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ABSTRACT

A microchip-based technique was developed for the radiolabeling process
of positron emission tomography (PET) radiotracers using C-11. Due to C-11’s
short half-life (20.4 min) it is beneficial to develop a rapid and efficient synthesis
that can be done while the patient is waiting. The investigation began with the
non-radioactive synthesis of raclopride ((2S)-(-)-3,5-dichloro-N-((1-ethyl-2-
pyrrolidinyl)methyl)-6-hydroxy-2-methoxybenzamide), a compound used to study
dopamine receptors. The reaction was optimized on the microchip achieving 2-
times the yields using ~1/20™ the precursor amounts and ~1/5" the reaction time
compared to the conventional method. Consequently, optimal parameters were
applied to the radiolabeling synthesis of L-[methyl-''C]-methionine achieving
100% relative activities while the [''C]raclopride synthesis resulted in lower
relative activities. Therefore reaction conditions were investigated and a
computational mass transfer study showed that the reaction kinetics of the

radiolabeling process must be considered for the microchip design.

Keywords: microfluidic reactor; positron emission tomography (PET) imaging;
radiotracer; raclopride; L-methionine; computational fluid dynamics (CFD)
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1: INTRODUCTION

1.1 Positron Emission Tomography (PET)

1.1.1 Overview

Positron-emission tomography (PET) is a highly sensitive imaging
technique that is capable of monitoring molecular or metabolic processes in living
patients [1-5]. This technique uses radioactive probes, known as “radiotracers”
that generate a signal. This signal is detected externally giving us the ability to
image biochemical and physiological processes in vivo in a non-invasive manner
[2-3, 6-9]. Imaging techniques such as magnetic resonance imaging, X-rays,
and/or ultrasounds are all common ways to explore the structural abnormalities
of an organ or tissue by providing us with its physical structure [2, 7]. What these
techniques lack is the ability to provide information about on-going biochemical
processes on the molecular level, which is definitely of great value for early

disease diagnosis and new drug design.

The radiotracer compounds are designed with great selectivity for the
tissue or receptor of interest in order to provide an accurate image of the
biological process occurring at the target. Commonly used radionuclides for PET
imaging are low atomic mass isotopes of key elements of a living organism (e.g.
C, N, O and F see Table 1-1) [2-3, 10-11]. Therefore, this has made it convenient

to label the molecules of interest directly and provide an image without disturbing



the biological process [3, 6]. Their known decay paths and short half-lives have

made them very desirable for physiological study [1].

Table 1-1 PET radionuclides and their half-life, their decay mode and decay product after
positron emission. Source: Welch and Redvanly, 2003.

. . Half-life, Deca Deca
Radionuclide tis (min) modg produit
c 20.4 100% B "B
BN 9.97 100% B* Bc
50 2.04 100% [f PN
18 97% B, 18
F 110 204 BC 0

*EC = electron capture

In PET imaging a radiotracer is administered to the subject, most
commonly, by ingestion, intravenous injection or inhalation [5]. The highly
selective molecule then travels to the area of interest where it behaves in a
similar manner to a naturally occurring biological compound within the body.
Throughout this process, the radioisotope decays mainly by positron emission

(see Scheme 1-1).

BC - 1B+ pr+v

Scheme 1-1 Shows the decay of carbon-11 ('C, C — 11) to boron-11 by releasing a positron
(B") and neutrino (v).

Once released, the positron travels a short distance before it collides with
an electron in the tissue. This process is known as annihilation and results in the

release of two gamma ray photons (at 511 KeV) that travel out of the body in
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opposite directions along a straight line, known as the “line of coincidence” (see
Figure 1-1) [2-3, 5]. For this reason the PET scintillation detectors are arranged
in a circular ring in order to capture the signal from both gamma rays in every
annihilation [1]. This signal is then used to approximate the location of the PET
radiotracer probe in the body. The arrangement and design generates a three-
dimensional image of the radiotracer’s location, giving not only the structural

information about the tissue but also the biological distribution of the compound.

Ring of photon
detectors

, Y photon
detection

Figure 1-1 Principle of a PET detector showing the release of two gamma (y) ray photons
due to the annihilation of an electron (B”) and a positron (B*). (Similar to [2])

The concentration and distribution of the radiotracers can be observed

over time to give quantitative information on the physiological and biochemical



events. This capability has given PET imaging valuable use in many medical
applications such as oncology for the diagnosis of tumours, cardiology for
diagnosing heart disease and neurology for the characterization of early stage

neurological disorders [2].

1.1.2 PET radionuclides
1.1.2.1 Overview and synthesis of short-lived PET isotopes

PET imaging radionuclides are usually generated using a cyclotron with a
7 — 15 MeV energy. The cyclotron operates by generating a negative ion source
(H) by passing H; gas through an electrical field (see Figure 1-2(a)). A magnetic
field within the cyclotron moves the charged particles (H") in a circular path
outwards while they gain energy (see Figure 1-2(a)) [3]. Then an ultra thin foil
(usually made of graphite) is placed strategically where the electrons are
extracted from the H™ beam resulting in the change of the beam charge and in
turn generating a beam of protons (H") (see Figure 1-2 (a) and (b)) [12]. With
this, the beam made of protons reverses direction in the magnetic field and by
placing exit ports on the cyclotron tank wall the H* beam can be directed out to
the target of choice (see Figure 1-2(c) for a schematic diagram of a gas target).
This extracted beam is used to bombard the target material at certain energies to

produce the PET radionuclide of interest [3, 7].



Target gas in
124.77mm [45127— | ‘

139.20mm [5.480"}

Figure 1-2 (a) Picture of the inside of the TR13 cyclotron showing the vacuum tank dees,
(b) a close-up of the foil extractor location where the beam is redirected
outside of the cyclotron into the target of choice and (c) a schematic of a
typical gas target for the TR-13. (As shown in [10, 12])

For example, C — 11 is produced by irradiating N2, a gas target with a
proton beam generated in a cyclotron (**N(p,a)''C). C — 11 is then converted into
["'CICH4 in the presence of H, or [""C]CO. in the presence of O,. The
radionuclide is then transferred to a chemistry module, where it is used to

synthesize an imaging probe (see Scheme 1-2).



1.1.2.2 General aspects C — 11 radiolabeling

C — 11 is a commonly used radionuclide for PET biomedical research
purposes. It can be easily found in naturally occurring biological compounds and
can be substituted in for carbon-12 without significantly altering the reaction
mechanisms or the biological behaviour of the molecule [3]. Its half-life is enough
to perform an experiment in order to investigate a biological event but also short
enough for easy disposal and repeated investigations in patients with minimal
radiation dose exposure [3, 5, 8]. Unfortunately, for radiotracer production
purposes the 20.4 min C — 11 half-life creates difficulties for the radiochemists
[3]. Due to time limitations C — 11 imaging usually requires an on-site
radiochemistry facility and access to a nearby cyclotron. In addition, patients are
scheduled according to the radiotracer probe availability instead of the imaging

requirements [3, 5, 13].

Therefore, due to these properties it becomes important to choose a
shorter synthetic pathway for C — 11 radiotracers [2]. The radiolabeling process
starts with two major cyclotron produced precursors, [''C]JCH4 and [''C]CO..
These can be used directly as primary precursors or can be converted into other
more suitable secondary precursors to be used in the radiolabeling processes
(see Scheme 1-2) [2-3]. For example ['"C]methyl iodide ([''C]Mel, [''C]CHa3l), a
commonly used radiolabeling precursor, is synthesized through the iodination of

["'C]CH, at high temperatures (~725 °C) [14].



['"CICHCl; ——5  ['"CJCH:N,

|

["CICH)l  «—— [[ClCH; | ——>  ["'CIHCN

| |

['"CICH30S0,CF; ["'cjcocl,

Scheme 1-2 PET radiolabeling secondary precursors prepared from [11C]CH4. Source:
Welch, 2003.

Methylation reactions have become the most widespread method for C —
11 radiotracer syntheses [2, 15-16]. Their radiolabeling processes usually involve
a nucleophilic substitution with a biological probe precursor at a nitrogen, oxygen
or sulphur site. The commonly used secondary precursor for this process has
been [''C]Mel due to its rapid and highly efficient methylation properties. [''C]Mel
is synthesized with specific activities (SA, ratio of a radiolabeled probe’s activity
to its non-radiolabeled counterpart) between 1 — 15 Ci/umol and radiochemical
yields (RCY) that are greater than 50% [2, 14]. Some examples of radiotracers
synthesized through methylation reactions include; L-[methyl-''C]-methionine
("CJMET) which is used in oncology for protein synthesis monitoring,
["'Craclopride ([''C]JRac) which is used in psychiatry for dopamine receptor

imaging, ["'C]Meta-hydroxyephedrine which is used in cardiology for adrenergic



receptor imaging and ['C]PiB (Pittsburgh compound B) which is used in
neurology for amyloid plaque imaging for the purpose of Alzheimer’s disease

diagnosis [2, 17].

[""CIMET is an amino acid that is routinely used for PET imaging
purposes, and has been used to image brain, pancreas, neck, lung and breast
tumours for diagnosis and research purposes [18-20]. It is also used to study
hyper-ammonemia, a metabolic system disorder that is described by excess
ammonia in children’s blood [18]. Its synthesis involving the methylation of a
sulphide anion in a chiral precursor (e.g. L-homocysteine thiolactone HCI (L-
homo)) in the presence of sodium hydroxide (NaOH), has been optimized to
produce enantiomeric purities >99% and over 90% RCY (see Scheme 1-3). Its L-

homo precursor is also cheap and easy to generate [18, 20].

NH, + HCI 0
3 11
CHal S
NaOH
S NH,

Scheme 1-3 [''"CIMET synthesis process from L-homo [21].

Meanwhile, [''C]Rac is a PET radiotracer used to examine dopamine D,
receptors. Due to its high binding affinity and selectivity as a receptor antagonist
it has become a very important imaging tool [22]. It is currently used in the

diagnosis and study of neuropsychiatric diseases such as Schizophrenia,



Parkinson’s disease and drug abuse [22]. ["'C]Rac has been synthesized using
["'C]Mel and ["'C]methy! triflate (['"'CIMT, "'CH30S0,CF3) achieving final product

yields between 50 — 65% (see Scheme 1-4 and Scheme 1-5) [22].

AgOSO,CF3/Graphpac GC 1

11 1
CHal »  CH;0SO,CF
3 170°C 3 203
OH O CHs OH O CHj
Cl N 1" Cl N
OH NaOH o""cH,
Cl Cl

Scheme 1-4 [''C]methyl triflate preparation from [''C]methyl iodide through a glass column
(Graphpac GC) containing silver triflate and the synthesis of [1 C]Rac using
["'CIMT [22-23].

["'CIMT can produce high yields with lower precursor amounts and shorter
reactions times. However, it has become a less attractive choice than [''C]Mel
for the purpose of automated systems’ development since it adds an extra step
to the synthetic process. [''C]Rac is currently synthesized routinely for clinical
investigation using [''C]Mel with acceptable final yields of 17 — 45% with a
specific activity of 7 — 10 Ci/umol [24]. This reaction consumes up to 1.7 mg of

the precursor with a total production time of up to 35 — 45 min [24].



OH O CHg OH O //CH3

cl N 11 Cl N
NH CHsl NH
— " =
NaOH 1
OH 0""cH,
Cl Cl

Scheme 1-5 [''C]Rac synthesis using [''C]Mel [3, 24-25].

["'C]JRac is an important compound for brain research; however its high
operational cost, expensive precursor and its demand for access to a nearby
cyclotron and radiopharmaceutical facility limits its commercial availability, and

presents an obstacle for its use [25].

Finally, the use of C — 11 in PET imaging research is increasingly growing
and is expected to have many applications. This of course makes the
development of new radiolabeled probes and synthesis tools very important to

the progress its research and production [2-3].

1.2 Microfluidics in chemical synthesis

1.2.1 Background

Microfluidic devices consist of a network of micrometer-sized channels,
which facilitate the manipulation of nanoliter amounts of volume where reagents
are combined to react under specific physical conditions [8, 26-28]. These
miniaturized devices have been used in many biological and chemical
applications ranging from micromixing, chemical synthesis, separation, chemical

transformations to integrated devices for research and commercial purposes
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showing an advantage over conventional processes [8, 16, 29]. Examples have
shown improved yields and purer products with greater selectivity syntheses due
to the increased surface area-to-volume ratio in the microchannels (up to 50000
m?/m® compared to conventional laboratory reactors at 1000 m?/m?) [30]. Also, in
many applications microreactors have allowed users to achieve these promising
results using reduced reagent amounts and shorter reaction times than
conventional processes with milder and more controllable reaction conditions [8,
16, 30]. Moreover, their fabrication process (even for complicated and integrated
devices) is relatively inexpensive which is encouraging for mass production and
automation [8]. Use of these devices has grown tremendously over the past
decade because as controllable enclosed systems they can provide insight on
the reaction pathways and kinetics of processes, which has the potential to

reduce product development timelines [29, 31].

