent consumption that makes microfluidics such an appealing

platform for chemists, biologists and engineers.

1.1.1 Origins of Microfluidics

The controlied manipulation of fluids within microscale channels has been commonplace in
analytical chemistry for decades, notably in the form of gas chromatography (GC) and high
performance liquid chromatography (HPLC). Within these fields the ability to analyse sample
volumes in the range of 100s to 10s of pl revolutionised analytical chemistry and today such
equipment is still the staple of most analytical laboratories. Whether these systems
themselves are considered truly microfluidic however is debatable since both tend to possess
significant equipment footprints, rely on comparatively large total fluidic volumes and consume
large volumes of solvent. Despite this, such systems have been a huge driving force in the
conception of the microfluidic discipline. The drive for improved separation performance and
decreased analysis time encouraged the use of channels of smaller inner diameter and
shorter length, a deliberate exploitation of the behaviour of fluids on the microscale. In 1990
Manz et al., aware of this trend, proposed the concept of miniaturised total chemical analysis
systems (UWTAS) [2], where all sample handling steps are performed in close proximity to the
point of measurement for the purpose of enhanced analytical performance. This together with

subsequent practical demonstrations [3] contextualised the pioneering work of Terry et al. [4],
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who reported a functional gas chromatographic air analyser fabricated on a silicon wafer for
portable air quality monitoring. This work was a natural progression for the micromachining
and micro-engineering technologies that had already driven the miniaturisation of sensor and
transducer technology, having originally arisen in response to the growth of the electronic and
integrated circuit market. Furthermore, developments arising from research that strove to
miniaturise sensors and transducers would eventually call for the incorporation of fluid phases
for analysis in these miniaturised systems, for example in clinical diagnostics. Most notably, at
around the same time as Terry was conducting his research, pharmaceutical companies,
Ames, now part of Bayer, and Boehringer, now owned by Roche, were independently
developing portable devices for home blood glucose monitoring for patients with diabetes
mellitus [5,6). A large patient population and growing evidence that improved glycemic control
could lead to significant health benefits for patients with type 1 diabetes [7] acted as a huge
financial driver for the development of easily operated, portable versions of what were
formerly large laboratory housed devices. Their use of small liquid (blood) volumes however
bore more relation to patient acceptability than exploitation of fluid properties on the
microscale. This, however, was not the case in an alternative commercial sector - print
technology, where Ichiro Endo [8) and John Vaught [9], working for Canon and Hewlett-
Packard, respectively, independently developed the thermal inkjet mechanism. This relied on
thin-film resistors to rapidly vaporise a small volume of ink, the rapid expansion of which
caused a small volume to be propelled from tiny etched nozzles at high speed. The
development of this system was somewhat serendipitous, with the physics behind its
operation initially poorly understood [10]. By the early 1990s inkjet technology (both thermal
and piezo) together with glucose biosensors and home pregnancy test kits were commonplace
and commercially successful as a result of the huge market forces and consumer market
driving their development. The success of these products continues today. However, the
relative failure of other biosensors to penetrate potential markets due to a combination of
sensitivity, selectivity, stability, cost, and notably market size issues [11-13), added convincing
weight to Manz's assertion that miniaturised analytical systems that gained significant (and

numerous) performance advantages over macroscale systems as a result of miniaturisation [2]
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would herald a way forward in analytical science. The opportunities for enhanced performance
and efficiency, together with the convenience of small scale, low reagent and sample
consumption and potential device integration invited a fresh perspective on fluid handling
applications. The development of the field of genomics [14) and the subsequent requirement
for high throughput and high sensitivity experimentation from small sample volumes, provided
further impetus for the development of microfluidic analytical devices and tools. The DNA
microarray enabling expression and monitoring of many, many genes in parallel [15] is one
notable example of microfluidic technology addressing the growing needs of the bioscience

sphere.

It is apparent that no one individua!l or singular device was responsible for parenting the
field of microfluidics. An intertwined series of events and a steady increase in interest has
resulted in the emergence of microfiuidics as a distinct new technology and field of research.
The establishment of the discipline focussed research towards fabrication methods and
technologies suitable for substrates, and design features specifically tailored for microfluidic
applications. The development of a variety of essential fluidic components for integrated lab-
on-a-chip applications, including mixers, filters, pumps, injectors, separators and valves [16-
26), subsequently followed, Such fluid handling components often exploit the dominance of
viscosity and surface forces on the microscale; as such, the need for understanding the
behaviour of fluids on this scale has provided a fresh context for fluid dynamics and the
founding theoretical work of Newton, Navier, Stokes, Reynolds, Young and Laplace amongst

others {27].

1.1.2 Fluid Behaviour — A Comparison of Fluid Behaviour on the Macro- and Micro-

Scale : Observations From the World Around Us

The observed behaviour of fluid(s) in any given system is governed by the forces exerted on
the fluid(s). Many of these forces, such as inertial, viscous, gravitational and surface forces,
show dependencies on the length scale which defines the geometric fluid volume. On the

macroscale we have become accustomed to the relative magnitude of these forces that give

4
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rise to the type of fluid behaviour with which we are familiar. For example if we consider the
behaviour of fluids on the scale traditionally employed by a synthetic chemist by considering
fluid in a laboratory beaker. On this scale gravitational force plays a dominant role and
immiscible fluids (defined partly as a function of entropy) separate on the basis of density. In
adding water to an air filled beaker, the water, having a much greater density than air, will
occupy the lower portion of the beaker, with the air sitting on top. Similarly when chloroform,
immiscible with both water and air and possessing a greater density, is added it will also
separate on the basis of density and will form a layer that occupies the lowest possible portion
of the beaker. If this simple experiment were to be conducted under low gravity conditions,
onboard a space shuttle for example, the same behaviour would not be observed. In the
absence of the dominating gravitational force discrete spherical droplets of the liquids would
form surrounded by a continuum of air. In this situation the formation of spherical droplets
demonstrates the importance of surface forces, with a sphere offering the most compact
geometric volume possible (i.e. smallest surface area to volume ratio). Adoption of a spherical
shape minimises the unfavourable interactions at the interfacial boundary between the two
immiscible fluids (i.e. water and air). The application of motion to the fluid droplet, introduces
inertial and viscous forces which enable the deformation in shape of the spherical bubble. This
is similarly observed with the application of pressure. Should sufficient force be applied to
overcome surface tension, droplet breakup may occur, producing two or more smaller
droplets. In proximity to the earth's surface, the earth’'s mass exerts a gravitational force on
the liquid volumes, proportional to the liquid mass. This force can deform or lead to break up
of immiscible phase interfaces and gives rise to the fluid behaviour to which we are
accustomed. For example, in the situation of the water and chloroform filled beaker, the fluid
layers separate on the basis of density, but also form near-flat layers of fluid, rather than the
idealised spheres. Droplet breakup is witnessed as the chloroform is added to the water, as it
falls through the air when poured from one container to the second, but also when it impacts,
and subsequently falls through, the existing water layer. At this scale gravitational forces and
inertial forces dictate fluid behaviour, and through experience this is what we have grown to

expect. A reduction in scale however, sees a shift in the comparative magnitude of
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gravitational and surface forces, together with other forces acting on fluid volumes. A small
bubble may appear to defy the dominance of gravity outlined above. For example, should the
glass beaker possess surface imperfections (scratches) on the inside surface, a small air
bubble may form as a result of dissolution of dissolved gas in the water, and become
anchored to this surface. Despite the buoyancy of the air, the bubble may not necessarily rise
to the surface and coalesce with the bulk air volume, a counter-intuitive effect following our
initial observations. However, on the scale of a small single air bubble, the favourable surface
forces acting on the bubble as a result of the contact between the air bubble and the glass
surface are greater than the gravitational force difference between the water and the air, whilst
surface forces also maintain the bubble as one single confined volume. This results in the
intact bubble remaining submerged and attached to the glass surface. If however, the bubble
continues to grow, through subsequent dissolution of dissolved gas from the liquid
(demonstrated rapidly in carbonated drinks), then the characteristic length scale of the bubble
increases. Since gravitational forces, and hence buoyancy effects, act on the volume of the
fluid, where as surface force effects act only over the contactable surface area, the initial
dominance of surface forces are soon rivalled and then dominated by the increasing
significance of gravitational force. This behaviour is exploited by beer manufacturers who
produce beer glasses with a micropatterned surface to encourage controlled bubble formation
and prolong the time period before the bubbles rise to the surface. This process contributes to
the maintenance of the beer's ‘head’ over the duration which the drink is consumed. This
simple example illustrates how the magnitude and significance (or insignificance) of different
forces acting on a fluid can change as the characteristic length scale changes. It is the
fundamental differences in fluid behaviour, which manifest as a result of these forces on the
microscale, which characterise the science of microfiuidics. On occasions the dominance of
some forces over others can prove problematic, however it is the opportunity to harness this
characteristic behaviour which creates many exciting, and otherwise impossible, applications

through microfluidic technology.
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1.1.3 Dimensionless Analysis

Dimensionless parameters have widely been used to describe the non-linear behaviour of
fluids [28,29] The dimensionless comparison of forces acting on a fluid enables assessment of
the dominant (or insignificant) forces acting within the fluidic system and prediction and
understanding of the fluid behaviour. Several important dimensionless parameters in

microfluidics and multiphase microfluidics are outlined in sections 1.1.3.1 - 1.1.3.4.

