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ABSTRACT

Some analytical techniques are not compatible with physiological salt concentrations. An
array of desalting approaches exists, but the conventional implementation requires large
sample volumes, which is not compatible with fingerprick blood samples for molecular
diagnostics. With dialysis being identified as the most suitable method for on-chip
microvolume desalting, the aim of this work was to develop a microvolume dialyser that can
desalt biological samples to any required salt concentration. Phase-separation ultrafiltration
membranes were first characterised to determine their porosity, an important parameter for
the dialysis efficiency. Desalting of a microchamber-confined sample over these membranes
was then systematically investigated, first by static dialysis against a bulk water phase and next
in a dialyser where also the water phase was enclosed in a laser micromachined chamber, with
periodic water refreshment. Although the water content of the channel was approximately
400-fold smaller than the initial bulk water volume, similar salt removal rates could be
achieved with high refreshment rates. A dialyser that enables a continuous flow of the sample
and of the water phase in opposite directions was then constructed. It was established that by
selecting the appropriate combination of flow rates the extent of desalting can be exactly
controlled. This extensive experimental data set was in good agreement with predictions from
mass transfer theory, which also indicated that a further increase in dialysis performance
would require a different membrane structure. The developed counter-flow microvolume
dialyser could be operated for a prolonged period of time, also for samples with a high protein
content and also for blood serum. Finally, protein samples were dialysed under different
sample and water flow conditions and the effect of a range of residual salt concentrations on

the quality of mass spectrometer analysis was explored.



ii



Contents

DECLARATION OF AUTHORSHIP........oniserersisssssssmssssssssssssssssssssssssssssssssssssssssssssssssssssssssens vii
Chapter 1: INtrOdUCTION e ———————— 13
1.1 Background and MOTIVATION. ... mrreesmieesessssssssssssssssssesssssssssssssssssssssssssssssssses 13
1.2 AIimS and SCOPE Of WOTKu....ouuuuereeussmsseessssssssssessssssssssssssssssssssssssssssssssssssssssssssssssssssss 13
1.3 CONCEPE Of AIALYSIS covverveurrerersrisssreeesessssssssesssessssssssesssssssssssssssssssssssssssssssssssssessssssssssssssssssses 14
1.4  Summary of main aChi@VEMENTS .....ccreeeureessssssessssssssssssssssssssssssssssssssssssssss 15
1.5 SErUCHUTE Of thESIS ooiveeeuureeesiieseeesssssssesseesssssssessesssssss s sssssssssss s ssssssss s ssssssssssssssssses 15
Chapter 2: Conventional desalting approaches........mn. 17
2.1 Molecular diaBNOSTICS .....cccuureesrisressesssssssessssssssssssssssssssssssssssssssssssssssssssssssssssssssnns 17
2.1.1 1Y 2RI oX<Tot0 00 40 U] 0 o) /00PN 18

2.1.2 NANOFET DIOSENSOTS ....rveeuereesueeeesssnessesssssssssssssssssssssessssssssssssssssesssssssssssssans 21

2.2 Conventional desalting StrateZy .......mmmmrremssmsssssssssesssssssssssssssssssanns 22
2.2.1 Size exclusion chromatography (SEC).....reeemmseesssssesseeeess 22

2.2.2 On-chip desalting using Size Exclusion Chromatography................ 25

20 T 1L =Y [ ) o OSSOSO 26
2.3.1 Ultrafiltration, reverse 0SImMOSIS. ... ssssssesssssssssssssssssssssssens 26

2.3.2 ELlECtrOIalYSis cuurrerressimesssmsessssnsssssmssssssssssssssssssmsssssssssssssssssssssssssssssssssssssssness 27

2.3.3 DALY SIS covvveeeeersessessssssssssesssssssssssesssssssssss s sssssssss s sssssssss s ssssssssesssssess 28

2.3.4 HaemOodialySiS...oeresscssssssssnsssssssssssssssssssssssssssssssssssssssssssssssssssssssssess 30

2.4 SUINIMIATY .oovevueeeuseessssesssssessssssessssssesssssesssss e sssss s ssss s s AR 37
Chapter 3: DialySis tREOTY ...t ——————— 39
3.1 Fick’s |aws Of AiffuSION .c..cuuueceeeesesseeessssisssessessssssssssssssssssssssssssssssssssesssssssssssessssssssssnns 39
3.2 PeClet NUIMIDET ... eeeeeceeeieteesseecessses st esssss s essssses s sss s sssss s ss s ss s s s es s ensees 41
3.3 Reynold’s NUMDET (RE) ...eereeeeseeesesesssssesesssssesesssssessssssssesessssssessssssssessssssseseess 41
3.4 SCHMIAL NUIMDET ..ot ssssssanas 42
3.5 Single parallel plate dialySer... .. reeeeesieeeesseseessssesesssssesssssssessssssseseess 42
3.5.1 Mass transfer co-efficient (MTC) .....cuureemmmmeseesssssesssssssssesesssess 44

3.5.2 Overall MassS-tranSfer (M) ... emmesssssessssssssssesssssssssesssssess 45

3.0 SUIMIMIATY .ooveeureeeuueeessseessseesssssessssseesssssessssseesssss s sss e ss e R RS0 46
Chapter 4: Fabrication of microvolume dialysers........n. 47
4.1 MEIMDIANES ..oovureeeesereessssesesssssssessssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssessssssns 47
4.2 Laser MiCrOMaChININE ... rumereessssssseesesssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssesees 48
421 (010 30 7= T =) (TP 48

4.2.2 Designing microfluidic channels and printing......... 49

4.2.3 3D MOAE ENGIaViNg .....cocceeeeeeeeeeeesssssesssseseesssssessssssssessssssssesssssssesssssssesssssens 50

4.3  ConducCtiVity MEASUTEIMENTS. ....omrreeuueeesesmeeessssessessssessssssssessesssssssssssssssssssssesssssssesssssans 51

iii



4.3.1 Macrovolume conductivity measurements.........eeeeseeeesens 51

4.3.2 Microvolume ConductiVity MELer ......memesesssssssssssssseesssseees 52
4.4 TESE SAMPIE . iieiiircreessii s 53
TSN v Lo Ul D ) T2 )71 oSO 53
4.6 Stop and floW EXPETriMENT .......ceresssesssssssssssssssssssssssssssssssssssssssssssssssssssssssssssns 55
4.7  Counter-flow MeEaSUTEIMENTS ......uueeeueessssmesesssssesssssssssessssssssssssssssssssssesssssssessssssnns 58
4.7.1 Micro volume Dialysis with Sandwiched Planar Membrane........... 58
4.7.2 Micro volume Dialysis with Enclosed Hollow Fibre Dialysis Membrane
............................................................................................................................................... 60
4.8 MaASS SPECLIOIMELIY ...ourreerererseersesssssesssessssssss st sesssse s ssssss st ssse s ssssesssses s ssssessanes 61
4.9 SUIMMATY .corerreereermeeessssesesssssesssssssesssssssessssssssesssssssssssssssesssssssessss s ssssssssssssssesssssssesssssanns 62
Chapter 5: Membrane Characterization ... 63
5.1 INETOAUCTION ccovetueereereseeeesieeessssesesssssessssssssesssssss s ssssssesssss s bbb s esseees 63
5.2 Molecular weight cut-off vs pore diameter specifications. ... 64
5.3 Membrane fabrication teChnOlOZIEs. ......eenreeeesesseseessseeeessssesesssssesseess 66
5.3.1 Track etch MeMDBIranes ... sesssessssessssssessssssaeee 66
5.3.2 Phase inversion Membranes. ... esssssssssssssas 68
5.4 Imaging the MemMDIranes...... s 69
54.1 SEM Of MEMDIANEeS. .....cieeeeeceeiiereesssesessssnesssssssssssssssssssssssssesssssssssssssssesssssanns 70
5.4.2 TEM Of MEMDIANES.....reeeerreerereeessmsesssssssssssssssessssssssssssssssesssssssssssssssessssssssnes 72
5.4.3 Problems with electron miCroSCOPY ......ccrmmeessmmessessssmsessesssens 73
5.5 Calculating the porosity of the membranes.......... 74
55.1 Theory of the electrical measurement of porosity........e. 75
5.5.2 Experimental determination of porosity by electrical measurements
............................................................................................................................................... 77
5.5.3 Experimental determination of porosity diffusion.............. 82
5.0 SUINIITIATY ..oourieeeuneeeesuseeeessssesesssssesessssssessesssssessessss e esssss s s R0 86
Chapter 6: Mass transfer across the membrane.........n. 87
6.1 Quantification of salt CONCENTTALIONS. .....oorreeeumreeerrrreeeeseseesssssesesssssessessssssesssssesseses 87
0.2 STALIC DIALYSIS. couuireerurrrreeesueeeesssseseessssessesssssessesssss s ssssssessessssssssssssessessss s s esssssssssssssssesseses 88
6.3 StOP ANd flOW dIALYSIS. ..ureeeerecerieeeeersseessssseseessssessessssesssssssesssssssesessssssessssssssessssssssessesss 90
6.3.1 Rectangular channel dialySer ... eemmmeessssesssesssssessesssess 91
6.3.2 SPITAL AESIGIN ..cvreeeereeereeeeeeesiseeessss s essss s sssss s ssss s sss s sssss s 92
6.3.3 Effect of non- laminar flow in water channels..........omcrnrceennn. 95
6.4 Dynamic counter-flow dialySiS ... remmmmreessisesssssssssesssssssssssesssssssssss 96
6.5 Analysis of desalting effiCIENCY. .....coerreeeeesseeessesessseeesssseseesssssesessssssessesss 99
6.5.1 Limiting CONAITIONS ... ieeeeeceeeeeeeseeeesssseesessssesessssssesssssssessssssssessssssssessssssnns 104
6.6 Hollow fibre membrane test for improved surface area.........eeeneens 107
6.7 SUINMITIATY ..cvveueeeemseeesseeesssseessssessssssesssssessssssesssss e sssssesess st s s es e e e bbb 108

iv



Chapter 7: Counter-flow dialysis of protein samples and serum............. 110

7.1 Counter flow dialysis using protein Samples. ... 110
7.2 Dialysis using different UF MmembIranes ... 113
7.3 Desalting Of blOOd SEIUM .......eeermeeereesssissssesssssssssssssssssssesssssssssssssssssssssssssesssssses 114
7.4  Gel electrophoresis analySis ... ssss——————. 115
7.5 Response to variations in the sample flow rates ... 116
7.6 SUIMIMATY woooreeeeeseesseesssssssessssesssssssssessssessssesssssssssssssssessssessssessssssssssessssessssessssssssssssssssssssessssesssnns 121
Chapter 8: Application of counterflow dialysis in Mass Spectrometry 123
8.1 SUIMIMATY cooorrerreceerrsseessssssesesssssessssssssssssssessssssessssssssssssssssessssssssssssssssesssssssesssssasssssssanessess 128
Chapter 9: Conclusion and Future QUtlooK.......mnmssmsssssessssens 129
0.1 SUINMATY cooorrerremrrerssseesssssssesssssssessssssssssssssessssssssssssssssssssssssessssssssssssssssssssssssesssssasssssssanessess 129
9.2 Recommendations for future WOTK ........eeeseessssessesssssesesssseseens 132
9.3 Publications arising from thisS WOIK ......mmerssisssesssssssessssssssss 133
REfEIEIICES ... e s 135
Chapter 10: APPENIX 1. ————— 142







DECLARATION OF AUTHORSHIP

[, Prameen Chacko Kalikavunkal declare that this thesis and the work presented in it are my

own and has been generated by me as the result of my own original research.

Counter Flow Dialysis for Microvolume Desalting

I confirm that:

1. This work was done wholly or mainly while in candidature for a research degree at this

University;

2. Where any part of this thesis has previously been submitted for a degree or any other

qualification at this University or any other institution, this has been clearly stated;
3. Where | have consulted the published work of others, this is always clearly attributed;

4. Where [ have quoted from the work of others, the source is always given. With the

exception of such quotations, this thesis is entirely my own work;
5. Thave acknowledged all main sources of help;

6. Where the thesis is based on work done by myself jointly with others, | have made clear

exactly what was done by others and what I have contributed myself;

7. None of this work has been published before submission.

vii






ACKNOWLEDGEMENT

Thanks God, the almighty, merciful and the passionate, for being so kind, blessing and

forgiving.

First and foremost, [ would like to express my sincere and deep appreciation to my
supervisor Dr. Maurits de Planque for his encouragement, invaluable support, guidance
and friendship throughout this work. I am honoured to have the opportunity to work under
his supervision. There are no words enough to thanks him. Another person [ want to thank is
Prof. Hywel Morgan who was also a part of my supervisory team. His assistance and valuable
time in critical stages of this project has substantially benefitted this project and is greatly

appreciated.

My sincere thanks to Mr. Anton Page of the Biomedical Imaging Unit for his help with
imaging membranes, and Mr. Neville Wright for his help with mass spectrometry. A big thanks
to my friends Sumit, Hang, Hend, Mark, Chunxiao Hu, Gayan, Andy Farida, Roy, Toda for their
help whenever I needed and being so supportive and encouraging. Special word of thanks to
Dr. Marie, Dr. Martin and Dr. Gareth, who were kind enough to lend me help and support during
my PhD in the lab. . I would also like to express gratitude towards other members in Bio-ECS

group and clean room technical team for lending a helpful hand in general.

Finally, I would like to thank my parents and my sister Priya for their endless support and
encouragement, to cheer me up when [ am down.

ix






List of abbreviations and symbols

SEC
MWCO
uL, mL
SiNW
MTC

k

Sh

MT

Re

Qs

Qw

Dc

km
ks
kw
Csin
Csout
Cwin
Cwout

Da, kDa

mS/cm, uS/cm

Size Exclusion Chromatography
Molecular weight cut-off
microlitre, millilitre

Silicon nanowire

Mass transfer coefficient

Mass transfer coefficient (moles/s)
Sherwood number

Mass transfer (moles/s)
Reynolds number

Sample flow rate

Water flow rate

Diffusion coefficient of electrolyte ion in water at

25°C, 1.29x109m2/s

Membrane mass transfer coefficient (m/s)
Mass transfer coefficient in the sample channel
Mass transfer coefficient in the water channel
Sample input concentration (moles/litre)
Sample output concentration (moles/litre)
Water input concentration (moles/litre)
Water output concentration (moles/litre)
Dalton, kilo Dalton

Conductance (Siemens)

Conductivity

xi



UF

RO

nm

MS

Hc

Lc

Ultrafiltration

Reverse Osmosis

nanometre

membrane porosity

membrane tortuosity

membrane thickness (micrometre)
Ampere

Mass Spectrometry

Width of the channel (m)

Height of the channel (m)

Length of the channel (m)

xii



Chapter 1: Introduction

1.1  Background and motivation

Detection and quantification of molecular biomarkers, biomolecules that are associated with a
specific disease or even a specific stage of a disease, promises significant advantages for
medical diagnostics, especially for complex diseases such as cancer. However, the
concentration of these biomarkers in, for example, blood plasma can be very low and their
detection is complicated by the high abundancy of many plasma proteins (1-3). A further
limitation is the emerging preference, particularly in the context of point of care applications,
for small sample volumes such as a blood droplet obtained by fingerprick and simple and
robust one-step assays. Two techniques that are of interest in this context are mass
spectrometry and nanoscale field effect transistor technology such as silicon nanowire (SiNW)
biosensors. The latter technology, which is still in an early phase of development, promises
high sensitivity and label-free real-time detection but a physiological salt concentration is an
obstacle due to Debye screening (4), whereas in the case of mass spectrometry, salt ions
interfere with the mass spectrum analysis through the formation of salt adduct species that
broaden all signals (5). Salt concentrations in the sample for good detection scheme would
depend on the individual methods used. For eg., SINW favours low salt concentration (~1mM)
whereas mass spectrometry requires <15mM for good detection. It is thus necessary to desalt
the sample of interest prior to mass spectrometry or SINW measurements, but conventional
desalting approaches require large sample volumes, at least several millilitres, and are hence

not suitable for small-volume samples.

1.2  Aims and scope of work

This project aimed to develop a device for the rapid one-step desalting of microvolume protein
samples. Requirements are that the sample should not be diluted and that all of the sample can
be recovered from the device. The desalting strategy was based on a conventional well-
established desalting method and is in this sense a miniaturisation engineering project.
However, the device should also be capable to reduce the salt concentration of a sample to a
specific value, i.e. the desalting should be tuneable. This requires incorporation of a sensor to
measure the salt concentration. The performance of such a tuneable microvolume desalting
device should be systematically evaluated and optimised for a range of samples of increasing
complexity, from simple salt solutions to high-concentration protein solutions and an actual
biomedical sample. The desalting characteristics should also be underpinned by a theoretical

model so that limiting factors can be identified. The construction of all parts of the device will
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follow a rapid prototyping approach to facilitate rapid design iterations and to concentrate on
achieving proof of concept. The focus will therefore be on system integration rather than on
the development of any specialized individual device component. Finally, microlitre samples
that have been desalted to various specific salt concentrations with the use of the developed
device should be measured with a salt-sensitive analytical technique that is relevant for protein

biomarker detection, e.g. mass spectrometry.

1.3  Concept of dialysis

Dialysis was selected as the salt separation mechanism. It is a classic laboratory technique used
for a wide variety of applications, including desalting, buffer exchange, removal of labelling
reagents, drug binding studies, cell growth and feeding, virus purification and blood treatment.
Dialysis involves the separation of particles in a liquid on the basis of differences in their ability
to pass through a porous membrane, with transport across the membrane being driven by a
concentration gradient. The separation capability of dialysis is determined by the pore size-
range of the membrane, which for biomolecular separation processes is often quantified as an

empirical molecular weight cut-off (MWCO) value.
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Figure 1.1:: In dialysis, small molecules diffuse over a porous membrane if their concentration in the dialysate phase
(below the membrane in the diagram) is lower. Molecules larger than the membrane pore size are retained in the
retentate phase (above the membrane in the diagram).

Conventional dialysis applications involve large sample volumes, from tens of millilitres to
litres. However, microvolume dialysis has also been explored in recent years for a variety of
applications (6-10), including desalting (11). In all these applications of microfluidic dialysis
the crucial parameter is the selection of the appropriate membrane, which should sustain a

high permeate flux (12).
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1.4 Summary of main achievements

A compact platform capable of tuneable microvolume dialysis was developed using an
economical and simple method, laser micromachining of acrylic, to integrate millifluidic
channels with an ultrafiltration membrane and customized benchtop conductivity meters.
Established devices for dialysis fails to offer microvolume dialysis, while at the same time offer
no control over desalting efficiencies. This research has overcame such problems which forms
the novelty of the work. The performance of this counter-flow dialyser, capable of 99.88% salt
removal, was systematically characterized for a wide range of flow conditions. The
experimental data were found to be in good agreement with the theoretical performance as
predicted by mass transfer theory and identified the membrane itself as the limiting device
component. Furthermore, microvolume counter-flow dialysis was performed with solutions
with a high, plasma-like, protein content as well as with plasma itself, and the desalting
performance was characterized for a range of dialyser operation conditions. Continuous
dialysis for 16 hours was demonstrated and desalting down to 1mM salt was achieved. For
SiNW and mass spectrometry analysis, salt concentration of approximately 1mM is favourable
since it would overcome Debye screening in SiNW and formation of salt adducts in the latter.
The salt concentration range that is compatible with mass spectrometry was addressed in

preliminary experiments.

1.5 Structure of thesis

The work involves designing a microvolume desalting device and analysis of its desalting
efficiency using theoretical equations. Hence the literature review has been divided into two
distinct chapters. Chapter 2 reports the working and the advantages and disadvantages of
using untreated samples in analytical instruments in the context of desalting requirements.
Conventional methods of desalting, along with any on-chip desalting devices or applications,
are reviewed. The principles behind each of the methods are explained and their advantages
and disadvantages are discussed, concluding with a summary of the optimal choice of desalting
strategies with reference to existing on-chip applications. Chapter 3 focuses on dialysis,
addressing flow conditions in a microchannel and its influence on diffusion, possible method
of analysing the results of desalting, their efficiency and calculation of mass transfer rate of a
dialyser. Chapter 4 then describes the construction of different device configurations for
desalting the sample and investigating its performance. The fabrication of the dialysis platform
using laser micromachining and a simple method to quantify the desalting efficiency are
outlined. Configurations to test the dialysis and diffusion, as well as different configurations to
obtain good desalting using the membranes are discussed. Chapter 5 concerns the membranes

used for dialysis, explaining the different fabrication methods and different structures.
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Electron microscopy imaging of commercially obtained membranes is presented and
experiments to determine approximate porosity values for the membranes by electrical and
diffusional methods are described. Chapter 6 deals with the systematic evaluation of the
desalting performance of the various dialysers and reports the optimal flow conditions,
combined with a theoretical analysis based on mass transfer theory and an overview of
possible limiting factors. Chapter 7 forms the last experimental chapter, with an emphasis on
desalting of samples with a high protein content and of blood serum, also addressing
continuous device operation for a prolonged period of time and presenting mass spectra of
protein mixtures that have been desalted to various specific salt concentrations. Finally
Chapter 8 concludes this thesis with a recapitulation of the key findings and recommendations

for future work.
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Chapter 2: Conventional desalting approaches

This Chapter introduces the concept of molecular diagnostics and biomarker analysis of blood
samples. The working principle of mass spectrometry and silicon nanowire (SiNW) biosensors
are explained. It also highlights the importance of how the presence of salt in the sample affects
the mass spectra analysis and importance of Debye Length which determines the sensitivity
limits of the nanoscale field effect transistors. Common strategies to desalt biomolecular
samples of millilitre volume are highlighted, with reference to microliter volume (on-chip)
adaptations where these have been implemented. Desalting methods such as size exclusion
chromatography (SEC), ultrafiltration, reverse osmosis and electrodialysis are outlined first.
The traditional method of blood purification by haemodialysis and the principles involved in
dialysis as well as the necessary conditions to achieve good dialysis efficiency are subsequently
explained. The two most commonly employed microvolume dialysis strategies, using a hollow
fibre membrane and using a planar membrane sandwiched between two channels, are then
discussed. This chapter ends with a brief summary of previous work about on-chip

microvolume dialysis for desalting and other applications.

2.1  Molecular diagnostics

Blood circulates throughout every part of the body, and has a high degree of intimacy with the
body. Therefore, it possesses information concerning the overall pathophysiology of a patient.
For instance, alterations in protein abundance can serve as an indicator to pathological
abnormalities: diseases, toxic effects of clinical treatments and so forth. Blood plasma is a
straw-coloured, clear liquid making up 55% of the total volume of blood of which 90% is water.
It also consists of salt like sodium, potassium, calcium, magnesium, chloride, and bicarbonate
etc. These salts function in many important body processes. Apart from the salt, the plasma
does have a sea of biomarkers which could be a useful diagnostic tool. Few of the key
biomarkers useful in medical diagnostics such as human growth hormone, prostate specific
antigen are available in low concentrations (10pM) and diluting such samples are not
favourable. Detecting such low concentration of biomarkers in the samples are simple and
straight forward using SINW or mass spectrometry provided the samples are not diluted
further. Current diagnostic tools employ or look for employing undiluted plasma. Mass
spectrometry (MS) is an established method for proteomics, including blood serum proteomics
(13, 14) while nanoscale field effect transistors are a novel technology that is under

development for biomarker detection (15, 16).
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2.1.1 Mass spectrometry

Mass spectrometry (MS) is an analytical tool used for measuring the molecular mass of a
sample. This technique is useful in identifying the compounds based on the atomic sample
composition of the molecules and their charge state. MS does not require the prior knowledge
of the sample composition and hence offers blind analysis of unknown sample. Atoms can be
deflected by magnetic fields, provided the atoms are first turned into an ion. The sequence for
analysis using MS begins with ionisation. Inside the ionization source, the molecules are
ionized because they are easier to manipulate than neutral molecules. The small sample is
ionized into cations by knocking one or more electrons. The positive ions are obtained even in
the case of argon or chlorine which normally do not form positive ion. These ions are then

accelerated so that all the ions have the same kinetic energy.

Detector

- ) lightest
(2) heater to vapourise sample "

|
|

| (3) electron beam ionises charged particle beam

(L)
inject

sample heaviest
5y magnetic field separates particles
! - Q ss/C ve rati
electron based on mass/charge ratio
source
@ particle accelerator

magnet

Figure 2.1: Working principle of a mass spectrometer (17)

The ions are extracted to a mass analyser of the MS where they are separated according to their
mass (m) -to-charge (z) ratios (m/z). The ions are deflected by a magnetic field according to
their masses- the lighter the ions are, the more they are deflected. The deflection also depends
on the number of electrons knocked out to form the positive ions- the more the ion is charged,
the more it gets deflected. The readout from the detector is then sent to a data system where
the signal intensity at each m/z value, corresponding to the relative abundance of each species,
is stored along with their relative abundance in the format of a mass spectrum (Figure 2.2).
The setup- the analyser, detector, and the ionisation source are maintained under high vacuum

to allow the ions to travel from one end of the instrument to the other without any hindrance
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from air molecules. The sample under test can be directly inserted into the ionisation source
or has to undergo chromatography en-route to the ionization source. Electrospray ionisation
is the most common ionisation technique and is well suited for analysis of polar molecules
ranging from 100Da-1,000,000Da. The mass spectrum for acetone can be seen from the Figure
2.2. The relative abundance of each ion are detected, and the most abundantion, called the base
peak, is set to 100%. All the other peaks are recorded relative to the base peak. For acetone,
the base peakis at m/z = 43. The molecular weight of acetone is 58, so it is possible to identify

the peak at m/z = 58 corresponding to the molecular ion peak, or parent peak.

base peak
m/z =43
oq: ﬂ
1"
100 — | molecular ion peak
| o CH3 m/z =58
80 L I ®
=2 Co 0"
@ - HsC CH; i
[}
= 60 |- SN
IS HiC CHj
@ -
2
© 40 |
[}
o B ®CH, M+1 peak
20 /
o e e e e
0 10 20 30 40 50 60

m/z

Figure 2.2: A typical output of an electron-ionization MS experiment of acetone sample (18)

Sample preparation prior to Electrospray lonisation (ESI) is an important determinant of the
quality of the resulting mass spectrum. Normally protein samples are dissolved in 90% formic
acid and then desalted. Salts and other compounds of fixed charge often dominate the ESI
spectrum when present in the sample (19). Salts are problematic in mass spectrometers
because MS identify the mass of a charged ion of an analyte molecule. Excess salt can interfere
with the performance of the mass spectrometer by overloading the system with charged salt
ions. These salt ions can also assist in ionization and generate multiple salt adducts of the
analyte. Metal salts such as those of sodium and potassium are usually more problematic than
ammonium salts. For matrix assisted laser desorption/ionization (MALDI) type MS, metal salt
concentrations of 100mM are usually tolerated whereas in Liquid Chromatography (LC)/MS,
salts should be washed through the HPLC column prior to initiating a gradient for elution of
the analyte molecules and starting mass spectral analysis. This being said, there are cases
where MS requires high concentration of essential salts for a noncovalent protein complex as

reported by Sterling et al (20).

Prior to loading the samples into the mass spectrometer, reverse phase desalting columns or

high-performance liquid chromatography (HPLC) are commonly used to desalt the samples.
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Although these devices provide good desalting as shown in Figure 2.3, they fail to offer any
control over desalting efficiency. Pierce C18 Tips were used to desalt the sample. Mass
spectrum obtained for the samples prior to desalting fails to show any peaks of interest due to
the presence of high salt concentration, whereas the spectrum after desalting clearly showed

multiple peaks.
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Figure 2.3: The spectrum of the sample before and after removal of salt by desalting using Pierce C18 Tips. Desalting
of the sample prior to analysing showed clear peaks (21).