The type of microfluidic reactor (microchip) used depends on the purpose
of the investigation. Two types of microfluidic reactor designs commonly used
include the continuous-flow (also single and multiphase) and batch-mode
microfluidic reactors [29, 32]. Batch-mode microfluidic reactors are made of a
combination of reaction modules composed of microchannel networks that are
usually separated by a valving system. Fluid can be dispensed in different
directions and into different compartments for various isolated reactions [8]. Due
to their compartmentalizing property, the batch-mode microfluidic reactors have
been used for parallel syntheses involving the combination of multiple reagents in

multi-step processes. In contrast, continuous-flow microfluidic reactors involve
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pressure-driven or electrokinetic/electroosmotic flow of fluids into the
microchannels. This is carried out either with the use of peristaltic pumps or an
applied electric field respectively. Therefore, reagents are dispensed into the
microfluidic reactor where they meet and mix while flowing through the
microchannels and being exposed to heat [8]. Therefore, the continuous-flow
microfluidic reactors have been mostly developed for high throughput large-scale

continuous production applications.

1.2.2 Microfluidic chip continuous-flow chemical syntheses

A continuous-flow microfluidic reactor system involves the continuous
pumping of fluids into the microchannels and collection of product from the
outlets (plug-flow) [26]. During this process, the reaction completion time
(residence time) in a flask corresponds to the time reagents take to flow through
the micro-size channels [26, 29]. The microfluidic reactor device can include
micromixer designs that usually enhance reagent contact, mixing and heat
transfer, which can be advantageous to the overall rate of reaction [26, 29]. With
the use of single-phase or multi-phase flow, microfluidic reactors have found
applications in oxidation and reduction reactions, alkylations, hydrolysis, peptide
synthesis, polymer synthesis, hydrogenation reaction, photochemical reactions

and much more (see Table 1-2) [26, 31].

The microfluidic reactor geometry facilitates the optimization of reaction
conditions such as temperature, flow rate and residence time, which is an
advantage when optimizing reaction processes. For example, Ratner et. al. used

a simple serpentine microfluidic reactor to explore a glycosylation reaction where
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the product stereochemistry is dependent on temperature, solvent choice,
stoichiometry and concentration (see Figure 1-3) [29, 33]. This process involved
dissolving the reagents in solution and adding them separately into the
microchannels. First the fluids entered a “mixing zone” and then proceeded into a
long serpentine microchannel for reaction completion (see Figure 1-3) [33]. Using
the microfluidic reactor they were able to reduce reagent quantities compared to
conventional methods and efficiently handle microliters of volume. They were
also able to carry out up to 44 experiments to explore the temperature and
residence time effects on the synthesis process from a single batch of reagents.
Furthermore, maximum conversions were achieved within a short residence time
(26 — 213 s) [33]. Finally, with an enclosed system and controlled reaction
conditions they were able to retrieve data that improved their understanding of

the reaction kinetics [29, 33].

Figure 1-3 (a) Shows a picture of the silicon reactor used in the investigation. Source:
Ratner et. al., 2004.
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Whether a reaction is single phase or multiphase the reduced diffusion
distances in the microchannels can increase the “interfacial area” (area of
contact between two fluids in the microchannel, see Figure 1-7) contact for a
faster overall rate of reaction in comparison to the conventional methods. For
example, Hisamoto’s phase transfer (organic and aqueous phase) reaction
performed on the setup shown in Figure 1-4 with a microfluidic reactor (200 um in
width, 100 um in depth, and 45 cm in length), produced yields as high as 57% in
1 min and 90% in 5 min (longer residence time) [34-35]. This was an
improvement compared to the experiments that were carried out in a round-
bottom flask using the same conditions, at high stirring rates giving only 37%

yields in 1 min [34].
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Figure 1-4 (a) Scheme of the phase-transfer benzylation
oxocyclopentanecarboxylate (1a) with benzyl bromide (2a) in the presence of

NH.Cl aq. —
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tetrabutylammonium bromide (TBAB). (b) A schematic of the experimental
setup for the phase transfer alkylation reaction with reagents 1a and 2a
dissolved in dichloromethane (CH,CIl;) and an aqueous solution of NaOH and
TBAB are introduced through separate inlets. (c) Chemical yields (%) for the
experiments using the microfluidic reactor and the round-bottom flasks at

various stirring rates. Source: Ueno et. al., 2003.
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Other continuous-flow microfluidic reactor applications include (Haswall et.
al.) Kumada coupling, (Wilson et. al) dehydration reaction, (Lu et. al.)
photochemical reaction and (Hisamoto et. al.) phase-transfer synthesis across

two liquid phases (see Table 1-2) [31].

Table 1-2 Examples of continuous-flow reactions carried out in a microfluidic reactor.
Source: Fletcher et. al. 2002.

Reaction Chip Flow Solvent Conversion Ref.
material (delivery) (%)

Kumada PP Pressure THF 60 [36]
coupling driven

Dehydration Glass/ Pressure EtOH 85-95 [37]

PDMS driven/EOF

Photochemical | Silicon/ Pressure IPA 60 [38]
quartz driven

Phase transfer Glass Pressure EtOAc 100 [34]
alkylation driven

Phase transfer Glass Pressure DCM 100 [39]
driven

*PP = polypropylene, PDMS = polydimethylsiloxane, THF = tetrahydrofuran, EtOH = ethanol, IPA
= isopropyl alcohol, EtOAc =ethyl acetate, DCM = dichloromethane, EOF = electroosmotic flow

1.2.2.1 C - 11 radiolabeling on a microchip

The challenge with C — 11 radiotracer production is in developing a rapid,
reliable and versatile radiolabeling platform [2]. Considering that the radiolabeled
precursors are short-lived, most production processes completed within 2 — 3
half-lives can result in over 75% — 88% radioactivity loss [30]. Therefore, large
amounts of initial activity are needed to compensate for the preparation time and
in some cases the low RCYs. As a result, the synthesis process is usually carried

out using remote operations within a shielded hot cell (similar to a fumehood but
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made of lead). Additionally, excess amounts of the expensive precursor (10 to
106) are used to accelerate the radiolabeling process [24]. This and other

limitations add to the high costs of the radiotracer production.

As a result of these limitations, much work has been done to develop
semi-automated on-line synthesis apparatus with reduced personnel activity
exposure that incorporate the purification processes with the aim of reducing
production time and costs [8]. Such systems have facilitated the use of the
radioactive precursors in limited amounts (e.g. [''C]Mel, usually in nmol) for
radiotracer syntheses. In addition, their reduced manual operation and increased
reproducibility have improved product standards [8, 30]. However, most of the
current semi-automated systems are designed to handle macroscale amounts of
liquid while the reaction volumes are usually between 0.3 — 3.0 mL. Separation
and purification are also a challenge with these systems considering that the
excess precursor amounts make the small amount of product harder to extract.
Furthermore, available modules are usually radiotracer specific and hard to adapt
to new syntheses without making major modifications to the system. Lastly, these
automated systems are usually very expensive and still require specially trained
staff as well as a hot cell or mini-cell for shielding purposes making them an

impractical option for some PET centres [8, 40].

Consequently, the development of microfluidic reactors for PET
radiotracer synthesis has attracted a great deal of attention over the past decade
[8, 16]. PET radiolabeling miniaturization has the potential of reducing probe

precursor amounts, reducing the reaction scale even further and with automation
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it can provide better fluid handling and control over reaction conditions [30]. Also,
the enhanced mass and heat transfer and reduced diffusion distances in the
microchannels can result in an increase of RCY and product purity [30]. In
addition, their small dimensions can reduce workspace and facilitate more

localized shielding requirements [8, 30].

Many investigations have demonstrated the potential applicability and
benefits of implementing microfluidic modules for radiolabeling purposes (see
Table 1-3) [8, 16]. For example, Lu et. al. were able to radiolabel a carboxylic
ester using ['"C]Mel on a continuous flow T-shaped microchip that is 200 um

wide and 60 um deep with a total volume capacity of 0.2 pL (see Figure 1-5).

A @

o
e

'l

Figure 1-5 Schematic diagram of the microchip used in Yc carboxylic esters radiolabeling.
Reagents are added into inlet A and B and product sample is collected at
outlet C. Source: Lu et. al., 2004.

The precursors, 3-(3-pyridinyl)propionic acid and ["'C]Mel were both
introduced through separate inlets and at a 1 yL/min flow rate they were able to

achieve RCYs as high as 88% (see Table 1-3, entry 4) [15]. This was completed
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using smaller reagent amounts in a residence time of 12 s and total processing
time of 10 min, at room temperature. Using the same microchip design Lu et. al.
also investigated the synthesis of compound 5 generating RCY's as high as 65%
(see Table 1-3) [15]. In these examples the purification process was easily
carried out on an analytical high performance liquid chromatography (HPLC)
system and the RCYs were calculated in a similar manner to the conventional
radiolabeling methods using the initial C-11 activity and final product C-11
activity [8]. Brady et. al. also filed a patent for a similar microchip with a
serpentine design that was used for C — 11 methylation reactions where they
achieved 5 — 19% RCYs synthesizing compound 5 at higher flow rates between

10 — 100 pL/min [41].
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Table 1-3 List of "'C-labelled PET tracers synthesized on various glass microchips [8].

11 . .
Compound S;l:bellng Reac.tl.on RCY (%)
gent condition
©\ i 11 NaOH, Not
I “l‘/ ’ [ CICHI acetone, RT  reported
CHj
X
2| N o [lCiCHT AR 10%
N S I
HO
NEt
3 j@@w—"% U CICHII B 5 19%
o [t acetone, RT o
NS00 s 11 nBu,NOH,  56%*,
4 @N UCICHL hvE T 8806+
Ow_ _CHs
~ .
oy nBu NOH, 45% *,
> o ['CICHL  hVF RT 6%+

RT = Room temperature, Pd = palladium, DMF = N,N-dimethylformamide,

*10 uL/min, **1 uL/min.

These C — 11 radiolabeling examples have shown reaction times and
RCYs that are similar to the conventional methods. They have also highlighted
the benefits of the miniaturization of the radiolabeling processes, such as
reduced precursor amounts and more controlled reaction conditions [8, 16, 40].
However, in order to approach production standards a microfluidic device must
be capable of fast, reliable and reproducible multi-tracer production. Its operation
must be fully automated and should incorporate product formulation. Considering

that these standards have not been met by any device, further research is still

20




needed before this technology can be implemented for the routine production of

PET radiotracers [8, 16, 30].

1.2.3 Fabrication and system design

Microfluidic reactors usually consist of a network of channels constructed
on a substrate that is made of glass, ceramic, quartz, silicon, metal or a polymer
(fluoropolymer) (see Figure 1-6) [8, 16, 26, 29-30, 32]. The material chosen for
the fabrication of a microfluidic reactor is dependent on its application [26]. For
instance, design requirements such as multi-layering and the use of a valving
system can restrict the fabrication to certain materials. Also, microfluidic reactors
for industrial or medicinal production purposes must consider the material
biocompatibility and its pressure and temperature restrictions as well as solvent

compatibility [26].
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Figure 1-6 Examples of microfluidic reactors fabricated from (a) metal, (b) ceramic and (c)
a detailed view of a microstructure example of the ceramic microreactors, (d)
PDMS, (e) glass, (f, g) silicon. Source: Hartman and Jensen, 2009.

Silicon devices are known to be costly and incompatible with strong
bases, while metal devices face issues when using strong acids and ceramic
devices require complicated fabrication processes. On the other hand, glass and
polymer devices have been the most commonly used for microfluidic
applications. Polymer material, such as PDMS (made of repeating units of —O—

Si(CH3)2—) has become more favourable than glass especially for prototyping
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purposes [42]. The advantage to using these PDMS devices is their simple and
cost effective soft-lithography fabrication process [32, 43-44]. Once bonded, the
PDMS microchips can usually operate at relatively high temperatures and
pressures depending on their fabrication and bonding technique [26, 29].
However, their use has been limited to prototyping experiments due to their

incompatibility with some organic solvents, which is a major disadvantage [29].

Another part of a microfluidic system design is the fluid delivery method
and fluidic connections. Usually the microfluidic reactor design includes cavities
and through-holes for the purpose of generating the inlets and outlets [26]. For
continuous-flow chemical reaction applications, the most common fluid delivery is
carried out using syringe pumps [26, 35]. This continuous-flow design allows for
the integration of the system with an analytical instrument such as an HPLC for
online-analysis, which is great for the future automation of a system [28]. Fluidic
connections between the syringe pumps and the microfluidic reactors involves
the use of standard tubing and fixtures with “compressible-type” holders
(microchip holders) to create a leak-free connection for fluid delivery into the
microchannels [45]. Direct connection of fixtures or tubing on the microfluidic
reactors can limit the flexibility of the system by making it hard to replace or
remove devices from the process unlike the use of microchip holders where
nothing is permanently bound to the reactor [45]. Another advantage of using
these microchip holders is the flexibility of designing other features to help control

and vary reaction conditions. For example, heat exchangers, pressure sensor

23



sites and/or even external thermocouples can be incorporated to the microchip

holders [26].