1.1.3.1 Reynolds Number

One of the most important dimensionless parameters in fluid dynamics is the Reynolds
number (Re) [30]. It is used to describe the ratio of inertial forces to viscous forces (Equation

1), expressing the relative significance of each of these forces in determining flow behaviour.

e:l,ﬂL_
y7i

(1)

Where p and p represent the fluid properties viscosity (Pa s) and density (kg m®) respectively,
v the flow velocity (m s™') and L the characteristic length (m) of the channel structure, defined

as the hydraulic diameter of the channel. The hydraulic diameter is defined as

= (2)

where A is the cross-sectional area of the channel geometry and U the wetted perimeter. For
a cylindrical channel, the hydraulic diameter equates to the diameter of the channel itself.
Care should be exercised with many microfluidic fluid dynamic calculations, particularly when
comparing between literature examples. For example, the channel radius may frequently be
employed, or, incorrectly, the channel diameter in the case of non-cylindrical channels. It
should also be noted, for example, that viscosity is also commonly denoted by the symbol n,

depending on the context of the equation, and dynamic viscosity (y or n) should not be
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confused with kinematic viscosity, v, defined as the ratio of dynamic viscosity and fluid density

(w/p).

The Reynolds number equation describes what is perhaps the most significant feature of
microfluidic flows — the dominance of viscous forces over initial forces which gives rise to

laminar flow.

1.1.3.2 Capillary Number

The capillary number (Ca) expresses the ratio of viscous forces to surfaces forces acting
across a fluidic interface. As such it is an important number in characterising the behaviour of

multiphase flows and is applicable to liquid-gas and immiscible liquid-liquid systems.

Ca= Laid 3)
o

Where the surface tension between the immiscible fluids is defined by o (N m™). In multiphase
flows the ratio of fluid viscosities is also important in determining flow regimes and fluid

behaviour (section 1.1.6).

1.1.3.3 Weber Number

The Weber number (We) is another dimensionless number used to describe multiphase flows.

It characterises the relative importance of inertial forces of a fluid compared to surface forces.

We =P @)

1.1.3.4 Bond Number

The Bond number (Bo) characterises the significance of gravitational force compared to

surface forces. The equation may be applied to any body force acting on the fluid, notably
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centrifugal or accelerative forces. However it is most usually applied with gravitational
acceleration (g) to determine the relative significance of density differences between fluids

compared to the surface forces exerted at the interface between the two phases.

2
Bo=paL
o

()

Consequently, to achieve a useful answer in most circumstances, the density difference
between the two fluids is used, rather than the absolute density of a single fluid component. In
equation 5, a represents the accelerative force applied on the fluid (i.e. gravitational
acceleration (g)) (m s”), and the characteristic length scale, L, in this instance is usually

defined by the radius of a spherical droplet, or the radius of a cylindrical channel.

1.1.3.5 Dominant Forces

Figure 1 illustrates the dimensionless values of the Reynolds, Capillary, Weber and Bond
numbers. The figure demonstrates the relative magnitude of forces acting on a fluid and the
dependency of this on flow velocity and channel diameter (characteristic length scale). The
dominance of interfacial forces over viscous, inertial and gravitational forces can clearly be
seen, together with the relative dominance of viscous forces over inertial forces (Reynolds
number), in the channel size domain and velocity flows typically encountered in the field of

microfluidics.
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Characteristic length (m) Fluid velocity (m/s)
uid velocity (m/s

Figure 1 Dimensionless analysis of forces acting on the aqueous fluid of a water and chloroform multiphase
flow, with respect to flow velocity and characteristic length (channel diameter for cylindrical channels).
Reynolds number (light blue). Bond number (green), Weber number (purple), Capillary number (red).

1.1.3.6 Magnitude of Dimensional Forces - Dimensional Analysis

Although dimensionless analysis of forces is undoubtedly useful in the consideration of
microfluidic behaviour, it is also useful to sometimes know, or have an idea of the magnitude
of, forces acting on the fluid This enables consideration or comparison with alternative forces
and consequently estimation of their significance, and even predictions of behaviour. For

example the anticipated effect of magnetic particles dispersed in a fluid in the presence of a
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magnetic field can be estimated. Similarly the effect of localised heating of fluidic interfaces
and the effect of the Marangoni forces generated can be predicted. Optical interactions
(optical tweezers), electrical forces and ultrasonic effects (acoustic force) can all be evaluated
for theoretical significance prior to undertaking experimental evaluation. Additionally, realistic
expectation of possible interfering forces can assist in experimental design. Imaginative

exploration of such possible forces may yield unexpected and as yet uncharacterised effects.

1.1.4 Fluid Properties

Figure 2 illustrates the magnitude of viscous, inertial, surface and gravitational forces with
respect to fluid velocity and characteristic length (channel diameter). The forces are calculated
for liquid-liquid flows of chloroform and water (upper plane) and liquid-gas flows of water and

air (lower plane).
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Characteristic length (m)
Fluid velocity (m/s)

Figure 2 Absolute force exerted on multiphase flow regimes. Both water-chloroform multiphase flows and
water-air multiphase flows are considered, with the upper plane of each coloured surface representing the
magnitude of force associated with immiscible liquid-liquid flow, and the lower plane representing liquid-
gas immiscible flow. The proximity ofthe generated forces in each instance, demonstrates the similarities in
behaviour observed with gases and liquids on the microscale. Very different from our everyday learned
experiences of gas and liquid behaviour on the macro-scale. Differential gravitational force (dark blue),
interfacial surface forces (green), inertial forces (light blue), viscous forces (red).

The plot illustrates that despite the very different properties of liquids and gases and our
experience of their differing behaviour on the macroscale, on the microscale the magnitude of
the forces in question shows relatively small variation between the liquid-liquid and liquid-gas
flows compared to the difference in magnitude between the different types of force.

Consequently liquid and gas microflows can exhibit similar characteristic flow behaviour.
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Table 1 Fluid properties of chloroform-water and water-air flows, used for calculation of plots illustrated in
Figure 1 and Figure 2.

viscosity densi surface tension density difference
Pas Kgm Nm* kg m*
Water 0.0010 997.0
0.072 995.9
Air 18 x10° 1.184
Water 0.0010 997.0
0.032 483.0
Chioroform 0.00058 1480

Table 2 Fluid properties of alternative multiphase flow regimes for a selection of water immiscible phases.

surface tension surface tension

agai;\\lsrtn y‘rater ag;ir::g‘ air iegn;lg' vispc:s;ity
butanol * 0.0021 0.0246 810 0.0029
pentanol* 0.0049 0.0254 810 0.0044
hexanol * 0.0068 0.0258 810 0.0051
benzy! alcohol * 0.0048 0.0397 1040 0.0058
chloroform * 0.0328 0.0271 1490 0.0006
hexane * 0.0511 0.0184 660 0.0003
ethylene glycol” 0.016
olive oil® 0.081
glycerol® 0.934

‘311 '32)

Table 1 and Table 2 illustrate fluid properties for commonly used immiscible solvent systems
in analytical and synthetic chemistry. It can been seen that for these solvent systems the
variation in fluid densities, surface tensions and viscosity, aithough variable, tend to span only
one order of magnitude, or two when considering liquid-air flows. Oils and glycerol are

examples of fluids with greater viscosities, as such the dominance of viscous forces increases,
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viscous forces increases, together with pressure drops associated with fluid flow (Chapter 5).
As such this should be considered as appropriate when working with these types of fluid flows.
Biological samples, such as blood or saliva, where composition and consequently fluid
properties can vary greatly between samples may also require additional consideration at the

device design stage to ensure repeatable performance of the device.

The plot of figure 2 illustrates that for the fluid systems considered, viscous forces dominate or
are approximately on a par with inertial forces for flow in microscale (sub mm) channels. Only
in large channels and high flow rates, not often associated with microfluidic applications, do
inertial forces dominate and approach values high enough to generate turbulent flow (Re =
~2400). In multiphase fluidic systems surface forces often dominate over gravitational and all
other forces in microfluidic flows. As a result these forces play a significant role in defining the

behaviour of fluidic systems on the microscale.

1.1.5 Laminar Flow

Laminar flow occurs at low Reynolds numbers where viscous forces dictate fluid behaviour.
Flow is characterised by fluid flowing in parallel layers with no mixing of the fluid layers. At
larger length scales (channel diameter) and/or flow rates, inertial forces become more
influential, at a Reynolds number ~2400 a transition from laminar to turbulent flow occurs.
Unlike the predictable nature of laminar flow, turbulent flow regimes appear stochastic and
chaotic in their nature owing to the rapid variations in momentum, pressure and velocity in
spatial and temporal domains. This gives rise to vortices which interact with each other,
further affecting the local fluid momentum, pressure and velocity together with drag and
boundary layer effects, creating complex and rapidly changing flow patterns. In microfluidic
systems the Reynolds number is usually far less than 100 and may often be less than one, in
such situations inertial forces can sometimes be assumed to be negligible and the Navier-
Stokes equations can be simplified to give the Stokes equations [33] enabling simplification of
some hydrodynamic problems. In a turbulent flow system (e.g. large water pipe) the overall

flow outcome is, like laminar flow, that the fluid flows from point A (start) to point B (end) due
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to a pressure drop between the two points. However the exact path taken by any given volume
of fluid (or solutes contained in the fluid) is almost entirely unpredictable. The high level of
momentum transfer causes breakup and mixing of the fluid meaning that a well defined ‘slug’
of fluid, for example coloured dye, entering the pipe will mix with the fluid bulk and elute as a
far more dilute solution over a prolonged period of time. In laminar flow regimes however, the
dominance of viscous forces prevents fluid mixing in this sense, resulting in predictable and

exploitable fluid behaviour.