MS has been employed in industry and academia for both routine and research purposes. The
most common application of MS can be seen for the analysis of proteins, peptides,
oligonucleotide, drug discovery, combinatorial chemistry, pharmacokinetics, drug
metabolism, neonatal screening, haemoglobin analysis, drug testing. One of the common
interference in analysis of sample using MS is the presence of salt in the sample which mask or

interfere with proper spectrum analysis (5; 22).
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2.1.2 NanoFET biosensors

An emerging nanotechnology application in the form of electronics for biological
application is the use of nano-FET (nanoscale-Field Effect Transistors) biosensors. The
sensor utilizes a quasi-1D semiconducting nanostructure. The nanowires form the
active sensing element to detect the presence oflocal electric field produced by charged
biological molecules (analyte). Use of nanowires for biosensor recognises label free
detection, higher surface to volume ratio coupled with higher sensitivity. The
electronic detection rather than having the chemical detection for the analyte is an
added advantage. The sensor is also compatible with CMOS with the possibility of on-
chip integration, circuitry and microfluidic systems, direct electrical readout. With the
conventional methods being limited to labelled proteins (time consuming) with optical

detection techniques, using nanowire biosensor is advantageous.

@ = positive charge = negative charge

or hole carrier
W " Carrier
“, (a) depletion
Source Recepto ’ Drain

p- type nanowire Time
Channel/Nanowire

Current

Carrier
accumulation

v o
-
m : —/_
@
=
=
=
Etypenanowire U

Figure 2.4: Silicon nanowire biosensor configuration and working principle (3)

D
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The bridging nanowire between the source and drain of the transistor has its surface
functionalized with a layer of specific receptors. These provide specificity to the sensor
element for detection. The functionalisation of the nanowires was achieved through chemical
bonding using bi-functional linker molecules, absorption, Van der Waals forces or weak
electrostatic forces. The nanowire FET biosensor detects the presence of charged molecules in
the immediate vicinity around the nanowire. With an electric potential applied externally
between the source and the drain of the nanoFET, it is capable to modulate the number of free
charge carriers within the semi-conductive material, this leading to a measurable change in
electrical conductance. Sensitivity is measured in terms of change in conductance before and
after binding of biomolecules to the receptor probes. Detection in the case of nanowire sensors
are due to field effect and not by the change in capacitance as in the case of carbon nanotubes
(CNT) (2-4).
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Target analyte has to be closer to the sensor surface in order to effectively realize the
conductance change. This is due to the electrostatic screening by the mobile charges (ions in
the solution) in the vicinity of the analyte molecule. The fluid surrounding the NW sensor can
significantly affect the sensor system (1). NanoFET sensors are label free since they recognize
the change of electric field induced by biomolecules binding. However this is not feasible in
physiological conditions due to screening. In this regard, the Debye length becomes important.
The Debye length (Ap) is the distance over which a charge z is shielded by the ions in a solution.
Hence on decreasing the ion concentration in the solution the Debye length increases as shown

in Figure 2.5.
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Figure 2.5: Importance of salt concentration and Debye length for the nanowire biosensor.

2.2  Conventional desalting strategy

Desalting of sample has been carried out for long by filtration and other techniques. However,
these methods have some common problems. The volume of the sample and the buffer volume
used in case of removing salt from the sample in any of the conventional method are quite large.
Samples volume ranging from 200uL to 2mL are generally required and at the same time buffer
volumes range between 100mL and 2000mL. Long-time duration such 24-48hrs are required

to desalt a sample efficiently.

221 Size exclusion chromatography (SEC)

The size difference between the proteins and the low molecular solute such as salts makes it
possible to select a gel filtration that will exclude the protein from the porous network while
allowing full permeation of salts through them. Molecular separation occurs in the SEC column
based on the stationary phase which consists of an inert gel of porous beads and a mobile phase

which is the eluent of the liquid (sample) running through the column. The gel particles contain
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pores of definite size with tunnels through which the molecules are separated depending on
the size. The larger molecules bigger than the pores in the beads pass around the beads eluting
first from the column. Followed by this, the medium sized molecules may find some pores in
which they enter and spend some time and eluate second while the smaller-sized molecules

have more pores that are accessible to them and therefore spend more time inside the pores

eluting last.
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Figure 2.6: Mechanism of Size exclusion chromatography. (a) Shows the gel beads. Each beads has pores and a
matrix within them through which smaller particles enter and elute slowly compared to the larger particles. (b)
Applying the sample to the gel column containing a mixture of small and large molecules. ( ¢ & d) Larger molecules
fails to enter the pores of the beads and elute first while the smaller particles enter and elute slowly. (e)Graph
showing the detection of two different peaks corresponding to the eluted larger molecule eluted first and the smaller
molecule that eluted later (23).

Size is a difficult parameter to accurately measure for a molecule as in the case of proteins due
to their 3-D structure. Hence molecular weight is used to define the size of the proteins and the
beads are classified based on the molecular weight cut-off (MWCO). Microns are a measure of
a 2-dimensional distance and Daltons (Da) are a measure of 3-dimensional size based on
atomic weight units, there is no direct conversion from one to the other. However the
conversion chart shown in Figure 2.7 could be used to determine an approximate range. SEC is

not a high resolution technique and requires high quality pumps for controlling flow rates. The
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separation efficiency comes only from the stationary phase, hence for better separation an

increased number of passes through the column or using long columns is necessary (24).

#1aG (150 kD)
@ Vitamin B12 (1,356 D)

@ Insulin (5808 D)
@ Aprotinin (B512 D)

Dextrans (10 - 150 kD) Bacteria (0.2 - 30 um)
e R

® Cytochrome C (12 kD)
Pyrogens (0.003 - 0.2 pm}
® Myoglobin (16.7 kD)

Vi 0.005 = 0.1+

Yeas{Cells (0.3 - 8 ) A

@ Polio Virus (2.37 pm)

. fobin (64 kD) d Blood Cells (6- 8 pm)
(] (67 kD)
Garbon Black (0.01 - 0.1+ ym) Pollen (10 - 100 um)

Pigments (0.

1| | L | | |
DIALYSIS / ULTRAFILTRATION MICROFILTRATION MACROFILTRATION
T T B W] [ W] T T W W L1 L L1l L1 | LILLI

Figure 2.7: Conversion chart between MWCO & particle size (25)

The typical chromatographic beads used in most of the desalting can be seen in the Table 2.1.

Table 2.1: List of typical chromatographic beads available for desalting.

Material Exclusion Limit | Particle size

Sephadex G-10 700Da 55-165um
Sephadex G-15 1500Da 60-180pm
Sephadex G-25 Superfine 1000-5000Da >20um
Sephadex G-25 Fine 1000-5000Da >20um
Sephadex G-25 Medium 1000-5000Da | 85-260pm
Sephadex G-25 Coarse 1000-5000Da >100um
Bio-Gel P-6DG polyacrylamide gel 6000Da 90-180pm
TSKgel BioAssist DS polyacrylamide gel 6000Da 15pum

Different desalting columns are commercially available. HiTrap desalting columns makes use
of 5mL sample using a syringe or pipette is available from Agilent. Similarly GE Healthcare Life
Science has marketed Disposable PD-10 Desalting columns (2.5ml) and also PD MidiTrap G-25
(0.5-1mL) both making use of Sephadex beads. Thermo Fisher Scientific provides Zeba
Desalting Columns. Gravity based desalting columns as well as centrifugal based desalting
columns are commercially available. In the case of the gravity column larger volume of the
sample (2.5-4mL) is required and the desalting process is slower than the latter which uses

sample of lower volumes (<1.75mL).
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2.2.2 On-chip desalting using Size Exclusion Chromatography

Desalting of sample by SEC is generally carried out using beads packed in a column on
microfluidic devices. Off-chip desalting has been reported widely. Recently Millet et al (26),
show cased how SEC was employed for various applications. Cell lysate was purified using
affinity chromatography, ion exchange chromatography and size exclusion chromatography
for concentrating, desalting or separate molecules in the samples. Sephadex G-10 (27) and
Sephadex G-25 (28) are the most commonly employed beads for desalting columns. Although
the columns are capable of desalting microlitre volume of samples, it is important to note that

for all application of protein purification, desalting has been carried out off-chip.

Figure 2.8 Commonly used Zeba desalting spin columns for desalting microlitre volume samples for mass
spectrometry (29).

Desalting on chip is made possible by making use of surface-tethered octadecyl carbon chains
(C18) by reversed phase chromatography (RPC). RPC uses a hydrophobic stationary phase for
separation. In RPC, any inert non-polar substance capable of achieving a compact packing can
be employed with octadecyl carbon chain (C18) bonded silica being the most popular column

(30-32).

Figure 2.9: Reversed phase chromatography beads (C18) packed in microfluidic channel made of PDMS chip (30).

The same beads (~3-5um) are available in C18 desalting tip which would bind peptides while

allowing the salts to be washed off. Agilent macroporous reversed-phase C18 column (mRP-
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C18) having unique silica-based C18 column packing. They have been shown to provide an
optimized desalting of the human serum and concentrating it after the depletion of the high-
abundance proteins using the Agilent Multiple affinity removal system. They are capable of
reproducing the desalting efficiency at the same time recovering 99% of the protein in the
sample. The mRP-C18 was used in most of the cases to desalt the sample. Columns with a flow
of about 0.75mL/min, and a pressure limit of 250bar and a time frame of 13minutes was
required for desalting/concentrating the sample (33). Although this being said, the desalting
efficiency in most of the case of testing is not discuss as the prime importance is given to protein

recovery.

SEC offers good desalting but at the same time offers few problems. Samples are diluted since
they are collected as eluates from the column and not as a whole sample. Hence for detection
of analyte of very low concentration in sample would be difficult. Another problem is that
incorporating the principle of SEC onto a microfluidic chip. Most of the beads employed are
polymer beads which swell in water. So having the beads in the microchannel and maintain its

integrity would be difficult.

2.3 Filtration

Desalting of sample by filtration is another conventional technique for removing or purifying
the sample and has been employed in various fields for a long time. Generally filtration is
membrane separation process, allowing molecules to be retained or removed from the fluid
depending on the separation mechanism. The membrane separation processes can be carried

out either by using a pressure difference, electric field or by concentration difference.

2.3.1 Ultrafiltration, reverse osmosis

Reverse Osmosis and ultrafiltration are pressure driven separation mechanism suitable for
aqueous low molecular mass solutions, macromolecular solutions, emulsions etc. Both the
processes are capable of extracting the solvent from the solution to high efficiency. This being
said, it is important to note that, the pressure required to drive this separation process varies
between 10-100bar. In principle, reverse osmosis, is a membrane process with a high
transmembrane pressure difference, in which a semipermeable membrane is suspended and a
solution which is to be purified is on top of the membrane (Figure 2.10). Pressure is applied on
the feed side of the membrane and molecules smaller than the pores in the membrane, the
solvent generally water pass through, while the solute- the salts (ions), particles, colloids,
organics, bacteria are held back on the membrane. During this process of solvent removal, the
retained solutes collects on the feed side of the membrane forming a cake layer and its

thickness increases with time while reducing the permeate flux. Cross flow filtration where an
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incoming feed stream passes across the surface of a crossflow membranes is generally applied

to overcome such cake formation (34; 35).

Applied Pressure

(]

Membrane

Figure 2.10: Principle of Reverse osmosis. Pressure is applied on one side of the sample to force the fluid through
the membrane while restricting most of the macromolecules from passing through.

Reverse osmosis is applicable for purifying the water. Applying this method for purification of
physiological sample would help in concentrating the target molecules on one side depending
on the pores sizes of the membrane. But the complexity of having a high pressure to filter or
concentrate the sample has made it difficult for RO to be employed in lab-on-chip application

and hence difficult to realise it for microvolume RO.

2.3.2 Electrodialysis

Electric field is used as a driving force for separation in Electrodialysis compared to a pressure
driven separation as in the case of RO or ultrafiltration. Electrodialysis is characterised by the
use of ion-selective membranes and electric field applied orthogonal to the membranes. This
separation method makes use of two membranes as opposed to one used in the previous
method. The membranes used in this method of separation are ion selective as in anion- and
cation-selective membranes placed alternatively between the anode and cathode as shown in
the Figure 2.11. This is a single electrodialysis cell (34; 36). The ion-selective membranes are
essentially sheets of ion-exchange resins and contain other polymers to improve mechanical
strength and flexibility. Cation-exchange membrane would have a resin consisting of
negatively charged groups (e.g., -SO3) chemically attached to the polymer chains (e.g,
styrene/divinylbenzene copolymers). lons with a charge opposite to the fixed charge (counter

ions) are freely exchanged at these sites (37).

Dialysis procedure is accelerated with an electric field. This method has the solution flowing
between the two ion-selective semipermeable membranes. On applying an electric field,

positive ions will travel towards the cathode and the negative ions towards the anode. This
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leads to dilution or removal of ions in between the membranes while ions get concentrated
next to the membrane. Multiple electrodialysis cells like the one shown in the Figure2.11 are

used to form electrodialysis stack providing high purification of water.
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Figure 2.11: Working principle of Electrodialysis. Three compartment device with two ion selective membranes to
remove the ions (38).

When extremely low salt concentrations are required, this method becomes less economical.
Large membrane areas are an additional requirement to satisfy capacity requirements for low
concentration feed solutions. Pre-treatment of the feed sample is another necessity in
electrodialysis to remove species that coat or precipitate or foul the surface of the ion-exchange
membranes. Fouling of the membranes reduces the efficiency of the separation process (35;
36; 39; 40). These membrane separation processes are commonly used for desalination of sea
water or brackish water and commonly employed for macrovolume of feed solution or water.
Scaling down these methods to suit microvolume membrane separation is also difficult using
the above mentioned method. Employing two different membranes on-chip for microscale
separation is also difficult. More importantly, when the feed is a physiological sample such as
blood, it becomes increasingly difficult to separate or purify the sample using the methods

mentioned above.

2.33 Dialysis

Dialysis is the movement of molecules by diffusion from high concentration to low
concentration through a semi-permeable membrane. Molecules that are smaller than the pores
present in the membrane are capable of diffusing through the membrane. Molecules larger
than the pores present in the membrane will not diffuse through. The diffusion of the molecule
will continue until equilibrium is attained between two concentrations on both sides of the

membrane. Equilibrium condition is the point at which concentration of solutes on either side
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of the membrane is equal. On attaining equilibrium in the system (in the entire volume), there
is no further movement of the molecules across the membrane because molecules will be
moving through the pores into and out of the dialysis unit at the same rate. Large molecules
present on the side of the membrane during the start of the dialysis will remain on the same
side as when the dialysis was initiated. In order to remove the small molecules furthermore, it
would be necessary to replace the dialysis buffer so that a new concentration gradient can be
established. However with the change in the buffer, movement of particles from high
concentration to low concentration will again resume until equilibrium is once again reached.
With each change of dialysis buffer, substances inside the membrane are further purified by a
factor equal to the volume difference of the two compartments. By replacing the buffer just as
the rate of diffusion slows down and the solutions are approaching equilibrium, the rate of
dialysis can be improved or maintained. There are a number of factors that affect the
completeness of dialysis includes dialysis buffer volume- large volume of the buffer facilitates
increased diffusion of molecules across the membrane because of the higher concentration
gradient; buffer composition- having a pure buffer containing no small molecules that would
interfere with the removal of similarly sized particles (e.g. DI water for removal of salts) ; the
number of buffer changes- this is also another important factor since it allows more volume of
the buffer to come in contact the sample to be purified; ¢/ime-the longer the time allowed for
the buffer to be in contact sample to be purified, more molecules diffuse across the membrane;
temperature - increase in the temperature will increase the kinetic energy enabling faster
diffusion of molecules across the membrane and particle size vs. pore size- the size of the
molecule to be removed from the sample should be comparable to the size of the pores present
in the semi-permeable membrane. Substances that are very much smaller than the pore size
will reach equilibrium faster than substances that are only slightly smaller than the pores.
Convoluted pores allow small molecules to pass through the twists and turns of the pores with
greater ease than do larger molecules. The greater the difference in molecular weight of the
molecule to be removed vs. the molecular weight cut-off (MWCO) of the pore size, the greater

the rate of dialysis since it is easy for the molecule to pass through.

The rate of dialysis is also directly proportional to the surface area of the membrane
and inversely proportional to the thickness of the membrane. Though the liberty of changing
the membrane thickness is limited, it is possible to improve dialysis by changing the surface
area of the membrane. If the volume of sample can be spread over a membrane, increased rate
of dialysis would be seen. This is because all the molecules in the sample are closer to the
membrane and can diffuse easily. The thickness of the membrane also has a key influence on
the rate of diffusion of molecules across the membrane. A thin membrane would mean the

samples are very much closer to dialysis buffer and molecules can be removed faster.
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234 Haemodialysis

One membrane separation process which has been successful in filtering complex samples
such as blood is dialysis. Haemodialysis has proved to be an exceptional method to remove
waste products from blood. Most of the common haemodialysis setup employs a hollow fibre
membrane or a collection of hollow fibre membrane which is enclosed in cylindrical tube. The
blood flows inside the membrane while the dialysate flows around them facilitating removal
of waste products such as urea, creatinine, potassium etc. from blood. Typically the flow rates
are quite high in these devices and at the same time uses large volume of blood and dialysate

(41; 42).
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Figure 2.12: Haemodialysis. Commercially available blood purification system (43).

2341 Dialysis tubing

Dialysis can be performed based on the conditions of the sample and buffer that are
present. The traditional practice of performing dialysis is based on using a semipermeable
membrane bag or tube which contains the sample that is to be dialysed. This is then suspended
in a large tub or beaker containing buffer/water (~600-1800mL). The setup is then left for a
long period of time (24-48hrs) during which the particles of interest are either removed from
the bag or retained with in it. In this traditional practice, the key point to note is that the entire
set up is in static mode. This would mean that the process of molecules being removed from
the sample is purely based on diffusion and so is the movement of the removed particle within
the water. This is a type of no-flow device. In this method, the dialysis slows down gradually
over the course of time. When the low molecular weight solutes diffuses into the buffer, they
form a microenvironment termed as Nernst diffusion layer near the surface of the membrane.

This region is about 200-300 molecules thick and the small molecules are at a higher
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concentration in relation to the rest of the dialysate. This would effectively slow the rate of

dialysis because now molecules can re-enter the dialysis membrane pores and return to the

sample.
(a) At start of (b) At equilibrium
dialysis
/ = = (a)
' Dialysis
membrane
— Solvent

~Concentrated
solution

Figure 2.13: Conventional dialysis. (a) Mechanism of dialysis. (b) Spectro/Por dialysis kit with static set up and
Spectro/Por dialysis kit with buffer stirred (44).

In order to overcome this problem of thin Nernst diffusion layer, introducing a flow or stirring
would improve the dialysis mechanism (45). Commercial suppliers provide a number of
dialysis tubings of various MWCO depending on the requirements. The typical lengths of the
dialysis tubings are about 1m with a flat diameter 6-20mm which might be cut to required size
for different applications (46). Some suppliers, including Spectrum labs, also offer equipment

for dynamic dialysis.

Figure 2.14: Commercially available rapid dialysis of micro-volume samples from Spectra/Por MicroDialyzers.
Capable of simultaneous dialysis of multiple micro-volume samples. The dialysate chamber is capable of
accommodating magnetic stir for agitation in static mode or using a luer fitting for a circulation of a larger buffer
volume to maintain a more effective concentration gradient in dynamic dialysis. Typical sample volumes 2100uL
47.

The one-flow design makes use of either having the sample in flow or the buffer in motion. But
in most cases buffer in motion is commonly used. This would enable the sample to be more in
contact with the buffer and carry away molecules that has diffused into the buffer. Using a
cross-flow design would further improve the dialysis, since both the sample and the buffer are

in motion.
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2.34.2 On-chip dialysis

The increasing demand for the capability to handle small sample volume with high
throughput and less time has directed research into miniaturisation of analytical
instrumentation. On-chip dialysis offers numerous advantages compared to the traditional
dialysis techniques. They offer much reduced sample volume consumption (~5-100 pL), less
buffer volume consumption (>50mL). Another important factor that is greatly advantageous
is the time required for the process which is very short compared to the former method and

the size of the device required for carrying out the operation.

With diagnostic devices and other biomedical applications requiring small volumes
and faster testing time, numerous method of desalting the sample by on-chip microdialysis has
been carried out. Most of the work reported so far, was intended on the removal of the salt
interfering with mass spectrometry analysis. The on-chip microdialysis device is composed of
either having a planar membrane sandwiched between two microchannels or having a hollow

fibre membrane enclosed in a tube.
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Figure 2.15: Microdialysis across a membrane. Pores present in the membrane allow ion molecules to pass through
while blocking the passage of larger molecules like blood cells and proteins (48).

2.34.3 Hollow fibre membrane dialysis

The first hollow fibre for dialysis was clinically used in artificial kidney in the 1960s
and consisted of a 1.0m? unmodified cellulosic membranes. Most of the hollow fibres have an
inner diameter 180-220pm and length 20-24cm. A relatively small hollow fibre with smaller
inner diameter is desirable because it provides a short diffusive distance for the solute mass
transfer (49). Hollow fibre module of dialyser typically takes its principle from the
commercially available blood purification system which has numerous dialysis fibres densely
packed in them for high throughput. Researchers have taken individual fibres of smaller sizes

in order to carry out microvolume purifications of the sample.
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Figure 2.16: Schematic of the microdialysis using hollow fibre membrane. (a)Sun et al., b-hollow fibre membrane of
MW(CO-3KkDa, c: capillary; d: epoxy glue; e: Teflon tube; f: centrifugal tube (2mL) (50). (b) Jakubowski et al., ( 1)
Taper Tip, ( 2) grounded metal union, ( 3) fused-silica capillary, (4) Tee connecting buffer inlet, ( 5) Teflon tubing,
(6) hollow fibre membrane with MWCO-13kDa inside Teflon tubing, ( 7) microinjector used to inject 1- pl samples,
and ( 8) syringe pump with flowing solvent. The inset illustrates the exchange of cations occurring across the dialysis
membrane (51). (c & d) Off chip dialysis with a membrane having a MWCO-30kDa was used in microdialysis of
sample in the works of Scott et al (52).

Sun et al,, has made use of a hollow fibre membrane of cellulose acetate (MWCO 3000
Da) to perform microdialysis (50). Microdialysis of small volume of less than 1uL is made
possible using hollow fibre membranes. In the set up reported by Sun et al., the fibre was
enclosed in an eppendorf, which had a counter flow arrangement accelerating the dialysis.
Dialysis of the sample was done within 1min and the device maximum desalting. Salt
concentration of 100mM and 1M having a flow rate of 1uL/min with a buffer flow rate of
1.3mL/min and 3.9mL/min yielded a desalted sample of about 1.3mM and 2.7mM. Another
result that is of considerable importance is the effect of buffer flow rate which can be
understood from the report. Desalted samples had low salt concentration in the cases where
the buffer flow rate was high and the amount of salt removed from the sample increases with
the increase in the flow rate of the buffer. Earlier to this work, Jakibowski et al. also showed
microdialysis but made use of a membrane of much higher molecular weight cut-off 13kDa.
The set up can been in Figure 2.16 (51). Liu et al, also showed a similar method of dialysis for
mass spectrometry with a 13kDa membrane made of regenerated cellulose (20cm x 216pm

0.d. x 200pm i.d.) from Spectrum Labs (53). With counter current flow to be set up, flow rates
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of 2-5puL/min for the sample and 300uL/min for the dialysis buffer was chosen. Further, the
work also reports that with higher flow rate (10pL/min) of the sample desalting was
incomplete and significant sodium peaks were seen in the mass spectrum. Canarelli et al., also

made use of one such membrane to carry out the dialysis (54).

2.344 Sandwiched membrane dialysis

The sandwiched membrane device forms one of the basic method of realising on-chip dialysis.
The device consists of a semipermeable membrane sandwiched between a sample channel and
a buffer channel (55). Dual microdialysis with two dialysis membrane of different MWCO
(100kDa & 50kDa) sandwiched between three polymer layers micromachined with serpentine
flow channels was reported by Xiang et al as shown in Figure 2.17d. The serpentine channels
were fabricated on 30x30x6mm chip using laser. Poly carbonate track etch membrane of
100nm pore size was reported to be used in glucose dialysis (56; 57; 58). Polyethersulfone
(PES) is another type of membrane that is commonly employed. PES membrane has been
sandwiched between PDMS using clamps with two channels and depending on the pore size of
the membrane, it is possible to remove various particles (59; 60). An artificial kidney microchip
using PES membrane on PDMS was designed by Ould-Dris et al. (61) They have shown the
separation of molecules of different weights (40k-500kDa) with concurrent flow where the

sample and the buffer flow in the same direction.

Xu et al. designed a sandwiched device for microdialysis for mass spectrometry. This
was achieved by making use of a Spectra/Por Biotech 1.1 dialysis membrane with a molecular
weight cut-off (MWCO) of 8000Da sandwiched between two micromachined serpentine
channels. One of the channels is bigger (500um) containing the buffer at a flow rate of
100pL/min while the other is smaller (200um) for the sample with a slower flow rate of
0.5puL/min with counter flow arrangement. The channels where micromachined on polymide
sheets rather than being made from PDMS. The results from the mass spectrometry analysis in
Xu et al, as shown in the Figure 2.17e&f showed more than 20-fold increase in S/N (62). A
hydrophobic poly (vinylidene difluoride) membrane was used by Lion et al, for on-chip
proteins sample desalting for mass spectrometry (63). Lion et al constructed a device as shown
in Figure 2.17c in which the salt solution was pumped through the membrane at 0.2pL/min to
5pL/min. When the desired volume of the sample was pumped through the membrane, salts
are washed out by pumping DI water with the same flow rate as before. The reported work
was intended for sample clean-up for the application in electrospray ionisation mass
spectrometry and hence no clear value on the desalting efficiency was mentioned. The effect of

varying the sample flow rate was briefly reported by George et al (64).
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Figure 2.17: Schematic of the sandwiched membrane based dialysis. (a) Ye Gu et al, bonded two pieces of fluidic
chips fabricated using PDMS with layers designed on it to the PES membrane (MWC0-4800Da) using PDMS glue.
Sample flowed in the upper chamber while the pure water flowed in the lower chamber (59), (b) Xu et al, had a
microdialysis membrane (MWCO-8KDa) sandwiched between two chips having a micromachined serpentine
channels with a cross flow arrangement (62) (c) Lion et al. made use of a PVDF membrane sandwiched between a
microchannel reservoir and a fluidic connection to carry out the dialysis (63)and (d) Xiang et al showed dual
microdialysis setup comprising of two membrane of different MWCO sandwiched between three polymer layers
micromachined with serpentine flow channels (55) (e &f): ESI-mass spectrum before and after dialysis using Xu et
al’s arrangement. 20 fold S/N improvement is seen (62).

Most of the work reported so far on chip-based dialysis, have been used for removing the salt
that would interfere with the mass spectrometry analysis. Most of the research work on
desalting for MS applications do not quantify the desalting performance, but it is known from
the MS literature that a salt concentration of 10mM or lower should be obtained for proper
analysis. This being said, it is also clear from the information provided here that, it is easy to
construct a sandwiched dialysis device which would form the first base for experimentation

later on.

Similar principle can be employed in different application than just desalting by varying the
type of membrane employed. The effect of varying the sample flow rate was briefly reported

by George et al (64). A microdialysis chip in which cellulose acetate film was created using the
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phase separation process and suspended over silicon microchannels fabricated with the
cleanroom microfabrication equipment. The feed side (sample) of the membrane had
fluorescein (MW-332Da) while the other side had buffered saline perfusate creating a
concentration gradient. The concentration gradient drove the fluorescein molecule across the
membrane. By varying the flow rate and fluid volume, the concentration of the collected
dialysate was varied as in Figure 2.18. It can be noticed that with increase in the flow rate,

fluorescein concentration decreases.
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Figure 2.18: Plot showing the permeability of cellulose acetate membrane to 62nm Fluorescein solution for
various flow rates [55]

Hsieh and Zahn reported an On-chip microdialysis intended for glucose sensing using a PDMS
sample channel and a SU-8 perfusion flow channel sandwiching a polycarbonate track-etch
membrane as the microdialysis membrane (57). The importance of the flow rate in case of the

perfusion channel or the buffer channel was clearly noted as in Figure 2.19.
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Figure 2.19: Glucose microdialysis recovery as a function of perfusion flow rate (57).
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From the two works mentioned, one important conclusion can be deduced. Recovery of target
solute is high at slow flow rate of the sample containing the solute and increasing sample flow

rate, the recovery decreases.