1.2.4 Microchannel design

For the purpose of chemical synthesis, fast and thorough mixing of
reagents is an important aspect of the reaction progress [16, 30]. Generally, it is
believed that the micrometer-scale (microscale) dimensions can increase mixing
efficiency by inherently increasing the contact surface between two fluids and
decreasing molecular diffusion distances of reagents [29-31, 34, 36, 38-39].
Miniaturization ultimately creates a viscous force dominance over inertial forces
in a microfluidic reactor. In a pressure-driven flow microfluidic reactor, low
Reynolds numbers (R < 2300), which represent the inertial force over the
viscous force ratio, generate laminar flow in the microchannels (see Figure 1-7
and Appendix B, Section 5.2.3.2) [30, 46]. Laminar flow generates a “parabolic
velocity profile” where the maximum fluid velocity is at the centre of the channel
and an almost zero velocity is observed at the channel walls allowing mixing by
diffusion only through the liquid interfaces [30, 32, 46]. Mixing of reagents
through interfacial interaction of two fluid streams is therefore limited by species

diffusion distances and could result in reduced mass and heat transfer [30].
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Fluid 1

Fluid 1
Fluid 2

Interfacial interaction

Figure 1-7 (a) Mixing of two miscible fluids at laminar flow in a microchannel through
diffusion. Source: deMello, 2006. (b) A schematic of two streams flowing side-
by-side. Note: direction of flow is from left to right.

This mixing issue has been addressed previously by creating various
micromixer designs that can further decrease species diffusion distances [30-31].
The two categories of micromixer designs that have been reported in the
literature are active and passive micromixers [29, 43, 47-50]. Active mixing
involves incorporating moving parts or applying external forces to induce mixing
within the microchannels. The agitations can create chaotic advections that
enhance the mixing process [51]. Active micromixers can be applied to a
continuous, staggered (start/stop) or stopped-flow microfluidic reactor design.

Some examples of external forces include ultrasonic vibrations, dielectrophoresis
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and magnetic forces [51]. Although these micromixer designs are very efficient at
increasing the mixing of species within the microchannels, they are usually hard
to fabricate, operate and clean, making them more challenging to implement for a

simplistic microfluidic reactor design [32, 52-53].

On the other hand, passive micromixer designs can require a 2D or 3D
device fabrication (see Figure 1-8) [46]. Mixing mechanisms include the addition
of multiple streams in the flow focusing geometry (see Figure 1-8(f)) and
increasing secondary flows through turning and twisting in the tesla structure,
zig-zag, square-wave and curve channels (see Figure 1-8(a) — (d)) . Also, the
method of creating obstacles through barriers can enhance mixing tremendously;
however, it has been known to also create pressure problems especially with
highly viscous solvents in continuous-flow. For example, the 3D L-shaped and
staggered-herringbone grooves design can induce chaotic mixing but can slow
down the flow due to gravity and collision with barriers (see Figure 1-8(e) and (g))
[43]. In addition, for fabrication simplicity 2D micromixing structures have been
widely used for many chemical synthesis applications facilitating fast fabrication
for prototyping and development. The 2D passive micromixer structure used in
this investigation was initially explored by the Whitesides group with the intention
to design a portable analytical system that is required to mix and analyze
samples using a hand-operated vacuum source (see Figure 1-8(h)) [54]. At the
micromixer section, it used gas bubbles to mix two streams of liquid within the

microchannels.
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Figure 1-8 Schematic diagrams of Examples of 2D and 3D passive micromixers. (a) curve
microchannel, (b) zig-zag microchannel, (c) square-wave microchannel, (d)
tesla structure microchannel, (e) 3D L-shaped microchannel, (f) flow-focusing
(FF) inlet junction design, (g) Staggered-herringbone grooves microchannel
and (h) an optical image of the mixer section showing a branched micromixer
design [46-48, 51-52, 54].
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1.2.5 Computational fluid dynamics (CFD)

The growing use of microfluidic reactors for a wide range of biological and
chemical applications has inspired more ways for the research and development
of new devices and lab-on-a-chip (LOC) systems [55-56]. Obtaining an efficient
microfluidic reactor design for a particular application can be done more
accurately by implementing a computational investigation. In these
investigations, the relationship between the hydrodynamics and the reaction
kinetics combined with experimental data can produce a more complete picture
of the reaction progress in the microchannels [55, 57]. Therefore allowing
researchers to evaluate the effect of the flow and mass transfer within the
microchannel design on the reaction progress and product formation.
Computational analysis displays many advantages especially the ability to
generate information about a particular microfluidic reactor design that can be
used in comparison with experimental data to enhance a particular microreactor

design for optimal conditions [57].

Extensive CFD analysis has been carried out to study micromixer designs
such as the T-shaped micromixer chip (see Figure 1-5). This in many cases has
helped create new and more efficient designs to overcome slow diffusion in the
microchannels [49, 51-52, 55]. The modelling process usually involves
generating a simple and realistic model that is able to incorporate various
geometries while evaluating parameters such as the diffusion coefficient, reaction
temperature, flow rate, residence time and so on. For instance, computational

work carried out by Meijir ef. al. compares passive and active micromixer
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designs [49]. To study the effect of various reaction conditions on chemical
selectivity and yields, it has become important to incorporate both the momentum
and mass transfer for a more accurate estimation of the microfluidic reactor
conditions [55]. CFD allows for the investigation of micromixing efficiency at
different Re numbers (see Appendix B, Section 5.2.3.2) while implementing the
reaction kinetics and exploring the mass flux at different parameters as well [58-
61]. Variations in reactor lengths, residence times, micromixer structure and
reaction conditions (temperature, pressure, rate constants) and many more
parameters are all possible through CFD analysis. For example, Buddoo et. al.
investigated the first-order synthesis of linalool (component of fragrances and
flavours) on a multi-channel microfluidic reactor (14 channel, 0.5 mm x 0.4 mm)
in comparison to a mini-channel tubular reactor (ID = 4.6 mm) [57]. Using the
CFD software and reaction kinetics, Buddoo et. al. were also able to explore the
effects of temperature and residence time on the decomposition of the compound
during the synthesis process. The simulation results estimated the optimal
reaction parameters for the synthetic process which were then validated by the

collected experimental data [57].

1.3 Thesis motivation and objectives

1.3.1 Thesis motivation

PET radiosynthesis still faces problems with production and development
due to long radiolabeling processes. Specifically, the production process for a C
— 11 radiotracer can take up to 45 min resulting in up 80% activity loss only

through decay [11]. Furthermore, this process currently requires large amounts of
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initial radioactivity, large hot cells for radiation safety purposes and specially
trained personnel, which limits the use of this powerful imaging tool [40].
Microfluidic reactors have previously shown an advantage of increasing surface-
area to volume ratios (up to a 50-fold increase compared to the conventional
methods), inducing rapid heat and mass transfer and increasing selectivity
properties for chemical syntheses. The use of a simple microchannel (serpentine
or tubular, similar to Figure 1-4) and T-shaped (see Figure 1-5) microfluidic
reactors for the purpose of C — 11 PET radiotracer syntheses has been widely
explored. These C — 11 radiolabeling processes have displayed moderate to high
RCYs as reaction conditions were optimized (see Table 1-3). In some cases
higher yields were obtained with the increase in reaction times hence providing a
trade-off effect. Therefore, in our investigation we hope to explore the
advantages of a microfluidic chip-based technique for the synthesis of [''CIMET

and [''C]Rac, two C — 11 PET radiotracers.

1.3.2 Thesis objectives and outline

In this investigation, we selected a passive micromixer design initially
explored by Whitesides et. al. who intended to design a portable analytical
system but has never been applied to a radiolabeling procedure [54]. We
anticipated that the micromixer loop design can induce more mixing compared to
a straight serpentine or a T-shaped microfluidic reactor by providing many twists
and turns, multiple splitting and rejoining of fluid streams with collision at the
rejoining-junction and also providing a longer residence time in a more compact

area. One of the advantages of choosing this design is the fact that it only
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requires a single layer mold to fabricate the chip, which is a simpler process,

compared to a 3D- or active-micromixer design.

Furthermore, the use of a polymer (PDMS) material adds to the low cost

of fabrication and is compatible with the solvents used in the [''C]Rac and

[MCIMET synthetic process. Therefore, all these features of the design made it

an attractive prototype to study the C — 11 radiotracer synthesis process. Also,

the simplicity of the soft-lithography fabrication process allows for an easier

design modification process for optimization and potential implementation into an

automated PET tracer production instrument.

Therefore, in this investigation, we:

1.

Design the continuous-flow microchip for this application.

Compare our microchip design to the previously investigated

serpentine design microfluidic reactor.

Fabricate a prototype of the microchip for the purpose of

experimental investigation.

Explore the mixing within the microchannels through computer

modelling and experimental methods.

Carry out and analyze the non-radioactive synthesis of raclopride

on the microchip.

Apply the optimized microchip technique for the radioactive

synthesis of ['"C]MET.
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7. Explore the applicability of the microchip design to more than one C

— 11 radiolabeling process by synthesizing [''C]Rac.

8. Perform a CFD analysis of the microchip technique by creating a
continuous-flow microreactor model in order to investigate the
yields as affected by the flow and mass transfer of reagent species

on the molecular level.
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2: EXPERIMENTAL

In this chapter we describe our various experimental procedures including
microfluidic chip (microchip) fabrication, fluidic mixing experiments, cold (non-

radioactive) synthesis, hot (radioactive) synthesis and the computer simulation.

2.1 General

The non-radioactive (cold) and radioactive (hot) syntheses were adapted
from current routine production procedures for research and medical use. The
desmethyl raclopride (DMR) freebase was purchased from JML Biopharm Inc.
(Vancouver, BC) and ABX GmBH (Radeberg, De) and raclopride (Rac) was
purchased from ABX as well. Both reagents were stored at — 20 °C until being
used. The SU-8 50 photoresist and SU-8 developer solution used in the
microchip molding master fabrication were purchased from MicroChem (Newton,
MA) while the PDMS was made from Dow Corning’s Sylgard® 184 crosslinking
silicone prepolymer and curing agent (Midland, TX). Also HPLC grade solvents,
dimethyl sulfoxide (DMSO), acetonitrile (MeCN) and ethanol (EtOH) were
purchased from Caledon (Georgetown, ON) and Fisher Scientific (Ottawa, ON)
while extra dry sure sealed bottle solvents, DMSO, MeCN and acetone, were
purchased at from Sigma Aldrich, (Oakville, ON). The cleaning solvents acetone,
EtOH and IPA were purchased from Commerical Alcohols (Chatham, ON). Also,
water-soluble dyes made of food pigment that were used in the mixing
experiments were purchased from La Cie McCormick Canada (London, ON) [60].
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2.2 Polymer-glass Microfluidic Chips

In our experiments, we chose to work with PDMS, a polymer material for
microchip fabrication. The advantages to this have been highlighted in the

Introduction, Section 1.2.3.

2.2.1 Microchip fabrication

The microchannel design of the polymer-glass microchips was developed
on a drafting software program [44]. Next, the designs were used to create a
photomask (Cole litho-prep Itd, Vancouver, BC). The photomask is a printout of
the microchip design on a transparency at a high resolution (3385 dpi) using a
laser printer. This photomask was then used to create a molding master on a Si
wafer (University Wafer, South Boston, MA) using a photolithography method
(see Figure 2-3). This method involves imprinting the photomask’s
microstructures on a Si wafer coated with photoresist to create a polymer mold

with the microchannel wells (see Figure 2-1(a) and (b)).
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Barrier to hold casting polymer solution

Figure 2-1 (a) Molding master consisting of a silicon wafer patterned with crosslinked SU-8
microstructures and (b) the PDMS mold with the microchannel wells
corresponding to the SU-8 microstructures.

Considering that dust contamination could decrease the fabrication
quality, the in-house fabrication process of these micrometer size microstructures
was carried out in an enclosed clean-room module (577 series, Clean Air
Products, Minneapolis, MN) with an air filtration system (see Figure 2-2(a)). The
fabrication process was adapted from the SU-8 photoresist data sheets provided

by the MicroChem (see Figure 2-3) [43-44, 62].

35



Air filtration
system

SU-8 application
and spin coatina

Figure 2-2 Image of, (a) the clean room and the instruments involved in the molding master
fabrication. (c) SU-8 photoresist is first poured on the silicon wafer, then the
(b) spin coater is used to, (d) — (e) evenly distribute a layer of SU-8 photoresist
onto the silicon wafer before being exposed to near UV light using the (f) UV
irradiation system [44].

Initially, a 5” pre-oxidized Si wafer was cleaned using a piranha solution
(H2SO4: H,O2 = 2.5:1). Then it was cleaned with acetone and IPA to remove any
dirt, dust or grease from the surface. Next it was rinsed with DI H,O (18 Q),
blown dry using N2 gas and baked in a convection oven at 120 °C for 15 min to
ensure complete removal of solvent residue. Next the SU-8 photoresist
(Microchem) was poured on the Si wafer mounted on a spin coater (WS-400,
Laurell Technologies Corporation, North Wales, PA) (see Figure 2-2(d) — (e)).
According to company specifications, a 100 um thick photoresist layer was
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produced on the Si wafer surface when spun at a 1000 rpm for 30 sec. Then the
Si wafer was baked on a hot plate at 65 °C for 10 min and then in the oven at 95
°C for 30 min to remove SU-8 solvent in preparation for the UV exposure (see
Figure 2-3(a)). The photoresist-coated Si wafer was then placed on the UV
irradiation system (Model LS-150-3, Bachur & Associates, San Jose, CA) with
the photomask on top held in place with a blank glass plate [44]. Once the
photomask was positioned carefully on top of the wafer, the photoresist was
exposed to UV light (A = 365 nm) for 30 s on the UV irradiation system (see
Figure 2-2(d) and Figure 2-3(b)). Following this the Si wafer was baked
(postexposure bake) at 65 °C for 1 min and then in the oven at 95 °C for 15 min
in order to complete the crosslinking of the exposed photoresist (see Figure
2-3(c)). To dissolve the non-crosslinked photoresist, the Si wafer was then
immersed into a solution of SU-8 developer for 10 min while gently being agitated
(see Figure 2-3(d)). Once all non-crosslinked photoresist was removed and only
the patterned microstructures remained, the molding master was rinsed with IPA

and gently blown dry with N2 gas.
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Figure 2-3 Fabrication process for SU-8 molding master, (a) pre-baking Si wafer coated
with SU-8 photoresist, (b) expose SU-8 photoresist/Si to UV with the photomask on top, (c)
post-exposure bake the Si wafer, (d) SU-8 photoresist/Si with microchannel pattern after
being developed.