1.1.5.1 Exploitation and Limitations of Laminar Flow
1.1.5.1.1 Laminar Flow and Diffusion - Exploitation

Figure 3 depicts an experimental demonstration illustrating the absence of convective mixing
of fluid in laminar flow, single phase microfluidics. The figure shows two aqueous streams
coloured with dye, eluting into a common duct at a T-junction geometry. The flow can be
observed to continue as two parallel flow streams, with minimal observable mixing of the fluid
dyes. As a consequence, mixing of liquids or any movement of suspended particles or solutes
perpendicular to the flow is governed by diffusion. Einstein's theory of Brownian movement
[34), which mathematically defined, in terms of temperature, particle size and fluid properties,

what had previously been measured as a diffusion coefficient by Fick, enables calculation of

x(1) =_|2( ksT )xt (6)
67pvR

Where kgT is the Boltzmann energy (Boltzmann constant [kg] multiplied by absolute

diffusion rates.

temperature [T]), p and v the fluid's density and kinematic viscosity respectively whilst R is the
radius of the particle for which diffusion is being calculated. This equation shows that diffusion
distance (x) over time (t) for a given species shows an inverse relationship to particle size
[35). This molecular movement can be in any direction and occurs randomly. However, by

starting with regions of high and low solute/particle concentrations within a fluid volume, the
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molecular ‘excess’ in the high concentration region results in more molecules randomly
migrating into the area of lower concentration than those moving in the opposite direction.
Given sufficient time this deficit, or concentration gradient, is gradually reduced until the
concentrations are in équilibrium and the net migration is zero. This principle together with the
size dependency of diffusion rate and the laminar flow nature of microfiuidics were collectively
exploited in the invention of the microfluidic H-filter [36). The H-filter is designed to ease the
difficulty in analysing complex biological samples, without employing step-wise sample
preparation strategies. The H-fiter can be used to limit the size of analytes which are
ultimately interrogated. Small molecules are able to diffuse from a biological sample matrix
(i.e. blood, urine, etc.) into a co-flowing buffer stream for subsequent analysis. Larger
moieties, such as cells or proteins, do not enter the buffer stream due to their slower diffusion
speeds as a consequence of their larger size. Channel geometry and flow rate control, enable
precise operation of the device for the desired fluids and analytes. Figure 3 shows a
schematic illustration of an H-filter, with a green dye diffusing readily into the neighbouring
stream whilst the large particles (red blood cells) remain in the original sample flow. This is
just one example of many such devices designed specifically to exploit the forces and

behaviour of fluids, particles and analytes on the microscale.
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Microfluidic
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Figure 3 Schematic illustration of an H-filter, with a green dye diffusing readily into the neighbouring
stream, for subsequent analysis, whilst the large particles (red blood cells) remain in the original sample
flow. Both fluid phases are aqueous based and fully miscible, it is the laminar flow nature of microfluidics
that creates the side-by-side flow and prevents the mixing ofthe two fluid streams.

1.1.5.1.2 Laminar Flow Limitations

In addition to providing novel solutions, the overwhelming laminar nature of single phase
microfluidic flows can create its own problems. For example, the absence of mixing can be
advantageous, but conversely it may also be problematic. The use of long channels and low
flow rates to allow for full diffusive mixing is impractical and the use of excessively long
channels compounds the problem of axial dispersion, resulting in broadening of an analyte
plug’ due to a combination of diffusion and the Gaussian velocity flow profile, or Poiseuille

flow, of a pressure driven confined laminar flow (Figure 4).
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C/:

Figure 4 Computational Fluid Dynamic (CFD) model of pressure driven flow within a microchannel [37].
Poiseuille flow, defined by a parabolic velocity flow profile is seen to determine the nature of fluid flow
within the channel. The shear force exerted by the channel walls, results in a near stationary layer of fluid at
the channel wall, the laminar flow of fluid on the microscale means the effect of viscous shear it transferred
between fluid ‘layers’, exhibiting lowest effect at the channel centre, where the fluid travels at twice the
mean fluid velocity. The range of exhibited flow velocities, and absence of convective mixing results in
axial dispersions of analyte ‘plugs’ along the flow path of the fluid. This effect is greatest for longest
channels.

Knowledge of the relative significance of different types of forces (Figures 1 and 2) highlights
that solutions to microfluidic problems are unlikely to be achieved through miniaturisation of
macro-scale fluidic features and that approaches focused on harnessing the dominant forces
are required Many researchers have developed mechanisms for mixing fluids in otherwise
laminar flow microfluidic environments [18,20,38]. An intriguing solution can be provided by
the introduction of an immiscible fluid phase to segment the flow stream. The significant
influence of surface forces on the microscale generates internal vortex mixing within

compartmentalised fluid packets.
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1.1.6 Multiphase Microfluidics

Multiphase microfluidics involves the controlled elution or manipulation of two or more
immiscible phases within microscale architectures. Multiphase flows are generated when two
(or more) immiscible fluids are contacted in a microfluidic flow situation. The flow regimes
generated can manifest in different configurations depending on the relative magnitude of the
competing forces acting on the fluids. Such flows may include formation of suspended
droplets, the generation of channel occluding slugs, or fluid segments, and the generation of
pinned interfaces [39]. Pinned interfaces are akin to the side by side, ‘layered’ flow of laminar
flow regimes with similar flow characteristics, where the ‘layers’ comprise of the immiscible
fluids. The dominance of interfacial forces on the microscale (Figure 1) and the energy
expense the interface costs the system, provides a drive for the system to minimise the
interfacial contact area. For any given volume enclosed by an interface, a sphere offers the
most compact shape thus minimising the energy expense to the system most efficiently.
Consequently, pinned interfaces, with large, flat interfacial boundaries, are inherently unstable
and difficult or impossible to produce without selective surface modification of the channel
walls to create selective wetting regions of the duct surface for each of the immiscible fluids
[40,41]). Such modifications introduce competing interfacial forces to stabilise the flow regime
by effectively pinning the fluid phases to the channel walls. It has been demonstrated
experimentally and theoretically that stable pinned interfaces (or vertically stratified flows) are
achievable in non-surface modified channels, for immiscible fluid pairs with a low interfacial
tension and comparatively high viscosity (e.g. water and butanol), where viscous forces
become increasingly more significant over the drive to minimise interfacial area [31]. The
dominance of surface forces in multiphase flows makes the formation of stable side by side
flows difficult, and encourages the formation of bubbles, droplets and slugs. The exertion of
shear stresses and pressure forces by the wetting (continuous) liquid phase can deform the
volume of the discontinuous fluid to such a non-idealised extent that interfacial tension favours
breakup into smaller drops. If these drops are sufficiently small (diameter < narrowest channel
geometry) then (near-) spherical droplets of discontinuous phase are generated dispersed

within the continuous phase which wets the channel walls. If, however, the drops are large
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enough to fill the channel cross section, elongated slugs form which occlude the channel
cross-section with the exception of thin-films of the wetting liquid between the fluid packet
edge and the channel walls [42]. The exact mechanism of droplet and slug formation through
elution of a discontinuous (non-channel wall wetting) phase into a continuous (channel wall
wetting) phase flow stream is a multifactorial process. It is dependent upon channel geometry,
fluid properties and flow rates together with downstream events bearing an influence on fluidic
resistance. Despite the process being complex, dynamic and dependent upon non-linear
interfacial forces, the process is highly reproducible and stable, producing regular flow
patterns of sequential fluid packets of identical size, shape and frequency for a given set of
flow conditions Such flow regimes are commonly termed segmented flows (Figure 5) and the
disperse phase may be liquid or gaseous. These flows are gaining increasing attention in the
field of microfluidics due to the unique opportunities created by such systems. There are two
popular methods of segmented and droplet flow formation employed in microfluidic systems;
the flow focusing geometry, and a T-junction architecture, resulting in capillary instability and

pressure drop induced break up respectively [39],

Figure 5 Microfluidic segmented flow regime of chloroform and water. The water phase appears green, due
to the presence ofaqueous miscible dye.
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1.1.6.1.1 Flow Focusing Geometry

A flow focusing geometry (Figure 6) was first demonstrated to produce monodisperse
microbubbles in a capillary system, at comparatively high Re numbers (102 - 10°) [43], before
the group of Howard Stone at Harvard utilised flow focusing geometries in integrated planar
microfluidic devices to generate liquid droplets at low Reynolds numbers (<1) [44]. The flow
focusing geometry creates a focused fluid sheath of a disperse fluid phase surrounded by a
fast flowing continuous liquid film. This flow configuration is produced by the simultaneous
elution of three parallel fluid channels into a common duct of minimal length, terminated with a
narrow orifice which focuses the flow into a wide outlet channel. The disperse phase flows
through the centre feeder channel which is flanked by flow of a continuous, immiscible, liquid
phase in the neighbouring channels either side. Droplet formation through breakup of the
disperse phase flow stream has been cited as being as a result of capillary instability of the
elongated fluidic interface [39] relating to the findings of Plateau and Lord Rayleigh [45] who
studied capillary instability of cylindrical interfaces under shear stress in unconstrained flows.
A ‘pinching’ mechanism has also been cited as governing breakup in flow focusing systems,
where the dominance of interfacial forces over shear stresses causes the tip of the disperse
fluid stream to expand to fill a large portion of the cross-section of the exit of the focusing
orifice when the flow slows upon entry into the wide outlet channel. This process restricts the
flow of the continuous fluid to narrow films between the interface and the orifice wall,
increasing the linear velocity and resistance to flow. This process causes a pressure increase
in the continuous fluid upstream of the office exit, as this pressure increases above that of the
pressure of the fluid confined by the interface, the neck, towards the tip of the disperse phase
stream, is squeezed and the interface eventually breaks generating a disperse droplet
[1.46,47]. The rate of squeezing of the neck of the disperse phase is directly proportional to
the flow rate of the fluid in the orifice, whilst the flow of disperse phase through the collapsing
neck is governed by the flow rate of the disperse phase. As such, extremely precise control
over the size and frequency of the generated droplets is achievable [46]. Such devices are
able to operate at high rates of droplet generation and are ideally suited for particle

manufacture [48] or generation of self assembled foams [46] with droplet production rates of
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10° bubbles per second with a polydispersity of <2% reported [46]. Importantly, even at these
rapid production frequencies, cycling at >100kHz, the flow of fluid through the collapsing neck
of the discontinuous stream and the process of squeezing due to the increased resistance of
flow caused by the swelling droplet is comparatively slow compared to the equilibration
process of adjustment of interface shape to minimise energy, and the transfer of pressure
through the system. It is these features of the system that enables the production of virtually
identical drops every time and earned comparisons to quasistatic thermodynamic processes
[47]) and generated interest in the opportunities for complex pattern formation in dynamic
systems far from equilibrium [49). These features have also been exploited to create more
complex flow focusing systems, with an array of focussing fluid streams fed from a common
duct of continuous fluid. Pressure fluctuations are transmitted near instantaneously to all the
channels of the network, in turn affecting the rate of flow of the continuous phase which itself
affects the rate of collapse of the interface between the immiscible phases, creating complex,

yet reproducible droplet patterns demonstrating emergent behaviour [50].