Song et al (65) designed a low MWCO and a high MWCO microdialysis system by using a novel
method for in situ photo-patterning of porous polymer. A counter flow microdialysis system
with MWCO- 5700Da was fabricated in a 5-mm long microchannel by patterning membranes
in the middle of the microchannel to separate the sample (top) and perfusion (bottom) flows.
The result of using a counter flow dialysis configuration can be seen from the Rhodamine 560

concentration in the sample channel decreases along the flow.

w Remaining Rhodamine560 < Rhodamine560
¢ Water Water + Extracted Rhodamine560 %

Figure 2.20: Rhodamine 560 extraction in a counter-flow dialysis configuration with the low MWCO membrane (65).

Figure 2.20 shows that Rhodamine560 is removed considerably at the water inlet. At the water
inlet, the concentration gradient between the sample containing Rhodamine and water without

itis high.

Kurita et al (66) showed how a thin dialysis membrane with double flow channels was used
for measuring blood samples. Clearance or removal of solutes of different molecular weights
were investigated by Eloot et al. using a combined dialyzer flow configurations (67). Sheng et
al. (68) showed how using a nanoporous membrane in a PDMS microfluidic device was helpful

in selecting the size of DNA using a counter-flow arrangement.

2.4 Summary

Biomarkers detection using advanced diagnostic tools such as mass spectrometry and
nanowire field effect transistors requires samples to be desalted prior to testing. Physiological
concentrations of salt ions result in the formation of a large number of different salt adduct
protein segments in mass spectrometry and, for nanoscale field effect transistors, in a Debye
length that is too short for the nanowire surface to experience a change in charge density upon
biomarker binding. A number of conventional macroscale desalting strategies have been
highlighted in this chapter. Size exclusion chromatography is an easy method of desalting by
selecting gel/resin of appropriate MWCO to sort the target from the sample mixture. Filtration
schemes using membranes with different driving forces - pressure driven, electric field,

concentration gradient are also possible. However, employing these methods on-chip for
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microvolume desalting is complicated. Dialysis is the easiest method that has already been
employed on microscale (on-chip). Dialysis using a semipermeable membrane is either
designed by suspending the membrane in a tube or sandwiching it between plates containing
microchannels to make up a dialyser. Some examples of microvolume desalting using dialysis
have been given, with an emphasis on the influence of flow rate on dialysis performance. In the
next Chapter, the theory about mass transfer by dialysis over a semi-permeable membrane will

be addressed.
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Chapter 3: Dialysis theory

This Chapter focuses on analysing the performance of a dialysis device. The first section
discusses diffusion, the key principle of dialysis. The basic formula underlying diffusion, -
Fick’s Law, is explained with a reference to the importance of the concentration gradient which
is the driving force in the case of dialysis. With the basic idea of the dialysis device introduced
in the previous chapter, the project look to investigate the theoretical performance for a device
based on several assumptions. The concept of the Reynolds number and its influence on the
flow conditions of the fluid in the microchannel is also highlighted. Prediction of
dialysis/desalting efficiency is not straightforward and requires consideration of the mass
transfer coefficient and the mass transfer rate over a semi-permeable membrane. The
discussion on the performance parameters of the device will be based on the principles of a

parallel plate dialyzer.

3.1 Fick’s laws of diffusion

The principle force behind dialysis is diffusion of molecules across a semi-permeable
membrane form a region of high concentration to a region of low concentration. A number of
works on quantifying the efficiency of dialysis has been reported. The key principle and factors

involved in dialysis are explained below.

Molecules are constantly in a random motion due to collision with the other molecules. Mass
transfer is a physical process, which involves the transport of molecules within a system. The
driving force behind this transfer is a difference in the concentration of a given molecule
between two regions. Diffusion is the process that allows ions or molecules to move from a
region of high concentration to a region of low concentrations. In biological cells, this process
accounts for the transport of many different molecules across a cell membrane for metabolism
or signalling (69). The movement of molecules i.e., diffusion continues until the molecules are
equally distributed and the concentration of the molecules becomes the same throughout the
area that contains them. Molecules of different sizes can be separated by diffusion by making
use of a semi permeable membrane with an appropriate pore size. A solution (retentate or
sample phase) containing different sized molecules of higher concentration on one side of the
membrane and the other side with significantly lower concentration of these molecules or no
molecules at all (dialysate or water/buffer phase) would facilitate the diffusion of molecules

smaller than the membrane pores (70).
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Diffusion can be expressed mathematically using Fick’s law as

dc .
J=-D — Equation 3.1

/is the diffusion flux (mol/m2s) or rate of mass diffusion, D is the diffusion coefficient

dc . . . .
(m2/s), - is the change in concentration across the distance.

Q

%0 © —

|high concenlration] -‘[ low concentration
© solute

Figure 3.1: Definition of Fick’s Law. Solute moves from a region of high concentration to low concentration.

Diffusion coefficient ‘D’ is a proportionality constant between the molar flux due to molecular
diffusion and the gradient in the concentration of the species and is given by

D = Doe_(E_?)

Where D is the diffusion coefficient (m2 / s), Do is the maximum diffusion coefficient (at infinite
temperature; m2? / s), Ea is the activation energy for diffusion in dimensions of (] atom-1), Tis
the absolute temperature (K), k is the Boltzmann constant.

The rate of diffusion may be affected by the steepness of the concentration gradient. The higher
the concentration gradient between two region, faster the diffusion of molecules from high to
low region. Atthe same time, the diffusion is also limited by the neighbouring particles which
might block the pores in the semi-permeable membrane across which the diffusion occurs. The
permeability of the membrane to the diffusing substance is also an important parameter that
affects the rate of diffusion. Apart from the permeability of the membrane, the surface area of
the membrane is also directly proportional to the rate of diffusion. Diffusion is also dependent
on the thickness of the membrane. Diffusion across a thick membrane will be rather slow than
across a thin membrane. This is because of the movement of the particles through a large area
within the membrane. Temperature also plays an important role in the rate of diffusion due to
the kinetic energy. Increase in temperature would increase the diffusion. The rate of diffusion
is directly proportional to the concentration of the molecule while inversely proportional to its

molecular weight (71).

Fick’s first law gives the relation between flux of the material across a given plane which is

proportional to the concentration gradient across the plane. Fick’s second law also consider
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the fact that the gradient and local concentration of the impurities in a material decreases with

an increase in time. Fick’s second law is represented by the following equation

dc _ . d%c

Z =Dz Equation 3.2

Where c is the concentration in (mole/m3), t is time(s), D is the diffusion coefficient (m2/s), x

is the position (m).

3.2 Peclet Number

Peclet number (Pe) is a dimensionless number which defines the ratio of the rate of advection
of a physical quantity by the flow to the rate of diffusion of the same quantity. In context of
mass transfer Peclet number is given as a product of Reynolds number (Re) and Schmidt

number (Sc).

__ Advective transport rate

Lu .
=— - = — = Re; Sc Equation 3.3
Dif fusive transport rate D

Pe

Where L is the characteristic length, u is the local flow velocity and D is the mass diffusion

coefficient.

3.3 Reynold’s number (Re)

Diffusion of solutes in a channel can be dependent on the flow conditions in a channel. The flow
regime of a fluid in a microfluidic channel can be defined and characterised by Reynolds
number (Re). The number is a ratio between inertial forces to the viscous force and is capable

to classify the fluid flow into laminar flow or turbulent flow (Figure 3.2).
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Figure 3.2: Flow regime in microfluidic channel (72)
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Reynolds number is defined as

Re = pvDp _ vDp _ QDp

m » i Equation 3.4

Where

Dy, is the hydraulic diameter of the pipe; its characteristic travelled length, L, (m), Q is the
volumetric flow rate (m3/s), A is the pipe cross-sectional area (m?), v is the mean velocity of
the fluid (SI units: m/s), u is the dynamic viscosity of the fluid (Pa-s or N-s/m? or kg/(m-s)), @
is the kinematic viscosity ( (m?/s), p is the density of the fluid (kg/m?).

The hydraulic diameter of the pipe can be obtained from the following relationship

Dh_4xArea of the channel Equation 3.5
- Perimeter

In case of using a rectangular channel of height ‘h’ and width ‘w’ the hydraulic diameter is given
by

2hw

h= e Equation 3.6

At low Reynolds number, the viscous forces are dominant in the microchannel, laminar flow
occurs in the channel characterized by smooth constant fluid motion. When the flow is
dominated by the inertial forces which are at high Reynolds number, turbulent flow is seen in

the channel which produces chaotic eddies, vortices etc. (73; 74).

3.4 Schmidt number

Schmidt number defines the ratio between viscous diffusion rates to the molecular diffusion

rate and is given by

_ Viscous dif fusionrate  p
"~ Molecular dif fusionrate  pD

Where p is the dynamic viscocity of the fluid (Pa.s or kg/m.s) , p is the density of the fluid

(kg/m3) and D is the mass diffusivity or diffusion coefficient (m2/s).

3.5 Single parallel plate dialyser

Diffusion can be analysed in two ways. The first using the diffusion coefficient from the Fick’s
law mentioned above and the second by making use of the mass transfer coefficient (MTC).
Analysis of dialyzers has been reported in many research papers (42, 61, 75-80). These papers

generally use the mass transfer coefficient which is commonly given by the dimensionless
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number -Sherwood Number (Sh). Mass transfer rate can then be determined by using the mass
transfer coefficient as reported by Yeh et al (81- 89). Mass transfers for dialysis coupled with
uniform and non-uniform ultrafiltration fluxes in a cross-flow membrane module had been

reported (83). A similar method is used in this thesis, in order to analyse the dialyzer.

------------------------ Q;l‘ Ca'c

parallel stainless plates
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Figure 3.3: Single pass parallel plate dialyzer with counter current flow having the membrane sheet inserted
between two parallel plates. (89)

A mass balance for solute over a single-pass mass exchanger (Figure 3.3) operated with flow
rates Qg and Q. Q, and Qp are the flow rates of sample and water compartment. C,; and Cp; are
the inlet concentration of the sample and the water. C,;=0 since the inlet concentration of the

DI water is assumed as zero. Cqe and Cp. are the outlet sample and water concentrations.
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Figure 3.4: Schematic diagram of membrane dialysis different phases in a dialyser for mass transfer analysis (83)
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From the schematic of the membrane dialysis (Figure 3.4), three phases can be seen in the in
the system. Feed side or the sample side which is phase 1, in the membrane is phase2 and in
the water side or the perfusate side is phase 3. The assumptions made in the analysis are as
follows: steady state, no chemical reaction, and uniform concentration over the cross section
of flow, constant rates of flow, constant distribution coefficient and constant physical

properties of the fluid.

3.5.1 Mass transfer co-efficient (MTC)

Analysing diffusion with mass transfer coefficients requires assuming that changes in
concentration are limited to a small part of the systems near its boundaries. MTC is commonly
used in the study of diffusion when the diffusion occurs across an interface. MTC is used to
describe the ratio between the actual mass flux of a species into or out of a flowing fluid and
the driving force that causes that flux. In other words, the MTC is a diffusion rate constant that
relates the mass transfer rate, mass transfer area and the concentration gradient as driving
force. The mass transfer coefficient determines the rate of mass transfer across a medium in
response to a concentration gradient. It is an important principle in chemical engineering and
fluid dynamics. It depends on the relevant physical properties of the fluid, the geometry used
along with relevant dimensions, and the average velocity of the fluid in cases of flow. The mass

transfer coefficient can be written as

k=— Equation 3.7

where M is the mass transfer rate(mol/s), A is the effective mass transfer area(mz2), AC is the

concentration gradient (mol/m3) and kis the mass transfer coefficient (m/s)

Kolev and Linden reported the importance of the term in one of their works. Under steady state
conditions the performance of a parallel-plate dialyser is determined mainly by the values of
its mass-transfer coefficient (90). The dimensionless version of mass transfer co-efficient is the
Sherwood number Sh. For laminar flow in a thin rectangular channel, the “film-theory” mass
transfer coefficient (k) may be related to the Sherwood number through the following equation
(75).

1

Sh=k% =162 (ReSc d—h)g Equation 3.8
D L

Where Re is the Reynolds number (dimensionless), Sc is the Schmidt's number
(dimensionless), k is the mass transfer coefficient (m/s), D is the diffusion coefficient (m2/s), L

is the channel length (m), diis the channel hydrodynamic diameter (m).
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by expanding the individual components and rearranging, the mass transfer coefficient (48)

can be given as

1

, 2
k =0.816 (Wigszc)3 Equation 3.9

Where Q is the feed flow rate (m3/s), D is the diffusion coefficient (m2/s), W. is the width of the
channel (m), H. is the channel height (m),L. is the length of the channel(m)

The above equation is used to obtain the value of mass transfer coefficient in a rectangular

channel. In the case of the membrane, the mass transfer coefficient can be obtained from

kpy = Det Equation 3.10

Tt

Where kn- mass transfer coefficient in the membrane (m/s), T and € are the tortuosity and
porosity of the membrane, D, is the diffusivity of the solute in the membrane and ‘t’ is its

thickness.

In the case of a counter flow dialysis device, the overall mass transfer coefficient can be
obtained from the three phases of the system. From the mass transfer coefficient in the sample
channel, water channel and the membrane as we get the overall mass transfer coefficient as

(85)

1 1 1 1 .
= k_s.|_a_|.E Equation 3.11

Where ks- mass transfer coefficient in the sample channel (m/s),  km- mass transfer

coefficient in the membrane(m/s), kw- Mass transfer coefficient in the water channel (m/s)

The importance of the mass transfer coefficient was shown by Leypoldt et al. (91) in their
research. The work showed that, the mass transfer area coefficient for urea and creatinine in
case of a haemodialzyer were independent of blood and ultrafiltration flow rate but decreased

with decreasing dialysate flow rate.

3.5.2 Overall mass-transfer (M)

Mass transfer is the net movement of mass of substance from one location to another. This
forms like one of the important principle in case of dialysis. Mass transport with a phase up to
the phase boundary is called mass transfer while when the mass transport occurs over the

phase boundary into another phase, it is known as the overall mass transfer

Flow regimes can be either cross-flow, counter-flow or cocurrent flow. Yeh et al (85) has
observed that among the three cases, counter-flow or the counter current flow provides better

separation efficiency than its counterparts. The total mass-transfer rates for single pass of
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counter current flow (M) can be derived analogous to the heat transfer in single-pass heat

exchangers (92)as

M =kA(AC) Equation 3.12

-t

1—e_KS[QLS_ﬁ]

(
(Csin - Cwin) = M<

Equation 3.13

where M-total mass transfer rate(mol/s),
k-overall mass transfer coefficient (m/s),
A- overall mass transfer area of the membrane sheet(m?2),
AC- mean concentration difference between two phases(mol/ms3),

Qs=Qa, Qw=Qp- volume flow rate in the retentate phase(sample) and dialysate phase

(water),

C4,i=Csin, Cae=Csout, Cb,i=Cwin, Ch,e=Cwout- concentration at the inlet and outlet of the dialyzer.

3.6 Summary

Diffusion, the movement of a substance from a region of higher concentration to region of
lower concentration, is the main principle behind dialysis. The diffusion of solute was
explained by Fick’s law which shows that flux depends on the concentration gradient in the
system. Diffusion in a microchannel can be affected by Reynold’s number. A high value of the
Reynolds number indicate a turbulent flow in the microchannel which is favourable for
diffusion while a low value of Reynold’s number corresponds to a laminar flow in the
microchannel. With a development towards using small sample volumes, for example blood
obtained by finger prick for medical diagnostics, those analysis techniques that require sample
processing such as desalting would benefit from well-characterized micro-volume dialysis
devices. Analysis of the desalting efficiency of a dialyser can be studied and predicted using
mass transfer equations, which take into account the mass transfer coefficient in the channels
and the membranes. The mass transfer coefficient of the membrane highlights the factors that
limit diffusion over the membrane: membrane thickness, membrane porosity and the tortuous
nature of the membrane pores. Using the mass transfer coefficient (m/s) and mass transfer
(moles/s) over a membrane and knowing the dialysis time (s), it is possible to predict the

dialysis and therefore the desalting efficiency of a dialyzer of a specific design.
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Chapter 4: Fabrication of microvolume dialysers

In this chapter, the construction of various microvolume (<50uL) dialyzers by rapid
prototyping will be discussed. Millimetre scale fluid chambers and channels are defined by
laser ablation of the polymer PMMA, with planar ultrafiltration membranes of various pore
size as the crucial device component. Track-etch membranes with a wide range of larger pore
sizes are employed for reference or control purposes. The dialysis efficiency is quantified by
conductance measurements. Initial devices are simple sample chambers covered by a
membrane and floating on a bulk water phase, while subsequent designs use a micromachined
water chamber. The final device design is a spiralling retentate and dialysis channel separated
by a membrane, with syringe pumps that regulate the flow of each phase and in-line

conductivity meters for quantification of the post-dialysis salt concentration in each phase.

4.1 Membranes

Ultrafiltration (UF) membranes made of regenerated cellulose (RC) and polyether sulfone
(PES) with a molecular weight cut-off (MWCO0)-1000, 5000, 10000, 100000, 300000Da were
purchased from Sartorius. The datasheet supplied by the manufacturer states that the
membranes are 25mm in diameter with a thickness of 180pm. They have a water flux of about
0.08mL/min/cm3 and give 99% retention of cytochrome c (12.4kDa). Further details on the
membrane porosity, pore density, tortuosity were not provided from the supplier and being an
UF membranes these data are difficult to obtain which will be discussed in later chapters.
Membranes with small MWCO were chosen so as to retain most of the proteins while removing
the small molecular weight salts, while membranes with larger pore sizes, with specified pore
size and porosity, were used for control experiments as described in subsequent chapters. The
membranes were sandwiched between clear cast acrylic which contains the microchannels for
both sample and buffer compartments. The acrylic was obtained from RS Components and is
about 5mm thick. The acrylic was chosen since it provides an easy means of constructing the
device using laser micromachining. Hollow fibre Spectra/Por in-vivo microdialysis membrane
(fibre OD: 216um and fibre ID: 200pum, thickness 16um) made from regenerated cellulose
having a MWCO of 13000Da was purchased from Spectrum Labs. These fibre membranes are

about 6 inch long and can be cut into desired pieces.

Polyethylene terephthalate track etch membranes were bought from Avanti for various pore
sizes ranging from 50nm-1000nm. The specifications of these membranes can be seen from
the following table. With increasing pore size, the porosity increase and pore density decreases

to maintain structural stability of the membranes.
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Table 4.1: Specification of track-etch membranes.

Po(l:lz;ze Pore Radius(m) | Porosity (%)
50 2.50E-08 1.18
100 5.00E-08 4.71
200 10.00E-08 15.70
400 20.00E-08 18.84
1000 50.00E-08 17.27

DI water was Millipore deionized water (18MQ/cm & 550nS/cm) and was used as a dialysate
/water phase in all the dialysis experiments. Prior to using the membranes for making the
dialysis device, they were soaked in DI water in a beaker for about a day before use. This is
done so as to remove the glycerine coating from them and also to make sure that the
membranes are well hydrated before use. When the membranes are needed, they are taken,

rinsed with fresh DI water and wiped using a clean laboratory tissue.

4.2  Laser Micromachining

A convenient and cost effective method of fabricating microchannels is by rapid prototyping is
laser micromachining. The mechanism of laser ablation involves the removal of the material
via vaporisation. A beam of high energy laser increases the internal energy of the substrate,
causing the material at the point of incidence to convert into a plasma. The rate of ablation
depends on the optical absorptivity of the material, the laser wavelength and pulse length (93).
Kawamura et al (94) reported ablating polymethyl methacrylate (PMMA) using a pulsed KrF

excimer laser.

4.2.1 CO; Laser

The CO; laser is a benchtop laser with output wavelengths between 9 and 11um. To create
the microchannels for the on-chip dialysis device, laser micromachining was employed. Epilog
Mini 24 laser system was used for high quality engraving on the clear cast acrylic to create the
microchannels for the sample and water flow. The laser source is a digitally controlled, air

cooled CO; laser. The spot size of the laser is 0.003" - 0.005" (0.0762 - 0.127 mm).
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Figure 4.1: COz Epilog Laser Mini.

4.2.2 Designing microfluidic channels and printing.

Channels are designed on any graphics editor, and the CoreIDRAW® vector graphics editor

was used for the present work.

@ ~ < ®)

Figure 4.2 Design for laser ablated microchannels. Microchannel with (a) no obstructions in the channel and (b & c)
with obstructions.

Channels of different geometry (discussed later in this chapter) can be designed using the
application. The Epilog laser is displayed as a printer on the computer and by a simple print
option design can be transferred to the machine. The printer dialog box is shown in the
Figure 4.3. Using the raster mode it is possible to engrave or ablate layers of PMMA and using
vector mode PMMA can be cut according to the design. Using high power and low speed in the
settings, large and deep channels can be created since the laser ablates a considerable amount

of PMMA.

Deep channels can be obtained by rastering PMMA at slow speed and high power. The Epilog
CO: laser settings were first optimized to determine the deepest channel that can be rastered
in a PMMA at the same time avoiding cracking the channel which was commonly noted when
rastering deep channels. Water channels are deep and rastering deep channels makes the
surface of the channels rough. Roughness can be reduced by rastering the same channels over
again with very high speed. Rastering PMMA at high speed and low power yields a shallow and

smooth surface channel.
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Figure 4.3: Engraver Print Properties control box.

4.2.3 3D mode Engraving

Normal channels are easy to fabricate using the laser cutter. At the same time, it is possible to
create channels with chevrons or grooves in them. Turbulent flow or mixing in the channel
would be advantageous as discussed in the previous chapter which can be made possible by

introducing patterns in the microfluidic channels.

Figure 4.4: Microchannels fabricated using laser micromachining. The devices shown above has a channel without an
obstruction (on the left) and with chevrons (on the right). The Devices are 30mm x 30mm and the channels are 4mm
deep and 75mm long.

Kwon et al. (95) showed chaotic mixing in microfluidic channel with herring-bone shaped
obstacle. Similar designs were made using the laser cutter. In order to achieve this, the
necessary condition is to have a CorelDraw design with a greyscale pattern in the design

corresponding to the features that are required in the microchannel. Having a greyscale image
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makes the laser to raster with each pulse having a different power corresponding to the
greyscale value of the design. Unless the 3D mode is selected, the laser would have all the pulse

with the same power.

4.3 Conductivity measurements.

Quantifying desalting efficiency of the device is important to understand how it functions
under various testing conditions. One of the easiest methods of quantifying, post dialysis, the
salt present in the sample or in the water phase after removal is to measure the conductivity
of these phases. With a calibration curve of the conductivity of a series of salt solutions of
known concentration, this conductivity can be related to the salt concentration. Two different

conductivity meters were used in the experiments to measure the salt concentration.

4.3.1 Macrovolume conductivity measurements

YSI 3200 is the conventional bench top conductivity meter used for measuring the
conductivity. The meter is capable of measuring conductivity, resistance salinity and
temperature. The instrument has a resolution of about .0001pS with a wide range 0-3Seimens
and also offers the possibility of data storage and with RS-232 output. The availability of the
RS-232 makes it advantageous when recordings with definite time interval are carried out over
a period of time. Using software RS-232 Data Logger, it is possible to obtain the read out from

the conductivity meter.

Figure 4.5: Bench top conductivity meter YSI 3200.

The meter includes a large conductivity probe/cell and uses resistance ratio measurement
technology. The cell uses black platinum electrodes which are stable and linear. The cells can
also be replatinized if need be by using the meter with a platinizing solution. The conductivity
cell (model 3252/003252 ) used over here has a cell constant of 1.0/cm and has an overall
length of 146mm, 13mm 0.D., chamber [.D 10mm and with a depth of 20mm. The cell is also a

dip type which requires a minimum of 5mL of sample to measure the conductivity.
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4.3.2 Microvolume Conductivity Meter

The pocket sized conductivity meter from Horiba can accurately measure minute samples in
its built-in sampling chamber, or measure large samples by sample chamber immersion in the
measurement solution. The Horiba B-173 has auto calibration ad features a waterproof flat
sensor. The device uses AC bipolar method and has a measurement rage from 1uS/cm to
19.9mS/cm. The measurement modes use sodium chloride salinity conversion which is
favourable for our experiment. The readings are displayed over a digital LCD and there is no
possibility of recording the measurements like YSI3200. The handheld conductivity meter and
the sensor surface can be seen from the Figure 4.6. 100pL of sample is required for
measurement. But by modifying the area around the sensor surface, it is possible to reduce the
volume required to obtain the conductivity measurement. Sealing the area away from the
sensor surface using blu-tag would reduce the sample requirement to 50uL. The sensor is then
calibrated using the calibration solution and can be used for further test. Further, by adding an
inlet and an outlet port to the device Figure 4.6, it is possible to employ the conductivity meter

as a flow cell and record the measurements for a very short period of time (2-5mins).

Figure 4.6: Handheld conductivity meter Horiba B-173. (a) Modified sensor surface of the conductivity meter. Blu-

tag was used to cover of the portion of the chamber.

The conductivity meter has two advantages. The meter can be used as a flow cell where an inlet
to the sensor surface can be made and have it connected to the outlet of the dialyser for sample
measurement and an outlet to remove the sample out by flow after measurement. Another
important advantage is that the device is suitable for requires a low sample volumes. This

makes it suitable for in-line conductivity measurements as described in the chapter.
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4.4  Test Sample

The physiological salt concentration is equivalent to approximately 150mM of a monovalent
salt, while of all the salts present in the blood, sodium chloride (NaCl) constitutes about 135-
140mM which equates 7.8-8.7g/L. Hence 150mM NaCl it (Fisher Scientific) is used as a test
sample in the initial experiments. Human serum albumin constitutes around 86% of the total
proteins available in blood hence albumin from bovine serum (97% pure), was purchased from
Sigma Aldrich as lyophilized powder. Fluorescein isothiocyanate conjugate bovine albumin
and tetramethylrhodamine isothiocyanate bovine (fluo-BSA) were bought from Sigma Aldrich
unless otherwise noted, the experiments described in this thesis were carried out with a
solution of, 150mM NaCl and 2mg/mL fluo-FBSA. This protein was chosen since it would be
easy to detect, by observing a yellow colour in the water phase, if there is any leakage from the
sample across the membrane or device. The yellow coloured sample also acts as in indicator to

visualise how the sample moves along the sample channel and how it spreads across the

membrane.
Table 4.2: Summary of the main requirements for the microvolume dialyzer.
Requirements Experimental approach

Low sample volume ~50pL — | Millimetre channel height and width

Removal of salt ions with retention of R UF membrane with ~1000Da MWCO

proteins pore size

Rapid prototyping of devices _, |Laser ablation micromachining of
optically transparent acrylic polymer

Good seal between membrane and dialysate Use of fluorescent protein to visually

and retentate matrix — |ascertain that this is only present in the
retentate phase

Do not exceed ~60min dialysis duration R 1mL/60mL  syringe volume for
retentate/dialysate phase.

Determine the salt concentration in retentate R Conductivity meters with a dynamic

and dialysate down to ~1 mM range of OuS/cm-20mS/cm

4.5  Static Dialyzer

In order to check the performance of the membranes initial experiments were carried out using
a static setup, with no flow of either the retentate or the dialysate phase. The sample was static
in a chamber rastered on an acrylic. The sample container is shown in the figure below (Figure
4.7). The RC membrane was glued to the acrylic using gel type super glue with care taken so as
to not block the region of interest in the membrane, which will be in contact with the sample.

When this region is also in contact with the DI water, migration of molecules from the sample
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to the water will occurs. Clogging the pores in the active region of the membrane with glue has

to be avoided otherwise the active area of the membrane would be underestimated.

Figure 4.7: Basic dialysis device to check the performance of the membrane. The ultrafiltration membrane is glued
to the acrylic. The hexagon has an area of 132mm?2 and 66mm?.