Once the molding master was created, it was used to generate the PDMS
microchip (see Figure 2-4(a) — (c)). First, a barrier (Dow Corning® 732 multi-
purpose sealant, Dow Corning®, Midland, MI) was created around the wafer to
contain the PDMS casting solution. Then the volume required to generate
approximately a 1.2 mm thick mold was calculated and a mixture composed of
silicone prepolymer and curing agent in a ratio of 10:1, was mixed. It was then

stored overnight at — 20 °C in order to remove air bubbles. Prior to applying the
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PDMS, a thin layer of Repel-Silane (Pharmacia Biotech, Uppsala, Se) was
applied on the molding master surface for easy mold release. Subsequently, the
PDMS mixture was applied on the molding master and was cured overnight on a
flat surface at room temperature (see Figure 2-4(a)) [32]. Once cured, the PDMS
was peeled off, the microchip structures were cut-out and their inlets/outlets were

punctured using a flat-tip needle.

PDMS

(b) | PDMS

(c) | PDMS

| Glass

Figure 2-4 Fabrication process of the PDMS-Glass microchip from the molding master. (a)
First Pour 10:1 PDMS on the molding master and let it cure to generate microchannel
pattern on the polymer, then (b) peel off cured PDMS from molding master and finally (c)
bond PDMS to a 0.6 mm glass wafer.

To complete the fabrication process the PDMS must be permanently
bonded to a glass wafer (see Figure 2-4(c)) [32, 42, 63]. Using a point cutter, 0.6
mm thick glass wafers were cut to the same size as the PDMS microchip
structures (see Figure 2-5) [32]. After thoroughly cleaning the glass wafer using a
piranha mixture it was placed on a petri-dish alongside the PDMS cut out mold

and subjected to air plasma treatment using a high radio-frequency (R) generator
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(115 V, 50/60 Hz, 0.35 A, high radio-frequency generator, model BD-10A,
Chicago, IL) (see Figure 2-5(a)) [64]. Then the PDMS and glass layers were

sealed together, heated for 15 min at 95 °C and then overnight at 75 °C.

R Generator

~1.2 mm PDMS

0.6 mm Glass

Figure 2-5 (a) Plasma bonding setup with the R generator and PDMS/glass on a flat surface
inside a plexiglas chamber and (b) an image of a permanently bonded PDMS-
glass microchip.

2.2.2 PDMS-glass microchips

Each molding master was used to create six different microchip designs
(see Figure 2-5). The microchips’ dimensions were 45 mm (length) x 15 mm
(height) x ~1.8 mm (depth) with approximate channel depths of 50 ym (side inlet
microchannel) and 100 uym (main inlet and microchip microchannels) (see
Appendix A, Section 5.1.1, Table 5-1 for more details). The external dimensions

allowed the microchip to be mounted in a microchip holder (Lab-on-a-chip kit
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4515, Micronit Microfluidics, Enschede, NL) for the purpose of liquid delivery. The
devices also varied in channel lengths and volume capacities. In addition, fluidic
connections were made using polyetheretherketone (PEEK, Fisher Scientific)
tubing with a larger internal diameter (ID) for the outlet (OD = ~1.6 mm, ID =
~381 pym) than the inlet (OD = ~1.6 mm, ID = ~178 pm) in an attempt to avoid
pressure build up. PEEK material is compatible with many chemicals and is able
to withstand high temperatures which is why it is commonly used in radiolabeling

systems [40].
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Microchip 1 Microchip 2

Microchip 5 Microchip 6

Figure 2-6 Images of the six microchip designs fabricated from one molding master. (a)-(c)
Show a Cross-junction at the inlet channels for the no loop, abacus, and full
loop microchip designs, (d)-(f) show a T-junction at the inlet channels for the 3
microchip designs and (g) An inset of the micromixer loop with the relative
scale.
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2.3 Microchip mixing experiments

For a continuous-flow liquid delivery, the microchip was mounted in a
microchip holder which was connected to two syringe pumps using PEEK tubing
(see Figure 2-7) [40]. The microchip holder was then placed on an inverted
optical microscope (WPI, Sarasota, FL) platform and using a CCD camera (IV —
CCAM2, Industrial Vision Source, Farmers Branch, TX). Images and video

footage were captured at different locations on the microchip.

Microscope with
microchip holder

Display Screen

CCD Camera

Figure 2-7 Mixing experiment setup with an inverted optical microscope, two syringe
pumps, CCD camera, TV and computer to investigate liquid mixing behaviour
within the microchannels.

Fluid interaction was examined by flowing two liquid streams

simultaneously into the two inlets of the microchip using two syringe pumps
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(Harvard Apparatus, Saint-Laurent, QC, see Figure 2-8) [59]. Blue-colored MeCN
and yellow-colored DMSO were introduced at various flow rates (2, 6 and 12

pL/min) using syringe pump 1 and syringe pump 2 respectively.

Syringe Pump 1

- R’
(DMSO) I %% il i)

]‘ S o Vent

0

Syringe Pump 2 Product Vial
(MeCN)

Figure 2-8 Experimental setup for liquid-liquid mixing experiment.

2.4 Temperature calibration

Temperature calibration experiments were carried out in order to
investigate difference in temperature between the hot plate dial and the surface.
The temperature was calibrated by placing a thermocouple probe (digital dual
channel thermometer, VWR) on the hot plate surface. Temperature readings
were recorded every 30 s and the values were plotted to determine the
temperature difference between the expected value from the hot plate dial
reading and the measured value on the surface of the hot plate. This was done
for 15 — 20 min, which appeared to be the time for the temperature to stabilize,

then the temperature was increased by 10 °C and the measurement was
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repeated for the new temperature setting. This calibration was done with the
microchip-holder (with the Aluminum base) placed on top of the hot plate (see

Figure 2-9).

Figure 2-9 Microchip holder with Aluminum bottom machined at the SFU science technical
centre.

2.5 Conventional cold raclopride synthesis

The conventional non-radioactive reaction was carried out in our lab by
dissolving DMR (~4.2 — 5.1 ymol) in 400 pL of dimethylsulfoxide (DMSO) and
adding 7 uL of 5 M NaOH in a 3 ml micro reaction v-shaped vial (v-vial) (Sigma
Aldrich) (reaction scheme shown in Scheme 1-5). Methyl iodide (Mel) (dissolved
in 0.75 ml HPLC-grade MeCN) was then bubbled into the reaction vial with the
aid of a nitrogen gas flow (see Figure 2-10). This was done while continuously
stirring the reaction solution using a Barnstead hot plate/stirrer (Thermo
Scientific, Asheville, NC) and maintaining the water bath temperature at 76 — 82
C. After continuously bubbling Mel for ~8 — 10 min, the reaction vial was
removed from the water bath and cooled to room temperature. Then 1 ml of 0.1

M ammonium formate (HCOONH,) was added to the solution to quench the
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reaction (at ~15 min). The time of the various steps (preparation, Mel addition

and quenching) was around 22 min in all runs.

m Vent
N2
Gas
| ——— v-vial with
7 leo W%ocl DMR/DMSO
v=vial with
Mel/MeCN :]
Hot plate O O
—_

Figure 2-10 Schematic of the conventional methylation process setup.

Then the products were analyzed by reversed phase HPLC (HP1050,
Agilent Technologies, Mississauga, ON) using an Agilent, Zorbax column (C18,
4.6 mm x 250 mm) with a mobile phase composition of 70% sodium dihydrogen
phosphate (NaH2PO4, with 2% phosphoric acid (H3PO,4) added) : 30% MeCN
with UV detection at 240 nm. A calibration curve of 1:1 DMR:Rac with 2.5, 5, 25,
50, 250, 500 yM concentrations was used to quantify the Rac amounts in the

product solution.
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2.6 Microfluidic synthesis

2.6.1 Microchip cold Rac synthesis
In the cold Rac synthesis, DMR (2.4 — 3.9 ymol) was dissolved in 400 uL

of DMSO and mixed with 7 yL of 5 M NaOH solution. In another vial 7.5 uL of
Mel was added to HPLC-grade MeCN (0.15 - 0.75 ml). Then both solutions were
loaded on two separate syringes and the experiment was carried out using a
setup similar to the one shown in Figure 2-11. After loading the syringes, the hot
plate temperature was calibrated (see Appendix A, Section 5.1.2). Then at a flow
rate of 8 yL/min on each pump (16 pyL/min for both), the precursor solution and
the Mel solution were dispensed into the microchip where product samples were
collected. Each reagent batch that was loaded on to the syringes was used for
multiple runs where different product samples were collected at varied
temperatures and collection times. For each run the product sample was
immediately neutralized using a 0.1 M ammonium formate (HCOONH,) solution.
Then the microchip was cleaned after completing each experiment with a

continuous flow of MeCN for future reuse.

The product sample was then analyzed using HPLC (HP 1100, Agilent)
with a C18 column (Zorbax, 4.6 mm X 150 mm, Agilent) or C8 column (Zorbax-
SD C8, 3.5 mm X 150 mm, Agilent) and a UV detector (A = 240 nm). The mobile
phase composition for analysis was 70% of an aqueous solution containing 5 mM
NaH;PO4 (with 2% H3PO4 added) and 30% of MeCN. The Rac yield was then
quantified using an internal standard (IS), 2,4-dihydroxybenzoic acid (see

Appendix A, Section 5.1.3). Then the yields were calculated according to the
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estimated initial DMR concentration used for each run according to the flow rate

and collection time (see Appendix B, Section 5.2.1).

2.6.2 Radioactive synthesis of [''"CIMET

[""'CIMET synthesis involved using a setup which was similar to the Rac
cold synthesis. However, a rotating collection vial holder was fabricated in Al to
facilitate vial switching during consecutive collections (see Figure 2-11). This
reduced the user's hand exposure to radiation through reduced contact.
Additionally, for radiation safety purposes, less activity was generated using
shorter (3 — 7 min) cyclotron beam irradiation times compared to the conventional
production process (30 — 60 min). Also, experiments were carried out in a

shielded fumehood for further protection (see Figure 2-12(a)).

Syringe
pumps

Chip in Al
[''C]Mel/MeCN holder

Precursor
solution

Hot Plate

Figure 2-11 Microchip synthesis reaction setup in which syringe pumps are used to deliver
the precursor solution (DMR in DMSO) and ["'C]Mel solution (in MeCN).
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[""CIMET was synthesized from L- homocysteine thiolactone HCI (L-
homo) (Fluka Biochemika, Buchs, CH) and cyclotron-generated [''C]Mel (see
Scheme 1-3). A TR-13 (13 MeV, EBCO technologies, BC) cyclotron was used to
produce ['"C]JCH, at 13 MeV, through the irradiation of N, gas in the presence of
H,. [''"C]JCHs was then processed and converted into [''C]Mel in an semi-
automated system. Initially, 3.3 — 4.6 pmol of L-homo was dissolved in EtOH:H,0
(~200:200 pL) and mixed with 2.75 pL of 5 M NaOH solution and [''C]Mel was
trapped in EtOH:H,O (~250:150 uL). Both reagent solutions were loaded into
separate syringes and the experiment was carried out as shown in the previous
setup in Figure 2-11. At a flow rate of 10 pyL/min, reaction temperatures and

collection times were varied for multiple runs within the same experiment.
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Figure 2-12 (a) Fumehood with lead bricks for protection against high activity exposure.
(b) HPLC setup for radiochemistry analysis with the column - UV detector >
radioactivity detector connected in series.

After completing the experiment, the microchannels were flushed with
solvent in order to dissolve any accumulated residue, which can cause
contamination with the reuse of the microchip. Then the neutralized crude (un-
purified) product samples were analyzed using a HPLC system (Waters 200E,
Waters Limited, Mississauga, ON) with a C8 column (Zorbax-SD C8, 3.5 mm X
150 mm, Agilent technologies, Mississauga, ON). Detection was carried out
using a Waters 2487 dual wavelength absorbance detector (A = 254 nm) and a
radioactivity detector (Nal(TI)/PMT, FC-6106, photodiode, Bioscan, Washington,
DC) (see Figure 2-12(b)). In general, the scintillation material used for

radioactivity detection is selected according to its light output and energy
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resolution. In this case the Nal-Thalium activated scintillation crystals were used
for the HPLC radioisotope detection due to their efficient energy output at a low
cost and since energy resolution isn’t a concern when working with only positron
emission. The detector used converts linear pulses from radioactive decay
(counts per minute = cpm) into a voltage (6 x 10° cpm = 1 V) which is plotted
against time [65]. The HPLC method for this process consisted of a solvent
gradient of 100% NaH;PO4 with 2% H3;PO4 (buffer with a pH ~ 3) from 0 — 2 min
at 0.5 mL/min, which was gradually increased from 2 — 4 min to 10% buffer and
90% MeCN with an increase in flow rate to 1 mL/min [18, 20]. The column was
flushed after each run with a 9:1 of bufferMeCN (~4 min), followed by 1:1
buffer:MeCN (~ 4 min) and finally back to 100% buffer (~ 2 min). Using the HPLC

[11

data, [ CJMET relative activities were calculated in order to evaluate the

efficiency of the radiolabeling process.