Flow Focusing Geometry

(iquig) Increased linear velocity of continuous phase
exerts shear stress on disperse phase rupturing
fluid filament to produce discrete droplets

ke == OCOOOO OO0

Figure 6 Schematic example of a typical microfluidic flow focusing geometry, used for the production of
monodisperse microdroplets.

1.1.6.1.2 T-Junction Geometry

The T-junction is probably the most commonly employed microfluidic geometry for the

generation of segmented immiscible fluid flows [49,51,52]). The first reported microfluidic
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device with an integrated T-junction used for the generation of segmented flows was by
Thorsen et al. in 2001, who postulated a shearing mechanism for droplet breakup [49)]. Prior to
this, T-junction union connectors and capillary tubing have long been utilised for the creation
of segmented flow streams in micro- or milli- bore tubing, long pre-dating the concept of
microfluidics. The T-junction is a simple geometry which enables the elution of a disperse
immiscible phase (liquid or gas) into an existing flow stream of continuous phase. This is most
often through a tributary duct perpendicular to the main channel (Figure 7). Order of
magnitude analysis of the relevant forces has shown that pressure imbalance in the two
phases at the junction is the dominant factor governing the dynamics of droplet generation in
typical T-junction architectures [53], contrary to Thorsen's initial assumptions that shear forces
dictated the droplet formation process. Garstecki and co-workers describe the mechanism of
droplet formation and propose a mathematical scaling law describing the size of fluid

segments generated (equation 7) for a given immiscible fluid system [54].

Liw=1- Glespeml Qcominuous (7)

The fluid segment aspect ratio (L/w) is described in terms of the flow rate of the disperse
phase (Qqisperse) and continuous phase (Qcontinuous) With @ representing a constant related to the
T-junction geometry. The mechanism of segmented flow generation at a T-junction geometry
proposed by Garstecki et al. is summarised below:

1. As the discontinuous fluid enters the main channel, the interface protrudes into the flow
stream of the continuous fluid. The shear stress exerted on the emerging droplet by the flow of
continuous fluid and the pressure drop along the length of the main channel deforms the
emerging droplet in the downstream direction.

2. Laplace pressure exerted on the discontinuous fluid by the tip of the immiscible interface is
against the direction of flow and causes the droplet to expand in the radial direction. In the
absence of an immiscible interface, (i.e. elution of miscible fluids) laminar flow would ensue,
with the introduced liquid ‘pinned’ to the lower wall demonstrating the dominance of surface

forces over viscous forces.

23



Chapter 1 Introduction

3. As the drop continues to grow to occupy the majority of the channel cross section, the flow
of the continuous fluid is restricted to a narrow film between the immiscible interface and the
channel walls. Increasing the resistance to flow of the continuous phase.

4. This increased resistance to flow through the effective narrowing of the cross-sectional area
through which the continuous fluid can flow causes an increase in pressure of the continuous
fluid upstream of the occlusion, whilst the pressure inside the discontinuous phase remains
approximately constant

5. At a critical value of droplet size, the restriction of flow of the continuous phase causes the
pressure difference between the continuous and discontinuous phases to reach a value
sufficient to overcome the Laplace pressure which had previously pinned the growing droplet
in position. The droplet now begins to grow in the axial direction and elongate downstream.

6. Whilst this is occurring the increased pressure of the continuous phase deforms the
upstream interface, narrowing it until it is ‘pinched off’ by the interface contacting the opposite
wall of the disperse phase inlet channel. This process also effectively reduces the curvature of
the upstream interface in the plane of the device and ultimately affecting the curvature

perpendicular to this also. This process also affects the net Laplace pressure on the droplet.

pressure

Figure 7 Pressure mediated droplet breakup and segmented flow regime formation at a T-junction
architecture [53].

1.1.6.1.3 Recirculatory Flow

The dominance of interfacial forces on the microscale, combined with the viscous force
dictated prevalence of Poiseuille flow of liquids in microchannels, gives rise to unique
recirculatory flow regimes within each fluid segmented of a segmented flow regime. This

highly important feature of such flow regimes has been exploited, in order to overcome the
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absence of convective mixing in laminar flows, to accelerate mixing and intensify reaction
rates [55] and also to significantly reduce axial dispersion, by largely retaining liquid and
dissolved analytes in discrete, time-resolvable, segments [56], In such flow regimes a
recirculatory flow within each fluid segment is adopted [57,58] (Figure 8). The prevalence of
Poiseuille-like flow on the microscale results in a parabolic axial flow profile, with the fluid at
the centre of the channel travelling at a greater velocity than the upstream interface.
Consequently, as the advancing flow approaches the downstream interface, the liquid is
deflected towards the channel walls, where the exerted shear force slows the flow
significantly. The upstream interfacial boundary then approaches the near stationary fluid near
the channel walls, and this fluid is deflected into the channel centre. Here, free from the
exerted shear at the channel walls, and subject to a constant pressure, the fluid accelerates
and once again approaches the downstream interface. The process is repeated, and a
recirculatory flow regime becomes established, symmetrical about the channel central axis. As
a consequence of this prevailing flow regime axial mixing within a single fluid segment is very
rapid, with reagent mixing within an individual fluid segment achieved on the millisecond time

scale [51].

0.0 0.00025 0.0005 0.00075 0.001 m/s

Figure 8 Computation Fluid Dynamic (CFD) vector velocity map ofthe recirculatory flow within individual
fluid segments ofa segmented flow regime. Adapted from [57].

This internal recirculatory flow establishes a continually refreshing fluidic interface, thus
enhancing mass transfer between contiguous fluid segments [57,59]. Mass transfer occurs
both axially into the neighbouring fluid packet, and radially into, and from, the thin film of

wetting liquid which exists between the disperse phase and the channel wall [60], The
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continually refreshing fluidic interface provided by the recirculatory flow together with the high
surface area to volume ratio afforded by the flow regime facilitate rapid mass transfer. The

influence of flow variables on mass transfer effects is discussed in further detail in Chapter 3.

1.1.6.2 History of Segmented Flow: Segmented Flow Analysis & Flow Injection Analysis

In 1957 the AutoAnalyzer was invented by Leonard Skeggs [61) before being commercialised
by Technicon Corporation. Termed a segmented flow analyser, segmented flow analysis
(SFA) utilised the introduction of a gaseous phase to segment a continuous liquid stream
(sample and reagents). The segmentation was utilised to minimise axial dispersion, encourage
sample and reagent mixing and maintain separation of sequential samples. This technique
enabled high sample throughput under continuous flow operation, thus increasing the
efficiency of standard laboratory analysis techniques (i.e. extraction, dialysis, ion exchange,
heating, incubation, distillation and analyte quantification [62]). Several years later, Ruzicka
and Hansen introduced a related technique, flow injection analysis (FIA) [63], which utilised an
immiscible liquid phase as the carrier phase into which the sample phase was segmented.
The immiscible carrier liquid would carry the required reagents which would partition into and
mix with the injected sample segments. The similar yet distinctly different modes of operation
of SFA and FIA are exploited today in on-chip microfluidic multiphase flows, where the
continuous and disperse phases can both be active in the chemical system, or aiternatively,
one phase may be used simply as a passive tool for the purpose of flow segmentation and the
associated flow benefits this provides. Both FIA and SFA techniques are conceptually very
similar to the multiphase flows receiving broad attention within the microfluidic field today.
However unlike the majority of microfluidic devices, FIA and SFA machines tend to operate at
high flow rates in comparatively wide capillary tubing (mm scale), resulting in long flow paths,
high solvent and reagent consumption and a large equipment footprint. Much of the study
utilising multiphase flows on the microscale is further exploiting the dominance of surface
forces by working on a reduced scale (spatial and temporal). The development of
micromachining techniques, image capture and analysis together with computational fluid

dynamics simulation have enabled researchers to explore the fundamental physics
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determining fluid behaviour in multiphase fluidics, enabling more refined exploitation of fluid
behaviour in segmented flow systems than were offered by either SFA or FIA. This however is
perhaps somewhat coincidental as the rapidly growing field of multiphase microfluidics seldom
acknowledges the early exploitation of segmented flow regimes in flow injection or segmented

flow analysis.

1.1.6.3 Current Applications of Multiphase Microfluidics

Since the conception of the microfluidics discipline, multiphase microfluidics has received ever
increasing attention. The application of multiphase flows within microfluidic systems have
been numerous, ranging from mass transfer operations similar to those of FIA and SFA for
chemical reactions and synthesis, to diverse applications such as particle and fiber
production, cell encapsulations, protein crystallisation and chemical logic. Such applications
have been the subject of recent reviews [39,64,65). Examples are illustrated and

contextualised in chapter 5.