A hexagonal design was chosen for the sample chamber so as to enable recovery of the sample
at the end of the experiment. The influence of the active area of the membrane on the dialysis
and the influence of the total volume of the sample in the device can be easily understood from
this experiment. Two different hexagonal designs were made using laser micromachining, one
having an area of around 132mm?2 while the other was smaller at about 66mm?2. When the
ultrafiltration membrane (UF) is glued to the device, the active surface area of the membrane
will correspond to the area of the hexagon. In these experiments, the design shown in Figure
4.7 is filled with the sample and allowed to float in a beaker containing about 200mL of DI
water. The conductivity cell connected to the YSI 3200 is immersed in the beaker in such a way
that, it does not touch the device that is floating at the top of the water. The output port of the
YSI 3200 -RS-232 port is then connected to a computer and by using a serial port reader, the

conductivity of the DI water is measured and stored every minute.

From the conductivity measurements, it is possible to find the amount of salt removed or left
behind as follows.
e Measure the conductivity of the bulk water phase as a function of time; the conductivity
increases when NaCl diffuses out of the sample through the membrane.
e Convert the conductivity to a NaCl concentration in the dialysate by using a calibration
curve of known NaCl concentrations.
e For each time point, calculate the mass of salt present in the total volume of water
dialysate.
e Obtain the amount of salt left in the sample by subtracting the mass of salt present in
the water phase from the mass of the salt initially present in the sample.
e Present the dialysis data as a plot of the concentration of salt left in the sample versus

time.
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FFigure 4.8: Basic dialysis setup for checking the membrane performance.

In this set of experiments the principle driving force is diffusion because of the concentration
gradient between the sample and the water phase across the membrane. Similar set up and
experiments were carried out for measuring the porosity of the membranes by diffusion. In
this regard, diffusion rate across a membrane of known porosity is measured and compared
against the diffusion rate of the membrane of unknown porosity to determine the value.
Membranes with 50nm pore size were chosen as a reference membrane of known porosity and

compared against all the UF membranes to determine the membrane porosity.

4.6 Stop and flow experiment

A basic system to check the dialysis procedure with microvolume dialysate and retentate
volume consists of two rectangular channels. Using CorelDraw, a design was made for the
sample and the water channel with the following specifications. In all the designs used for the
microvolume dialysis, the diameter of the membrane (25mm) is one the limiting factor in

selecting the dimensions of the channel and the other being the volume of the sample used.

Bigger water channel
20mmx10mmx4mm
(LXBXH)

Smaller sample channel
10mmx4mmx2.5mm
(LXBXH)

lcm g .

=
Figure 4.9: A simple dialysis setup containing rectangular sample and water channels for stop and

flow experiment
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Figure 4.10: Rectangular dialysis setup with ‘O’ rings to provide tight saling of the membranes for stop and flow
experiment

Figure 4.11: Problem with the rectangular dialysis setup for stop and flow experiments. The water channel is too
wide with respect to the sample channel, causing the membrane to sag and the sample to flow, over the sagged
membrane, out of the sample channel.

The sample channel was made smaller in all aspects length, width and the depth. The sample
channel was engraved using the laser with 50% speed and 100% power. The resulting channel
gave a depth of about 2.5mm and was able to hold about 100uL of the sample. The water
channel was rastered or engraved at 5% Speed and 100% Power to give a depth of about 4mm
on an acrylic sheet of 5mm thick. The water channel was about 20mm x 10mm while the sample
channel was 10mm x 4mm. The differences in the water and sample channel sizes are
advantageous. On aligning the two rastered pieces as shown in the Figure 4.9, it can be noticed
that the sample channel fits inside the water channel. In this case, it is possible to have the
sample exposed to much large volume of water thereby effectively increasing the diffusion of

salts across the membrane.

When the sample was filled into the sample channel using a syringe pump, some problems
were observed. First, the sample did not remain within the channel but it spreads over
membrane randomly. This would be mean that the active surface area where the sample is
present varies from device to device and in each experiment as shown in the Figure 4.11.
Secondly, having the design shown above, it was found that the channels are too wide apart
leading the membrane to sag in the middle. This leads the sample channel to take in more
amount of sample filling the void in the device. In order to overcome this problem and to
provide a tight sealing ‘O’ rings were used. Usage of ‘O’ rings increased the volume of water and

water not being confined to the channel as well (Figure 4.10 & 4.11). This led to re-designing
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the device with smaller channel at the same time maintaining the surface area of the

membrane.

Smaller serpentine channels were initially engraved using the laser micromachining.
Engraving the sample channel in the serpentine design was easy and quick. Unfortunately, this
was not the case for the water channel. The serpentine design of the water channel was quite
close to each other. Hence when rastering at water channel at high power and low speed the
boundary lining the water channel melts away creating no boundary and forms a large

chamber instead. This problem was overcome by using a spiral design as shown in Figure4.12.

Sample channel

Water channel

Sample channel

Water channel

i .
Figure 4.12: Spiral device with water and sample channel. (a)Sample channel width =0.98mm. Water channel width
=2.82mm. Width of sample channel <<Width of water channel. Sagging of membrane in the middle of the channel
seen. (b) Sample channel width=1.76mm. Water channel width=2.82mm. Sagging of membrane is much reduced

The spiral design of the water and sample channels adhered to the diameter of the membrane.
Each of the water and sample channels had a length of about 75mm. The water channel was
fixed and maximized to fit inside the membrane diameter and had a width of about 2.82mm or
8pt. To prevent the problem of sagging of membranes at the middle, different dimensions of
sample channel was rastered. With respect to the pt scale or points scale, sample channels of
1pt, 2pt, 3pt, 4pt all failed to obtain prevent the membrane from sagging. Sample channel
having a width of 5pt= 1.76mm provided the best result from preventing the membrane from
sagging. Sample channels of width above 5pt/1.76mm also proved that membrane sagging
does not occur when placed in the dialyser. But using wider sample channels would mean more
sample is required to flow through the channel. The sample channel was rastered at 50% laser
power and 40%speed movement of the laser unit to obtain a channel height of 200um. The

power and the speed of laser rastering were chosen after various trials. Increasing the power
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further resulted in an increased channel height while decrease the speed had the same effect.
On the other hand, decreasing the power and increasing the speed made the channel shallower
making it difficult for the sample to flow in the channel. Hence in all the experiments, the
sample channel of width 1.76mm and depth 200pm was used along with a water channel of
width 2.82mm and depth 4mm. The total surface area available to the sample is about 132mm?2
which is nearly the same as the test device in Static measurement section. The sample channel
was able to hold about 26pL of the sample while the water channel was able to contain about

750uL of DI water.

Experiments were carried out using the Rectangular design with the ‘O’ rings (Figure 4.10) and
last design with a wider sample channel in case of the spiral design (Figure 4.12) in order to
calculate the appropriate flow rate of the water that would give the best desalting efficiency.
The sample channel and the water channel are aligned with a RC membrane in between them.
The acrylics are then squeezed together using M4 screws gently so that the acrylics do not bend
due to stress in the middle of the device. For the initial set of experiments, the sample is flown
into the sample channel using a syringe pump and then the inlet and outlet port are sealed off
using blu-tag. Then DI water is filled in the water channel using a syringe pump and allowed
to be in contact with the sample for a stipulated amount of time (1,2,5,10,15,30mins etc) and
then flushed out. This water is then collected in an eppendorf and the conductivity of the water

is measured and the values are recorded and further processed.

Experiments carried out using the above device were primarily for control experiments such
as influence of stirring in dialysis, influence of membranes surface area in desalting, determine

flow rate for future experiments and determine membrane parameter such as porosity.

4.7 Counter-flow Measurements

In the last section, experiments with no sample flow were done. In this section, we discuss
about experiments involving flow of both the sample and the water across the membrane in
their respective channels. From the literature reading and from previous chapter, it is clear
that counter current flow is advantageous and results in good desalting/extraction (96). Hence
counter current flow of water and sample is set in all the experiments with water flowing in

the direction opposite to the flow of the sample.

4.7.1 Micro volume Dialysis with Sandwiched Planar Membrane

The schematic of the counter-flow arrangement can be seen in the Figure 4.13
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Figure 4.13: Schematic of a counter current flow in a dialyser. An ultrafiltration membrane is sandwiched between
two microchannels with water and sample flowing in the opposite direction. Red dots indicates small particles such
as salts which can pass through the membrane and yellow dots represents bigger particles such as proteins which
doesn’t pass through. Small particles are removed across the length of the channel starting from the inlet port.

Figure 4.14: Experimental set up for Counter flow arrangement (1) Water supply from a syringe flow rates 10-
750uL/min, (2) Sample supply from a syringe, flow rates 0.5-50puL/min and (3) membrane of MWCO-5000Da used
to design sandwiched dialysis device.

The experimental setup shown in Figure 4.14 was used for the counter flow dialyser. The
device shown in the Figure 4.12 was used in the experiments with counter flow mechanism.
Sample was flown from the inlet port at the centre of the device on the sample side and water
was flown in the opposite direction from the inlet port at the outer side of the device as shown.
Samples were flown through the device at low speed (0.5-5pL/min) and water was flow at
much higher speed (150pL/min). The sample fills in the channel, and passes out from the
device, gets collected and the measurement is recorded. On finalising the procedure and the
flow rates to obtain the modified conductivity sensor is included at the outlet port. The outlet
of the dialysis device is connected to the side of sensor thereby conveying the sample to the
sensor surface. Once the small chamber is filled, the measurements are noted and the sample

is collected through the outlet port at the top of the sensor surface. With this arrangement, it
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was made possible to carry out the in-line conductivity of the sample with various conditions
of flow. The flow rates for this set of experiments ranges from Qs-0.5-50pL/min in case of

sample flow while in the case of water flow, the flow rates varied from Q.-10-750puL/min.

Height X Width X Length

Sample chamber height
(0.2mmX 1.76mm X 75cm)

- Water chamber height
(4mm X 2.82mm X 75cm)

Figure 4.15: (a) Sandwiched membrane dialysis in spiral design using counter flow method. (b) Dialysis device
connected to the modified in-line conductivity meter. (c) Side view of the dialyser showing the channel dimensions.

The same set up with camera was used for real-time measurement of the conductivity changes
to quantify the desalting efficiency. Two conductivity meters- YSI-3200 bench top conductivity
meter along with Horiba’s portable meter was used together one for the sample side and the
other for the water side to measure the conductivity of individual phases as shown in the figure

below.

YSI-3200

Dialyzer

Horiba's
Portable

Figure 4.16: Live measurement recording set-up consisting of two conductivity meters attached one on each of the
sample and water outlets

4.7.2 Micro volume Dialysis with Enclosed Hollow Fibre Dialysis Membrane

The hollow fibre membrane is about 16um thick and has an 0.D 216um. In order to connect
the dialysis membrane, having an inner diameter of 208um polythene tubings are used into
which the dialysis membrane was inserted and sealed off using an epoxy as shown in the Figure

4.17. This set up primarily selected in order to understand the effect of using a membrane of
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different structure for dialysis and the influence of the surface area of the membrane. The
sample flows through the membrane while the water flows through an eppendorf. The
membrane was first cut into 40mm so as to fit inside an eppendorf. This would give the length
of the sample channel to be 40mm. The working volume of the fibre of 150mm length is about
6pL. So for the selected length of the fibre in the eppendorf, the working volume is about 1-
1.5uL. The inlet and the outlet for the water flow uses the polythene tube and they are fixed to
the eppendorf using epoxy.

DI water Inlet DI water Outlet

Dialysis Membrine (MWCO-13KDa)

M

—_—

—
—_— sz:!/

Sample Inlet

Sample Outlet

Figure 4.17: Hollow fibre membrane Dialyzer. Dialysis membrane is fixed inside an eppendorf, (b) Schematic of the
Counter current flow in the Hollow fibre membrane Dialyzer.

The working of the hollow fibre membrane is first evaluated using a high salt concentration
sample 1M with Fluorescent BSA. The counter flow arrangement was set up using the pumps
with the initial flow rate of the sample at 1uL/min and water flow rate at 1mL/min. on
collecting the initial test results, further experiments were carried out using the sample of
170mM and BSA with different set of flow rates ranging from 0.5-25uL/min in the sample
channel while having 250-2000pL/min in case of the water. The in-line conductivity

measurements were then used to measure the conductivity of the desalted sample.

4.8 Mass Spectrometry

Mass spectrometry was used to analyse the influence of the presence of salt in the sample at
different concentrations. Samples for the mass spectrometry analysis consisted of proteins
samples before and after desalting. Protein samples were mixed with an equal volume of
CH30H//HCO2H (98:2). Mass spectra were recorded on an LCT™ (Waters,UK) orthogonal
acceleration time-of-flight mass spectrometer fitted with a nano-electospray source. Samples
(4puL) were loaded into borosilicate capillaries (1.2mm o.d. x 0.69 mm id.) (Clark
Electromedical Instruments, Reading, UK) that had been drawn to a fine tip using a micro
electrode puller (Narishige, Tokyo, Japan) and sputter coated with gold/palladium. Spectra
were recorded in the positive ion mode between 500-1750 m/z (cytochrome c) or 650-1500

m/z (myoglobin) using the following instrument settings: capillary 1250-1650V, sample cone
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25-31 V, extraction cone 8V, source temperature 80° C. Typically, 50-100 acquisitions were
combined and deconvoluted using the maximum entropy algorithm, MaxEnt™ (Micromass,
Altrincham, UK) to give relative molecular mass spectra over the range 10000-15000 Da
(cytochrome c) or 15000-20000 Da (myoglobin) at 1 Da resolution. Spectra were externally
calibrated using myoglobin spectra recorded under identical conditions, immediately after
each sample. The samples were desalted using the method discussed in section 4.7.2 and
handed over to Mr. Neville Wright, Biomolecular Facility, Center for Biological Science,
University of Southampton for obtaining the mass spectrum for the samples. Typical samples
included 10mg of myoglobin (17kDa) in 1mL of PBS and 10mg of cytochrome ¢ (12.3kDa) in
1mL of PBS. A combination of two proteins cytochrome c and Lysozyme from Chicken egg
white (14.3kDa), each of 10mg was taken in 1mL PBS and desalted as before. In order the
compare the resolution of the spectrum between the samples before and after desalting, all the
samples were desalted at different sample and water flow rates (Qs=0.5, 5, 10pL/min and

Qw=750pL/min). Blood serum was also used for mass spectrometry analysis after desalting.

4.9 Summary

Ultrafiltration membranes of different molecular weight cut-off were selected for desalting
with retention of proteins in the sample, and track-etch membranes with larger pore sizes and
known porosity were selected for control experiments. Microvolume dialysis was approached
by rapid prototyping of millimeter scale channels fabricated by laser micromachining of the
optically transparent acrylic material PMMA. The membranes are bonded to the acrylic
matrices with glue to obtain a retentate-membrane-dialysate stack. So that the glue did not
block the active membrane area, the relative width of the sample and water channels was
optimized to prevent sagging of the membrane into the water channel. The composition of
most test samples was chosen to be 140mM NacCl, together with 2mg/mL fluorescent BSA
protein to visualise sample flow and to verify that the sample does not leak around the
membrane. The conductivity of the post-dialysis sample and/or water phase was measured
with customised conductivity meters and the salt concentration can subsequently be
determined with reference to a calibration curve. Initial static dialysis experiments involved
placing a membrane-covered microvolume on top of a bulk water phase. Devices for dynamic
dialysis were designed with straight or spiralling microvolume sample and water channels.
These were optimized with respect to channel dimensions and acrylic-to-membrane bonding.
The crucial components of these dialyzers are the commercially sourced ultrafiltration and

track-etch membranes, which are investigated in the next Chapter.
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Chapter 5: Membrane Characterization

The structural characteristics of a separation membrane, which include pore size and porosity,
are important parameters for dialysis performance. This chapter highlights the difference
between the various membranes employed in this work, which can be distinguished by their
fabrication method, which is either phase inversion or track etching. The differences between
these techniques are explained and the different membrane materials and especially
membrane pore morphologies are highlighted from a literature review perspective. Electron
microscopy is then performed to investigate the commercially sourced membranes, and
electrical and conductivity measurements are performed to estimate the porosity of the
membranes with the smallest pores. The experimentally obtained morphologies and porosities
are in agreement with the literature on track etched membranes and on ultrafiltration

membranes prepared by phase inversion.

51 Introduction

A semi-permeable membrane is an interphase between two adjacent phases acting as a
selective barrier. Passive transport of ions or (bio)molecules through membranes can occur as
a consequence of a difference in chemical potential across the membrane, e.g. a concentration
or pressure gradient, or of an electrical field (97). The barrier structure of membranes can be

classified according to their porous character (Table 5.1)

Table 5.1: Classification of membranes and membrane processes for separation via passive transport (98)

Transmembrane gradient
Membrane barrier structure

Concentration Pressure Electrical Field

Non-porous Pervaporation Gas separation  Electrodialysis

Reverse osmosis

Microporous pore diameter s2nm Dialysis Nanofiltration
Mesoporous pore diameter 2-50nm Dialysis Ultrafiltration  Electrodialysis
Macroporous pore diameter 50-500nm Microfiltration

Although there are many different commercially available membranes types for separation
process, the detailed working principles of membrane separation are not very well understood.
One of the reasons for this is that the physical and chemical nature of the applied
membranes is intricate, and that the relation between the membrane structure and the
actual performance, e.g., the transport efficiency, is complex (99) Membrane should be highly
qualities are high selectivity and, highly permeable for the species of interest and also

exhibitility, good mechanical stability and chemical resistance (34). In literature, several
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parameters for membrane performance are enumerated. Morphology related membrane
parameters such as pore size, pore distribution, pore shape and membrane thickness, as well
as performance related parameters such as permeability and rejection, are all considered

important (99).

Some of the most common membrane process and their basic separation mechanism can be

seen in the Table 5.2.

Table 5.2: Membrane separation processes and some of their characteristics (99) and e- porosity of the

membrane.

Membrane Process | Pore Size Typical Characteristics | Separation Mechanism
Microfiltration 5-0.05pum e~10-50% Size Exclusion
Ultrafiltration 50-2nm e~0.1-10% Size Exclusion

Reverse Osmosis 1-0.1nm Solution Diffusion
Dialysis 10-0.1nm e~50% Effective Diffusion
Electrodialysis 10-0.1nm Difference in Charge
Gas Separation <0.1nm Solution Diffusion
Prevaporation <0.1nm Solution Diffusion

5.2  Molecular weight cut-off vs pore diameter specifications.

In most of the membrane filtration processes, the membranes used are distinguished by their
pore size or by their molecular weight cut-off (MWCO), which is defined as the smallest
molecular mass (MW) of an approximately globular molecule which is retained at a certain
coefficient (the ESMST Standardization Committee suggests 90%) of retention (100). In other
words, the term MWCO was developed for certain membranes to define the equivalent
spherical size of macromolecules that can be retained by a specific membrane. When
comparing MWCO measured with proteins to pore size measured by other techniques in a
membrane, it should be noted that proteins differ by 10times in MW may only differ by three
times in size in their globular form (97). Most proteins fold into a globular domain and hence
they are characterized depending on their molecular weight. A straightforward correlation
between nanometre and MWCO is rather difficult and generally the “real” pore sizes are larger
than those evaluated from MWCO data (100). There are four different types of separation
membrane, which are distinguished by their pore size and/or the molecular weight of the

solute they can reject.
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1. Microfiltration (MF): The pore size generally spans the 0.1-1pm range, which are
measured by porometers. Most of the track etch membranes (section 5.3.1) fall in this
category.

2. Ultrdfiltration (UF): The pore size generally spans the 0.01-0.1um range, but pore sizes
are often expressed as MWCO values, which range from 1000Da to 300kDa.

3. Nanofiltration (NF): The pore size ranges from 1nm to 10nm and MWCO values may
range from 200Da to 1000Da. NF membranes can remove divalent ions with relatively
high efficiency, e.g. 70-99%, the efficiency of removing monovalent ions such as Na+,
K+, Cl-, etc. is typically lower (30-80%).

4. Reverse osmosis (R0O): No pores can be identified by SEM (101).

The basic rejection process for the above mentioned type of membranes can be seen in the

Figure 5.1.

Suspended solids

Bacteria
Virus
MF (0.1-1 ym) I
\/Protefns (Mw >10k)

UF (0.01-0.1 ym) [ 1

Trace organics (Mw >200)
Divalentions

NF (1-10nm?) [ ]

Trace organics (Mw > 100)
Monovalentions

RO (none porous)

H,0
Charge neutral organics Mw < 100|

Figure 5.1: The particles rejected by membrane as a function of pore size: An approximate relation (101)

UF membranes are microporous barriers capable to separate the components of mixture on
the basis of differences in size and shape. This kind of membranes is very suitable to separate
suspended materials, colloidal particles and dissolved solutes with molecular mass at least two
orders of magnitude higher than the solvent (usually water). In case of an UF membrane there
exists a nominal MWCO in kDa or atomic mass units (amu) such as 1,3,10,100kDa etc.
According to the membrane pore size distribution for UF membranes as shown in Figure 5.2, a
1kDa rated UF membrane could have ~20% pore sizes ranging from less than 1kDa (e.g.
0.5kDa) to another 20% of pore larger than 1kDa (e.g. 1.3kDa), with the majority at ~1kDa
(100).
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Figure 5.2: Membrane pore size distribution and ratings of ideal and real membranes (100).
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This variation in the pore size distribution depends on the membrane fabrication method.
Some techniques offers precise control over the pore structure, pore size and pore size

distribution while other methods give less control.

5.3 Membrane fabrication technologies.

The functioning of the membrane will depend on its structure as it determines the mechanism
of separation. There are two types of structures found in membranes: symmetric or
asymmetric. Symmetric membranes mostly have cylindrical pores while the asymmetric
membranes are characterized by a non-uniform structure (102). Based on the fabrication
method, a membrane can also have different types of pore structure. Figure 5.3 shows a
schematic diagram of various pore morphologies commonly observed in separation
membranes. There are pores which are cylindrical and run straight through the membrane

while other pores are tortuous, consisting of twists and turns, and of irregular diameter.

o % %"é&%/ @% Y %/Z‘//

Figure 5.3: Schematic diagram of different pores types in separation membranes (103).

7

The most commonly used techniques for preparation of polymeric membranes include phase
inversion, interfacial polymerisation, stretching, track-etching and electrospinning. Herein we

discuss the track etch method and phase inversion method.

5.3.1 Track etch membranes

Track etch membranes are symmetric membranes and offer distinct advantages over
conventional membranes such as phase separated membranes (discussed in section 5.3.2) due
to their precisely determined structure. Their pore size, shape and density can be varied in a
controllable manner so that a membrane with the required transport and retention

characteristics can be fabricated.
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Figure 5.4: Schematic showing single ion-irradiation setup used to fabricate track etched membrane (104; 105)
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Track etched membranes consist of a thin polymer foil with channels that run straight from the
top surface to the bottom surface. The process of track etch membrane fabrication can be seen
in Figure 5.4. A nonporous polymer film is first irradiated with energetic heavy ions leading to
the formation of linear tracks across the width of the polymer film. These ion tracks are then
chemically etched to transform the latent track into a hollow channel (106). Chemical etching
is the pore-size-determining and pore-shape-determining stage of the track etch method (104;
105; 106). The use of accelerated heavy ion beams in combination with beam deflectors makes
it possible to vary the angle distribution of pore channels and pore lengths. The pore shape can

be made cylindrical or conical, or can have a funnel-like or cigar-like geometry.

Typically for track etch membranes, the film material is polycarbonate (PC), polyethylene
terephthalate (PET) or polyimide. The pore size of the track etch membranes can be easily
varied from 0.01 to 30pum while pore densities ranging from 1x10%4 to 6x109/cm2 can be
realized, with a porosity of up to 30%. For a membrane having small pores (e.g. 200nm) the
pore density is high (e.g. 5x108/cm?2) while membranes with larger pores (e.g. 10um diameter)
have a low pore density of approximately 1x105/cm2. This is to maintain the mechanical
stability of the membrane (107). Xue et al (108) investigated nanopores which were prepared
in thick PET foils. They managed to make a single nanopore membrane of known size by
controlling the aperture in the beam path (Fig. 5.4). The foil was first bombarded with a single
U-235 particle with energy of 11.4 MeV/u to form a latent ion track. After being irradiated with
UV rays for 1 h, the foil was immersed in a 5M NaOH solution at room temperature. Since the
etching rate in the ion track region is much faster than that in the bulk material, a cylindrical

pore with a radius in the nanometre scale was fabricated in each foil.
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Figure 5.5: (a) Illustration of track etch membrane: single-track channel, multiple non-overlapping channels and

multiple over-lapping channels (105) and (b) Top view of a track etch PETE membrane from Sterlitech (109).

The pore size, pore size distribution and pore density of typical track etch membranes are easy
to measure with scanning electron microscopy because the pores tend to be >50 nm wide and

run straight through the membrane.
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5.3.2 Phase inversion membranes.

Ultrafiltration membranes are generally asymmetric or anisotropic membranes produced
from a single or multiple polymers. UF polymeric membranes are usually prepared through
the so-called phase inversion process starting from a concentrated polymer solution which is
first cast on a support material as a thin film and then immersed in a liquid (water) which is
miscible with the solvent but leads to precipitation of the polymer. This enables one to
manufacture large-area porous membranes in the form of flat sheets, but hollow fibres are also
possible. This technique offers the possibility of controlling to some extent the structure and
the porosity of the membrane by means of simple variations of the preparative parameters
(100). Anisotropic membranes are preferentially used because of their high separation
efficiency. The structure of the phase separation membranes are more complex because
membranes were obtained from gel (103). This case is observed in all anisotropic membranes.
For example, a polyether sulfone (PES) or regenerated cellulose ultrafiltration membrane are

asymmetric membranes (110).

Figure 5.6: (a) Top view of a 30nm PES membrane from Sterlitech Corporation (111) and (b)cross-section of PES
membrane. A thin skin layer is present below a thick macroporous support layer (112). Scale for the images are not
provided.

Anisotropic membranes prepared by phase inversion consist of a thin skin layer that contains
the smallest pores, which determine the separation performance of the membrane (98). Figure
5.6 depicts a top view and a cross-section of such an ultrafiltration membrane. The skin layer
is a dense top layer responsible for the separation characteristics of the membrane and for the
much higher transmembrane flux compared to the underlying mesh structure (113). The size
distribution of the pores present in the skin determines the selectivity of the membrane while
the skin thickness co-determines the permeability of the membrane (99; 114). Below the skin
layer, there exists a relatively open microporous mesh structure which is basically for support
of the membranes. This results in a membrane which has both satisfactory high fluxes and a
good mechanical properties. Most of the pores in the asymmetric UF membranes are aligned
normal to the membrane surface (115). The skin layer is usually around 100-200nm in

thickness (98; 114; 116)
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As the skin layer is very thin its porosity or surface porosity is in the order of a few percent
(98; 117). The pore size and the surface porosity can be varied in the membrane by varying the
concentration of the polymer solutions and solvents. For example, Ghoshb et al. (118),
described the preparation of five UF membrane samples using different solvents and additives,
including dimethyl formamide (DMF) and N-methyl pyrolidone (NMP). The cross-sectional
morphology of a PES ultrafiltration membrane showed tear-shaped elongated macrovoids that
extend from the compact skin layer towards the permeate side, as shown in Figure 5.6b. The
lower porosity skin layer was found to dominate the transport resistance of the composite

membrane (112).

Pore size, pore density and porosity of anisotropic UF membranes can be measured using
several methods, including the bubble pressure method, the liquid displacement technique,
mercury porosimetry and thermoporometry. The bubble pressure method and mercury
porosimetry are based on determining the pressure necessary to blow air through a water-
filled or non-wetting liquid such a mercury through a porous membrane. For UF membranes
with pores that are small, high pressures (about 10MPa) are necessary. At these pressures the
membrane matrix may deform and the structure may be altered, which could consequently
lead to erroneous results. The liquid displacement technique has the disadvantage that
polymer membranes may swell or shrink in the alcohol-water system. Thermoporometry is
based on the microcalorimetric analysis of solid-liquid transformations in porous materials,

but is not suitable for swelling membranes

The thickness of the skin layer is usually determined by scanning electron microscopy (SEM),
but the size of the pores in the skin layer is too small to be imaged with SEM. Another
complication, from an imaging perspective, is that there is a gradient in the pore size from the

top of the skin layer towards the porous sublayer (114).