Subsequently, EtOH was replaced with acetone since it has been used in
the literature as an alternative solvent for the efficient synthesis of [""CIMET.
Reactions were carried out with L-homo dissolved in acetone:H;O (~200:100 pL)
and mixed with 2.75 pl of 5 M NaOH solution while cyclotron-generated [''C]Mel
was trapped in acetone:H,O (~200:100 pL). For this process the HPLC analysis
used a mobile phase composition of 3:7 buffer:MeCN and flushed for 3 — 5 min

using with the same ratio.

2.6.3 Radioactive synthesis of [''C]Rac

Next DMR and [''C]Mel were used to synthesize [''C]Rac in the same

setup as the ['"CJMET synthesis. Similarly, the TR-13 cyclotron was used to
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produce [""C]CH, at 13 MeV, which was processed and converted into [''C]Mel
in a semi-automated system. Then the ["'C]Mel was trapped in 250 — 300 L of
extra dry MeCN. A few minutes before the [''C]Mel trapping, DMR (1.5 — 2.4
pgmol) was dissolved in ~250 — 300 uL of extra dry DMSO in a reaction vial and
mixed with 7 yL of 5 M NaOH solution. Each reagent batch that was loaded on to
the syringes was used for multiple runs where different product samples were
collected at varied temperatures, flow rates, reaction modes (flow mix and

premix) and collection times [40].

After experiments were complete, the microchannels were flushed with the
reaction solvent, similar to the [''C]MET synthesis. Then the neutralized crude
(un-purified) product samples were analyzed using the same UV-HPLC (214 nm)
and RAD-HPLC instrument and column as [""CIMET. The mobile phase
consisted of ~37:63 MeCN and 5mM potassium dihydrogen phosphate (KH2POg,
pH ~ 2.8) (see Figure 2-12). Then the relative activities and RCYs were
calculated using the estimated initial [''C]Mel decay-corrected activity and the
measured crude product sample decay-corrected activity [22, 66] (see Appendix
B, Section 5.2.2.2). Also the [''C]Mel conversion was calculated in order to
correct for losses due to experimental procedures (see Appendix B, Section,

Appendix 5.2.2.2).

2.7 Computational Fluid Dynamics (CFD)
After the experimental investigation we carried out a computational study
of our microchip geometry and reaction kinetics using COMSOL Multiphysics®

(COMSOL), a CFD software. For our investigation we used COMSOL'’s reaction
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engineering lab (REL) and the microelectromechanical systems (MEMS)
modules. Initially the REL module was used to investigate the reaction kinetics
and generate the “ideal” microreactor conditions where it was assumed that
reagents are perfectly mixed [67]. Then the flow and mass transfer within the
microchannels was modeled using the MEMS module’s incompressible Navier-
Stokes equation and Convection and Diffusion (Convection-Diffusion) equation.
Finally, the reaction kinetics setup on the REL module were coupled with the flow
and mass transfer model in order to investigate the reaction progress in our
microchip geometry by varying the conditions such as the flow rate, reagent

concentrations, diffusion coefficient, rate constant (k) and reaction mode.

2.7.1 Reaction engineering lab (REL) — “ideal” flow-reactor model

For our model, the reactor type was set to a plug-flow reactor (PFR) (see
Figure 2-13). This means that there is balance of liquid in-flow and liquid out-flow
in the given reactor, which reflects the behavior in a continuous-flow microfluidic
reactor. This balance of liquid flow also reflects a balance of species molar flow
(F) through the microreactor (see Equation 2-2). In this case for a species A, the
change in position along the x (AV) direction shows a change in the species

concentrations (AFa) due to the progress of the reaction.
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*Note: Fno = specified initial molar flow rate of species A at the inlet and
F,¢ = collected final molar flow rate of species A at the outlet.

Figure 2-13 Schematic of a plug-flow reactor showing the change in the molar flow rate of
species A (F,) as the liquid travels down the reactor (adapted from [67-68]).

Furthermore, the species mass balance is represented by [67]:

Equation 2-1 Mass balance (mmol/L-s).
dF; R
v ~
Where F; is the molar flow rate (mol/s) which represents the mass flow of
the species i, V is the microfluidic reactor volume (m®) and R; denotes the rate of

the reaction of species i (mmol/L-s). The species molar flow rate, F;for DMR and

Mel was calculated using the following equation:

Equation 2-2 Molar flow rate (mol/s).

Fi:Ci'V

Where c; (mmol/L) refers to the concentration of species while v (L/s) is the
volumetric flow rate of the species throughout the microchannel (in-flow and out-

flow) [67].
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Therefore for the 2" order reaction, DMR + Mel — Rac, the overall

reaction rate value was,

Equation 2-3 Rate of reaction for Rac synthesis (mmol/L:s).

Roveral = K+ CpMR * CMel

Where k (L/mmol-s) denotes the rate constant. While, the generated

species rate of reaction equations are shown in Table 2-1.

Table 2-1 Shows the R; equations for the reaction species in the hot and cold synthesis

simulations
Species Cold synthesis Hot synthesis
Rpmr -k[DMR][Mel] -k[DMR][Mel]
Rmi -k[DMR][Mel] -k[DMR][Mel] — A[Mel]
RRac k[DMR][Mel] k[DMR][Mel] — A[Rac]

Note: The generated species reaction rate equation were modified for the hot
synthesis scenario in order to incorporate the decay factor (see Table 2-1) [69-

70].

In this investigation, two plug-flow reactors PFR 1 (3.10x 107° m?, 31.0
mm) and PFR 2 (4.56x10"° m?, 45.6 mm) were modeled and compared. After
acquiring results for different variables (concentrations, flow rates and k see
Table 2-2) on both PFR 1 and PFR 2, the progress along the microreactors’
length was evaluated using the calculated yields. Then the conditions were

exported to COMSOL’s MEMS module for the “space-dependent” simulation.
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2.7.2 MEMS module - “space-dependent” model
2.7.2.1 Geometry settings

The microchip design was modified where only the 1 or 2" meanders of
the microchannels were kept as the design’s reaction “repeating” unit (see Figure
2-14). These shorter repeating unit (RU) geometries were modeled in 2D for

simplicity and memory limitation.
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Figure 2-14 Schematic of (a) no loop, (b) full loop and (c) abacus microchips’ RUs used for
the microreactor “space” model.
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2.7.2.2 Momentum balance

In the microchannels, flow is represented by a continuity equation where
fluids are treated as incompressible species with constant densities in space and

time (see Equation 2-4) [56].

Equation 2-4 Continuity equation for incompressible fluids [56].
V-u=0
Where, u denotes the velocity in the microchannels (m/s). The Navier-
Stokes equation is a continuous non-linear differential equation used to calculate
the pressure-driven flow within the microchannels (see Figure 1-7 and Equation
2-5) [56]. This equation defines the species momentum which is controlled by its
carrier solvent flow field property and is dependent on the microchannel

geometry.

Equation 2-5 Incompressible Navier-Stokes equation [71].
p(u-V)-u=nV?u—-Vp+ F

Where, p equals the pressure (Pa), n denotes the dynamic viscosity
(Pa's), F is a body force term (N/m®) which incorporates the force exerted by the
fluid volume on the microchannel walls [56, 71]. For this investigation the default
(water) dynamic viscosity (n = 10 kg/m.s) and density (p = 10° kg/m®) values
were used for the carrier solvent. Also, the inlets were exposed to various initial
velocities (ug) for a pressure-driven flow. These u values were calculated from
the experimental volumetric flow rate (m®s) and inlet cross-sectional area (m?)

(see Equation 2-6) [56, 72].
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Equation 2-6 Flow rate determination.
v

YT woh

Where, w and h are the inlet width and height. In addition, the
microchannel walls due to laminar flow property are set to zero-velocity (no slip
condition). On the other hand, the outlet boundary condition is set to no viscous
stress with pp = 0 since the flow property within the microchannel is unaffected as

the fluid exits through the outlet.

2.7.2.3 Mass balance

The mass transport in the microfluidic reactors is assumed to be diffusion-
controlled and can be described using Fick’s first law of diffusion (see Equation
2-7). This is a valid assumption unless micromixer structures (passive or active)

are introduced to the channel design [29].

Equation 2-7 Fick’s first law of diffusion.
] = —DAn
Where, J is the diffusive flux (mol/m?:s), describing the flow of a substance
through small area over time and An is the change in particle density or
concentration over diffusion distance [26, 29, 56, 71]. In this case, the diffusion

time (t) is defined by Equation 2-8:

Equation 2-8 Diffusion time as a property of diffusion distance and the diffusion coefficient
of the species [26].
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Where, x (m) is the diffusion distance travelled by the diffusive process
and D (m?%s) is the diffusion coefficient of the diffusing species. This corresponds

to the distance travelled by the species in order to mix.

These properties representing the mass transfer were then studied with

the use of the general Convection-Diffusion equation (see Equation 2-9).

Equation 2-9 Convection-Diffusion equation [72].

aCi
E‘}' V(—Dl 'VCi) = Ri_ (U°VC1)

Where, D; (m?/s)is the diffusion coefficient of species i (e.g. fluorescein, D
= 5 x10'%m?%s), ¢c; (mmol/L) is the concentration of species i and u is the velocity
(m/s) [73]. Where R; denotes the rate of reaction term (mol/(L-s)) identifying the
rate of consumption or production of reaction species. Initially, the Convection-
Diffusion equation was solved at a steady state for the micromixing investigation
where there are no on-going reactions (dci/ot = R; = 0) in the microchannels (see

Equation 2-10).

Equation 2-10 Convection-Diffusion equation at steady-state [72].
V- [(=Dj - Ve) + (¢-w)] =0
On the other hand, the Convection-Diffusion equation generated from
exporting the REL data already took into account the reaction species and rate
equations (see Equation 2-3). Consequently, the flow properties defined by the
Navier-Stokes equation were coupled to the Convection-Diffusion property in

order to generate the microreactor synthesis model.
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2.7.2.4 Mesh generation

A free (unstructured) triangular mesh was generated with a maximum
side-length of 15 ym (see Figure 2-15) [72]. This created a very fine mesh for all
the 2D geometries as shown by the example in Figure 2-15. The number of mesh
elements for the 3 microchip designs (no loop, abacus and full loop) was ~50505,
~69789 and ~67716 for microchannel lengths of 31.0 mm, 42.8 mm and 45.6

mm, respectively.

(a)

100 pm

50
um

Figure 2-15 Shows the mesh generated mesh in (a) the Inlet T-junction, (b) a micromixer
loop and (c) an inset zoomed into the micromixer loop.
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2.7.3 Input parameters

The combined default values that were used for the simulations include
using a flow rate of 15 pL/min and a k = A L/mmol-s (where, A = 5.663x10*s™ is
the decay constant for the C — 11 activity) (see Scheme 1-1) [70, 74]. Also the
default D value was set to 10° m?s. In addition, DMR and Mel concentrations
used were based on the experimental investigation, with the high concentrations
reflecting the cold synthesis and the low concentrations reflecting the hot

synthesis. Moreover, the parameters were varied accordingly (see Table 2-2).

Table 2-2 Shows the range of inputted parameters for all simulations.

Parameter Cold synthesis Hot synthesis
Flow rate*
(uL/min) 2-15 2-15
fefl%f:tt. | DMR:216 DMR: 21.6
coneentratio Mel: 53.4 Mel: 0.024
(mmol/L)

k value range
(L/mmol-min)
[69-70, 74]
D (m%/s) 10%,10° 10%,10°
*Conversion to volumetric flow is shown in Appendix A, Section

5.1.5.1 in Table 5-7.

107, 1072, A 107*%, 1072, &

Furthermore, given that the reaction solutions were dilute, the solvent
species were considered the dominant species. Hence, it was assumed that the
momentum of the solute (reagents) species is dependent on the diffusion
coefficient of the reaction solvents (DMSO and MeCN) [72, 75-76]. The values
were estimated using the table of diffusion coefficients of dilute binary liquid

mixtures (~1 — 5 x 10° m?%s) [76]. Also, as stated in the Handbook of Chemistry
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and Physics increasing the temperature by 10 °C, generally increases the
diffusion coefficient values by 10 — 20% [76]. Hence, increasing the temperature
by 100 °C would increase the values by 100 — 200%. The values ranged from ~1
— 5 x 10 m?s and an increase in temperature by 100 °C would increase these
values to 2 — 10 x 10" m?/s. Therefore, the D values used, 10® and 10 cover

this range.

2.7.4 Data Analysis

Initially, the mixing experiments performance was evaluated through the
concentration distribution plots and final outlet concentration. Furthermore, in the
chemical reaction investigations the final outlet concentration was used to
calculate the Rac yields, which were then compared for the different processes to
evaluate the reaction efficiency. The standard deviations for the CFD values
were as low as 10° % and 10 % for Rac vyields in the hot and cold synthesis

investigations respectively and hence were disregarded.