1.2 Liquid-Liquid Extraction

1.2.1 Principles

Liquid-liquid, or solvent, extraction is a widely employed technique in both synthetic and
analytical chemistry. Utilised to separate, remove or isolate compounds on the basis of their
relative solubilities in two immiscible liquids; frequently water and an organic solvent. The
technique is routinely conducted using a separating funnel which is manually agitated to
encourage mixing, whilst avoiding the formation of emulsions which may take considerable
time to re-separate into the component phases. Compounds migrate across the interfacial
boundary from one phase to the other. This is a dynamic process where at equilibrium the
migrational flux of the compound between the phases is equal in both directions. At
equilibrium, the extent of extraction is defined by the distribution coefficient (D) [66] which

describes the ratio of the concentration of the chemical species in the organic to aqueous
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phases. In an efficient extraction D will strongly favour the chemical species residing largely in
one of the two phases as dictated by the Gibbs energy of the thermodynamic system. The
time taken for the extraction to reach equilibrium is defined by the requirement for analyte
diffusion to the interfacial boundary (mixing), together with diffusion across the interface.
Additionally it may also be influenced by any necessary chemical reactions or processes
which may be required in order to facilitate phase transfer of the chemical species. Such
reactions may include protonation/deprotonation, ion pair formation, or complex formation and
the rate contribution to the extraction process will depend upon the compound itself and the
local chemical environment. Such factors vary considerably from system to system and are
also strongly influenced by extraction parameters such as mixing and interfacial area/volume
ratio and have been discussed in detail elsewhere [67). Many extractions generally follow first
order reactions kinetics [68] consequently a timelyield trade off can mean that sufficient
extraction may be achieved without attaining distribution equilibrium, instead extraction
efficiency (yield/time) may be improved through successive extraction procedures on the
original sample liquid. Since solvent extraction is widely employed in sample preparation, for
example in pharmaceutical and clinical analysis, and as part of the work-up process to isolate
and purify the products of chemical reactions, the drive for both time and yield efficiency

together with process selectivity is hugely significant.

1.2.2 Segmented Flow Extraction

The first report of liquid-liquid extraction in a segmented flow system was in 1978 [69]
following the development of flow injection analysis (FIA) and its establishment as a versatile
laboratory technique [62). The high surface area to volume ratio afforded by the alternating
segments of immiscible fluids in segmented flow increases the available interfacial area for
extraction. The recirculating flow regime prevalent within each segment [70-73] (Section
1.6.1.3) increases the rate of mixing within each segment, enhancing the rate of mass transfer
[74). Karlberg et al. utilised these features of FIA flow to develop an extraction system which
operated through the injection of sequential samples (12 -25 pi) into an aqueous flow stream

which was subsequently segmented with chloroform which also acted as the extracting solvent
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[69]. Aqueous Caffeine solutions and standards were extracted into chloroform at a total flow
rate of 4.2 ml min™ (1 : 1.1 organic : aqueous phase volumetric flow) through a segmented
flow stream in 0.8 mm internal diameter Teflon tubing. A portion of the chloroform (35%) was
separated from the segmented flow stream and passed through a UV absorption detector
which was used to indirectly quantify the caffeine content of the initial aqueous sample
solutions. The segmented flow uniquely provided another advantage of segregating sequential
sample injection, enabling a high sample analysis throughput (100 samples/hour). This
effectively created a semi-automated, high throughput sample analyser. Subsequent
demonstrations followed this typical procedure, with some later examples employing a
continuous flow of sample into the segmentor creating a continuous extraction technique [75).
Later research investigated the mechanisms of band broadening [60]' and the kinetics of FIA
solvent extraction, [74,75]). With researchers demonstrating the attainment of equilibrium in the
extraction of caffeine within 10 seconds [75]. This research is further described and reviewed
in chapter 3. More recently research groups have revisited (or perhaps rediscovered) the
application of segmented flow to enhance mass transfer between immiscible phase, applied to

integrated microfluidic device flows [55].
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1.3 Project Description

It was proposed that the inclusion of solid-phase adsorbent particles in the
extracting/segmenting phase of a segmented flow system would enhance the transfer of
analyte from a sample phase to the immiscible extracting phase by maintaining a significant
concentration gradient between the two immiscible fluid phases. It was envisaged that the
enhanced interfacial mass transfer associated with segmented flow as a direct result of the
high surface area to volume ratio and the unique recirculating flow patterns within the fluid
packets themselves would enhance the time efficiency of the extraction, whilst the suspended
solid-phase adsorbent would increase the efficiency of the extent of the extraction.
Additionally, it was reasoned that the application of analyte specific adsorbent materials in the
form of molecularly imprinted polymers would enhance the extent of extraction specifically for
the compound of interest (Figure 9). Molecular imprinting is described and reviewed in chapter

2.

X’ - analyte [ - aqueous phase
- selective adsorbent (MIP) 1 1 - organic phase
4 > - internal circulation
Figure 9 Schematic illustration of the proposed extraction enhancement mechanism achieved through

incorporation of a solid affinity medium in the extracting phase ofa liquid-liquid extraction, segmented flow
regime.

30



Chapter 1 Introduction

1.4 Aims and Objectives

1.4.1 Aims

The aim of this research was to develop a continuous flow, enhanced efficiency separations
platform, utilising microfluidic approaches to harness the unique behaviour of fluids on the
microscale, together with incorporated extraction enhancement reagents, to facilitate highly
efficient liquid extractions. It was important that a chemically robust affinity phase could be
employed to increase analyte extraction and highly desirable that the affinity phase may be
analyte specific, or class selective. An integrated approach to chemical separation was sought
in order to produce a separation microdevice, with liquid phase separation an inherent
challenge in the liquid-liquid extraction methodology. Characterisation of mass transfer
behaviour was highly desirable in order to fully understand and optimise extraction

performance.
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1.4.2 Objectives

Identification of a suitable inert, chemically resistant affinity phase, for enhancement of
liquid-liquid extractions.

Demonstration of the applicability of the affinity phase to the enhancement of a model
liquid-liquid extraction.

Development of appropriate machining and constructional methodologies for
microfluidic device preparation.

Characterisation of interfacial mass transfer in microfluidic segmented flow regimes,
together with investigation into the significance of flow variables, fluid properties and
channel geometries on interfacial mass transfer.

Proof of concept demonstration of microfluidic solid-phase enhanced segmented flow
liquid extraction.

Design, development, and characterisation of an on-chip, integrated, segmented flow,
liquid phase separation device, capable of handling flow regimes containing
suspended solid phase material.

Proposition of optimal design structures for enhanced efficiency segmented flow, liquid
phase separation devices.

Characterisation of affinity phase binding behaviour for the development of predictive
and comparative performance models.

Identification of optimisation strategies to enhance temporal separation efficiency and

extraction yield efficiency.
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_uowever, in generai, the perrormance ot conventional MIPs in aqueous environments is
Likewise, the stability of biologically derived recognition systems (enzymes, antib
 receptors etc) is largely poor in organic media, owing to conformational changes that
{';vblnding or recognition capabilities. The customisable nature of MIPs was deemed extr
?‘L}vadvantageous, not only in offering the opportunity to influence analyte binding, but ¢
S‘roviding an ability to tune the hydrophilic or hydrophobic nature of the polymer pa

i"ensuring residence in the extracting phase. As such, MIPs seemed an ideal recognition
. _

the intended application, whilst the use of a biphasic immiscible solvent system offi
ovel approach to interfacing MIPs with aqueous based sample media, which has long

nsidered a limitation of the molecular imprinting strategy.

%hlé chapter describes a previously urireported use of MIPs as solvent extraction rea
eir successful application to aqueous sample media and the opportunities for utilisa
$ unique system in novel biosensing and separation procedures. This study demon:
ﬁé development of a novel biphasic solvent system utilising MIP in the extracting ph
gniiance both efficiency and selectivity of a simple two phase liquid extraction.

%hodisperse propranolol imprintéd polymer microspheres [poly(divinylbenze
ethacrylic acid)] were prepared by precipitation polymerisation. Initially, the affinity
polymers for (R,S)-propranolol was assessed by established techniques whereby th
demonstrated greater affinity for the template than did the non-imprinted control p
NIP). Importantly, MIP performance was also assessed using the novel dual-solvent s

e depletion of (R,S)-propranolol from the aqueous phase into the polymer con
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organic phase was determined. When compared to control extractions containing no polymer,
the presence of MIP in the extracting solvent phase resulted in an increased extraction of
(R,S)-propranolol from the aqueous phase. Importantly, this extraction was significantly

greater in the presence of MIP when compared to NIP.

This unique principle generates opportunities for MIP-based extractions and chemical
enrichments in industrial applications, offering commercial, ecological and practical
advantages to traditional solvent extraction techniques. The technique is readily transferable
to analytical microsystems utilising MIP recognition elements, generating promising

opportunities for MIP based sensing of aqueous sample media.

2.2 Introduction

2.2.1 Molecularly Imprinted Polymers (MIPs)

MIPs offer simple, customisable, rugged and cost effective alternatives to biological
recognition systems [1,2]. The technology of molecular imprinting involves the introduction of
analyte specific binding sites within rigid, cross-linked, three dimensional polymer matrices [3-
5]. This is generally achieved through the formation of pre-polymerisation complexes between
the analyte (template) molecule and functionally complementary monomers and their
subsequent polymerisation in a porogenic environment in the presence of cross-linking
monomer(s). Removal of the template molecule yields a functionally and spatially ordered
imprinted site capable of rebinding the template molecule under appropriate conditions (Figure
1). Analyte recognition is achieved through a combination of both spatial and inter-molecular

interactions between the analyte molecule and the polymer functionality at the binding site.
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Functionally complementary

Template
monomers

Lowest energy configuration Polymerisation

A

Cross-linking
monomers

Selective rebinding of
template species Exposure to complex mixture

:wmg

Template specific
recognition site

A

Figure 1 Conceptual schematic cartoon illustrating the molecularly imprinting model.