5.4 Imaging the membranes

The mass transfer theory summarized in Chapter 3 highlights the importance of the thickness
and the porosity of the membranes and the tortuosity of the pores for the separation efficiency
of the membrane. In this experimental section, electron microscopy was performed to gain
insight in the thickness and the pore size of the commercially sourced membranes. The

porosity of these membranes was determined experimentally as described in section 5.5.
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5.4.1 SEM of membranes.

A scanning electron microscope scans samples with focused beams of electrons. The electrons
interact with the atoms in the sample, producing signals which can be detected and contains

information about the samples surface topography.

Membranes were first soaked in water and dried properly to remove any water molecules
present in the membrane using an oven. Zeiss EVO LS25 with LaB6 thermionic electron gun
was used for obtaining the images of the membranes. The membranes were sliced into small
pieces to image. It was noticed that, using such membranes failed to provide good results.
Hence membranes were coated prior to imaging. The membranes were sputter coated with
Gold/palladium to make the surface more conductive. Images produced with a SEM elucidate
the structure of particular membranes as well as the thickness of the surface layer of
asymmetric membranes. SEM images of the track etch membranes and the UF membranes
produced desired results. Membranes having pore sized 1um, 200pm and 100pm were chosen
among the track etch membranes for microscopic images. From the SEM image of 1um pore
sized membrane Figure 5.7, the pore density was found to be around 8x10¢/cm? to 1x107/cm2.
This is approximately similar to the pore density and pore size reported from the specification
sheet on the membrane (107). Hence the pore density, pore size are used in future calculations
and these values will be discussed later in section5.6. The image also clearly shows the well-
structured pores in the membrane surface obtained by track etch process. UF membranes were

then scanned to determine the pore size if possible along with its morphology.
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Figure 5.7: SEM images of the commercially sourced track etch membranes with a specified pore size of 1um. Non-
overlapping and overlapping pores can be observed. Electron micrograph obtained by Dr. Sumit Kalsi, Nano group,
University of Southampton.

Next an ultrafiltration membrane of regenerated cellulose, prepared by phase inversion, were
imaged. From Figure 5.8 a & b it can be noted that the membrane is thin and has a fibrous
support material underneath it. The fibrous support material has pores of 40-60um. The
membrane without the fibrous support material is very fragile but the fibrous support material
can be peeled off to obtain a small bit of the phase inversion polymer membrane itself, and

images of this are shown in Figure 5.8 c-f. From the figures, it is obvious that the UF membrane
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has a thin skin layer in which the pores are indistinguishable using SEM because the specified
MWCO value of 5000Da would equate to a pore size of approximately 1nm, which is close to
the resolution limit of SEM. However, the sublayer showed pores of about 100-400nm. But
since the skin layer is the part of the membrane that determines the filtration/separation

performance, these sub-layer pores do not play a role in the separation efficiency.
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Figure 5.8: SEM images of the Regenerated cellulose UF membrane. (a) Membrane structure with fibrous support
material, (b) Side view of the membrane showing the thickness of the support material (~160um) and the
membrane (~20um), (c) Close up of the membrane which shows no noticeable pore on the surface, (d) zoomed in
section of the membrane showing the think skin layer at the top and mesh like bottom sublayer in the membrane
and (e) and (f) Mesh like structure of the sublayer in an ultrafiltration membrane. Sublayer exhibits pore of size
~200nm. Electron micrograph obtained by Dr. Sumit Kalsi, Nano Group, University of Southampton.

Determining the pore size of the skin layer of an ultrafiltration membrane prepared by phase
inversion is very difficult and has been attempted in only a few studies. A commonly used

protein to obtain the MWCO cut-off value of these membranes is cytochrome c, the diameter of
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which is approximately 3nm (119). Nripen et al (120), used field emission SEM to visualize the
pores in the skin layers of different UF membranes. They estimated the skin layer pore size of
100, 300 and 1000 kDa membranes to be 5, 15 and 30nm, respectively. However, for desalting
of (biomedical) protein samples, we are interested in UF membranes with a substantially
smaller MWCO, the skin layer pores of which can hence be expected to be smaller than 5nm in

diameter.

5.4.2 TEM of membranes.

Transmission electron microscopy (TEM) is an electron microscopic technique in which a
beam of electrons is transmitted through an ultra-thin specimen, interacting with the specimen
as it passes through. An image is formed from the interaction of the electrons transmitted
through the specimen. TEM has resolution up to 0.3-0.5nm and therefore is particularly useful
in investigating fine morphology porosity and low thickness of the skin layer. The preparation
of cross-sections for the transmission electron microscope (TEM) requires a different and
more complicated procedure. a section thin enough ( 200nm or less) for electrons to

penetrate is cut by glass or diamond knife with the aid of an ultramicrotome.

Figure 5.10: Ultramicrotome used for sectioning the sample

Dr. Anton Page of the Biomedical Imaging Unit, University of Southampton prepared the

membranes and carried out the TEM imaging process. The membrane was first placed directly
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without any preparation or modification in the TEM and this method failed to obtain any
noticeable image of the pores in the membranes. This is because the membranes were of about
120pm in thick. For TEM, the sample needs to be approximately 200nm. In order to cut the
sample at a precise size for the TEM, the membranes were first placed in an epoxy resin which
was then sectioned using an ultramicrotome. Ultramicrotome is a tool used for cutting
materials into very thing sections. From the Figure 5.11, it can be noticed that knife marks from
the microtome are present on the membrane. This is one of the main drawbacks of using a TEM

especially in case of an UF membrane where the pores are randomly distributed.

Figure 5.11: TEM of a track etch membrane with a nominal pore size of 400nm. Pores of ~200nm-400nm were
observed. The linear features are marks from the ultramicrotome blade. Electron micrograph obtained by Dr. Anton
Page, Biomedical Imaging Unit, University of Southampton.

2000, 1

Figure 5.12: TEM images of a regenerated cellulose membrane. Ultramicrotome samples slices of 200nm thickness
were imaged. Pores of size ~100nm-200nm are visible, which correspond to membrane sub-layer segments.
Electron micrograph obtained by Dr. Anton Page, Biomedical Imaging Unit, University of Southampton.

5.4.3 Problems with electron microscopy

The investigation of the ultrafiltration membranes using electron microscopy is a delicate and
difficult task compared to the track etch membranes for a number of reasons. The resolution
and depth of field of the microscopy techniques and the structure of the sample itselflimit
the suitability of SEM and TEM. Preparing the microscopy samples and interpreting and

processing the images is time consuming, while sample preparation procedures may also
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introduce artefacts, especially with ultramicrotome slicing. A major disadvantage of the UF
membrane structure in terms of electron microscopy imaging is that the pores in the skin layer
at the surface of the membrane are not always connected to the porous network of the sub-
layer mesh structure. Moreover, the resolution of SEM is not sufficient to image the very small
skin layer pores (<< 5nm) of the UF membranes with a MWCO suitable for desalting protein
samples, while cutting exactly this skin layer out of an UF membrane as a TEM cross-section is

a difficulty in itself (99; 100)

5.5 Calculating the porosity of the membranes.

Porosity is defined as the fraction of void space (pore) volume with respect to the total volume
of a membrane. It is an important parameter that influences the performance of membrane
separation. The mass transfer coefficient of a membrane given by Equation 3.9 in the previous

chapter highlights this; the mass transfer coefficient is directly proportional to the porosity.

Observations made by Ravish et al (121), also showed that porosity is the important factor.
Electrical conduction across track-etch membranes with different pore size and pore density
having same porosity showed nearly identical results. Typical values of porosity ranges from
0-1. For e.g., for a track etch membrane with a pore size 50nm (pore radius r,=25nm) and Pore
density 6x108/cm?, would have a porosity of 1.18%. Some of the other common track etch

membranes with specifications are mentioned below.

Table 5.3: Nominal properties of track etch membranes. Pore size and pore density are provided by the supplier
and porosity was calculated (107)

Pore Pore .

. . Porosity
radius Density (%)
(rp) nm | (pores/cm?) 0

25 6x108 1.18
50 6x108 4.71
100 5x108 15.7
200 1.5x108 18.84
500 2.2x107 17.27

Table 5.3 illustrates that the porosity of track etch membranes decreases with decreasing pore
size while the pore density increases. However, for UF membranes it is difficult to obtain these
values. UF membranes of different MWCO (1kDa, 5kDa, 10kDa, 100kDa & 300kDa) were
chosen. Cuperus et al. (99) stated that UF membranes would have a pore diameter range from
50nm down to 2nm while the porosity ranges from 0.1-10%. Similar observations on pore size
were made by Nirpen et al. who estimated that PES membranes of 100kDa, 300kDa and
1000kDa have a pore size of 5, 15 and 30nm, respectively (120). In this section, two methods

for obtaining an approximate porosity value for the UF membranes that have been used for the

74



microvolume dialyzer are discussed. These methods require a reference membrane with

known porosity, for which the 50nm track etch membrane was chosen.

5.5.1 Theory of the electrical measurement of porosity

The electrical porosity of the membrane was estimated with a conductometric method as
reported by Kumar et al. (122; 123) and Ravish et al (121). They sandwiched a track etch
membrane between two chambers filled with an electrolyte solution to study the transport of
this electrolyte through the membrane pores. The electrical conduction of electrolyte thorough
the cylindrical pores of a track etch membrane follows Ohm’s law. The resistance offered by
the pores filled with the electrolyte to transport the electrolyte ions is determined by V-I

measurements. According to Ohm’s law:

V=IZ Equation 5.1
Where V- Voltage applied (Volts)

[-Current measured (Ampere)

Z-Impedance (ohm)

For DC measurements Z is replaced by R;- resistance (ohm) and assuming resistance offered is

high compared to the capacitance from the membrane.

R, =

~I<

Equation 5.2

The membrane pores can be represented in a circuit diagram as shown in Figure 5.13

Rs R3 Rw

Voltage source
1V

Figure 5.13: (a) Representation of membrane pores used for the conductometric method. (b) Electrical
representation of the membrane pore structure.

Where rp is the radius of the pores in the membrane and ry, is radius of the membrane exposed

to the electrolyte solution. The above membrane can be represented electrically as shown
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above. The resistance R; offered by a single pore of length I and cross sectional area Ap=mry?2

where 17y, is the radius of the pores in the membrane is given by

Ry = pﬁ Equation 5.3

here p is the specific resistance of the electrolyte used.

The resistance offered by the total number of pores ‘N’ parallel to each other is
Re=Rs+Ry +7 Equation 5.4
Re and Ry are negligible compared to R/N. Hence

R l .
R, = =P (N—Ap) Equation 5.5

The value of N can be replaced by pore density ‘n’” and A=mirn,2 is the area of the membrane

exposed to electrolyte and rn is the radius of the membrane exposed to the electrolyte.

! .
Ri=p (nAAp) Equation 5.6

Substituting the known values we get

r,? = p( m 1) Equation 5.7

nm2ry,2 v

Porosity is defined as the ratio of volume of void spaces to the total membrane volume.

2
=" p Equation 5.8

Trm2lm

Where |;, is the length of the pore and li, is the length (thickness) of the membrane. Since 1p=In.

2
p="%2 Equation 5.9

2
Tm

Substituting P into Equation 5.7

p = Plm@ Equation 5.10

Where G=1/V is the conductance (mho or Siemens ‘S’)

Equation 5.10 is the general equation for determining the porosity of a track etch membrane.
The equation also has an unknown variable p which can be cancelled out by taking a ratio
between two membranes where one membrane is of known porosity (Px) and the second

membrane of unknown porosity (P.).

P = % Equation 5.11
mk
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And

B, = Pl Cy Equation 5.12

T
Where the subscripts ‘k’ and ‘u’ stands for known and unknown parameters of the membrane.

P, = P, Equation 5.13

Substituting the experimentally determined value of the conductance, the known porosity and
thickness of the reference membrane, and the known thickness of the membrane under

investigation, the porosity value of the membrane under investigation can be determined.

5.5.2 Experimental determination of porosity by electrical measurements

In order to use the above mentioned method, a measurement set up (Figure 5.14) was
constructed from Tektronix PWS4205 Bench Power Supply 0-20V, a multimeter, a camera to
record the multimeter's current readings, Ag/AgCl electrodes and 0.8mm Ag electrodes were
used for measurements and sodium chloride was used as an electrolyte for all measurements.
Ag/AgCl electrodes were prepared by taking clean Ag electrodes of length 5cm and placing
them in a 1M Ferric Chloride solutions for about 10mins. Solutions of sodium chloride
electrolyte of various concentrations (10uM-1M) in DI water were tested in order to select an

appropriate electrolyte concentration for the measurements.

Membrane

(a)

Electrolyte

Ag/AgCl et e B ——
Electrode e b St ] ettt

Low DC Power supply

®

Ammeter

Figure 5.14: (a) Schematic diagram of the experimental setup for the conductometric measurements of porosity of
the membranes. (b) Chambers for electrolyte solution, with sandwiched membrane, and Ag/AgCl electrodes.

A track etch membrane with 1um pore size was clamped between two aqueous chambers. The
chambers were made from Delrin and had a circular opening of 5mm in diameter. Each
chamber was filled with 100mM NaCl solution (~1mL volume) such that approximately
20mm? of each side of the membrane was in contact with the electrolyte solution. One Ag/AgCl
electrode was inserted into each chamber and a low voltage of 0.1V was applied to the
electrodes. The resulting current value was recorded until a relatively stable current was

observed, as shown in Figure 5.15. At this point the polarity of the electrodes was reversed and
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the current was again monitored until the current stabilised. Then, to avoid depletion of the
Ag/AgCl electrodes, the electrodes were replaced with a new pair of electrodes, the voltage
was changed to a higher value and the current measurements were repeated. In this manner

current values for potentials of 0.1V, 0.2V, 0.3V. 0.4V and 0.5V were obtained.
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From the data shown in Figure 5.15, it can be noticed that the current increases slowly towards
a stable current regime when a low voltage is applied, while at higher voltages the stable
current regime is reached quickly. When the polarity of the electrodes is reversed by switching
the power supply leads, the current value, for each applied potential, increases substantially,
immediately reaching a stable value. This effect might be due to the relaxing of the
concentration polarization at the surface of the membrane surface or in the pores. For each
potential, high current values cannot be maintained for a prolonged period of time; the
eventual reduction in current with time, observed for each applied potential, is due to depletion

of the Ag/AgCl electrodes.

Track etch membranes with a pore size of 50nm were used as a reference membrane for the
conductometric determination of porosity for the UF membranes. First, different electrolyte
concentrations were measured to identify a suitable current range for an applied potential of
1V. The electrodes were replaced with a new pair for each solution with a different NacCl
concentration. From Figure 5.16 it can be observed that the current value for low electrolyte
concentrations (10pM-1mM) is very small (~1pA), while for higher concentrations such as 1M
the current value can only be maintained for a short time due to electrode depletion. Hence an
electrolyte concentration of 10mM, which provided a relatively stable current for a satisfactory
period of time, was chosen for subsequent experiments with other track etched membranes

and with the UF membranes.

600
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400
300
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100 k

10pM [100pM 1mM 10mM 100mM | 1M
0 T

0 500 1000 1500 2000
Time(s)

Current (LA)

Figure 5.16: Live recording of V-I relationship for different electrolyte concentrations for a membrane with 50nm
pore size for a constant applied voltage (1V).

To verify the electrical conductance method for the determination of porosity, track etch
membranes with 400nm pores but with different, but known, porosity and thickness were
employed. The membrane designated as A has a nominal porosity of 0.5% while membranes B
and C have a nominal porosity of 12.56%. Membranes A and B have a thickness of 12pm while

the thickness of membrane C is 23pum. The values of pore size, pore density and thickness of
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the membranes were provided by the supplier and porosity was estimated from them. The V-I
relationship for these three membranes was determined and is shown in Figure 5.17. It is
obvious from the figure that the conductance measured for membrane A is lower than the other
membranes of higher porosity and at the same time the conductance of thicker membrane C is
lower than A. This clearly shows that porosity and thickness of the membrane are important
factors which would determine movement of ions across the membrane. This agrees with the

results obtained by Ravish et al (121) which shows the importance of porosity in electrical
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Figure 5.17: Electrical measurements in 10mM NaCl solution for membranes of pore size 400nm track etch
membranes and different pore density. A- pore density-4x106/cm?2, membrane thickness-12um, B-pore density-
1x108/cm?2, membrane thickness-12um and C-pore density-1x108/cm?, membrane thickness-23pm.
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Figure 5.18: Electrical measurements of current using the conductometric method with 10mM NaCl solutions for
track etch membranes of known porosity and ultrafiltration membranes of unknown porosity. Membranes with
larger pores and high porosity give a higher conductance (V/I).
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The electrical measurements were next performed with a larger set of membranes, including
the ultrafiltration membranes of unknown porosity. The experimentally determined V-I
relationships are shown in Figure 5.18. The slope of these V-I curves give the average electrical
conductance of each membrane, which is shown in Figure 5.19, where the membranes are

ordered with respect to their (expected) pore diameter.
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Figure 5.19: Conductance values obtained from electrical measurements in 10mM NaCl solution for anisotropic
ultrafiltration and isotropic track etch membranes.

Table 5.4: Conductance and porosity value obtained by electrical measurements for different UF membranes.

Membranes | Conductance(puS) Thl;i‘la(r::srsa(n:m) Porosity (%)
1kDa 103.69 20 0.53
5kDa RC 108.93 20 0.56
5kDa PES 116.31 20 0.59
10kDa 166.95 20 0.85
100kDa 184.86 20 0.95
300kDa 160.24 20 0.82
50nm 183.57 25 -

From the conductance values obtained for the ultrafiltration membranes (see Table 5.4),
together with the conductance value of the reference membrane (the track etch membrane
with 50nm pore size), the porosity of the UF membranes was then calculated as outlined in
section 5.6.1 (Equation 5.13). The thickness of the ultrafiltration membranes was taken as
20um, i.e. the thickness of the support layer was not taken into account and the tortuosity of
the UF membranes was assumed to be 1, representing a cylindrical pore geometry. The values
of the conductance measured, along with the values of the reference 50nm membrane, the

porosity of the UF membranes were obtained. The membrane thickness used in the calculation
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corresponds to the actual thickness of the membrane excluding the underlying support
material. The thus obtained porosity values are also listed in Table 5.4. Comparing the
conductance values and substituting the known parameters in Equation 5.13, it was noted that
the porosity values varies around 10% from the specifications of the membranes. Similar
variations were noted by Kumar et al their work (123). The optically measured values of the
pores were found to be 15% higher than the values determined using similar method. This
variations is attributed to the fact that all the pores may not be cylindrical as expected. There
is also a possibility of finding overlapped pores. Besides this, the specifications are normally
based on microscopic images which gives a measure of the pores on the surface but the
equation determines the porosity using conduction measurements through the pores entire

length.

Although the above mentioned method is applicable to track etch membrane where the pores
are cylindrical, it can be applied to UF membrane in crude approximation to obtain the
electrical porosity of the membrane. As opposed to the track etch where the pores are
cylindrical and tortuous value is 1, in the UF membrane the pores are full of twist and turns

and the tortuous values varies in between 1-2.

The average porosity of the UF membranes obtained by using this method is around 0.5-0.9%

5.5.3 Experimental determination of porosity diffusion

Another method of determining the porosity of the UF membrane is by using the transport
mechanism of the solute. Cuperus et al. (99) noted that attempts to correlate membrane
structure with membrane performance had little success, except for dialysis performance,
where diffusion is the main mechanism. Track etch membranes of known porosity and the UF
membranes of unknown porosity were used in static dialysis experiments. A simple device
(depicted in Figure 4.8) capable of holding around 100uL of sample (NaCl-150mM) was sealed
with a membrane and placed on a bulk phase of 200mL DI water. The diffusion of salt across
each of the investigated membranes into the water phase resulted in a gradual increase of
water phase conductivity as measured with a water-phase immersed conductivity meter probe
(see section 4.5). Examining Figure 5.20, it can be noticed that the UF membranes gave a
sequential increase in the rate with the 1kDa membrane showing a slow increase compared to
the other UF membranes: 10, 100 or 300kDa. Among the UF membranes, the 300kDa
membrane showed a high salt removal rate from the sample as follows from the rapid increase
of the conductivity of the water phase. Also from Figure 5.20, the 5kDa membranes with and
without the fibrous support were tested and gave near-identical conductivity values at each

time point, indicating that the fibrous support layer of the ultrafiltration membranes does not
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contribute to the salt dialysis performance of these membranes. This was expected because, as

mentioned in section 5.4, the pores in this support layer are ~50pm wide.
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Figure 5.20: Static diffusion measurements for different track etch and UF membranes. The conductivity of the bulk
water phase increases with time, indicating a gradual increase in salt concentration of the 200mL volume water
phase by salt diffusion over the membrane from a 100pL volume of 150mM NaCl solution.

Membranes of similar MWCO but composed of different polymer species showed similar
conductivity values over time, and hence a similar rate of salt concentration increase in the
water phase, as shown in Figure 5.21 for a regenerated cellulose membrane and a

polyethersulfone membrane with a nominal MWCO of 5kDa.
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Figure 5.21: Static diffusion measurements for two UF membranes with the same nominal MWCO of 5kDa,
composed of polyethersulfone or regenerated cellulose. The conductivity of the bulk water phase increases with
time in a near-identical manner. The retentate phase is 100pL 150mM NacCl and the dialysate phase is 200mL DI
water.
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Examining the results of the track etch membranes in Figure 5.20, the rates of conductivity
increase and hence the diffusion rates of the salt ions over these membranes, vary in time and
are also different for different membranes. For each membrane, a decrease in the rate of salt
diffusion over time is expected because the salt concentration gradient between the sample
and the water phase decreases. However, comparing the different track etch membranes, it
would be expected that the membranes with larger porosities result in a proportionally larger
diffusion rate, but this is not evident from the data. For example, membranes with 50nm pores
and membranes with 1um pores in Figure 5.20 showed an identical increase in conductivity

although the porosity of these membrane varies by 10 fold.
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Figure 5.22: Rate of conductivity change for UF RC membranes-300kDa for different time intervals. Initial rate of
conductivity change varies considerably in comparison to the later rate.
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Figure 5.23: Rate of conductivity change for UF RC membranes-5000Da for different time intervals. Initial rate of
conductivity change varies considerably in comparison to the later rate.

The values of conductivity measured in the linear range of the measurements are of our
interest since the rate of change of conductivity would be ideal for calculations. Comparing the
rates of conductivity change for membranes of known porosity with unknown membranes

(track etch membrane’s) , it is possible to determine the porosity of the unknown membranes.
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From the Figure 5.20, it is possible to isolate the rates of salt removal at various time intervals

for different membrane as shown in Figures 5.22 and 5.23.

The rate of change in conductivity for various UF membranes at different time intervals are
noted and compared with the 50nm track etch membrane of known porosity (e-1.18%). UF
membranes of MWCO-1, 5, 10, 100, 300kDa made from regenerated cellulose were selected.
Different rates of conductivity change for different membranes can be seen in Table5.5. It can

be noticed that the trend in rate changes is common for all the membranes.

Table 5.5: Rates of conductivity change for different time intervals for different membranes.

) Rates of conductivity change for regenerated | Track etch
Time cellulose UF membranes (uS/cm/s) membrane

intervals
1kDa 5kDa | 10kDa | 100kDa | 300kDa 50nm
0-30s 0.0074 | 0.0119 | 0.0066 | 0.0255 | 0.0674 0.0367
10-30s 0.0023 | 0.0125 | 0.0067 | 0.0219 0.08 0.0448
20-70s 0.0009 | 0.006 | 0.0054 | 0.0112 | 0.0196 0.0029
20-100s | 0.0008 | 0.0043 | 0.005 0.01 0.016 0.0216
100-200s | 0.0003 | 0.0017 | 0.0035 | 0.0078 | 0.0099 0.0166
200-300s | 0.0002 | 0.0013 | 0.0026 | 0.007 | 0.0083 0.0121
300-400s | 0.0002 | 0.0012 | 0.0022 | 0.0064 | 0.0073 0.0089
400-500s | 0.0001 | 0.0012 | 0.0026 | 0.0059 | 0.0067 0.0071
100-400s | 0.0002 | 0.0017 | 0.0027 | 0.0071 | 0.0084 0.0123
200-400s | 0.0002 | 0.0014 | 0.0024 | 0.0067 | 0.0078 0.0104

Comparing the known values of porosity of the 50nm track etch membrane with the different
rates of conductivity change from the table above, average porosity of the UF membranes is

calculated.

Table 5.6: Porosity calculated from conductivity measurements for different membranes.

Membrane | Calculated Porosity (%)
1kDa 0.08
5kDa 0.43
10kDa 0.46
100kDa 1.1
300kDa 1.84
50nm 1.18

From the above table, the porosity of the UF membranes is very small as expected. This

corresponds to the surface porosity of the membranes in the skin layer.
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5.6 Summary

In this chapter membrane fabrication technologies and membrane morphology have been
discussed. Of the membranes employed in this thesis, the microfiltration membranes with
larger pores (250nm diameter) were fabricated with the track etch method, while the
ultrafiltration membranes were made with the phase inversion method. Track etch
membranes have well defined cylindrical pores that span the membrane whereas phase
inversion membranes consist of a very thin (~200nm) skin layer that contains the smallest
pores, with a thicker sub-layer underneath where the irregularly shaped pores are larger.
Phase inversion membranes are functionally characterised by the molecular weight of the
smallest globular proteins or polymers that are retained by these membranes (MWCO value),
rather than by their pore diameter as is the case for the track etch membranes, because the
pores in the skin layer are difficult to image, both because of their small size and because of the
very small thickness of this top layer. Electron microscopy of the membranes was carried out.
SEM imaging revealed the expected track etch membrane morphology and the expected
support layer/sub-layer/skin layer ultrastructure of the phase inversion ultrafiltration
membranes. TEM imaging confirmed the morphology of track etch membranes and of the sub-
layer of phase inversion membranes, but did not succeed in visualising the pores in the skin
layer because the required slice could not be obtained with an ultramicrotome. Problems with
other methods of determining the porosity of UF membrane is discussed which clearly shows
the difficulty in accurately measuring the porosity. Cuperus et al (117) observed the same
condition as in the very low porosity of the skin frustrates the accurate determination of
the pore size distribution. Conductometric method of porosity determination was formulated
from ohm’s law which provided a porosity for the UF membrane to be around 0.5-0.9%.
Though this method is a crude approximation by not taking into account the tortuous nature
of the membrane, the porosity values obtained matches reasonably well with the values
obtained by diffusion. Based on dialysis experiments, the membranes were estimated to have
porosity of around ~0.1-2%. The values of porosity found using the two methods, matches
well with the values of porosity reported for UF membranes (99; 117). Cuperus et al (99)
highlighted that the porosity of UF anisotropic membrane is between 0.1-10% and Chen et al
(124) from their research on cellulose acetate membrane confirmed the porosity values
(e~0.5-0.8%) for UF membranes by osmometry. From all the values obtained the porosity of

UF membranes is taken as e~0.5% for all future calculations and reference in this report.
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Chapter 6: Mass transfer across the membrane

This Chapter describes experiments to determine the suitability of ultrafiltration membranes
for dialysis of salt ions from a protein containing test sample. Salt transfer over the membrane
is quantified with conductivity measurements. The salt removal characteristics of different
devices for static, quasi-dynamic and dynamic counter-flow dialysis with planar ultrafiltration
membranes are then extensively evaluated. For the counter-flow dialyser geometry, a large
range of sample and water flow rates is employed and the post-dialysis sample salt
concentration is measured for each combination of flow rates. The theoretical desalting
performance of this device is subsequently estimated with mass transfer theory, and
performance limiting factors, with a focus on the membrane itself, are discussed. Finally, some

dialysis experiments are carried out with a hollow fibre membrane.

6.1 Quantification of salt concentrations.

Quantifying the mass transfer of a given species over a membrane defines the performance of
that membrane under specific operating conditions of a dialysis device. For salt solutions, mass

transfer of the ions can be quantified by conductivity measurements.
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Figure 6.1: Calibration plot (conductivity vs. concentration) for the bench top YSI3200 conductivity meter and the
handheld Horiba B-173 conductivity meter.