Furthermore, for the purpose of comparison between the various
investigations (e.g. microchip design and reaction mode), the calculated yields
were normalized with respect to the default settings. In the REL module
synthesis investigation the calculated Rac/[''C]Rac yields were normalized with
respect to the PFR 1 (31.0 mm) simulation final yield (outlet) at default
parameters (flow rate = 15 uL/min, k = 5.663x10* (L/(mmol‘s)), with [DMR] =
21.6 mmol/L and [[''"C]Mel] = 0.024 mmol/L). Meanwhile for the MEMS module
the hot synthesis investigation values were normalized with respect to the no

loop microchip simulation outlet yield at default parameters (flow rate = 15
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uL/min, k = 5.663x10™* (L/(mmol-s)) with [DMR] = 21.6 mmol/L and [''C]Mel =
0.024 mmol/L in flow mix mode). The yield patterns were used to evaluate the
effect of the parameters and were compared in the “space-dependant” model to

the REL calculations and the experimental values.

63



3: RESULTS AND DISCUSSION

3.1 Microfluidic connections

Modifications were made to the commercial, microchip holder (Micronit
Microfluidic’s lab-on-a-chip kit, stainless steel top and PEEK base) and PEEK
tubing (with ferrules and nuts) to better fit our experimentation process. Despite
being fabricated of PEEK (glass transition temperature = 143 — 150 °C and
melting point = 343 OC), the chip holder base experienced a change in shape at
temperatures above 100 °C [77]. After heating during an experiment the PEEK
chip holder base’s texture increased in stiffness and decreased in size making it
hard to fit a microchip in the well. It was suspected that the PEEK material
warped as it approached its glass transition temperatures. Therefore, an
aluminum (Al) microchip holder base replica was fabricated with similar
dimensions (see Figure 3-1(b)). This was beneficial for working with higher
temperatures in our experiments and hence was adapted for the synthetic

processes.
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holder well ’

Figure 3-1 Microchip holder (a) PEEK base and (b) Al base that was fabricated in-house.

Furthermore, the flat PEEK tubing and punctured inlet reservoirs on the
PDMS-glass microchips did not provide a good connection as some liquid leaks
were observed. To resolve this problem the PEEK tubing was tapered by shaving
off the edges at a 30° — 45° angle (see Figure 3-2(d)). This modification allowed
the tubing to be inserted further into the inlet reservoir, providing a better seal.
This modification was inspired by the Micronit Microfluidic’s microchip connection
where the flat-surfaced PEEK tubing was sealed against a conical shaped

reservoir for an efficient fluid delivery (see Figure 3-2(e) and (f)).
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Figure 3-2 (a) Microchip 2 with an inset showing the (b) microchannel inlet reservoir filled
with blue dye. Schematic of (c) Flat bottom PEEK tubing and (d) tapered PEEK
tubing fitting on the microchip surface. (e) A schematic of PEEK tubing fitted
into the Micronit Microfluidics tapered reservoir [78].

Due to the relatively high levels (30 — 60 mCi) of radioactivity that were
used for C — 11 synthesis, manual sample collection and handling was not
desired. Therefore, this necessitated the manufacturing of a rotating vial holder

for multi-sample collection, as inspired by an auto-sampler vial holder on an
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Agilent HPLC system (see Figure 3-3). The Agilent HPLC vial holder is
electronically controlled to rotate freely while positioning vials for fluid dispensing
and injection. In practice, the prototype seen in Figure 3-3(b) makes use of a ball
and spring to suspend the top section and allow for its free rotation. As well, the
use of the spring helps in removing and inserting the PEEK tubing into the vials
by pressing down or releasing the rotating top section. This device and the use of

tongs reduced the user’s hand exposure to radiation.

Figure 3-3 (a) HPLC auto-sampler vial holder of an Agilent 1050 HPLC system and (b) In-
house built Al vial holder base with ball and spring and rotating top.
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3.2 Microchannel mixing

The mixing efficiency of the microchips was investigated by flowing two
miscible reaction solvents DMSO and MeCN within the microchannels at various
flow rates. Colored-dye was added to DMSO (yellow) and MeCN (blue) in order
to observe their liquid flow and mixing behaviour inside the microchannels. Using
the optical microscope, a partial green-colour was seen as early as the first
meander indicating the mixing of the two dyed liquids (see Figure 3-4(c) and (g)).
This optical observation was seen in both serpentine (no loop) microchips (i.e.
microchip 1 with a Cross-junction injector and microchip 2 with a T-junction
injector) indicating that a larger surface-area in the microchannels induces

efficient mixing of the two liquids [60-61].

Furthermore, the T-junction design was compared to the Cross-junction
design (the flow focusing geometry) at the inlet channels (similar to Figure 1-8(f)).
The flow focusing geometry induces a 3-stream liquid flow, of 2 MeCN streams
(blue) from the two side channels and a DMSO stream (yellow) from the main
channel (see Figure 3-4(a)). Despite their differences, both geometries showed a
fully mixed, green coloured liquid at the channel leading to the outlet (see Figure

3-4(d) and (h)).
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(a) Inlets Cross- (b) Inlets’ (c) 1% (d) Outlet
junction meander meander channel

(e) Inlets T- (f) Inlets’ (9) 1° (h) Outlet
junction meander meander channel

For a picture of all the microchip designs, see Figure 2-6.

Figure 3-4 Dye mixing results on the no loop microchip 1 (a — d) and microchip 2 (e — h) at
12 pL/min using DMSO (yellow) and MeCN (blue).

Moreover, liquid flow and mixing experiments were also conducted on
microchip 4 (the abacus design with the T-junction injector) with the micromixer

loops incorporated into the microchannels (see Figure 3-5).
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(a) Inlets T- (b) Inlets’ (c) 1% micro- (d) Outlet
junction meander mixer loop channel

Figure 3-5 Dye mixing results on the abacus design microchip 4 at 12 yL/min using DMSO
(yellow) and MeCN (blue).

Here a mixed green colour was seen as early as the first loop in the first
meander (see Figure 3-6(c)). When examining the microchannel leading up to
the first micromixer loop in the abacus design, it was apparent that decreasing
the flow rate shows faster mixing in the microchannel past the T-junction (see
Figure 3-6(a)). Therefore, the time for diffusion was greater at a lower flow rate
(with the same diffusion distance see Equation 2-8) encouraging species

interaction even before the fluid enters the mixing channels.
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2 pL/min 6 uL/min 0 ML/min 12 pL/min

Figure 3-6 Dye mixing results on the abacus design microchip 4 at different flow rates
using DMSO (yellow) and MeCN (blue).

Although it was apparent that at different flow rates the amount of mixing
past the T-junction was affected, there was no clear difference in the green
colour intensity at the outlet channel for microchip 1, 2 and 4 (see Figure 3-5(d)).
From the given results the Cross-junction and T-junction showed efficient mixing

and were both used for the synthesis process.
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3.3 Rac Cold synthesis: Conventional and Microchip

Initially, the non-radioactive or cold synthesis was explored on the PDMS-
glass microchip. The results obtained from the different microchip designs were
compared to each other and to the cold conventional synthesis. For each
collection vial the Rac yield produced by the microchip cold synthesis was
determined through an internal standard (IS) method (see Appendix A, Section
5.1.3, Figure 5-3 for a chromatogram that displays peaks for the IS, DMR and
Rac). Various standard solutions with known IS, DMR and Rac concentrations
were used to generate an HPLC calibration curve. Then the product aliquots
were mixed with a known IS concentration during HPLC analysis in order to
calculate the Rac concentration. Using this method, the effects of the reagent
concentrations and reaction temperatures on the Rac yield using the microchip

designs were examined.

Since DMR (2.4 — 3.9 pmol) was the limiting reagent and was in low
amounts, the variation of the Mel (120.2 umol) concentration was explored. The
Mel concentration introduced into the microchannels was varied in 3 different
runs with 3 min collections during the same continuous-flow experiment. It was
found that as the Mel concentration was decreased the yield also decreased (see
Figure 3-7). Reducing the Mel concentration from 801.4 mM to 267.1 mM
showed a decrease in yield by a factor of 3 (17.1% to 5.1%). This was a result of
reduced species interaction for this 2" order reaction due to a decrease in

reagent concentrations which probably reduced the rate of Rac production.
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Note: In each reaction, 0.1 umol (in 400 ulL) of DMR was used.
Experiments were carried out on the abacus microchip (see Figure 2-6), at
82 °C and 8 uL/min with a collection time of 3 min. Standard deviation
according to the calibration curve was <0.7%. All reaction temperatures
were calibrated; see Appendix 5.1.2 for more details.

Figure 3-7 Cold synthesis of Rac using different Mel concentrations (7.5, 5.0 and 2.5 uL
which corresponds to 801.4, 534.3 and 267.1 mM respectively) in a 150 pL of
MeCN.

Furthermore, temperature optimization experiments were also performed
on the no loop, abacus and full loop microchips. The reaction temperature was
varied for different runs during the same experiment. From the UV
chromatograms it was observed that the unreacted Mel peak (detected at ~13.1
min) would decrease with the increase in temperature (see Figure 3-17). In turn,
the Rac peak (detected at ~11.3 min) would increase along with the generation of

side products (e.g. peak at ~6 min).
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Note: The FR used was 8 ul/min at ~5.1 min and ~5.2 min collection times on the
abacus microchip with 0.3 umol of DMR and 120.2 umol of Mel (RT: ~7.2 minutes)
used in each reaction run. DMSO (solvent) was detected at 2.6 min, excess DMR was
detected at ~7.8 min, the Rac produced was detected at ~11.3 minutes and excess
Mel was detected at 13.1 minutes.

Figure 3-8 UV-HPLC chromatogram for a temperature variation experiment of the
microchip Rac cold synthesis process overlaid with a standard Rac and DMR
2.5 yM mixture.

Additionally, further optimization experiments carried out on the other
microchip designs displayed a similar effect where the yield was affected by an
increase in temperature (see Table 3-1). It was also observed that the full loop
microchip design demonstrated the highest yield even at a lower temperature
than the other 2 microchip designs. This might be attributed to a higher ratio of
the number of micromixer loops to channel length (loop: length), in the full loop

microchip (0.26 mm™") compared to the abacus microchip design (0.18 mm™).
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Table 3-1 Rac cold synthesis results on the no loop, abacus and full loop microchip

designs at 62 — 92 °C.

Temperature (°C) Rac yield (%)
No Loop Abacus Full loop
(microchip 1) (microchip 3) (microchip 5)
62 - 2.8°+0.7 12.1"+£2.8
72 0.7 33'+£0.1 -
82 1.3 5.8 -
92 2.2 - -

Note: Reaction conditions include using 0.2 — 0.4 umol (in 400 uL) of DMR and
120.2 umol of Mel in 750 uL in each reaction at the a flow rate of 8 uL/min in each
inlet (16 uL/min for both inlets). All reaction temperatures were calibrated (see
Appendix A, Section 5.1.2, Figure 5-1 and Figure 5-2 for more details). Standard
deviation according to the calibration curve is <0.7% for the data shown except for
data where errors represent standard deviation of 2 — 3 experimental results. For
the raw data of Rac concentrations see Appendix A, Section 5.1.2, Table 5-3.
*For a sample calculation see Appendix B, Section 5.2.1.

Moreover, it was confirmed that both microchips that incorporate the
micromixer loop design produce higher yields compared to the no loop microchip.
It was believed that the micromixer loop design induces mixing through the split-
recombine path of the reagent streams. Also, the split-recombine path increases
the microchannel length, increasing the reagents’ exposure to high temperatures

and reaction time, possibly contributing to the higher yields.

In addition, the conventional cold Rac synthesis process was carried out
for comparison to the microchip-based technique (see Table 3-2). An experiment
on the full loop microchip at optimal conditions showed a ~2-fold increase in Rac
yield compared to the conventional cold synthesis (see Table 3-2). This was also

achieved with reduced amounts of DMR (~1/20) and Mel (~1/40) and at an
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estimated temperature that was lower than the conventional process. This
pattern of increased yields with reduced reagents and lower temperatures was

also observed with the abacus design.

Table 3-2 Rac synthesis parameters and yield comparison in the conventional and
microchip cold synthesis.

Conventional Full Loop
(Macro) (*Microchip)
DMR (umol) 4.2 0.2
Mel (pmol) ~120.2 3.2
Reaction time (min) 15 2.5
Ave Temperature ("C) 78 62
Rac yield (%) 4.6 9.3

Note: The microchip experiments were carried at a flow rate of 8 uL/min. The
results obtained for this conventional process showed a 4.4 = 0.2% (nh = 2)
yield at ~80 °C for an average reaction time of 16 min.

Also, the microchip experiments resulted in less side products as shown
by cleaner baselines than those of the conventional experiments (see Figure 3-8
and Figure 3-9). To explain this, the product in the microchip process was
separated from the on-going heated reaction in the microchannel during each
experimental run (or each product collection). The reaction was also quenched
immediately using ammonium formate preventing further reactions from
occurring in the collection vial. Meanwhile, the conventional process uses a
reaction vessel that contains reagents and products under high temperature

conditions until the end of the reaction when ammonium formate is added.
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Note: The conventional experiment was carried out at 78 °C using 4.2
umol of DMR and ~120.2 umol of Mel resulting in a 4.6% Rac yield.

Figure 3-9 UV-HPLC chromatogram of the product vial of the conventional cold synthesis
of Rac and standard solution containing DMR and Rac (1:1) 5 yM.