MIPs have been utilised in a wide variety of applications. Their specific recognition properties
have been applied to chromatographic separations including early examples of use in chiral
[6] and achiral [7] separations in high performance liquid chromatography (HPLC), solid phase
extraction (SPE) [8] and bubble fractionation [9], MIPs have also been employed as
recognition materials for sensors [10] and catalysts in simple organic reactions [11]. Their
applications have been widely reviewed [12-17], as have their methods of production [18,19],
optimisation [20] and characterisation [19,20]. MIP materials have been the subject of
increasing interest in recent years, with several books summarising knowledge of the field [21-

24].

2.2.1.1 Aqueous Compatibility

A well documented obstacle to the wider application of MIPs is the issue of aqueous
compatibility [25]. Although much progress has been made [26] the performance of MIPs in
water is still generally poor when compared to that in non-polar solvents. This is largely
attributed to the competition between water and template for functionally important hydrogen
bonding sites [25], The application of MIPs for use in aqueous environments is particularly

desirable for the development of MIP based sensors and extractions in biological and
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environmental samples. It was anticipated that suspension of MIP material in an immiscible
organic phase in contact with an aqueous sample phase would provide a unique way to

circumvent this issue and improve application of MIPs to aqueous sample media.

2.2.2 Solvent Extraction

Liquid — liquid extraction, or solvent extraction, has been used for many years for the
purification, separation, concentration or removal of desired compounds. Commonly employed
as a purification technique in research and production synthetic chemistry, it has also been
employed in a wide range of other applications including: examining contaminant levels in
water [27], clean-up and recycling of waste water [28], and the recovery of valuable metals
[29]. The selectivity of the technique, when used alone, is restricted and only limited specificity
can be achieved. However, more recently researchers have extended the range of application,
and improved specificity and extraction efficiency, by the incorporation of a solvent extraction
reagent into the extracting phase [30-32). This has been of commercial importance in the
extraction of metal ions from an aqueous phase into an organic phase by using ion-selective
binding reagents such as oligo-pyridine [30], N-n-octylaniline [33], or crown ethers [34].
Enantioselective partitioning has been demonstrated by the inclusion of small-molecule chiral
selectors in the extracting solvent [32]. The approach has also been extended to embrace the
specific extraction of organic molecules from an organic solvent into an aqueous phase by

utilisation of solubilising reagents such as cyclodextrins [35].

2.2.3 Aims and Objectives

The work of this chapter aims to describe the novel application of MIPs as solvent extraction
reagents, their successful application to agqueous sample media and the opportunities for
utilisation of this unique system in sensing and separation techniques. This study
demonstrates the development of a novel biphasic solvent system utilising MIPs in the

extracting phase to enhance both efficiency and selectivity of a simple two phase extraction.
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2.3 Precipitation Polymerisation

For the purpose of this study spherical MIP particles, produced by precipitation
polymerisation, were preferred as solvent extraction reagents, to those produced by traditional
monolithic methods [36]. The small (3-4 um diameter) and regular particles formed by this
technique were able to produce uniform suspensions in the organic solvent. This would have
been intrinsically more difficult to achieve with the larger (45 um diameter) irregular shards of
polymer yielded from more traditional monolithic approaches to molecular imprinting.
Precipitation polymerisation has recently emerged as a desirable and scalable approach to
adopt for the production of high quality, highly uniform, spherical imprinted particles. Unlike
the suspension polymerisation approach to generating spherical polymer particles, the
precipitation technique does not require the use of surfactant or steric stabilisers. The
resulting particles therefore have a clean stabiliser free surface and carry no ionic charge
[37,38]. Spherical MIPs were first reported to be prepared using this method in 1999 [39], with
the production of sub-micron sized imprinted polymer spheres by the polymerisation of
monomers in dilute solutions. Subsequent work [40], utilising an approach first reported by the
polymer chemist Stéver [38], tailored MIP particle growth by subtle refinement of the solvent
and porogen system to create a polymerisation environment at near 6 conditions (Section
2.3.1.1). This enabled the production of larger, imprinted, mono-dispersed microspheres,
typically up to 5 pm in diameter, and provided some control over the size and porosity of the
resultant polymer. This enabled the production of morphologically favourable, highly

expanded, porous polymer networks of high surface area.

2.3.1 Mechanism of Particle Growth

In both the traditional monolithic and precipitation polymerisation approaches to MIP
production, early polymer growth occurs in solution, where cross-linked oligomer radicals
form. These resulting oligomers grow, cross-link and aggregate to form small, early-stage
polymer spheres. In the production of MIP monoliths where high monomer:solvent ratios are

used, these spheres continue to grow and coalesce until one continuous macro-porous
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polymer network has been formed. However, when the polymerisation is conducted in a large
excess of organic solvent, as is the case with precipitation polymerisation where monomer
concentrations are typically less than 5%, the initial polymer spheres do not overlap nor
coalesce but continﬁe to grow individually by capturing newly formed oligomers and
monomers [38]. In a poorly solvating medium, where the growing polymer has little affinity for
the surrounding solvent, phase separation occurs early and dense, non-porous polymer
microspheres are formed. When the solvating property of solvent media is increased, phase
separation is delayed, allowing the entrapment of solvent within the growing polymer prior to
precipitation. This results in the formation of many small micro-/meso-pores throughout the
forming polymer microsphere [38]. The growth mechanism of particles in suspension
polymerisation can be considered as analogous to that of monolith formation, albeit in a

substantially restricted volume.

2.3.1.1 Importance of Theta (6)

The point at which phase separation occurs is governed by the polymer/solvent system’s
proximity to 6-conditions. In a theta solvent system for the forming polymer, a theta
temperature is defined as the temperature at which excess chemical potential and,
correspondingly, the excess Gibbs energy of dilution is zero [41], and thus, the solution in the
theta state is thermodynamically pseudo-ideal [41]. Therefore, the composition of the polymer,
composition of the solvating environment and temperature of the polymerisation, all have an
effect on the point of phase separation, and thus, the morphology of the polymer produced.
From a practical perspective, polymer microspheres precipitated in near @-conditions will
typically be expanded, porous, and several pm in diameter. In contrast, polymers formed
either side of this point will be either non-particulate, continuous and gel like or sub-micron,
dense, non-porous, particulates [42]. This influence of theta on polymer growth and
morphological characteristics is also relevant to the production of monolithic polymers.
However, the high monomer concentration leads to coalescence of the growing polymer
spheres regardless of the point of phase separation of the growing polymer from the (non-

)solvating environment. Consequently the morphological effects are somewhat less obvious
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than in a precipitation polymerisation system, with a large contribution of the polymer's
porosity contributed by macro-pores created by particle coalescence. To date no study has
assessed the influence of theta on monolith formation or recognition performance, or

commented on its significance as a variable.

2.4 Polymer Production

2.4.1 Materials

Methacrylic acid (MAA), (R,S)-propranolol hydrochloride, pindolol, naproxen and acebutolol
hydrochloride were obtained from Sigma (Gillingham, UK). Divinylbenzene (DVB) technical
grade 80 %, was obtained from Aldrich (Gillingham, UK). 2'2-Azobisisobutyronitrile (AIBN) and
toluene were purchased from Acros Organics (Loughborough, UK). Vanillic acid was obtained
from Fluka (Gillingham, UK), and acetonitrile, chloroform and methanol were purchased from
Fisher Scientific (Loughborough, UK). All chemicals and solvents were analytical or HPLC
grade and were used without further purification. Fluorescent analysis was performed using a
Fluostar Optima 96-well plate reader (BMG Labtech, Aylesbury, UK). HPLC analysis of
acebutolol was conducted on a Thermo TSP HPLC system. (Thermo Electron Corporation,
Runcorn, UK). Sizing of polymer microspheres was carried out by laser diffraction (Coulter N4

plus, Beckman, High Wycombe, UK).

2.4.2 Method

Uniform imprinted and non-imprinted polymer microspheres were prepared by precipitation
polymerisation [40]. (R,S)-Propranolol free base (389.0 mg)(1.5 mmol) (converted from the
HCI salt from NaOH solution and subsequent filtration), MAA (509 pL)(6.0 mmol), DVB (4.103
mL)(28.8 mmol), and AIBN (312.0 mg)(1.9 mmol) were dissolved in 128 ml 82.5/17.5 % v/v
mixture of acetonitrile and toluene in a 250 ml round-bottomed flask. The solution was
sparged with oxygen-free nitrogen for 10 minutes at 0 °C. Subsequently, the sealed flask was

rotated at 7% r.p.m. at 60 °C in a water bath for 24 hours. At the end of the reaction the
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polymer microspheres were recovered by filtration and washed successively with acetonitrile
(60 ml), toluene (60 ml) methanol/acetic acid 70/30 (120 ml), methanol (40 ml), acetonitrile (40
ml), toluene (40 ml), acetonitrile (40 ml), and methanol (40 ml). The reclaimed microspheres
were then dried under vacuum overnight at room temperature. Non-imprinted polymer (NIP)
microspheres were prepared in the same way as the MIP microspheres but using 128 ml

90/10 % v/v mixture of acetonitrile and toluene and with the omission of (R,S)-propranolol.