To correlate conductivity meter readings with the salt concentrations, reference solutions with
a wide range of NaCl concentrations in DI water were prepared, and the conductivity of each
solution was measured with the Horiba handheld conductivity meter (Section 4.3.2). The
obtained data were plotted as a conductivity versus NaCl concentration curve (Figure 6.1) and

the parameters of a linear fit were subsequently used to correlate measured conductivity
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values of dialyzer retentate or dialysate phases with actual salt concentrations. The smallest
salt concentration that can be measured with the Horiba handheld conductivity meter is 10uM
below which measurements are impossible. This is because, using the conductivity meter DI
water measures a minimum conductivity of 1uS/cm ~ 10uM in its native state. Similarly, the
device has an upper range of 20mS/cm =~ 250mM above which measurements are possible by
diluting the samples. The range mentioned (10uM—250mM) above is the limitation of the
device. Although such samples are not used in this research, measurements of such samples
can still be made by diluting the samples using DI water. When using the plot to extrapolate
the concentration, small range that fits the conductivity value within the plot is taken into

consideration.

6.2  Static Dialysis.

Salt diffusion through the ultrafiltration membranes was measured under static dialysis
conditions as described in section 4.5. The test sample (100pL of 150mM NaCl + 2 mg/mL fluo-
BSA) was kept in a sample chamber made of acrylic and placed in a beaker containing 200mL
DI water as the dialysate phase. The primary aim of this experiment was to check the possibility
of salt dialysis with a membrane meant for ultrafiltration. The performance test of the
ultrafiltration membrane for the use of dialysis can be seen from the initial experiments with
the static set of experiment. The conductivity of the water phase at the start of the experiment
read 0.55pS/cm, which is the value measured for DI water. Over time, an increase in the
conductivity of the water phase was measured with the immersed YSI 3200 conductivity cell,
as shown in Figure 4.8 for the 5kDa MWCO RC membrane. The experiment was performed with
a static water phase and also with a water phase that was stirred with a rotating magnetic

stirrer bar
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Figure 6.6.2: Salt concentration of a 200mL water phase, converted from conductivity readings of an immersed
conductivity cell, exposed to a static test sample of 100uL of 150mM NaCl and 2mg/mL fluo-BSA through a 5kDa
MWCO RC ultrafiltration membrane, with and without stirring of the water phase.

Figure 6.2 clearly shows that salt ions transfer from the test sample into the water phase, while
visual inspection verified that the fluo-BSA proteins were retained in the acrylic sample
chamber. For the duration of the experiment, the salt concentration in the water phase
increased linearly with time, at a rate of approximately 4ug/min for a static water phase and
20pg/min for a stirred water phase. Stirring is expected to increase the salt gradient over the
membrane by continuously diluting the water layer close to the membrane, hence facilitating

cross-membrane diffusion of the salt ions.

When keeping all the experimental parameters, the active surface area of the membrane, the
volume of the water phase, the speed of water stirring, etcetera constant, the rate of diffusion
is expected to depend on the sample volume. This was investigated by filling the same acrylic
test chamber with either 500uL, 250uL, 50uL or 25uL of the test sample and measuring the

conductivity of the stirred water phase over time.
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Figure 6.3: Amount of salt in a stirred 200mL water phase exposed to different volumes of a static test sample
through a 5kDa MWCO membrane with an active area of 132mm?2.

Table 6.1: Rate of salt removal as a function of sample volume, calculated from Figure 6.3.

Volume of the sample(uL) | Rate of salt removal (ng/min)
500 349.5
250 177.7
50 67.3
25 62.9

Figure 6.3 and Table 6.1 shows that for the 5kDa RC membrane, more salt diffuses from the
test sample into the water phase when the active membrane area is the same but the volume

of the test sample is larger. The rate of salt removal from the sample chamber is similar for the
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smaller sample volumes (60-70pg/min for sample volumes of 25 and 50uL) while it is

substantially higher for the larger sample volumes of 250 and 500pL.
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Figure 6.4: Influence of different surface area of the membrane on diffusion rate. (a) Increase in the conductivity
measurements in the dialysate phase over a period of time for device with 2 different membrane area and (b)
Decrease in the concentration of the salt in the sample calculated from plot (a). The rate of conductivity increase in
the dialysate phase or Salt removal in the sample phase is more for device with bigger membrane area (132mm?2).

The influence of the active surface area of the membrane on the rate of diffusion of salt ions
across the membrane was also investigated. Two different acrylic sample chambers, one with
an active membrane area of 66mm?2 and another one with an active membrane area of 132mm?,
were filled with 200uL of the test sample. In both chambers, the sample covered the active
membrane area completely. The conductivity of a stirred 200mL water phase was recorded
over a long period of time, with the result shown in Figure 6.4a. It is apparent that the rate of
salt transfer over the membrane decreases substantially after approximately one hour. It can
also be concluded that the membrane with the larger active area enables a higher initial rate of
salt removal and enables a larger amount of salt to transfer across the membrane, hence
resulting in a lower salt concentration in the sample, as shown in Figure 6.4b. The initial rate
of salt removal from the sample for the active membrane area of 132mm? is approximately
18ug/min or 3.1mM/min, while for the area of 66mm?2 the rate is approximately 9.2pg/min or
1.7mM/min. Hence the 2-fold smaller membrane area gives a 1.8-fold decrease in the rate of
salt concentration reduction of the test sample. These experiments confirm that a larger active

membrane area enables more efficient dialysis of salt ions from the sample to the water phase.

6.3  Stop and flow dialysis.

All the above experiments were carried out with a static sample and a bulk water phase, at least
400 times larger in volume than the sample phase that was not refreshed. Figures 6.2 and 6.3
show that within the first few minutes of the dialysis experiments, the rate of salt ion transfer
over the membrane is high, illustrating that dialysis is most efficient at a high concentration

gradient. In order to maintain such a high concentration gradient between the water and the
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sample phase, it is necessary to continuously supply fresh DI water to the dialysate side of the

membrane.

6.3.1 Rectangular channel dialyser

Initial experiments with a static sample and a quasi-dynamic water phase were performed with
the devices shown in Figure 4.9 in Section 4.6, which consist of a rectangular sample chamber
and a rectangular water channel of millimetre dimensions. The aim of these experiments was
to estimate the optimal refreshing rate, or flow rate, of the water phase. First, the test sample
(150mM NaCl and 2mg/mL fluo-BSA) was inserted in the sample channel and DI water was
flown into the water channel. The device was then left undisturbed for about 10 minutes,
during which the water phase was static. Subsequently, the contents of the water channel
(450pL volume) were flushed out and collected in an eppendorf tube. Fresh water was then
flown into the water channel once again and the process was repeated several times, with each
new 450pL post-dialysis water phase aliquot collected in a separate eppendorf tube. This stop-
and-flow experiment was repeated twice, once with a water phase stop time of 5mins and once
with a stop time of 3mins. The conductivity of the collected water phase aliquots was then
measured and the salt concentration of the sample was estimated by subtracting the amount
of salt present in the water phase aliquots from the amount of salt originally present in the
sample. The results of the three experiments with different stationary water phase durations

are presented in Figure 6.5 as the remaining salt concentration in the sample versus time.
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Figure 6.5: Stop and flow experiment using rectangular channels with a static sample and a periodically refreshed
water phase. A 5kDa MWCO RC ultrafiltration membrane is separating the two channels

The first conclusion from the data in Figure 6.5 is that with longer time, it is possible to desalt
the sample effectively, from 150mM to 0.916mM NaCl. The second conclusion is that the

desalting of the sample is faster with more frequent refreshing of the water phase. Table 6.2
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lists the salt concentration of the sample, calculated from the conductivity of the post-dialysis
water phase aliquots, after 30mins of dialysis. We see that with the most frequent refreshing
of the water phase (every 3mins; total dialysate volume 4.5 mL) the sample had desalted to
27mM while refreshing at a slower rate of every 5Smins (total volume 3.0 mL) the sample had
a concentration of about 40mM NaCl. The sample salt concentration was higher again, 71mM,
in case of refreshing every 10mins, with a total water phase volume of 1.5 mL. Having 460uL
of water in contact with the membrane for 10 minutes, with fresh DI water supplied at this
point, etcetera, is in a crude approximation equivalent to a continuous water phase flow rate
of 460uL/10mins, or approximately 50uL/min. Likewise, 460uL/5mins corresponds to
~100uL/min and 460uL/3mins to ~150puL/min. Hence it can be deduced that with a higher
flow rate of the water phase in the dialysate channel, desalting of the sample by dialysis is more

efficient.

Table 6.2: Sample salt concentration after 30mins of dialysis over a 5kDa MWCO membrane, with the water phase
being refreshed every 3mins, 5mins and 10mins. The data are from Figure 6.5. The total water phase volume and
equivalent flow rates are also given.

Water Equivalent
Sample salt .
phase . Total volume of water continuous water
. Concentration .
refreshing . passed through the flow rate (pnL/min)
. . after 30mins
time point water channel (mL)
. (mM)
(mins)
3 27 4.5 153
5 40 3 92
10 71 1.5 46

Although this dialyser design with straight rectangular channels enabled efficient desalting of
the static sample at higher equivalent water phase flow rates, the relatively large width of the
channels could lead to sagging of the membrane, with sample spreading over a larger area of
the membrane, as mentioned in section 4.6. To maximise the membrane surface area in a
controlled manner, the channels were narrowed and elongated, with a spiral geometry being
preferred over a more densely packed serpentine geometry because of laser micromachining

performance (section 4.6).

6.3.2 Spiral design

The spiral channel design has a sample channel of 200pum height and 1.76mm width, while the
water channel is 4mm deep and 2.86mm wide. Both channels have a length of approximately
75mm, giving a sample channel volume of 26 pL and a water channel volume of ~750uL. The
quasi-dynamic stop and flow experiments described in the previous section were also
performed with this spiral channel geometry, but with a larger range of water refreshment

times. First, the sample chamber was filled with 26uL of the test sample using a syringe pump,

92



and the sample channel inlet and outlet port were then sealed with blu-tag. The water chamber
was then filled with DI water, which was left stationary for a given amount of time, after which
it was refreshed and again left stationary for the same amount of time, etcetera. This
experiment was repeated several times, with water refreshment times of 30, 15, 10, 7.5, 5, 2.5
and 1minute, which in a crude approximation are equivalent to a continuous water phase flow
rate of 25, 50, 75, 100, 150, 400 and 750uL/min, respectively. The salt concentration of the
sample was calculated from the conductivities of the water phase aliquots and is shown in

Figure 6.6 as a function of time for the different frequencies of water phase refreshment.
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Figure 6.6: Stop and flow experiment using spiral channels with a static sample and a periodically refreshed water
phase. A 5kDa MWCO ultrafiltration membrane is separating the two channels.

Figure 6.6 shows that more frequent refreshing of the water phase leads to quicker desalting
of the sample. Longer water phase stop times systematically result in slower salt removal from
the sample. It is also apparent, from a decrease in slope of the concentration-time curves in
Figure 6.6 with time, that the rate of salt removal is higher at the start of the dialysis experiment
then towards the end of the experiment. For all water phase refreshment rates, the rate of salt
removal was calculated for the first 3.75mL of water, i.e. for the initial dialysis performance, to

pass through the sample (Table 6.3).

The data in Table 6.3 demonstrate that even if the same amount of water (3.75mlL, i.e. the spiral
dialyser has been filled five times with fresh DI water) has flown through the channel, the rate
of salt removal from the sample depends strongly on the amount of time the water phase has
been stationary. For example, when the water channel contents were refreshed every minute
(750pL/min equivalent continuous flow rate), the salt concentration of the sample was

reduced at a rate of 23.3mM/min during the initial 5Sminutes, while when the water was
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refreshed every 5mins (150uL/min equivalent continuous flow rate) the salt concentration

was reduced at a significantly lower rate of 6.8mM /min.

Table 6.3: The rate of salt removal at different refreshing rates, for the same volume of dialysate or water.

Equivalent

Water phase continuous
refreshing | water flow have 3.75mL of | removal from the

Time taken to Rate of salt

e | e e er| P /i
channel (mins)
1 750 5 23.3
1.875 400 9.3 14.7
2.5 300 12.5 12.9
5 150 25 6.8
7.5 100 37.5 4.5
10 75 50 4.5
15 50 75 4.3

Table 6.4 Rate of removal of salt from the sample during earlier and later 5Sminute periods, for different refreshing

rates.
Water phase refreshment time
(equivalent continuous flow rate)
1min 2.5mins 5mins
(750pL/min) | (300pL/min) | (150uL/min)
Dialysis Rate of salt removal from the sample
time range (mM/min)
0-5mins 23.3 18.3 17.6
5-10mins 4.2 6.6 7.4
10-15mins 1.5 2.8 3
15-20mins 1 1.4 1.5
20-25mins 0.8 0.6 0.6
25-30mins 0.5 0.4 0.4

For the three highest water phase refreshment rates (1, 2.5 and 5mins water phase stationary
time), the rate of salt concentration decrease of the sample was calculated for specific time
segments of the dialysis experiments. Table 6.4 shows a clear trend: the salt transfer from the
sample into the water phase is fastest at the initial stage of the dialysis experiment, and then

gradually slows down. This is because the salt concentration gradient between the sample and
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the water phase becomes smaller with decreasing salt concentration of the sample, and hence
mass transfer from the sample to the water phase becomes less efficient. A slower water phase
refreshment rate results in a lower initial rate of salt removal but in a higher rate of salt
removal at later stages of the dialysis because of a larger amount of salt left in the sample and

hence a larger salt concentration gradient.

With this knowledge of the flow rates of water and device, it is possible to now design a counter
flow device which could effectively desalt the sample. And by customizing the flow rates of
water and introducing a flow in the sample chamber and tweaking it, it is possible to desalt the

sample to any desired concentrations.

6.3.3 Effect of non- laminar flow in water channels.

From the previous section 6.3.2, it can be concluded that the dialyser with spiral channels is
capable of achieving good desalting of a microvolume (~30uL) test sample under stop-and-
flow refreshment of the water phase. The water flow in the water channel is expected to be
laminar but it was highlighted in section 3.2 that a turbulent, non-laminar, flow will result in
more efficient mass transfer over the membrane. To determine whether the dialysis
performance of the spiral channel dialyser could be further improved, a spiral channel was
fabricated with chevrons/grooves (Figure 4.2 in section 4.2.2), which are expected to cause
turbulent flow. As with the experiments before, the sample was stationary and water was flown
through the channels at 750puL/min in each case. Three different types of water channels were

tested and the results can be seen in Figure 6.7
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Figure 6.7: Stop and flow Experiment using a spiral channel with static sample and refreshing buffer in differently
structured water channels.
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The water channel design with chevrons did not improve the sample desalting performance of
the dialyser and hence this was not implemented. Having established that the spiral dialyser
with long channels of millimiter depth and width is able to efficiently remove salt ions from a
stationary sample under stop-and-flow conditions with frequent refreshment of the water
phase, subsequent experiments were carried out with a continuous flow of both the water and

the sample phase.

6.4 Dynamic counter-flow dialysis

The dialyser with spiral sample and water phase channels was operated with a continuous flow
of water and a continuous flow of sample, in opposite directions, as shown in section 4.7 and
in Figure 6.8. Sample and water flow were regulated with syringe pumps as outlined in section
4.7.1. The sample from the device was pushed into the outlet tube which forms the inlet tube
for the in-line Horiba conductivity meter. In order to wet the entire surface of the sensor on the
conductivity cell, it is necessary to collect about 20uL of the post-dialysis sample. Additionally,
the sample inlet and the outlet tube to the device consume about 5uL of the sample each. With
26pL being the internal sample channel volume, the total amount of sample required is about
36puL. The in-line conductivity meter makes it possible to directly measure the sample
conductivity, rather than inferring the sample salt concentration from the conductivity of
water phase aliquots as in the previous sections where the sample was static. The performance
of the counter-flow dialysis device was tested for a large range of flow rates, 0.5-50uL/min for

the sample phase and 10-750uL/min for the water phase.

! ) 3 ® ¢
: 6® o000 )
Y P ",‘ 020 o YF e o] J%ﬁ_ Sample Chamber

0.2mm X 1.8mm X 75mm|

Ultrafiltration
= Membrane
5000Da

Water Chamber
4.0mm X 3.0mm X 75mm

Figure 6.8: Experimental setup (left) and schematic diagram (right) for counter-flow dialysis.

Table 6.5 shows the post-dialysis salt concentrations of the test sample (originally 150mM NaCl
and 2mg/mL fluo-BSA, with a conductivity equivalent to a sample of 170mM NacCl due to the
presence of salts in the lyophilized BSA powder) for all the 110 combinations of sample and
water flow rate. For each sample flow rate, the desalting of the sample improves with a faster

water flow, while for each water flow rate, sample desalting improves with a slower sample
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flow. These trends are systematic and clearly relate to the optimal conditions for dialysis, a
large salt concentration gradient over the membrane and a long sample-water contact time.
The best desalting of the sample (99.88% salt removal) occurs at low sample flow rates (0.5-
1pL/min) with a high water flow rate (750uL/min). However, the salt concentration of the
post-dialysis sample can be tuned to any value inbetween ~200uM and 170mM with the
appropriate combination of sample and water flow rate. This control of the desalting efficiency
is important for various assays. For example, samples for nanoFET applications should have a
salt concentration of ~1mM whereas samples for mass spectrometry can have a salt
concentration of ~10-30mM. These targets can easily be achieved with this microvolume

counter-flow dialysis platform.

Table 6.5: Desalted sample concentrations(M), calculated from conductivity readings of the post-dialysis sample,
for different sample and water flow rate combinations in the dialysis device with a spiral channel geometry. The
membrane is a 5kDa MWCO ultrafiltration membrane.

Sample conductivity 13.8mS/cm and the corresponding salt concentration 170mM

Sample volume in the device-26puL

Water Volume-750pL

Time 1pL of sample is in

. 3120 1560 600 300 210 156 78 48 39 31
contact with water (s)
Sample flow rate

O L /mim , 05 1 2.5 5 75 10 20 30 10 50

750 [ESTEGEN 8 :o3 31603 052E03  66E-03  95E-03  115E-03  126E-03  157E-03

600 P204E06N MHIGE0EN 7r03  38E-03  054E-03  74E-03  99E-03  121E-03 146E-03 157E-03

500 PEEEOEN SR8 703 10503 057E-03  77E03  102E-03  127E-03  156E-03  160E-03

400 PZSGEOGNNSISENEN se-03  43£-03  066E-03  77E-03  104E-03  134E-03  157E-03  161E-03

300 [PSOIE0ENNEE6E0EN se-03  16E-03  072B-03  78E-03  108E-03 132603 157E-03  163E-03

200 PESSE0ENNGETE08N or-03  16E-03  073E-03  79E03  109E-03  136E-03  158E-03  164E-03

150 DEIOEOGNNE0GE08N oe-03  47E-03  077E-03  82E-03  117E-03  131E-03  158E-03  165E-03

100 [S28E0ENNES7E08N 14603  47E-03  78E-03  87E03  118E-03 139E-03 157E-03  165E-03

50 [UCEOEN NOOTEEN 15:-03  48E-03  79E-03  91E-03  123E-03  142E-03  160E-03  167E-03

25 PE3FE0EN 3503 17803 51E-03  79E-03  96E-03  131E-03 149E-03 161E-03  168E-03

10 PSFE0E) 11503 28603 52E-03  83E-03  97E-03  140E-03  152E-03  165E-03  168E-03

Water Flow rate T
(pL/min)

Best Desalting 0-1mM . Good Desalting 1-10mM Considerable Desalting 10-50mM

Satisfactory Desalting 50-100mM . Poor Desalting >100mM .

Table 6.5 also highlights for each sample flow rate how long 1puL of a sample is in contact with
the water phase, through the membrane, disregarding intra-channel diffusion. This ranges
from 31s for the highest sample flow rate of 50uL/min to 52min for the lowest sample flow
rate of 0.5uL/min. Dialysis times and required water volumes, etcetera, for the more relevant

lower sample flow rates are presented in Table 6.6.

Compared to conventional dialysis, this counter-flow microvolume dialyser consumes a much
smaller volume of the sample (36uL) and also less DI water (at most 60mL) while still giving a
well desalted sample. If required, this sample volume could be further decreased by defining
the sample channel with an alternative fabrication method. Although the desalting of the

sample is highly efficient at low flow rates of the samples, from Tables 6.5 and 6.6 it can also
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be seen that the efficiency of desalting can remain fairly constant upon further increasing the
water flow rate.

Table 6.6: Expanded desalted sample concentrations (M) at low flow rates of the sample. With slow sample flow
rate and high water flow rate, it can be observed that the sample is exposed to a large amount of water facilitating
increased removal of salt.

Total amount Total amount Total amount
of water of water of water
required required required

(mL) (mL) (mL)
Sample flow rate — 0.5 pL/min 1 pL/min 2.5 pL./min
Total sample required for
collecting 20 pL of the sample 36 uL 36 uL 36 uL
outside the dialysis cell
Time taken to obtain 20 pL of
sample outside the device 80 mins 40 mins 15 mins
Time 1 pL of sample is in
contact with water (mins)— 52 mins 26 mins 10 mins
750ulmin 60 30 007E-03 11.25
600ul/min 24 007E-03 9
500ul/min 20 007E-03 7.5
400ul/min 16 008E-03 6
300ul/min 24 12 008E-03 4.5
200ul/min 16 8 009E-03 3
150ul/min 12 6 009E-03 2.25
100ul/min 8 4 014E-03 1.5
50ul/min 2 015E-03 0.75
25ul/min 003E-03 1 017E-03 0.75
10ul/min 011E-03 0.750 028E-03 0.75
T 1 1 1
water flow rate salt conc. salt conc. salt conc.
Best Desalting 0-1mM - Good Desalting 1-10mM Considerable Desalting 10-50mM

The percentage of salt removed from the sample is plotted in Figure 6.9 for the highest water
flow rate and the lowest sample flow rate. This percentage is calculated from the post-dialysis

salt concentration and the input salt concentration as:

Cout

Removal of salt = (1 - c_) x100% Equation 6.1

in

Where Coy is the output sample concentration and Ci, is the input sample concentration
(170mM)
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Figure 6.9: Removal of salts for various flow conditions. (a) Removal of salt at constant water flow rate (750uL/min)

and varying sample flow rates and (b) Removal of salt at constant sample flow rate (0.5pL/min) and varying water
flow rate.
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Figure 6.9a shows that at a water flow rate of 750uL/min, the desalting is very sensitive to the
sample flow rate, with the highest percentage of salt removed (~99.8%) being achieved at a
sample flow rate of 0.5-1pL/min. Figure 6.9b shows that for a sample flow rate of 0.5uL/min
the extent of desalting improved from ~99.4% to ~99.8% for water flow rates up to
~200uL/min. Further increasing the water flow rate, from 200 to 750uL/min, only resulted in
an additional ~0.1% of salt removal. This suggests that beyond a certain flow rate, the dialysis
performance of the device is limited by the device itself and not by the choice of flow regime.
The limiting factor is likely to be the ultrafiltration membrane. The membrane properties do
influence the effectiveness of diffusion as mentioned in section 3.3. The membrane thickness,
the pore size / MWCO value, the pore density and the tortuous nature of the pores can all be

expected to influence diffusion over the membrane.

6.5 Analysis of desalting efficiency.

In order to understand the performance of the counter-flow dialyser better, the mass transfer
equations discussed in section 3.3 were used to predict the desalting efficiency of the dialyzer

and to identify the limiting factors. Mass transfer is given by Equation 3.12 on page 33 as

1 1
(Csin - Cwin) [1 - e_kS[Q_S_W]]

@)~ () e

Q) \Qw

M =

where M is the total mass transfer rate (mol/s), k is the overall mass transfer coefficient, 4 is
the overall mass transfer area of the membrane sheet (m?), Qs=Q,, Qw=Qp are the volume flow
rates in the retentate phase (sample) and dialysate phase (water), Cai=Csin, Cae=Csout, Cbi=Cwin,

Cb,e=Cwout are the concentrations at the inlet and outlet of the dialyzer.

In order to calculate the mass transfer, it is crucial to determine the overall mass transfer
coefficient of the system. In order to calculate the overall mass transfer coefficient (k), it is
necessary to calculate the individual mass transfer coefficient in the sample channel, water

channel and the membrane. From equation 3.10 on page 32

ol

1 N 1 N 1
ks km  kw
Where ks- mass transfer coefficient in the sample channel (m/s),

km- mass transfer coefficient in the membrane(m/s),

ky- Mass transfer coefficient in the water channel (m/s)
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the formula for obtaining the value of ks and ky, is the same with their corresponding flow rates
of the sample and water and their appropriate channel dimensions. The mass transfer

coefficient is given by equation 3.8 from page 32

6QD? f

k.=k, =0.816
v <WCHCZLC

Where Q- feed flow rate (m3/s), D- diffusion coefficient (m2/s), W.-Width of the channel(m),
Hc- Channel height (m),Lc- Length of the channel(m)

In case of water channels, ky will have W.=2.82mm, Hc=4mm, and Q. varies from10-
750uL/min. while in ks W¢=1.76mm, Hc=200um and Qs=0.5-50uL/min. The length of the
channel remains constant at 75mm on both sides of the membrane. The diffusion co-efficient

is assumed to be 1.29x10-°m?/s in both sample and water channel.

The mass transfer coefficient of a membrane is given by equation 3.9 from page 32

Dc- the diffusivity of the solute in the membrane is assumed as 1.29x10-m2/s (125) and t-
thickness as 20um as discussed in section 5.4. The membrane mass transfer coefficient is fixed
since it is obtained by substituting the constant and assumed values. From equation 3.9, it
follows that the limiting factors for km are the porosity of the membrane, the tortuous nature
of the membrane pores and the membrane thickness. The porosity € for an ultrafiltration
membrane ranges from 0.3 to 0.73 and is taken as 0.5%, as discussed in sections 5.3 and 5.6.
The tortuosity t values varies between 0 and 2 and is assumed to be 2 [108]. From the above
values, we can calculate the mass transfer coefficient of the membrane (kn) as 1.667x10-7m/s.
Using all the known and assumed values, the overall mass transfer coefficient k and overall
mass transfer rate M can be obtained. Table 6.7 lists k and M values for sample phase flow rates

ranging from 0.5 to 50pL/min and for water phase flow rates ranging from 10 to 750 pL/min.
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Table 6.7: Overall mass transfer coefficient-k (m/s) and the overall mass transfer rate M (moles/s) at different flow
rates for the cross-flow dialysis device with the parameters described in the main text.