Consequently, we have demonstrated that the use of the microchip has
improved the synthesis results in comparison with the conventional process. This
improvement can be attributed to the larger surface area to volume ratio provided
by the small microchannels (100 um x 100 ym) which could result in better mass
(mixing) and heat transfer and thus higher yields. Moreover, reducing the reagent
amounts for the microchip process still showed yields that were higher than the
conventional method. Therefore, optimal conditions for the microchip cold
synthesis (~0.2 — 0.4 ymol of DMR, a flow rate of ~8 yL/min and a temperature of
82 °C) were used as a guideline for the microchip radiolabeling process which is

explored in the next section.
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3.4 Microchip hot synthesis

3.4.1 [""C]MET synthesis

[""CIMET production is known to be an efficient radiolabeling process with
up 90% final radiochemical yields (RCY). Therefore, this synthesis was explored
on our microchip to provide some insight on the design’s potential applicability to

a C — 11 radiotracer production [8, 19-20].

[""CIJMET was synthesized on the microchip using a similar procedure to
the microchip cold synthesis of Rac with the exception of using different
reagents. Cold Mel was replaced with [''C]Mel and L-homo was used as the
precursor (see Scheme 1-3). Since the [''C]Mel concentrations are much lower
than the precursor (L-homo) concentrations in the hot synthesis (by a factor of
~10%), this was considered a pseudo-first order reaction. The [''C]MET synthesis
initial reaction conditions were based on the optimized microchip cold synthesis
parameters. To start, the temperature variation effect was studied using the
regular reaction mode (flow mix — where reagents are introduced into the

microchannels through separate inlets) at a flow rate of 10 pL/min.

At the end of each experiment, the reaction product mixture for each run
was analyzed by HPLC, using a UV detector and a radiation detector, as shown
in Figure 3-10. In Figure 3-10, the lower trace represents the UV-HPLC while the
upper trace represents the inverted RAD-HPLC. On the lower trace a clear Mel
mass (C — 12) peak was observed and on the upper trace the radiolabeled
["'C]Mel and [""CIMET peaks were detected. Since the detectors are in series,

the peaks were expected to appear consecutively. For example, the C — 12 mass
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peak (~2.4 min) for Mel was detected ~0.1 min before the radiolabeled

compound (~2.5 min).
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Note: MET and L-homo were detected at ~1.4 — 1.8 min on the UV-HPLC and
[""CIMET was detected at ~1.6 min on the RAD-HPLC. Mel and [''C]Mel were
detected at 2.4 min (UV-HPLC) and 2.6 min (RAD-HPLC), respectively.

Figure 3-10 UV-HPLC and RAD-HPLC for a product sample using the full loop microchip at
42 °C and a flow rate 10 HML/min in EtOH/H,0.

[""'C]MET production was evaluated by calculating the final relative activity
in each collected sample using the radiochemical data (RAD-HPLC) (see
Equation 3-1). Equation 3-1’s numerator value is obtained from [''C]JMET’s peak
area and the denominator accounts for the peak areas of all the C — 11
compounds ([''C]JMET, unreacted [''C]Mel and side products = the total
radioactivity in each sample) in solution. Hence, an increase in ['"CIMET’s

relative activity in a collected sample is an indication of increased precursor
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radiolabeling on the microchip. Therefore, the relative activity value was related

to the L-homo radiolabeling efficiency for each run.

Equation 3-1 ["C]MET relative activity equation:

[11C]MET RAD HPLC pk area * 100%

11 . .k 0 —
[**C]MET Relative Activity (%) Total RAD HPLC pk areas

Initially, the temperature study was first carried out using EtOH and H,O
as reagent solvents (see Table 3-3) [13, 19]. HPLC product analysis for this
procedure involved using a gradient mobile phase that starts with a 100% buffer
composition. Then 10% buffer (90% MeCN) was used at 2 — 4 min in order to
elute the ['"C]Mel for RCY calculations (see Figure 3-10) [18]. The data showed
that a temperature increase from 42 °C to 82 °C, resulted in the increase of the
relative activity by a factor of ~1.5 (48.6% to 74.8%). This was an indication that
the radiolabeling process is affected by the change in temperature.
Encouragingly, high product purity was observed (up to 86.6%) using the flow
mix mode at a flow rate of 10 pL/min without generating any other C — 11 side
products since the only detected activities were those of [""C]JMET and unreacted

['"C]Mel (see Table 3-3).
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Table 3-3 [11CJMET and unreacted [''C]Mel relative activities detected for the synthesis of
[M'CIMET using EtOH/H,0 on the abacus microchip in flow mix mode. A flow
rate of 10 yL/min was used at various temperatures.

["CIMET ["CIMel
Temperature . . .
CC) relative relative activity
activity (%) (%)
42 48.6 * 514"
62 58.3 41.7
82 74.8 25.2

A portion of these data are also represented on Figure 3-12.
*Calculation shown in Appendix B, Section 5.2.2.1.

Furthermore, hoping to improve the conversion of [''C]Mel into [''CIMET
and to improve the purity of each sample the reaction solvent (EtOH) was
replaced with extra dry acetone (see Figure 3-11). For confirmation, the product
samples were also spiked using a solution of MET in acetone/H,0 (see Appendix

A, Section 5.1.4.1, Figure 5-6, for [''C]Mel spike chromatogram).
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Note: MET was detected at ~1.4 min and L-homo was detected at ~1.8 min in
the UV-HPLC. ["CIMET was detected at ~1.6 min in the RAD-HPLC.

Figure 3-11 (a) UV-HPLC and RAD-HPLC for a product sample using the full loop
microchip at 42 °C and a flow rate of 10 ML/min in acetone/H,0 and the (b) MET
(76.9 mM) spiking experiment (16:1, MET:V2). The insets show a colloquial

expansion of the MET cold mass peak.

The calculated relative activity in this case was between 93 — 100%

demonstrating almost complete conversion of [''C]Mel into [""CJMET in each
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collected sample (see Table 3-4). Since these values were already high at 42 °C
it was apparent that the temperature had no effect on the radiolabeling efficiency.
Also, these high relative activities were achieved in both microchip designs
without observing an obvious advantage of using the full loop design over the
abacus design. Furthermore, these findings implied that the use of acetone/H,0
provides optimal conditions for the microchip radiolabeling process of L-homo

even at low temperatures.

Table 3-4 ['"CJMET relative activities detected for the synthesis of [M'CIMET using
acetone/H,0 on the abacus and full loop microchip in flow mix mode. A flow
rate of 10 yL/min was used at various temperatures.

Temperature [HC]MET relative
‘o) activity (%)
Abacus Full loop
42 97.3+0.5 100
62 96.8+3.2 100°

Note: Data represents the mean and range of two replicates.
[""CIMET is the only product observed through HPLC analysis in the
repeated experiments.

3.4.2 [''C]Rac Synthesis

After acquiring high relative activities with the microchip synthesis of
["'CIMET, the ["'C]Rac radiolabeling process was also explored. [''C]Rac was
synthesized with DMR and ["'C]Mel (see Scheme 1-5) using a similar microchip
procedure as ["C]MET. Therefore, due to the lower ['"C]Mel concentrations
compared to the precursor (DMR) concentrations, this was also considered a

pseudo-first order reaction. Furthermore, the HPLC analysis was carried out
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starting with the flow mix experiments (see Figure 3-12 for a sample
chromatogram). On the lower trace of Figure 3-12, a Rac cold (C — 12) mass
peak was not observed considering that the concentrations were below

detectable levels in each product sample (see Appendix A, Section 5.1.4.2,
Figure 5-7 for an inset of a UV-HPLC). Meanwhile, on the inverted RAD-HPLC

the corresponding radiolabeled products, ["'C]Rac (2.0%) and unreacted

["'C]Mel (83.9%) were observed.
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Note: The solvent, DMSO was detected at ~1.8 min and DMR was detected
at ~2.7 min on the UV-HPLC while, ['CJRac and [''C]Mel were detected at
~3.5 and ~5.0 min on the RAD-HPLC respectively.

Figure 3-12 (a) UV-HPLC and (b) RAD-HPLC for [''C]Rac synthesis on the abacus
microchip at 82 °C and a flow rate of 10 uL/min in flow mix mode.

Initially, ['"C]Rac relative activities were calculated using the RAD-HPLC

peak areas using Equation 3-2. Where the numerator value was obtained from
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[""C]Rac’s peak area and the denominator accounts for the peak areas of all the

C — 11 compounds ([''C]Rac, [''C]Mel and side products) in solution.

Equation 3-2 ["C]Rac relative activity equation:

[**C]Rac RAD HPLC pk area * 100%
Total RAD HPLC pk areas

[*1C]Rac Relative Activity (%) =

The results showed that temperature variation had no significant effect on
[""C]Rac’s relative activity (see Figure 3-13). When the estimated temperature
was increased from 62 °C to 122 °C, only a slight increase in the relative activity
was observed displaying no change to the radiolabeling efficiency. This was
believed to be a result of a trade-off between an increase in reaction rate and a

loss of [''C]Mel through evaporation with the increase in temperature.
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*Note: Data represents the mean and range of two replicates.

Figure 3-13 Temperature variation effect on ['"C]Rac’s relative activity in the full loop
microchip at a flow rate of 10 pyL/min with 4.0 — 5.5 min sample collections.
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Furthermore, the effects of the reaction flow rate variation were studied
[16]. In this study, the sample collection times were varied with the flow rates in
order to keep the collection volumes (40 — 80 pL) consistent for each run (see
Table 3-6). It became apparent that decreasing the rate of fluid delivery into the
microchannels increased the [''C]Rac production efficiency (see Table 3-5). For
instance, a decrease in flow rate from 10 pL/min to 1 yL/min increased the
relative activity by a factor of ~3 (2.0% to 6.7%). It was believed that the
decrease in flow rate, increased residence time, which in turn increased the heat

transfer and reagent diffusion and interaction time in the microchannels.

Table 3-5 [11C]Rac synthesis results using the abacus microchip at 82 °C with sample
collections at varied flow rates in flow mix mode.

Flow rate [HC]Rac relative
(nL/min) activity (%)
10 2.0°
5 4.0
2 5.1
1 6.7

A portion of these data are also represented on Figure 3-12.

However, considering that these relative activity values were generally low
and lower than the ['"C]MET results, experiments were carried out to further
optimize this process. First, the reaction mode was varied by premixing the
reagents before introducing them into the microchannels. Premix mode involved
mixing DMR and ["'C]Mel solutions and drawing the solutions into the syringes

~1 min before connecting the syringes were connected to the microchip. The
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results for the premix mode procedure showed an increase in the [''C]Rac
relative activity in comparison to the flow mix procedure (see Table 3-6). For
example, at a flow rate of 10 yL/min the relative activity increased by a factor of

~5 with the premixed mode compared to the flow mix mode.

Table 3-6 ["C]Rac synthesis results using the abacus microchip where DMR and ["C]Mel
are reacted in a flow mix and premix mode, at 82 °C with sample collections at
varied flow rates.

Flow rate Collection ["C]Rac relative
(uL/min) time (min) activity (%)
Flow mix 10 2.0 2.0
5 4.0 4.0
2 10.3 5.1°
Premix 10 3.0 10.0
5 6.1 11.2
2 14.2 16.0*"

Note: Collection times were adjusted in each experiment with a different flow rate
so that the total collection liquid volumes are roughly the same (i.e. ~20 uL in flow
mix mode and ~30 uL in the premix mode).

*See Figure 5-7 for data UV-HPLC and RAD-HPLC.

A portion of these data are also represented on Figure 3-14.

However, the increase in [''C]Rac relative activity between the 2 reaction
modes was not sufficient, achieving only 16.0% relative activity at a flow rate of 2
ML/min. This effect was attributed to an increase in the C — 11 side products (see
Figure 3-14). For instance, decreasing the flow rate from 10 pyL/min to 2 pL/min
increased the C — 11 side products’ relative activity by ~29.0% (43.1% - 14.1%)
in the flow mix mode. This suggested that the increase in residence time also

favours side product formation. Even worse, premixing the reagents at 2 pyL/min
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increased the side products by an extra ~35.3% (78.4% - 43.1%). This pattern
coincided with the decrease in the amount of unreacted [''C]Mel found in the
product samples, implying that the [""C]Mel was used for the undesirable
formation of side products through other methylation processes or possibly the

decomposition of the radiolabeled products [79].
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*Note: Figure 3-12 shows the RAD-HPLC for the results (flow mix experiment at
10 ul/min) that were used to determine the C — 11 relative activities for [ CJRac,
excess [”C]Mel and side products. See Appendix A, Section 5.1.4.2, Table 5-5
for further details.

Figure 3-14 The [''C]Rac, unreacted [''C]Mel and C — 11 side products relative activities for
experiments carried out on the abacus microchip in flow mix mode and premix
mode at different flow rates and at 82 °C.

Additionally, the effect of the microchip design on the [''C]Rac production

was investigated (see Figure 3-15). Since full loop design (356 mm) has a
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microchannel that is shorter than the abacus design (437 mm) it was expected to
produce lower [''C]Rac relative activity values due to a lower residence time (t is
proportional to x* in the microchannels, see Equation 2-8). Surprisingly, this was
not the case, the results displayed higher [""C]Rac relative activities in each run
with the full loop microchip design compared to the abacus microchip design.
This was believed to be a result of a higher ratio of micromixer loops over a
shorter channel for the full loop microchip, therefore more mixing of reagents in a

shorter distance.
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Note: *Shows the number of micromixers/channel length ratio in the
microchip. Abacus = 79 loops/437 mm and full loop = 94 loops/356
mm.