2.4.3 Results and Discussion

In the production of MIP and NIP a white powder was recovered upon filtration. After washing
and drying the polymer particles were visualised by light microscopy. Both MIP and NIP
particles were observed to be spherical, near-monodispersed, with a narrow size distribution.
The mean particle diameter measured by laser diffraction scattering was found to be 3.6 pm
(S.D, 1.4 pm) for MIP spheres and 3.9 pm (S.D, 1.6 pm) for NIP spheres. Figure 2 shows an

image of the prepared MIP microspheres obtained by Scanning Electron Microscopy (SEM).

Figure 2 Scanning Electron Microscopy (SEM) image of propranolol imprinted polymer microspheres
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In preliminary studies it was observed that when MIP and NIP microspheres were prepared
using the same ratio of acetonitrile/toluene, the MIP microsphere were significantly smaller
than the NIP microspheres. This indicated that the template was having a significant impact on
the solvating prope&ies of the solvent environment for the growing polymer and this was
affecting 6-conditions and therefore phase separation. The concern was that there may be a
significant difference in the morphology of the two polymers and that this variation would later
complicate interpretation of binding data. Therefore, in order to try to obtain morphologically
equivalent polymers, it was considered important to attempt to match both the size and growth
rate of the MIP and NIP microspheres. In order to compensate for the absence of (R,S)-
propranolol in the production of the NIP (control) the toluene and acetonitrile composition of
the solvating media was adjusted slightly by decreasing the toluene component from 17.5 % to
10 %. It was reasoned that if phase separation, which occurs when a polymer chain reaches
the size where solvent/polymer interactions become unfavourable and the polymer chain
precipitates, could be achieved at a comparable point in both the MIP and NIP, the porosity,
density and therefore the size of the final microsphere would be comparable. The precise
rationale for the effect caused by the presence or absence of template species and the
adjustment of solvating media appears to be more complex than simply relating the solubility
of the monomers to the solvent media. Exposed, concealed and self-complementary
functionality in the evolving MIP and NIP systems, polymer flexibility and also the solvating
effect of template molecules remaining in the solvent media itself, may also play an important

role.
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2.5 Polymer Assessment 1 - Single Phase Studies

2.5.1 Binding Assays
2.5.1.1 Equilibrium Analyte Rebinding
2.5.1.1.1 General Methodology

Polymer microsphere particles (1 mg) were mixed with 2 ml of solvent containing 25 uM
concentration of (R,S)-propranolol or cross-reactant species. In the case of saturation binding
studies polymer microsphere particles (1 mg) were mixed with 2 ml of solvent containing 25,
50, 100, 250 or 500 pM concentrations of (R,S)-propranolol. Samples were incubated for 24
hours at room temperature and agitated by rocking. The sample mixtures were filtered using
PTFE 0.20 ym membrane filters and the filtrate analysed by either HPLC or microplate

fluorescence spectroscopy.

2.5.1.1.2 Solvent Screening

The binding of (R,S)-propranolol to both MIP and NIP was assessed in a range of polar, non-

polar and intermediate solvents employing the methodology of 2.5.1.1.1.

2.5.1.1.2.1 Results and Discussion

Figure 3 illustrates the binding of propranolol to both MIP and NIP in the range of incubating
solvents investigated. In all cases the MIP bound more propranolol than did the NIP. However,
in extreme non-polar and polar solvents, i.e. hexane, toluene and water, a large degree of
non-specific binding was observed as demonstrated by at least 256 nmol (50%) of the
propranolol binding to the NIP in each of the three instances. This was unsurprising due to the
extreme nature of the solvent environment and the relatively low solubility of propranolol base
in these media. Despite this the MIP appears to show a degree of template recognition in both
polar and non-polar environments, suggesting that the recognition mechanisms involve both
polar and non-polar interactions between the template and the MIP binding site. In non-polar

environments template recognition and binding may occur in part through hydrogen bond
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donor and acceptor interactions between the alcohol and ether groups on the propranolol
moiety and the carboxylic acid groups of the polymer. Proton transfer and subsequent ionic
interactions may also occur through proton donation from the carboxylic acid residue of
methacrylic acid to the basic secondary amine of the propranolol molecule. In polar
environments hydrophobic interactions such -+ interactions between the aromatic naphthyl
moiety of the propranolol structure and the aromatic functionality of divinylbenzene cross-
linking monomers may contribute to template recognition. These proposed interactions are
illustrated in figure 4. In intermediate environments a combination of these processes may be
responsible of binding of propranolol to the MIP. The performance of the MIP in chloroform
was particularly noteworthy as although the total amount bound, 20 nmol, was less than in
aqueous, hexane or toluene environments it could almost totally be attributed to specific
template - binding site recognition mechanisms as just 1.9 nmol (R,S)- propranolol was

observed to bind to the NIP microspheres.
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Figure 3 (R,S)-propranolol bound to MIP or NIP in a range of solvents. Conditions: 1 mg polymer, 2 ml
incubating solvent containing 25 pM concentration of propranolol. (n=5 £SEM).
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Figure 4 Postulated mechanisms of interaction between propranolol moiety and polymer components,
represented and theorised pre-polymerisation complex prior to polymerisation of cross-linking and
functional monomers.

2.5.1.1.2.2 Selection of Chloroform as a Candidate Solvent

The initial performance of the MIP in chloroform coupled with the essential immiscible nature
of the solvent with water made chloroform a suitable solvent for use in a proof of principle
demonstration of the novel two phase MIP binding system. The additional benefit of a high
surface tension between chloroform and water was also considered advantageous for

subsequent microfluidic segmented flow regimes (Chapter 3 and 4).

2.5.1.1.3 The Effect of Water

The effect on template rebinding to the MIP by the small amount of water that would dissolve
in chloroform in a two phase system was investigated by assessing the binding of (R,S)-
propranolol to both MIP and NIP microspheres in water saturated chloroform (0.815% H;0)

(Figure 5) employing the batch binding methodology detailed in 2.5.1.1.1.
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2.5.1.1.3.1 Results and Discussion

Surprisingly, the presence of water in chloroform had little observable effect on propranolol
binding to either the MIP or the NIP. It would be reasonable to predict that the addition of
0.815% water to the chloroform would have some effect on either specific or non-specific
polymer-template binding interactions due to competition for hydrogen bond interactions with
the polymer [43], The fact that this was not observed suggests that either recognition is
achieved purely through apolar interactions, which considering the complementary
functionality of the propranolol moiety and MAA monomers, would seem unlikely. Perhaps
more conceivably, the considerably hydrophobic nature of the divinylbenzene based polymers
largely inhibits water molecules from entering the pores and template specific binding sites,
thus minimising the hydrogen bond disrupting effects of water. This theory is supported by the
reported application of mineral oil coatings to MIP particles in order to create a hydrophobic

environment for template rebinding in polar media [44],
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Solvent System

Figure 5 Binding of (R,S)-propranolol to MIP and NIP in dry and water saturated chloroform. (n=5 £SEM).
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2.5.1.1.4 Binding Isotherm and Polymer Saturation

MIP saturation binding studies were conducted in accordance with the general binding
assessment methodology detailed in section 2.5.1.1. The binding of propranolol to 1 mg of
MIP or NIP in water saturated chloroform (2 ml) containing 25, 50, 100, 250 or 500 pM

concentrations of (R.S)-propranolol was assessed.

2.5.1.1.4.1 Results and Discussion

A logarithmic like plot characteristic of saturable binding was observed for the binding of
propranolol to the MIP microspheres (Figure 6). A linear relationship suggestive of non-
specific binding to a large number of non-specific sites was observed over the same
concentration range for the NIP microspheres. This data is indicative of a true molecular
imprinting effect being observed with the (R.S)-propranolol MIP microspheres. Further studies,
quantifying the cross-reactive binding of a number of template related and non-related

analytes, were undertaken to confirm the presence of a molecular imprinting effect.
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Figure 6 Equilibrium binding of (R,S)-propranolol to MIP or NIP at a range of (R,S)-propranolol
concentrations in water saturated (0.815%) chloroform. (n=5).
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2.5.1.2 Substrate Cross Reactivity
2.5.1.2.1 Methodology

The binding behaviour of the MIP to a selection of compounds, both related (structurally and
pharmacologically) and unrelated to the template species was assessed. Binding assays were
conducted in accordance with the methodology of 2.5.1.1.1. Microplate fluorescence
spectroscopy was utilised for the detection and quantification of the intrinsically fluorescent
ligands; propranolol (excitation A 290 nm, emission A 330 nm), pindolol (excitation A 260 nm,
emission A 310 nm), naproxen (excitation A 330 nm, emission A 360 nm) and vanillic acid
(excitation A 290 nm, emission A 330 nm). Sample volumes of 200 pl were employed and three
replicate wells were analysed for each individual experiment. Acebutolol binding was
characterised by HPLC analysis. (Column: Genesis Cys 4 um, 15 cm x 4.6 mm Grace Vydac
(Worms, Germany). Mobile phase: phosphate buffer 10 mM, pH 6.2 and methanol (1:1), flow
rate: 1 mL min™', UV detection: A 235 nm, injection volume: 20 pl). Samples in chloroform were

evaporated to dryness and reconstituted with equal volumes of methanol.