Overall mass transfer coefficient for various flow rates of the sample and water -k (m/s)
[ sample flow rate 0.5 | 1 2.5 5 | 7.5 | 10 20 | 30 | 40 50
(HL/min) | | | | ,
| 10pL/min 3.8E-07 | 3.9E-07 | 4.1E-07 | 4.2E-07 | 4.2E-07 | 43E-07 | 4.3E-07 | 4.4E-07 | 4.4E-07 4.4E-07
| 20pL/min | 43E-07 | 45E-07 | 4.7E-07 | 4.8E-07 | 4.9E-07 | 49E-07 | 5E-07 | 5.1E-07 | 5.1E-07 | 5.1E-07
| 50pL/min SE-07 | 5.2E-07 | 5.5E-07 | 5.7E-07 | 5.8E-07 | 5.9E-07 | 6E-07 | 6.1E-07 | 6.1E-07 | 6.1E-07
" 100pL/min 5.6E-07 | S5.9E-07 | 6.3E-07 | 6.6E-07 | 6.7E-07 | 6.8E-07 | 6.9E-07 |  7E-07 | 7.1E-07 | 7.1E-07
| 150pL/min 5.9E-07 | 6.3E-07 | 6.7E-07 | 7E-07 | 7.1E-07 | 7.2E-07 | 7.4E-07 | 7.5E-07 | 7.5E-07 | 7.6E-07
| 200pL/min | 5.9E-07 | 63E-07| 6.7E-07 | 7E-07 | 7.1E-07 | 7.2E-07 | 7.4E-07 | 7.5E-07 | 7.5E-07 | 7.6E-07
| 300pL/min 6.2E-07 | 6.6E-07 | 7.1E-07 | 7.4E-07 | 7.6E-07 | 7.7E-07 | 7.9E-07 | 8E-07 | 8.1E-07 | 8.2E-07
| 400pL/min | 6.4E-07 | 6.9E-07 | 7.4E-07 | 7.7E-07 | 7.9E-07 | 8E-07 | 8.3E-07 | B8.4E-07 | 8.5E-07 | 8.5E-07
| 500pL/min | 6.5E-07 |  7E-07 | 7.5E-07 | 7.9E-07 | 8E-07 | 82E-07 | 84E-07 | 8.5E-07 | 8.6E-07  8.7E-07
| 600pL/min | 6.6E-07 | 7.1E-07 | 7.7E-07 | 8E-07 | 8.2E-07 | 8.4E-07 | 8.6E-07 | 8.8E-07 | 8.9E-07 | 8.9E-07
| 750puL/min | 6.8E-07 | 7.3E-07 | 7.9E-07 | 8.3E-07 | 8.5E-07 | 8.6E-07 | 8.9E-07 | 9E-07 | 9.1E-07 | 9.2E-07
' Overall mass transfer for variou;s flow rates of the sample and water -M (ﬁloles/é] A
| 10pL/min | 1.4E-09 | 2.7E-09 | 4.9E-09 | 6.2E-09 | 6.8E-09 | 7.2E-09 | 7.7E-09| 7.9E-09 | B8E-09 | 8.1E-09 |
| 20pL/min 1.4E-09 | 2.7E-09 | 5.3E-09 | 7.2E-09 | 8E-09 | 8.5E-09 | 9.1E-09 | 9.7E-09 | 9.9E-09 | 1E-08
| 50uL/min 1.4E-09 | 2.8E-09 | 5.8E-09 | 8.2E-09 | 9.5E-09 | 1E-08 | 1.2E-08 | 1.2E-08 | 1.2E-08 | 1.1E-08
| 100pL/min 14E-09 | 2.8E-09 | 6.1E-09 | 9.1E-09 | 1.1E-08 | 1.2E-08 | 13E-08| 1.4E-08 | 1.5E-08| 1.5E-08
| 150pL/min 1 1.4E-09| 2.8E-09 | 6.2E-09 | 9.4E-09 | 1.1E-08 | 1.2E-08 | 1.4E-08| 1.5E-08 | 1.6E-08 | 1.6E-08
| 200pL/min | 1.4E-09 | 2.8E-09 | 6.2E-09 | 9.4E-09 | 1.1E-08 | 1.2E-08 | 1.4E-08 | 1.5E-08 | 1.6E-08 | 1.6E-08
| 300puL/min 1.4E-09 | 2.8E-09 | 6.3E-09 | 9.8E-09 | 1.2E-08 | 1.3E-08 | 1.5E-08 | 1.6E-08 | 1.7E-08 | 1.7E-08
| 400pL/min 14E-09 | 2.8E-09 | 6.4E-09  1E-08 | 1.2E-08 1.3E-08  16E-08| 17E-08 1.7E-08 1.8E-08
| 500pL/min 1.4E-09 | 2.8E-09 | 6.4E-09 1E-08 | 1.2E-08 | 1.3E-08 | 1.6E-08  1.7E-08 | 1.8E-08  1.8E-08
| 600pL/min | 1.4E-09 | 2.8E-09 | 6.5E-09 | 1E-08 | 1.2E-08  1.4E-08 1.6E-08  18E-08 1.8E-08 1.9E-08
| 750uL/min 14E-09 | 28E-09 | 6.5E-09 1E-08 | 1.3E-08 14E-08 | 17E-08| 1.8E-08 1.9E-08 1.9E-08
[ Water flow rate ‘ l ' ' ' V
| (uL/min)

In Figure 6.10, these k and M values are also plotted as a function of the sample phase flow rate,

for the different water phase flow rates, which visualises some important trends.

From the Figure 6.10, it is apparent that the overall mass transfer coefficient and mass transfer
rate are very low at low flow rates (Qs-0.5-1uL/min) of the sample. The values of k and M
increase as the sample flow rate increases to 5uL./min, but beyond this flow rate, the k and M
values remain fairly constant. Another important finding is that the value of the kand M depend
on the flow rate of the water phase. A higher water flow rate causes an increase in the k and M
values, but this increase is larger for lower water flow rates (<300puL/min) than for higher flow
rates (>300pL/min). With flow rates of the water phase >750uL/min, it might be possible to
reach a point beyond which no distinct change would be observed. This confirms the limiting

conditions of the device as discussed earlier.
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Figure 6.10: (a) Calculated overall mass transfer coefficient k (m/s) for various sample and water flow rates (b)
Calculated mass transfer M (moles/m) for various sample and water flow rates.

Figure6.10 represents the mass transfer and the mass transfer coefficient for the system
highlighting the important conditions of system limited by flow rates or channel dimensions.
The results shown in figure 6.10 are obtained from predictions method using the mass transfer
equations which are then used to compare it with the experimental results from the

experimental work as demonstrated below

Using the obtained values for the overall mass transfer, it is possible to predict the desalting
efficiency of the cross-flow dialyzer for various flow rates. From Table 6.5 & 6.6, we can find
that 1uL of the sample will be in contact with the water phase across the membrane for
different lengths of time for different sample flow rates. For example, with a sample flow rate
of 0.5pL/min, 1pL of the sample will take 52mins to flow through the sample channel,
remaining all the time in contact with fresh water because the counter flow arrangement is
used. The initial sample salt concentration of 170mM equates to 0.17umoles/pL. Hence 26 uL

(the volume of the sample channel) of sample originally contains 4.42pmoles of NaCl. For a
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sample flow rate of 0.5uL/min and a water flow rate of 750uL/min, Table 6.7 indicates that the
calculated mass transfer rate is 1.41x10-moles/s for this combination of flow rates. During the
52mins required for the 26uL sample to traverse the sample channel, the amount of NaCl
transferred from the sample to the water phase would hence be 4.39umoles. This implies that
99.3% of the salt would be removed from the sample and that the post-dialysis salt

concentration of the sample would be 68uM.
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Figure 6.11: Comparison between the post-dialysis sample salt concentration as determined by conductivity
measurements and the theoretical salt concentration as calculated with the mass transfer equations. Results for
various other sample flow rates can be found in Appendix I.

In this manner, the predicted post-dialysis salt concentration of the sample was calculated for
a large number of sample and water flow rates, and the results are plotted in Figure 6.11,
together with the experimentally obtained salt concentrations from post-dialysis conductivity
measurements. An important conclusion from Figure 6.11 is that the estimated and the
experimentally determined salt concentrations are very close, with the largest variation (~3
times lower sample salt concentration predicted than experimentally measured) observed for
the lowest sample flow rate of 0.5uL/min, where post-dialysis salt concentrations are below
1mM. For sample flow rates of 1, 30 and 50uL/min, the theoretical and experimentally
determined sample salt concentration versus water phase flow rate curves almost overlap,
suggesting that the mass transfer theory is appropriate for the cross-flow dialyser and that the

approximated values for the membrane thickness, the porosity and the pore tortuosity are
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reasonable. The porosity of 5kDaRC membrane can be back-tracked from the experimental
results to 0.52 % assuming a known value of diffusion coefficient, tortuosity and membrane

thickness as before.

6.5.1 Limiting conditions

In order to further understand the limiting conditions of the device, we analyse the individual
cases of the variables in the mass transfer equations. The mass transfer coefficient of the

membrane is given by Equation 3.9 on page 32 as

D e
k, =—
™ot

6.5.1.1 Membrane thickness (t)

The mass transfer coefficient of the membrane (kn) is inversely proportional to the thickness
of the membrane. In Figure 6.12, ky, values have been plotted for a range of membrane
thicknesses, for different membranes that are commercially available. It can be noted clearly
that membranes that are thin (20pum) provide high mass transfer coefficient compared to the

thick (180um) membranes.
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Figure 6.12: Mass transfer coefficient of the membrane calculated for a range of membrane thicknesses assuming
porosity as 0.5% and tortuosity as 2 and D-1.29x10-9m?/s.

In case of the UF membranes that are used in this chapter, of which the structure was discussed
in section 5.3, the overall thickness is around 180um of which ~160um forms the supporting
layer and ~20pm forms the membrane. In the analysis described in section 6.5, 20pm thickness

of the membrane itself was used. Alternative options are to use the thickness of the skin layer
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(~200nm) only, or the total thickness of membrane and supporting layer (~180um). The
predicted desalted concentration varies considerably depending on the thickness used in the

analysis as shown in Figure 6.13.
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Figure 6.13: Prediction of desalting efficiency at Qs-0.5pL/min for different Qw. The prediction has been calculated
for different membrane thickness conditions such as the membrane with the whole support layer (blue),
membrane without the support layer (orange) and skin layer of the membrane (grey).

From Figure 6.13, at high Qu the predicted sample concentration after dialysis for a membrane
of 180um is quite high 58mM whereas for a membrane of 20uM is around 300puM which is close
to the value observed experimentally. This confirms the assumption of the membrane

thickness to be around 20um.

6.5.1.2 Porosity of the membrane ().

The mass transfer coefficient in the membrane (k) is directly proportional to the porosity of
the membrane (Equation 3.9). From the earlier Chapter 5, the porosity of different UF
membranes can be noted from the literature and experimental work to be around ~0.5%
(section 5.6). Figure 6.14 shows that the mass transfer in a membrane of low porosity (<0.5%)
is quite low. Hence a membrane with low porosity such as the 1kDa membranes should have
low mass transfer which would give reasonably low desalting results for the same flow

conditions compared using 5kDa UF membranes.
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Figure 6.14: Variation in mass transfer coefficient and predicted desalted salt concentration for varying porosity of
the membranes.

6.5.1.3 Tortuosity of the membrane (t)

Tortuosity refers to the twist and turns in the membrane pores that an ion or molecule
experiences when moving from one side of the membrane to the other side. Typically the
values ranges from 0-20 in case of UF membranes. Using different values of the tortuosity while
keeping the remaining parameters constant, it is possible to membrane mass transfer
coefficient as shown in Figure 6.15. It can be observed that with high tortuosity value (t=2), the
kn is low since the time taken for the ions to move from one side of the membrane to the other
is long. This clearly shows that membranes that are less tortuous in nature would facilitate in
better mass transfer of the solute.
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Figure 6.15: Variation in the membrane mass transfer coefficient for different values of tortuosity. The mass transfer
is low in membranes which are highly tortuous in nature.
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6.6  Hollow fibre membrane test for improved surface area

A robust way to establish the effect of membrane thickness and porosity experimentally is to
use membranes of different thickness and different porosity. However these values are similar
for all the planar ultrafiltration membranes of the relevant MWCO range. Instead, a hollow fibre
membrane was used for comparison purposes. The desalting efficiency of the cross-flow
hollow fibre membrane dialyser described in section 4.7 was characterized using a sample of
1M NaCl. The regenerated cellulose hollow fibre membrane of [.D. 200um and 0.D. 216um will
have a membrane thickness of 8um. With the hollow fibre membrane enclosed in an eppendorf
tube, the 1M salt solution was flown through the fibre at flow rates between 0.5 and 10puL/min
while the water phase passed through the eppendorf tube, in the opposite direction, at a flow
rate of either 0.1 or 1 mL/min. The post-dialysis salt concentration of the sample was

determined from conductivity measurements, with the results shown in Table 6.8.

Table 6.8: Desalted sample concentrations obtained with a hollow fiber membrane based dialyzer for different flow
rates of the sample and the water phase. The sample originally has a high salt concentration of 1M NaCl.

Post-dialysis sample salt
concentration (mM)

Water Flow rate
. 0.1 1
puL/min
0.5 12 1.3
1 25 12
5 330 227
10 550 450
Sample flow rate
pL/min T

The post-dialysis salt concentration varied between 1.3 and 550mM, with both slower sample
flow rate and higher water flow rate giving lower salt concentrations. At the lowest sample
flow rate of 0.5pL/min and the highest water flow rate of 1mL/min, this hollow fibre
membrane dialyzer is capable of reducing the salt concentration of the sample from 1M down

to 1.3mM, i.e. 99.87% of the salt was removed from the sample by diffusion over the membrane.

The desalting performance of this cross-flow hollow membrane dialyser exceeds the
performance of the cross-flow dialyser with planar ultrafiltration membranes between laser
micromachined spiralling sample and water channels due to several factors. The hollow fibre
membrane offered a much higher surface area with respect to the sample volume, with the
membrane surrounding the sample rather than being on one side of the sample channel only.
In the planar sandwiched membrane, 26uL of the sample is in contact with 750uL of water

across a supported-layer membrane of 180uM in thickness (~20um effective thickness),
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whereas in the hollow fibre membrane, 1-1.5uL of the sample is in contact with 2000uL of
water across a membrane of 8um in thickness. The low volume is due to the small inner
diameter of the membrane. However, another important parameter that has to be taken into
account for its high salt dialysis effectiveness is the MWCO of the membrane. The hollow fibre
membrane has a higher MWCO (13000Da) hence the pores in the membrane will be larger than
the pores present in the planar ultrafiltration membranes with a MWCO of 1000 or 5000Da. It
is also possible that the pore density of the hollow fibre membrane is higher, but this was not
characterized because the MWCO of 13kDa was considered too high for the intended
application of salt removal from protein samples without loss of protein species, and hollow
fibre membrane with a smaller MWCO could not be obtained. Further experiments with this

hollow fibre membrane were therefore not carried out.

6.7 Summary

In this chapter salt removal from a test sample of 150mM NaCl and 2mg/mL fluo-BSA through
ultrafiltration membranes of 5kDa MWCO was investigated and optimized with different
devices for static, quasi-dynamic and dynamic counter-flow dialysis. For the counter-flow
dialyser geometry, the theoretical desalting performance was also estimated with mass

transfer theory.

Using a membrane-enclosed acrylic sample chamber floating on a bulk water phase,
conductivity measurements of the water phase indicated gradual transfer of salt ions from the
sample to the water phase while visual observation showed that the fluorescently labelled BSA
proteins were retained in the sample, indicating that the ultrafiltration membranes are suitable
for dialysis applications. The salt removal rate was faster (20 instead of 4ug/min) when the
water phase was stirred, which will result in dilution of the solution close to the membrane,
reducing the local salt concentration and increasing the salt concentration gradient over the
membrane. With stirring, a larger sample volume of 500uL resulted in a higher rate of salt
removal (350pg/min) than for a sample of ~50uL volume (63ug/min). Furthermore, the rate
of salt removal was nearly twice as fast when the membrane area was increased from 66 to

132mm?2.

Next, the performance of dialysers with millimetre scale sample and water channels was
explored. With a static sample and a periodically refreshed ('stop and flow') water phase in the
water channel, desalting of the sample was more efficient with more frequent refreshment of
the water phase. A spiral channel geometry was then implemented to maximize the membrane
area with which the sample is in contact. With a static sample and a continuous water flow rate
of 750uL/min (the highest possible flow rate) a sample salt concentration of 200uM was

achieved, while lower flow rates resulted in a higher post-dialysis sample salt concentration.
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The spiral dialyser was then operated in a fully dynamic dialysis mode, with counter-flow of
both the sample and water phase. The dialysis performance was extensively characterized,
using a wide range of sample and water flow rates. With a sample flow rate of 0.5uL/min and
a water flow rate of 750puL/min, the most efficient desalting of the sample was achieved, down
to ~200uM (99.88% of salt removed). Significantly, any salt concentration between this value
and the original salt concentration of the sample can be obtained by selecting the appropriate

combination of sample and water phase flow rates.

It was observed that at low sample flow rates of 0.5-1uL/min, salt dialysis from the sample is
not significantly enhanced by increasing the flow rate beyond ~200pL/min. Mass transfer
theory for cross-flow dialysis was applied to the spiral dialyser device geometry to gain insight
in the theoretical desalting efficiency under various flow conditions. Predicted performance
was in good agreement with the actual measurements and the calculations suggested that a
significant increase in dialysis efficiency would require a different membrane, of smaller
thickness or with a larger porosity (or a different device geometry, with a larger membrane
surface to sample volume ratio). This was then tentatively explored by performing cross-flow
dialysis with a hollow fibre membrane, with which a sample of 1M NaCl could be desalted to a

concentration of 1.3mM (99.87% of salt removed).

In the next Chapter, the developed spiral cross-flow dialyser is used to reduce the salt
concentration of samples with a higher, serum-like, protein concentration, of samples with a
mixture of proteins, and of blood serum samples and the effect of specific residual salt

concentrations on the quality of mass spectrometry measurements is determined.
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Chapter 7:  Counter-flow dialysis of protein

samples and serum

The previous Chapter concerned the development of a counter-flow dialyser with
microvolume sample and water channels, with a focus on a test sample consisting of 150mM
NaCl and 2mg/mL fluo-BSA and a 5kDa MWCO ultrafiltration membrane. These experiments
showed that under optimal flow conditions the salt concentration in the sample could be
reduced to ~200uM while the fluorescent protein was retained. In this Chapter, the
performance of the counter-flow dialyser was investigated for higher protein concentrations,
for mixtures of proteins and also for blood serum. The tuneable desalting capability of the
counter-flow dialyser is exploited to obtain protein samples with specific salt concentrations,
which are then used for mass spectrometry measurements that illustrate the signal

enhancement obtained for various extents of sample desalting

7.1  Counter flow dialysis using protein samples.

Human blood serum contains about 60-80mg/mL of protein, of which 40-50mg/mL is human
serum albumin (HSA). To investigate whether such a high protein concentration has an effect
on salt removal by dialysis, a sample containing 50mg/mL of BSA and 150mM NaCl was used.
Experiments were conducted as described in Section 6.4, under dialysis conditions (Qs-
0.5pL/min and Qw-10-750pL/min) that were optimal for salt removal from the test sample
with 50mg/mL fluo-BSA. The post-dialysis salt concentration of the sample, calculated from
conductivity measurements of the retentate phase, is shown in Figure 7.1, together with the

results for a sample that only contained 150mM NacCl.
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Figure 7.1: Post-dialysis salt concentration of a sample originally consisting of 50mg/mL BSA and 150mM NaCl, and
of a sample originally consisting of 150 mM NaCl without proteins. Counter-flow dialysis was performed with a
5kDa MWCO ultrafiltration membrane and a sample flow rate of 0.5uL/min.
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For water phase flow rates >20uL/min, the salt concentration of the post-dialysis sample was
~1.2mM. Although this presents efficient desalting, a lower value of ~0.1mM was obtained for
the protein-free sample while ~0.2mM was obtained for the test sample containing 2Zmg/mL
fluo-BSA (Table 6.5). In order to check whether the post-dialysis salt concentration, or more
accurately the post-dialysis conductivity of the retentate phase is correlated with the protein
concentration in the sample, samples with different BSA concentrations, ranging from 0 to

50mg/mL were dialysed using Qs-0.5uL/min and Qw-750pL/min.
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Figure 7.2: Post-dialysis salt concentration of samples of 150mM NaCl and various concentrations of BSA. Counter-
flow dialysis was performed with a 5kDa MWCO ultrafiltration membrane, a sample flow rate of 0.5uL/min and a
water flow rate of 750puL/min.

The conductivity of the sample phase after dialysis was measured and converted to the salt
concentration values depicted as a bar chart in Figure 7.3. Because samples with an original
BSA concentration of 10 and 20mg/mL are desalted, respectively, to ~0.65 and 0.8 mM salt, it
appears that an increasing concentration of BSA leads to a small, but measurable, decrease in
the desalting efficiency. Although lyophilized protein powders tend to contain salt, it was
estimated that dissolving the BSA used in this work to a concentration of 50mg/mL would only
introduce ~2mM of co-lyophilised salt into the solution. Given that all samples contained
150mM Nac(l, this is not expected to give rise to a significant increase in the post-dialysis
sample salt concentration. It is hence more likely that the proteins themselves contribute to
the conductance of the aqueous solution, implying that the salt concentration as derived from
these conductance measurements with the use of a calibration curve of NaCl solutions (see for
example Figure 6.1) is slightly overestimated. Hopfer et al (126) also reported that a change in
the plasma protein concentration can cause a change in the conductivity of the solution.
However, the main conclusion from these experiments is that solutions with a protein
concentration comparable to the protein concentration in blood serum can be efficiently

desalted by the developed microvolume counter-flow dialyser.

[tis also of interest to establish whether the desalting performance of the dialyser changes over

time. This was tested by carrying out counter-flow dialysis of the 50mg/mL BSA and 150mM
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NaCl sample continuously for 16 hours, with periodical measurement of the post-dialysis
sample phase conductivity. The bar chart in Figure 7.2 shows that during the first four hours
the sample salt concentration, as determined from conductivity readings, was about 985uM,
gradually increasing to 1.13mM for the final 12-16 hour time period. It can hence be concluded
that the dialysis performance of the device is very stable, with only a minor decrease in

desalting efficiency over time.
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Figure 7.3: Post-dialysis salt concentration of a solution of 50pug/mL BSA and 150mM NaC(l, calculated from the post-
dialysis conductivity of the sample phase at specific time points. Counter-flow dialysis was performed continuously
for a period of 16 hours, with a 5kDa MWCO ultrafiltration membrane, a sample flow rate of 0.5uL/min and a water
flow rate of 750uL/min.

Aliquots of the sample phase and post-dialysis water phase, taken at various time intervals,
were also measured with UV-VIS spectroscopy. It was experimentally determined that the UV-
VIS spectrometer (Perkin Elmer Lambda650) could detect BSA at a concentration of 5nM or
higher by the aromatic residue absorbance at 280nm. Water phase samples were measured
undiluted but, due to the smaller volumes, the sample phase aliquots were diluted 50-fold in
deionized water. An absorbance signal at 280nm could not be detected for any of the water
phase aliquots, confirming that the 5kDa MWCO membrane is not permeable to the BSA
molecules, which are present at a concentration of 0.75mM (50mg/mL) in the original sample.
However, the absorbances measured for the 50-fold diluted post-dialysis protein sample
aliquots were approximately 5% lower than those of the pre-dialysis diluted sample aliquots.
Although more measurements would have to be performed to confirm that these are not
measurement artifacts, it could be the case that a fraction of the proteins that are flowing

through the dialyser are retained within the device.

It is possible that membrane fouling occurs to some extent, with protein molecules adsorbing
to the membrane material, potentially leading to a reduction in the effective porosity of the

membrane. For ultrafiltration membranes it may be important that the skin layer faces the
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sample and not the support layer. The ultrafiltration dialysers described in this work always
have the sample flowing along the skin layer and the water flowing along the support layer. As
an exception, the orientation of the membrane was switched and the UV-VIS spectroscopy
experiment described above was repeated. It was found that this resulted in a more
pronounced reduction of the absorbance of the post-dialysis protein sample with respect to
the pre-dialysis sample. This suggests that the contact of the sample with the micrometer-size
pores of the supporting layer and perhaps also the submicrometer pores of the sublayer (see
sections 5.3.2 and 5.4) leads to increased membrane fouling. This coincided with a decrease in
desalting efficiency over time, which could be caused by a decrease in the effective porosity of

a partially protein-clogged membrane.

7.2  Dialysis using different UF membranes

Earlier experiments were carried out on the 5kDa UF membrane for various samples of
different protein concentration. In order to widen the applications of the dialysis device built,

UF membranes of various MWCO- 1, 5, 10kDa were used.
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Figure 7.4: Counter-flow dialysis of a sample of 50mg/mL BSA and 150mM NaCl using different UF membranes. (a)
Post-dialysis Desalted samplesalt concentration of the sample for Qs-0.5uL/min and varying water flow rates and
(b) Desalted sample concentrion for varying sample flow rate and Qw-750pL/min.

The use of the membrane with a MWCO of 1kDa resulted in less efficient desalting for all flow
conditions, whereas the 10kDa MWCO resulted in somewhat better desalting than the 5kDa
membrane. For example, at Qs-0.5uL/min and Qw-750uL/min, with the 10kDa, 5kDa and 1kDa
MWCO membranes, post-dialysis salt concentrations of respectively 452uM, 1.1mM and
~3mM were obtained. These relatively small differences in desalting efficiency are likely
related to differences in the porosity of these membranes. As noted in section 5.6.2, the
porosity of the 1kDa membrane (€-0.08%) is lower than that of the 5kDa (£-0.43%) and 10kDa
membranes (e-0.46%). The choice of the membrane pore size is dictated by the nature of the

sample and the type of experiment that is performed with the dialysed sample. For salt removal
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from a protein solution, the pores of a 1kDa MWCO membrane are unnecessary small while a

10kDa MWCO membrane is expected to be permeable to the smallest protein species.

7.3  Desalting of blood serum

Human blood serum purchased from Sigma Aldrich was used as the sample in the counter-flow
dialyser. The concentration of human serum albumin (HSA) is 40-50mg/mL and the total
concentration of all serum proteins is 60-80mg/mL, hence the serum is different from the
50mg/mL BSA and 150mM NaCl sample used in the previous sections because of the wide
variety of proteins and other molecules, while the concentration of the majority protein
albumin and the ionic strength is similar. The conductivity of human serum was measured
before dialysis and was found to be equivalent to a solution of 132mM NaCl. The serum was
dialyzed at the highest water flow rate, Qw-750uL/min, using the 5kDa MWCO UF membrane
at various sample flow rates. The post-dialysis salt concentration of the serum, estimated from

conductance measurements and a NaCl solution calibration curve, is shown in Figure 7.5.
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Figure 7.5: Post-dialysis salt concentration human blood serum and of a test sample originally consisting of
50mg/mL BSA and 150mM NacCl. Values, determined for several sample flow rates, are calculated from conductivity
readings and a calibration curve of NaCl solutions. Counter-flow dialysis was performed with a 5kDa MWCO
ultrafiltration membrane and a water flow rate of 750puL/min.

The data show that despite the complex composition of serum, the post-dialysis conductivity
at low sample flow rates is just as low as that of the protein test sample of 50mg/mL BSA and
150mM NaCl, demonstrating efficient desalting of the serum. At sample flow rate(Qg-
0.5uL/min and water flow rate (Qw)-750 pL/min, post dialysis of serum showed salt
concentration of 1.5mM while the test protein sample showed 1.3mM. At higher flow rates, the
post-dialysis conductivity of the serum is consistently lower than that of the BSA+NaCl sample,
which is most likely due to the lower initial conductance of the serum. It is also clear that the

extent of desalting of the serum can be regulated by the choice of sample flow rate.
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7.4  Gel electrophoresis analysis

Protein retention in the sample phase was investigated by on-chip gel electrophoresis with an
Agilent 2100 Bioanalyzer system, for serum and for a protein sample dialysed using a 5kDa or
a 10 kDa MWCO UF membrane, Qw-750uL/min and Qs-0.5uL/min. Post-dialysis serum
samples were diluted 5-fold in order to obtain reasonable variations in gel electrophoresis
band intensity, while the post-dialysis protein samples of BSA (66kDa) and cytochrome c
(12kDa) and the post-dialysis water phases were applied without dilution. BSA (50mg/mL)
was used as an upper marker while cytochrome c (10mg/mL) was used as the lower marker
for the test sample. For the gel electrophoresis results depicted in Figure 7.6, diluted post-
dialysis serum samples were in lanes 2 and 4 while lanes 3 and 5 contained the corresponding
post-dialysis water phase aliquots. Lanes 1 and 6 were used as controls, with lane 1 showing
the protein ladder provided with the Agilent Protein 230 chip and lane 6 containing a post-

dialysis sample of BSA and cytochrome c proteins.
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Figure 7.6: Gel electrophoresis results of serum samples and water samples after counter-flow dialysis. Lane (1)
protein ladder, (2) 5-fold diluted dialyzed serum using a 5kDa MWCO membrane, (3) water phase obtained from
5kDa membrane after dialysis, (4) 5-fold diluted dialyzed serum using a 10kDa MWCO membrane, (5) water phase
obtained from 10kDa membrane after dialysis, and (6) sample containing BSA and cytochrome c proteins.