2.5.1.2.2 Results and Discussion

Figure 7 shows the binding of cross-reactant compounds to both the MIP and NIP in
comparison to the binding of the template species (R,S)-propranolol. Two compounds
pharmacologically and structurally related to propranolol were investigated, the B
adrenoceptor antagonists pindolol and acebutolol. In addition, two structurally and
pharmacologically unrelated chemical species were also investigated; naproxen and vanillic
acid. The MIP showed comparable quantitative binding to both pindolol and acebutolol as it
did to propranolol the template species (20 — 25 nmol). Importantly, in the case of pindolol and
acebutolol, the extent of non-specific binding, approximating to the binding to the non-
imprinted polymer, was significantly greater than that observed with propranolol, indicative of
the MIP microspheres having greater specificity for propranolol. The cross-reactivity
demonstrated by the MIP for the compounds structurally related to the template species is
unsurprising since pindolol and acebutolol both share structural, positional and functional

similarities to propranolol, such as, an aromatic moiety, tertiary alcohol, ether and secondary
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amine (Figure 7). This is pharmacologically demonstrated by the ability of all three compounds
to act as antagonists to the B1 subclass of adrenoceptors and the pharmaceutical application
of this activity. The binding of naproxen and vanillic acid to the MIP was substantially less than
that seen with propranolol and the other B adrenoceptor antagonists (<2 nmol). The extent of
non-specific binding to the NIP microspheres in water saturated chloroform appeared to show
a general correlation with calculated logP values for the five compounds. Propranolol and
naproxen with logP values of 3.35 and 2.97 respectively demonstrated low levels of non-
specific binding to the NIP, whilst vanillic acid (logP = 1.35), pindolol (1.19) and acebutolol
(2.02) bound in greater quantities (Figure 7). Naproxen was seen to bind comparably to both
the imprinted and non-imprinted microspheres. Interestingly, vanillic acid was found to have
greater affinity for the non-imprinted polymer microspheres than it did for the propranolol
imprinted polymer microspheres, although binding in both cases was low at 1.7 and 5.6 nmol
to the MIP and NIP respectively. The reason for this observation may be explained by the
greater presence of surface immobilised methacrylic acid moieties incorporated into the NIP
microspheres, which, in the MIP microspheres may often be occluded within template specific
binding sites. This phenomenon would expose a greater number of hydrogen bond donor and
acceptor species on the NIP microsphere surface which would be available for polar
interactions with the ligand, thus potentially increasing non-specific binding to the NIP. This
theory, coupled with the necessity to morphologically match the NIP and MIP microspheres,

illustrates the inherent difficulties with control experiments in the field of molecular imprinting.
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Figure 7 Cross-reactivity binding of structurally related and unrelated compounds to MIP and NIP in water
saturated (0.815%) chloroform. (n=5 +SEM)

2.6 Polymer Assessment 2 - Two Phase Solvent System

2.6.1 Two Phase Depletion Analysis - A Model for Solid Phase Assisted Solvent

Extraction

The depletion of (R.S)-propranolol from a 50 pM aqueous sample after extraction with organic
solvent (hexane or chloroform) in the absence of polymer, and in the presence of either MIP or
NIP microspheres suspended in the organic phase was measured [(MIP/hex/aq),

(NIP/hex/aq), (no-polymer/hex/aq), (MIP/chloro/aq), (NIP/chloro/aq) and (no-

polymer/chloro/aq)].
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2.6.1.1 Methodology

Polymer microsphere particles (1 mg) were suspended in 2 ml of chloroform or hexane in a
glass sample vial, to which 2 ml of de-ionised water containing 50 uM (R,S)-propranolol
hydrochloride was added. This resulted in the formation of two immiscible phases with the
polymer microsphere particles suspended entirely in the organic phase. Samples were
incubated for 24 hours at room temperature and agitated by rocking. The aqueous phase was
sampled and analysed by microplate fluorescence spectroscopy to determine the remaining
concentration of (R,S)-propranolol. Control experiments were conducted in the absence of any

polymer particles.

2.6.1.2 Results and Discussion

It was observed that in both hexane and chloroform the MIP and NIP particles appeared to
remain solely suspended in the organic phase, with no polymer entering the aqueous layer.
This may be attributed to the hydrophobic nature of the largely DVB based polymers. This
phenomenon was key in this MIP-based two-phase extraction. However, this is not essential
for the application of this principle in biphasic MIP based sensing systems. In such devices the
polymer would likely be immobilised on the sensor surface contained within a micro-

environment of the partitioning phase.

Table 1 shows the distribution of (R,S)-propranolol between the aqueous, organic and polymer
phases. The quantity of (R,S)-propranolol remaining in the aqueous phase was measured,
and from this the quantity of (R,S)-propranolol unbound in the organic phase was calculated
using a measured partition coefficient of (R,S)-propranolol between aqueous and organic
solvents (aqueous/organic). This enabled the quantitative determination of (R,S)-propranolol

bound to the MIP and NIP microspheres.
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Table 1 Quantity of (R,S)-propranolol (nmol) in each solvent phase or bound to polymer microspheres at
equilibrium in two phase binding studies. Results calculated from measurement of propranolol depletion
from the aqueous phase due partitioning into immiscible organic solvent (chloroform or hexane) {[a],
partitioning into immiscible organic solvent (chloroform or hexane) containing suspended NIP microspheres
[b] and partitioning into immiscible organic solvent (chloroform or hexane) containing MIP microspheres
[c]. (n=5 (CV))

Location of (R,S)-propranolol by phase (nmol) (100 nmol total) Binding ratio
Partition Binding Ratio  (MIP/NIP) in
Aqueous phase  coefficient Organic phase  Polymer bound MIP/NIP organic solvent
(aq/organic) alone [Figure 1]
H,O 100.00 - - -
H,0 + CsHy4 [a) 82.04 (0.04) 4.568 17.96 -
HO0 + CeHy + NIP [b) | 37.60 (0.26) 4.568 823 54.17
1.56 1.22
Hy0+ CeHia + MIP [c] | 12.88 (0.35) 4.568 2.82 84.30
H:0 100.00 - - -
H;0 + CHCl; [a) 7.57(0.28) 0.082 92.43 -
H,0 + CHCL +NIP [b}| 7.15 (0.20) 0.082 87.31 5.54 12.21 11.18
H;O+ CHCL + MIP [c]| 2.45(0.41) 0.082 29.92 67.63

Addition of propranolol HCI
to aqueous phase

| T

Propranolol base + H* C- H2O Chioroform +
roform
t] "‘;,‘,‘;:;“ MIP/NIP
Suspension
‘ \\‘ F'orltyin;ev
particles
CHCI3 Sees Y remain in
o . o * o ® o organic phase
® oo .
Propranolol base ——o———"° ¢ ° ', Specific and Non-
AR Specific Binding to
e 0% MIP/NIP Microspheres

Figure 8 Schematic illustration of enhanced selective extraction utilising MIP microspheres as solvent
extraction reagents.
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As in traditional batch evaluation of polymer binding, equilibrium is established between bound
and free ligand. In the case of this dual solvent and polymer system, equilibrium is established
between the three phases (Figure 8). In the organic phase (R,S)-propranolol binds to the
polymer as it would in a single phase solvent system (Figure 6), whilst the partition coefficient
defining the free (R,S)-propranolol in each solvent phase is maintained. The partition
coefficient for the partitioning of (R,S)-propranolol between water and hexane (4.568) and
water and chloroform (0.082) represent scenarios where the majority of the analyte will
partition into the aqueous phase, in the case of hexane, or into the organic phase in the case
of chloroform. The results illustrated in table 1 and figure 9 demonstrate that in either situation
the presence of MIP in the organic phase significantly enhances depletion of (R,S)-propranolol
from the aqueous phase compared to the extraction seen by organic solvent alone or organic
solvent containing suspended NIP microspheres. In both solvent systems the MIP was shown
to bind the majority of (R,S)-propranolol present in the system [84.30% (hexane) and 64.63%
(chloroform)]. In the single solvent template binding studies (Figure 3) a large amount of non-
specific binding to the NIP microspheres was observed in hexane due to its extreme non-polar
nature. In the dual solvent NIP/hex/aq system non-specific binding to the NIP resuited in a
significant increase in extraction of (R,S)-propranolol from the aqueous phase compared to
extraction with hexane alone. However, the amount of (R,S)-propranolol remaining in the
aqueous phase in MIP/hex/aq system was significantly lower still, at one third of that seen in

the NIP/hex/aq system.

In the case of chloroform as the organic solvent phase, MIP/chloro/aq significantly increased
the extent of depletion of (R,S)-propranolol from the aqueous phase. Whilst in the
NIP/chloro/aq system only a small increase in removal of (R,S)-propranolol from the aqueous
phase was observed when compared no-polymer/chloro/aq. This can be attributed to the high
levels of specific binding to the MIP and the very low level of non-specific binding to the NIP
observed in batch binding studies conducted in chloroform (Figures 3, 5, 6 and 7). Evaluation
of the performance of the MIP microspheres in the biphasic solvent system was conducted by

calculating the binding ratio MIP:NIP. For both hexane and chioroform the binding ratio in the
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dual solvent environment was found to be extremely close to the ratios calculated for MIP and
NIP binding in the organic solvent alone (Figures 3 and 5) The binding ratios shown in figure
6 illustrates that MIP:NIP binding ratio varies with free (R.S)-propranolol concentration. The
small changes observed for MIP NIP binding ratio in the dual solvent system compared to
those of the single solvent system may therefore arise due to the difference in free
concentration of (R.S)-propranolol in the organic phase at equilibrium in the presence of a

second solvent phase.
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Hexane Chloroform
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Figure 9 Additional extraction of (R,S)-propranolol from the aqueous phase with the addition of MIP or NIP
to the extracting hexane or chloroform component in the two-phase system, expressed as a percentage of
(R,S)-propranolol remaining in the aqueous after extraction with organic solvent alone. (n=5 £SEM).

2.7 Conclusions

2.7.1 Importance of Theta

In the context of polymer formation, the point at which a growing polymer network ceases to
remain soluble in the polymerisation media is governed by the polymer/solvent system’s
proximity to O-conditions. In precipitation polymerisation the proximity of polymerisation

conditions to the theta point has a strong influence on the resultant particle size and pore
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structure. These polymer morphology implications also apply to other strategies employed in
MIP synthesis, such as monolith production 