Lane 2 shows that there are no protein bands above 5kDa in the post-dialysis water phase of
the serum sample dialysed with the 5kDa MWCO membrane, while lane 5 shows that there are
no protein bands above 10kDa when a 10kDa MWCO membrane was used. Given that the

detection limit of this gel system is about 10pug/mL it can be concluded that the 5kDa and 10kDa
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membranes are indeed permeable to proteins that are smaller than these MWCO specifications
and are not permeable to proteins with a molecular weight larger than these MWCO values.
The lanes that contain the serum sample or the BSA/cytochrome c sample show an intense
band that migrates with an apparent molecular weight of ~50kDa which is attributed to
albumin. Because this is by far the most abundant protein in serum and because the
Bioanalyser instrument adjust the imaging conditions according to the most intense band,
other protein bands are difficult to observe. However, it is clear that albumin is retained in the
sample phase and was not able to diffuse over the membranes into the water phase.
Determination of the protein composition of the post-dialysis sample and water phase by gel
electrophoresis thus indicates that the ultrafiltration membranes perform according to their

MW(CO specifications, also for the complex biological sample that is human serum.

7.5 Response to variations in the sample flow rates

The effect of varying the flow rate of the sample and/or water phase can be studied by
continuously recording the conductivity of the post-dialysis sample stream. Rather than
collecting the sample as it exits the dialyser into small (~50uL) aliquots that are each measured
with a conductivity meter, the conductivity meter was connected to the sample (or water)
outlet of the dialyser. This enables a 'live recording’ of the post-dialysis conductivity, which is
convenient to establish how the conductivity changes when the sample or the water flow rate
is changed. Initially the conductivity sensor was calibrated with a calibration solution with a
conductivity of 1.41mS/cm and then DI water was passed through until a conductivity of

1pS/cm was measured, which is the lowest value that the conductivity meter can measure.

A sample consisting of 50mg/mL BSA and 100mM NaCl was then flown through the counter-
flow dialyser with periodic changes in the sample flow rate. The salt concentration of the post-
dialysis sample phase, calculated from the conductivity recording, is presented in Figure 7.7 as

a function of time, with the timing of the sample flow rate changes indicated in the Figure.
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Starting with a low sample flow rate, it is observed that increasing the sample flow rate leads

to a new stable conductivity value after a period of time (up to ~20min) during which the salt

concentration gradually increases. As shown in Figure 7.8, for the higher sample flow rates,

where the salt dialysis is relatively inefficient, this period of time is reduced.
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Figure 7.8: Time taken to reach a stable new post-dialysis sample concentration in the conductivity sensor well for
various changes in the flow rates (e.g. "1-2.5" refers to a flow rate change from 1 to 2.5pL/min), determined from
the data in Figure 7.7

[tis important to note that the sensor surface of the conductivity meter plays an important role
in the recording set up. Approximately 50uL of the sample is required at the sensor
surface/well (shown in Figure 4.6) for accurate measurements. For larger changes in the post-
dialysis salt concentration it takes more time for the entire solution in the well to reach the
new, higher, salt concentration. Likewise, when sample flow rate is decreased from 50pL/min
to 2.5uL/min, the time taken to reach a new stable conductivity reading is quite long (~1hr),
reflecting the amount of time to dilute the post-dialysis sample in the conductivity well. In
other words, with Qs-50pL/min desalted sample salt concentration was measured to be
100mM. So the sensor would have 50uL of sample which has a salt concentration of 100mM.
With Qs reduced to 20pL/min, the output salt concentration is ~60mM. So the gradient
between the two stable points is the time taken by a post-dialysis sample of 60mM to dilute a
sample of 100mM to 60mM. The gradient of change increases when sample flow rate is reduced
further, which can be observed when sample flow rate is reduced to 2.5uL/min. The limiting
case for this gradient is the volume required to wet the entire sensor surface on the

conductivity meter.

The rate of the salt concentration change (uM/s) in the well of the conductivity meter was
extracted from Figure 7.7 and is shown in Figure 7.9 for each sample flow rate transition. The
rate of salt concentration change increased significantly up to a sample flow rate of 10puL/min,
after which this rate remained fairly constant until the sample flow rate was reduced. When
sample flow rate changes from 0-1pL/min, the rate of concentration change is around ~2uM/s.
at the same time when sample flow rate changes from 5-10uL/min, the rate is 72uM/s. As
noted above, the rate of salt concentration change is expected to be lower when the difference

between the new and the previous sample output salt concentration is larger. These rates
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would all be increased when a smaller-volume well would be designed for the conductivity

sensor, especially with a lamellar flow over the conductivity sensor.
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Figure 7.9: Rate of change of the post-dialysis salt concentration in response to a change in sample flow rate (e.g. "1-
2.5" refers to a flow rate change from 1 to 2.5uL/min), determined from the data in Figure 7.7

Next, to observe how the conductivity of the post-dialysis water phase varies with changes in
Qs and Qw, another conducitivity meter was connected to the dialyser, at the outlet of the water
channel. The benchtop conductivity meter used for this had a modified conductivity cell which
requires around 750uL of sample for accurate measurements. For a sample of 50mg/mL BSA
and 100mM Nac(l, the salt concentration of the post-dialysis sample phase and of the post-
dialysis water phase was measured simultaneously while the flow rates were changed, and the
results are shown in Figure 7.9. It is clear that any change in flow rate affects the conductivity
of the sample phase as well as that of the water phase. Initially Qw was kept constant at
750uL/min and Qs was increased from 1 to 2.5 to 5pL/min, which resulted in an increase of
the salt concentration in both the sample and the water phase. The sample phase conductivity
was increased because a faster sample flow rate reduces the extent of salt diffusion from the
sample into the water phase. The conductivity of the water phase also increased, but not to the
same extent, probably because a faster sample flow rate implies contact with a larger sample
volume. On the other hand, when Qs is kept constant at 1uL/min, decreasing Qw from 750 to
300 to 100pL/min results in a minor increase in the post-dialysis sample salt concentration
but a large increase in the post-dialysis water phase salt concentration.. With a decrease in Qw
the amount of time water is in contact with the sample across the membrane is longer, which

would enable more salt to diffuse into the water phase.
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The rate of the salt concentration change in the flow chamber of the conductivity meters is
shown in Figure 7.11. When a flow rate is changed in such a way that the output salt
concentration changes significantly, it takes a longer time until a new stable conductivity value

is obtained. As mentioned above, this time could be reduced by developing smaller
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Figure 7.11 Rate of change of the salt concentration in the water phase (blue bars) and in the sample phase (red
bars), upon changing either the water or the sample flow rate, calculated from the data in Figure 7.10.

The continuous monitoring of the output sample channel and the output water channel clearly
illustrates that the extent of sample desalting can be tuned by regulation of the sample and the
water flow rate, and that increasing the water flow rate beyond ~300uL/min only leads to a
marginal improvement in sample desalting. This relates back to the analysis of the dialysis

efficiency in the previous chapters, especially section 6.5.

7.6  Summary

Desalting of samples of higher protein concentration, a mixture and serum samples were well
investigated by means of counter-flow dialysis using the set up discussed in the previous
chapter. The influence of salt removal for using membrane of different molecular weight cut-
off was elaborated from which it can be inferred that membranes with low MWCO removes
lower salt than membranes with higher MWCO for similar flow conditions. The retention
properties of these membrane were evaluated using gel electrophoresis. Tuneable desalting
has been achieved as demonstrated by controlling the flow rate of the sample and water. The
salt dialysis performance was characterized in Chapter 6 with NaCl solutions that contained a
low concentration, 2Zmg/mL, of fluorescently labelled albumin to visually verify that this
protein did not diffuse through the membrane into the water phase. In this chapter, solutions
with a higher protein concentration, protein mixtures and also blood serum were investigated

the performance the counter-flow dialyser with a protein content more typical for biological
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samples. Under optimal sample and water flow conditions the conductivity of the post-dialysis
sample phase only increased marginally for higher albumin concentrations. If the proteins
themselves do not contribute to the conductivity, which may not be the case, a 50mg/mL BSA
and 150mM NaCl solution, contains only 1.1mM salt after dialysis. If the proteins do contribute
to the conductivity, the actual salt concentration will be less. For the same sample, the counter-
flow dialyser can be operated continuously for at least 16 hours with only a minor reduction
(~1%) in desalting efficiency, which may be related to protein adsorption to the 5kDa MWCO
membrane. Desalting was slightly more efficient (~0.8mM salt) with a 10kDa MWCO
membrane and somewhat less efficient (~3.5mM salt) with a 1kDa MWCO membrane, which
probably reflects differences in membrane porosity as established in Chapter 5. Continuous
monitoring of the conductivity of the post-dialysis sample and water phases revealed the
response to changes in flow rate, which in terms of the conductivity measurements themselves
is presently limited by the volume of the flow cells on top of the conductivity sensors. Dialysis
of human serum resulted in a very similar dependence of post-dialysis sample conductivity to
the sample flow rate as observed for the 50mg/mL albumin with 150mM NaCl solution,
indicating that a complex biological solution can also be efficiently desalted. Preliminary gel
electrophoresis experiments indicated for serum dialyzed with 5kDa or 10kDa MWCO
membranes that larger proteins are not present in the water phase and hence that these

ultrafiltration membranes perform according to the specifications of the supplier.
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Chapter 8:  Application of counterflow dialysis in

Mass Spectrometry

As outlined in Chapter 2, mass spectrometry is an important bioanalytical technique but is not
compatible with physiological salt concentrations because an excess of electrolyte ions leads
to a large number of different salt adducts (e.g. [M + iH + jNa + kK]@+0+) for each charged
biomolecular species, causing signal broadening and a reduced intensity of the [M + nH]»+
species. To determine the effect of various distinct salt concentrations on the quality of the
mass spectrum, a protein sample containing 10mg/mL cytochrome c (0.8mM) in phosphate
buffered saline (PBS) was dialysed with the counter-flow dialyser (see section 6.4) with a 5kDa
MWCO UF membrane under various flow conditions. Table 7.1 lists the desalting conditions
and shows the post-dialysis salt concentration of the samples, estimated from conductivity

measurements.

Table 8.1: Salt concentration of the 10mg/mL cytochrome c solution in PBS, before (Cytc150) and after dialysis
under various flow conditions.

Sample flow rate S 1 It
Sample used for desalting ampie sa'
. . concentration
abbreviation Qs(uL/min). (mM)
Qw=750uL/min
Cyctc150 0 ~150
Cyctc0.5 0.5 ~1.3
Cyctc5 5 ~31
Cyctc10 10 ~95

Mass spectrometry of these samples, mixed with methanol and formic acid to enhance
protonation, was then performed by Mr Neville Wright of the Biomolecular Facility (Center for
Biological Sciences, University of Southampton) as described in section 4.8. Myoglobin served
as a calibration protein for the mass spectrum analysis and while the cytochrome c signals
were used to assess the quality of the mass spectrum. The obtained mass spectra are depicted

in Figures 7.12 and 7.13.
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Figure 8.1: ESI m/z spectra of cytochrome c solutions with different salt concentrations. The sample abbreviations
are explained in Table 7.2.

Figure 7.12 clearly shows that the m/z spectrum of the sample with the lowest salt
concentration (Cyctc0.5=1.3mM) has the most intense signals, giving well-resolved [M + nH]n*
peaks for cytochrome c. The dialysed samples with a salt concentration of ~31 and ~95mM
give approximately 10-fold less signal intensity and also suffer from significant peak
broadening by the salt adduct species, whereas in the spectrum of the non-desalted Cytc150
sample the [M + nH]» positions are hardly distinct from the salt adduct background signal.
This is emphasized by scaling all mass spectra to the same maximum intensity as the Cytc0.5

spectrum (Figure 7.13)
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Figure 8.2 ESI m/z spectra of cytochrome c solutions with different salt concentrations. The relative intensity axis
only applies to the cytc0.5 sample; the intensity of the other spectra have been normalized with respect to the
maximum intensity of the cytc0.5 spectrum.
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The fact that the high-salt content Cytc10 and Cytc150 samples still give a m/z spectrum with
some discernible features illustrates that nano-electrospray mass spectrometry is the most salt
tolerant method of all the mass spectrometry techniques. However, the m/z spectrum needs
to be deconvoluted to obtain the mass spectrum which gives the mass of the original non-
ionized protein species. These mass spectra of the four different cytochrome c samples are
shown in Figure 7.14a, while Fig 7.14b shows the spectra of the samples normalized to the

maximum intensity of the Cytc0.5 sample.
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Figure 8.3: (a) ESI mass spectra of cytochrome c solutions with different salt concentrations, obtained by
deconvolution of the m/z spectra. Deconvulted data obtained from the mass spectrometer for samples containing
cytochrome c. (b) Intensity-normalized mass spectra; the relative intensity axis only applies to the cytc0.5 sample.
Inset: Expanded view of the mass values close to the molecular weight of cytochrome c. The sample abbreviations
are explained in Table 7.2.

125



As can be seen from these mass spectra, the molecular weight of cytochrome c can readily be
determined in the case of the Cytc0.5 sample as 12358Da, which has been desalted to a salt
concentration of 1.3mM. The Cytc5 sample with ~31mM salt gives a more complex mass
spectrum but the most intense peak indicates the correct mass of the protein. For the sample
with 95mM salt this is almost, but not quite, the case as well. However, for the non-desalted
cytochrome c sample the mass spectrum consists of a large number of peaks spread over quite
a wide range of mass values and hence the correct molecular weight of the protein cannot be
identified. The above data indicate that the deconvolution procedure is complicated by the
presence of salt adduct species in the m/z spectrum. With high salt concentrations, presence
of peaks between the peaks would be masked as in the case of a complex samples where there
are more than a single protein. Figure 7.12 and 13 clearly exhibits this phenomenon in the
range where m/z is between 1300 and 1700. Hence, for biological samples that consist of a
wide range of different proteins with similar molecular weights, the mass spectrometry is more

demanding and the salt content of the samples is expected to be more critical.

Therefore another protein sample was prepared which also contained lysozyme, which is only

2kDa heavier than cytochrome c.
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Figure 8.4 ESI m/z spectra of protein samples containing cytochrome c¢ and lysozyme with different salt
concentrations as indicated in the panels. All spectra are scaled to the intensity of the strongest signal.
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This sample was prepared in the same way as the previous protein sample of cytochrome c and
lysozyme was also present at 10mg/mL (0.7mM). Counter-flow dialysis was employed to
reduce the original salt content of 150mM to 60, 30 or 1.5mM. Mass spectrometry of the

original and the desalted samples was then performed by Mr Neville Wright.

The m/z spectra in Figure 7.15 show that for the sample with the lowest salt concentration of
1.5mM, many well resolved signals with high intensities are present in the ~800-1700 region
of the spectrum. For the sample with 30mM salt, the same signals can be recognized in the m/z
spectrum but due to salt adducts the relative intensity of many peaks has been severely
reduced. It is noteworthy that the m/z signals for cytochrome c, which are expected to cluster
around a value of 900 (see Figure 7.13), are less reduced than the signals for lysozyme, which
are most likely clustered around a value of 1500. This reflects different salt adduct formation
tendencies of these two proteins. At 60mM and 150mM salt, signal intensities are almost
reduced to baseline level due to the occurrence of more salt adduct species (e.g. [M + iH + jNa
+ kK] (i+j+k)n+) for each [M + nH]"* species. Unfortunately, the deconvoluted mass spectra were
not made available, but it is expected that only the two protein samples with the lower salt
concentration would correctly identify the molecular weight of cytochrome c and lysozyme.
Because desalting of protein samples to a residual salt content of ~1mM may have adverse
effects on biomolecular structure and biomolecular interactions, the capability of the
developed counter-flow dialyser to determine the extent of salt removal by the selection of the
sample and water flow rates enables the analysis of protein samples at the highest salt

concentration that still gives good mass spectrometry results.

Finally, a trial experiment was performed with human serum, a sample that is considered to be

inaccessible to mass spectrometry without extensive sample pre-treatment.
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Figure 8.5: ESI Mass spectra obtained for serum samples after desalting containing ~1.5mM of salts. A distinct peak
corresponding to the human serum albumin (66kDa) can be noticed.
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Human serum was desalted to 1.7mM from its initial concentration of 138mM salt by counter-
flow dialysis with Qs=0.5uL/min and Qw=750uL/min. The mass spectrum shown in Figure 7.16,
obtained by Mr Neville Wright, shows a main signal at ~66.5kDa, corresponding to albumin,
which would not be observable without extensive desalting of the serum. However, because
the serum concentration of albumin is significantly higher than the concentration of other
blood proteins, the albumin signal dominates the mass spectrum. Mass spectrometry analysis
of serum samples therefore requires an albumin depletion step, either before or after the

desalting step.

8.1 Summary

Mass spectrometry measurements with serum and with solutions containing two or three
different proteins illustrated how the quality and hence information content of mass spectra
depend on the salt concentration of the sample. It can be inferred that with reduction in the
salt concentration in the sample a high quality mass spectrum will be obtained showing unique
peaks useful in distinguishing one protein from another. Evaluating the samples obtained from
desalting using the microdialyser it can be noticed how the sample has been enriched for better

analysis.
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Chapter 9: Conclusion and Future Outlook

9.1 Summary

Detection and quantification of molecular biomarkers, biomolecules that are associated with a
specific disease or even a specific stage of a disease, promises significant advantages for
medical diagnostics, especially for complex diseases such as cancer. Mass spectrometry is an
established biomolecular analytical technique, also in the area of proteomics, while nanoscale
field effect transistors are being developed as an adaptation of CMOS technology for point-of-
care biomolecular sensors. However, both these label-free techniques are incompatible with
physiological salt concentrations, in the case of mass spectrometry because of salt adduct
formation with concomitant peak broadening and in the case of nanoFET biosensing because
of the short Debye length. Desalting of the sample prior to loading in the detection device is

hence necessary for these methods.

Conventional desalting protocols require a large sample volume (millilitres), multiple process
steps and/or take a long time (tens of hours). This is all disadvantageous for molecular
diagnostics, particularly for point of care applications, for which small sample volumes such as
a blood droplet obtained by fingerprick and simple and robust one-step assays are preferred.
A small number of microvolume desalting devices have been described in the literature and
some of these have been commercialized for mass spectrometry sample desalting. However,
these devices can only desalt to one specific salt concentration and several designs have not
been tested with protein solutions that mimic a biological sample. The main aim of this work
was therefore to develop a microvolume dialyser capable of desalting protein samples to any

desired salt concentration.

The various methods of desalting were reviewed in Chapter 2. These include size exclusion
chromatography, reverse osmosis, dialysis and electrodialysis. It was noted that most
literature on miniaturized desalting devices concerned dialysis, where the salt molecules
diffuse from a retentate/sample phase over a semi-permeable porous membrane to a
dialysate/water phase with a low salt concentration. It was concluded that this was also the
most suitable approach for this project, from a fabrication/operation perspective as well as
from a desalting performance perspective. It was then established in Chapter 3 that the dialysis
performance can be predicted from diffusion and mass transfer theory. This requires
knowledge of the dimensions and flow conditions of a dialyser but also of the pore structure

(size, shape, 'length' and density) of the membrane.
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Previous approaches to microvolume dialysis included planar membranes sandwiched
between retentate and microfabricated dialysate channels as well as hollow fibre membranes
suspended in a dialysate tube of millilitre volume. As described in Chapter 4, it was possible to
define microvolume sample and water compartments by laser ablation of optically transparent
acrylic sheets. A method was developed to attach commercially available membranes to a layer
that defines a microvolume sample compartment/channel without leakage along the
membrane into a (bulk or channel-confined) water phase and without blockage of the
membrane pores. A hollow fibre membrane dialyser was also constructed, but this only served
as a reference device because hollow fibre membranes with a suitable pore size for desalting
could not be sourced. Furthermore, handheld 'dip stick' conductivity meters were customized
with flow cells that enable microvolume conductivity measurements, from which the salt

concentration in the sample and the water phase can be derived.

Membranes of different materials and with a wide range of pore sizes were introduced in
Chapter 5. Track etch membranes of polyethylene terephthalate with pore sizes from 50 to
1000nm were employed as reference membranes because of their known pore size and pore
density, and because of their regular shape, also their known porosity. Ultrafiltration
membranes prepared by the phase inversion method consisted of either regenerated cellulose
or polyether sulfone, with nominal MWCO values of 1, 5, 10, 100 and 300kDa. The expected
ultrastructure of the track etch and phase inversion ('ultrafiltration) membranes was
confirmed by scanning and transmission electron microscopy. Ultrafiltration membranes
consist of a ~200nm thick skin layer that contains the smallest pores, underneath which is a
~20um thick sub-layer, where the irregularly shaped pores are substantially larger, up to
hundreds of nanometers. This UF membrane is supported by a fibrous support layer with a
mesh size of ~50pm. The porosity of these membranes was determined with an extensive set
of electrical porosity and diffusional porosity measurements, using a 50nm track etch
membrane of known porosity as a reference. Both methods indicated a porosity of ~0.5%,

which matches well with the literature on phase inversion membranes.

The desalting capability of the dialyser configurations described in Chapter 4 was then
characterized, primarily with 5kDa MWCO UF membranes which are expected to be permeable
to salt ions but not to proteins. The test sample consisted of 150mM NacCl, approximately
physiological ionic strength, and 2mg/mL fluorescently labelled bovine serum albumin to
visually verify that the sample solution did not leak out of the sample compartment and that
this 66kDa protein did not diffuse through the membrane into the water phase. Chapter 6
outlines a systematic approach to maximize the desalting efficiency. First, static dialysis against
a bulk water phase showed that the salt concentration of the test sample was gradually reduced

while the albumin proteins were contained in the sample compartment. Next, in a dialyser
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where also the water phase was confined in a milliscale acrylic chamber, static dialysis was
performed with periodic refreshment of the water phase. Although the water content of the
channel was ~400-fold smaller than the previous bulk water volume, similar salt removal rates
were achieved for high refreshment rates, while lower rates significantly decreased the extent

of desalting.

Equivalent continuous flow rates were calculated and experimentally implemented in a
dynamic dialyser with a continuously flowing water phase, where the same relationship was
observed. To realize desalting of an unspecified sample volume, counter-flow dialysis was then
implemented, with enables a continuous sample input and (desalted) output flow. Using a very
low sample flow rate (0.5pL/min) and a high water flow rate (750pL/min) the salt
concentration of the test sample could be reduced to ~200uM, representing a desalting
efficiency of 99.88%. Significantly, by selecting the appropriate combination of sample and
water flow rate, any post-dialysis test sample salt concentration down to 0.2mM can be
realized, as demonstrated in Table 6.5 for 110 different flow rate combinations. These
experimental results were then compared, for a range of flow rates, with predictions based on
mass transfer theory, for which knowledge of the UF membrane porosity, measured in Chapter
5, was required. The theoretical desalting performance was in good agreement with the actual
measurements, and this analysis indicated that a significant increase in dialysis efficiency is

only possible with a membrane of larger porosity and/or a smaller thickness.

Finally, in Chapter 7, the performance of counter-flow dialysis was investigated for samples
with a protein content more typical for biological samples and also for human blood serum.
Under optimal sample and water flow conditions, the salt content of a 50mg/mL BSA and
150mM NacCl solution could be reduced to ~1mM, while the dialyser could be operated
continuously for 16 hours with only a minor reduction (~1%) in desalting efficiency which
suggests that significant membrane fouling does not occur. Tuneable desalting with sample
enrichment- the novelty of this research has been demonstrated by varying the flow rates and
gel electrophoresis. During device operation the flow rates could be changed, as demonstrated
by 5-9 flow rate adjustments during ~10-hour dialysis runs, which resulted in the expected
change in desalting performance. Significantly, dialysis of human serum resulted in a very
similar dependence of post-dialysis sample conductivity to the sample flow rate as observed
for the high-concentration albumin sample, indicating that a complex biological solution can
also be efficiently desalted, without, as established by gel electrophoresis, loss of proteins

larger than the specified MWCO of the membrane.

Subsequent mass spectrometry measurements with serum and with solutions of lysozyme
and/or cytochrome c, desalted to a specific extent, showed how the quality and hence

information content of mass spectra depend on the salt concentration. This illustrates how this
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important bioanalytical technique depends on efficient desalting approaches that do not
interfere with the structure or interactions between the biomolecules, including molecular
biomarkers, in the sample. The microvolume tuneable counter-flow dialysis method developed
in this work not only enables efficient desalting down to ~1mM ionic strength, but also offers
the opportunity to retain a specific salt concentration in the sample that strikes a balance
between mass spectrometry performance and preservation of intra and inter-biomolecular

interactions.

9.2 Recommendations for future work

The counter-flow dialyser developed in this work has been constructed with rapid prototyping
methods and materials to establish proof of concept. As raised in section 4.6, the main
limitation in achieving a meandering, densely packed, channel geometry is that either the
membranes are glued to the acrylic material (and that the glued membrane areas have to be
remote from the active areas to avoid clogging of the membrane pores), or that the membrane
is tightly secured at its perimeter by mechanical pressure, but not at its centre where the
channels are defined. The commercially available ultrafiltration membranes have excellent
dialysis properties but are not amenable to traditional microfabrication bonding methods.
Future development could therefore focus on designing the two device layers in such a way
that the membrane can be sandwiched tightly between the two layers at any position where
there are no channels, also at narrow areas that define the walls of a meandering channel. This
may necessitate selecting another matrix material than an acrylic sheet and also another

fabrication method to create the channel structures.

Traditional microfluidic fabrication strategies, e.g. using photoresist laminates as template for
replica moulding would enable a dialyser with shallower channels, but this would only be
beneficial in terms of sample throughput if smaller sample volumes can be flown faster through
the dialyser because of an increase in desalting efficiency. In terms of measuring the
conductivity of the post-dialysis sample and water phase, it would be very convenient to
integrate the conductivity sensors with the dialyser, preferable with multiple sensor areas that
are positioned at various points within the channels. In terms of depositing the required
electrodes, this again relates to the matrix material, but for acrylic screen-printed electrodes
may be suitable. Customised electronics for converting electrical signals to conductivity values
could be developed and integrated into a dialysis chip holder that also includes fittings for inlet

and outlet tubings.

The intended application of the developed counter-flow dialyser is desalting of biological
samples, which necessitates few-nanometre or sub-nanometre pore diameters. Although the

desalting performance could in principle be improved by fabricating thinner membranes with
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higher pore densities, this will be extremely challenging with semiconductor nanofabrication
technology and materials (127). However, it may be possible by adjusting the chemical
synthesis conditions under which the ultrafiltration membranes are grown. This may be
feasible because the counter-flow dialysis procedure does not involve high pressures and
structural weakening of the membranes could perhaps be allowed. With a different pore size
regime dialysis applications other than desalting could also be explored, for example for
continuous-exchange cell-free protein synthesis where optimal synthesis activity needs to be
maintained by a continuous removal of by-products and supply of chemical energy molecules

and removal of by-products (128).

9.3  Publications arising from this work

Selected results from Chapter 6 have been presented at a national and at an international

conference with an associated conference proceeding:

Kalikavunkal, Prameen C. and de Planque, Maurits R.R. (2013) Cross-flow dialysis for
microvolume desalting. At NanoBioTech 2013, Montreux, Switzerland, 18 - 20 Nov 2013.

Kalikavunkal, Prameen C. and de Planque, Maurits R.R. (2014) Cross-flow dialysis for
microvolume desalting. At RSC Analytical Research Forum 2014, London, GB, 07 Jul 2014.

Kalikavunkal, Prameen C. and de Planque, Maurits R.R. (2014) Microvolume tuneable dialysis

for mass spectrometry. At MicroTAS 2015, Gyeongju, South Korea, 25-29 November 2015.

Selected results from Chapter 7 will also be submitted as a late abstract to the 19th
International Conference on Miniaturized Systems for Chemistry and Life Sciences (L TAS 2015),
to be held 25-29 October 2015 in Gyeongju, Korea.

Two full publications will be submitted to international journals, a systematic investigation of
salt transport over different membranes under a range of flow conditions, including theoretical
analysis (data from Chapter 6), and the results on counter-flow dialysis of human serum and

of protein samples and their corresponding mass spectra (data from Chapter 7).
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Chapter 10: Appendix 1
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Figure 10.1: Comparison between the post-dialysis sample salt concentration as determined by conductivity
measurements and the theoretical salt concentration as calculated with the mass transfer equations.
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