Figure 3-15 Shows the [''C]Rac, unreacted [''C]Mel and C - 11 side products for
experiments carried out on the abacus and full loop microchip designs at a
flow rate of 2 pl/min in premix mode at 82 °C.
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Moreover due to high levels of unreacted [''C]Mel, the [''C]Rac
conversion was calculated using the ["'C]Rac’s peak areas for further analysis of
the collected data (see Equation 3-3). The [''C]Rac conversion is the [''C]Rac
activity as a ratio of all the C — 11 compounds produced in each run. From the
measured absolute activity of the product sample we calculated only the amount
of ['"C]Mel that was utilized for the reaction while disregarding any activity losses
(e.g. unreacted ['"C]Mel). Using the conversion value we were able to evaluate
the extent of ['"C]Mel conversion into [''C]Rac versus other undesired side
products. This value along with the [''C]Rac relative activity were considered to

be an accurate evaluation of the methylation efficiency in the microchip.

Equation 3-3: [''"C]Rac conversion (%): accounts for the C — 11 side products produced
during the methylation process.

1CTR on (%) = [**C]Rac RAD HPLC pk area * 100%
[ CIRac conversion (%) = Total RAD HPLC pk areas — unreacted [**C]Mel RAD HPLC pk areas

From Table 3-7 it was observed that the [''C]Rac conversion was greater
than the relative activity values displayed (with the exception of the full loop
microchip experiment at a flow rate of 2 yL/min). This was mainly due to the
inadequate utilization of ['"C]Mel. Also, the premix mode showed a higher
conversion of [''C]Mel into ['"C]Rac in each run when compared to the flow mix
mode (see Table 3-7). For instance, at a flow rate of 10 yL/min the conversion
was ~1.6-fold higher (12.7% - 20.5%) in the premix mode than in the flow mix
mode. Meanwhile, at reduced flow rates the conversion values slightly decreased
in the premix mode. As a result of this behaviour it was implied that [''C]Rac

conversion might be more efficient at higher flow rates in the premix mode.
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Additionally, at the same flow rate of 2 yL/min the ["'C]Rac conversion increased
when using the full loop design by ~10% (16.9% — 25.5%) compared to the
abacus design which was consistent with the observed increase in the relative
activities. Also, the experiment on the full loop microchip at 2 yL/min showed
repeatability with consecutive runs on the same microchip. However, the
conversion values were still low at 2 yL/min due to the increase of undesirable

side products.

Table 3-7 ["C]Rac conversion at varied flow rates using the abacus and full loop
5nicrochip where reagents undergo flow mix and premix reaction modes, at 82

C.
11 11
Microchip/Reaction | Flow rate [ C]I?ac [ C]Rz}c
mode (uL/min) Relative conversion
H activity (o) (%)
10 2.0 12.7
A
bacus/ 4.0 16.6
Flow mix
2 5.1 10.5
10 10.0 20.5
Abacus/ 112 16.8
Premix
2 16.0 16.9**
25.2 25.2
Full loop/ 5 25.2 26.3
Premix 25.6 25.6
26.4 26.9

**Calculation shown in Appendix B, Section 5.2.2.2.

Furthermore, we continued to evaluate the data by calculating the RCY

(defined by Equation 3-4) using the estimated initial activity of [''C]Mel. This
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value was calculated at various flow rates for the different microchip designs in
the premix mode. It was anticipated that decreasing the flow rate would decrease

the RCY similar to the relative activity.

Equation 3-4 [11C]Rac RCY equation: accounts for time variation and activity loss
(unreacted and undetected in final product).

[11C]Rac activity* * 100%
Initial [11C]Mel activity* in each product sample

[11C]Rac RCY (%) =

*All activities were decay-corrected, see Appendix B, Section 5.2.2.2 for definition.

Moreover, from Table 3-8, it was observed that the use of the full loop
microchip, where the ratio of micromixer loops to microchannel length is higher,
lead to an increase in RCYs. For example, at a flow rate of 2 uL/min, using the
full loop microchip we were able to achieve a RCY that is ~3-fold higher than that
achieved by the abacus microchip. Meanwhile, results showed that the decrease
in flow rate had no apparent effect on the RCY and that the minor change in

values can correspond to experimental errors.
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Table 3-8 [11C]Rac RCY and absolute product activity at varied flow rates using the abacus
and full loop microchip in the premix mode, at 82 °C.

i 1]
C]Rac *["C]Rac
Flow [Relzlltive ["CIRac  ["C]Rac zEbso]lute
Microchip rate activity conversion RCY activity
1 0 o
(nL/min) (%) (%0) (%) (mCi)
10 10.0 20.5 3.3 0.411
Abacus 5 11.2 16.8 3.0 0.386
2 16.0 16.9** 2.8%* 0.330%**
25.2 25.2 11.2 0.642
. 25.2 26.3 7.4 0.362
Full loop 2
25.6 25.6 7.2 0.344
26.4 26.9 9.8 0.414

Note: There was residual [['C]Mel in the syringes, reaction vials and the microchip
and that the calculated RCY may be an underestimation.
*Decay-corrected activity at the EOB.
**Calculation shown in Appendix B, Section 5.2.2.2.

A portion of these data are also represented on Table 3-7.
See Appendix A, Section 5.1.4.2, Table 5-4 for absolute activity values of ['CiMel
and product sample.

However, even the best crude RCY's given by the full loop microchip were
lower than those reported by conventional methods [24, 80]. Although the
micromixer design performed well in the cold synthesis, we suspect that it is not
efficient for this radiolabeling process. Also, the total radioactivity in the product
samples for each run did not account for all the estimated (flow rate*time) initial
["C]Mel activity. A possible explanation for these low values is activity loss
through evaporation across the PDMS porous walls as [''C]Mel has a b.p. of
42.4 °C, or even absorption of [''C]Mel by the PDMS porous walls (see Appendix
A, Section 5.1.4.2, Table 5-6) [8, 81]. Other losses are possible during fluid

transfer from the vials to the syringes, from the syringes to the microchip (e.g.
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dead volume in tubing), or unreacted residual volumes in the syringe or
microchannels at the end of the experiment (see Appendix A, Section 5.1.4.2,

Table 5-6).

3.5 Simulation of microchip synthesis

3.5.1 Simulation of an “ideal” plug-flow reactor (PFR) for Rac synthesis

The reaction engineering lab (REL) is a module that assumes that the
reagents are reacting in a perfectly mixed environment where the reaction
kinetics control the reaction progress. Two PFRs (see Figure 2-13 for definition)
with different microchannel lengths were used to study the synthesis process.
Initially, the default hot synthesis process parameters ([DMR] = 21.6 mmol/L (5.4
umol/250 pL), [[''C]Mel] = 0.024 mmol/L (6 nmol/250 pL) and k = 5.663x10™
(L/(mmol-s)) at a flow rate of 15 uL/min) were explored on PFR 1, with a
microchannel length of 31.0 mm. The results showed that as the reagents travel
further down the microchannel there is more time (residence time) to generate
Rac and hence gradually increasing the yield (see Figure 3-16). Then reaction
conditions were varied in both PFRs for comparison. From the results the lowest
final [''C]Rac yield of ~0.8% observed was at a flow rate of 15 pyL/min. This value
was then used to normalize all the acquired data (see Experimental, Section

2.7.4 and Appendix B, Section 5.2.3.3 for sample calculation).
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*Note: Reaction conditions include using reagent concentrations of [DMR] =
21.6 mmol/L (5.4 umol/250 uL) and [[''C]Mel] = 0.024 mmol/L (6 nmol/250 uL)
and k = 5.663x10™* (L/(mmol-s)).

Figure 3-16 [''"C]Rac synthesis in PFR 1 (31.0 mm) as the reagents travel down the
microchannel length at a flow rate of 15 pL/min.

As the volumetric flow rate of the reagents was varied, an effect on the
yields was observed (see Figure 3-17). The normalized data showed an increase
in Rac yield by a factor of ~7 when the flow rate was reduced from 15 yL/min to 2

ML/min.
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*Note: Reaction conditions include using reagent concentrations of [DMR] = 21.6
mmol/L (5.4 umol/250 uL) and [["'CIMel] = 0.024 mmol/L (6 nmol/250 uL) and k =
5.663x10 (L/(mmol-s)).

Figure 3-17 Effect of flow rate on [''C]Rac synthesis in PFR 1 (31.0 mm) as the reagents
travel down the microchannel length.

Similarly, the flow rate variation study was carried out on another plug-flow
reactor, PFR 2 with a longer channel (L = 45.6 mm). When the values were
normalized with respect to PFR 1, at a flow rate of 15 yL/min it became apparent
that a reactor with a longer microchannel (PFR 2) had an effect of producing
higher ['"C]Rac yields as a result of a longer residence time (see Figure 3-18 and
Table 5-8 for data). For example, at a flow rate of 15 pL/min increasing the
microchannel length from 31.0 mm (PFR 1) to 45.6 mm (PFR 2) showed an

increase in the normalized [''C]Rac yield by a factor of ~1.5, which was similar to
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the increase in length ratio between the two microreactors. Furthermore,
reducing the flow rate from 15 pyL/min to 2 yL/min, PFR 1 showed an increase in
the normalized [''C]Rac RCY from 1.0% to 7.3%, while PFR 2 showed a higher
increase from 1.5% to 10.6% showing a ~7-fold increase for both PFRs. This
behaviour was similar to the flow rate variations in the experimental results (see

Table 3-5).
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*Note: Reaction conditions include using reagent concentrations of [DMR] =
21.6 mmol/L (5.4 umol/250 uL) and [[''C]Mel] = 0.024 mmol/L (6 nmol/250
uL) and k = 5.663x10™* (L/(mmol-s)).

Normalizedyield

Figure 3-18 Normalized final [''C]Rac yields in PFR 1 (31.0 mm) and PFR 2 (45.6 mm) in a
flow rate variation experiment.

Finally, varying the Mel and DMR concentrations had a similar effect on
the hot synthesis compared to the cold synthesis process. It was observed that

["'C]Rac RCYs were lower in PFR 2 than the Rac yields for the modelled cold
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synthesis (using [DMR] = 21.6 mmol/L (5.4 pymol/250 pL) and [Mel] = 53.4
mmol/L (2.5 uL/750uL)) (see Figure 3-19). For example, at a flow rate of 2
ML/min the normalized Rac yield generated by the cold synthesis simulation
(23.8%) was larger by ~2-folds than the hot synthesis value (10.6%). This
indicated that the higher concentration of Mel in the cold synthesis (53.4 mmol/L)
provides an advantage over the hot synthesis process with a lower [''C]Mel

concentration (0.024 mmol/L).
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*Note: Reaction conditions include using reagent concentrations of
[DMR] = 21.6 mmol/L (5.4 umol/250 uL), [Mel] = 53.4 mmol/L (2.5
WL/750 pL) and [['CIMel] = 0.024 mmol/L. (6 nmol/250 L) with k =
5.663%x10" (L/(mmol-s)). See Table 2-1 for the different reaction rate
equations in the hot and cold synthesis simulation. See Appendix A,
Section 5.1.5.1. Table 5-8 raw data.

Figure 3-19 Normalized ["C]Rac RCYs and Rac yields in PFR 2 (45.6 mm) as the reagents
travel down the microchannel length at a flow rate of 15 pL/min.
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Therefore, the calculated yields for the ideal PFR microreactor with the
given volumes show optimum conditions with a longer microchannel (45.6 mm),
a slow flow rate (2 pL/min) and higher concentrations. However, considering this
model does not incorporate the microreactor's geometry or reagent diffusion
coefficients, it is unable to account for the laminar flow, the micromixer designs
and the reagent species physical properties [68]. In addition, the REL model
assumes that the reactions are carried out in a perfectly mixed environment and
that the microchannel provides reaction time without taking into consideration the
required “reagent mixing” time. Hence, it was expected that the calculated yields

are overestimated values.

3.5.2 Mixing and chemical reaction simulation

Prior to implementing a chemical synthesis model the flow and
micromixing simulations were carried out. The MEMS module creates a “space-
dependent” model where the microchip dimensions are considered for the

simulation.

3.5.2.1 Microchannel flow simulation

The Navier-Stokes equation for the MEMS module was used to simulate
the flow properties within the microchannels (see Figure 3-20). For the abacus
microchip RU the flow field displayed laminar flow properties with R. values that
were significantly low (< 2300) (see Table 5-12 for R at different flow rates). In
Figure 3-20, the magnitude of velocity is displayed through the size of the arrow

in the given plot. Therefore, due to laminar flow a parabolic velocity field was
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present within the microchannels where the maximum velocity is experienced in
the centre of the channel expressed with a dark red color and zero-velocity is
experienced at the channel walls expressed with a dark blue color. This velocity
behavior was observed throughout the microchannels and micromixer loops

design.

Furthermore, it was observed that the side inlet-channel experiences a
higher velocity than the main inlet-channel (see Figure 3-20(a)). In the 2D model,
the same volumetric flow rate was applied to both inlets, and considering that the
side (0.05 mm) inlet-channel is smaller in width than the main (0.10 mm) inlet-
channel the fluid flowing through it experiences double the velocity. For example,
in the case of 2 pL/min flow rate, the main and side inlet-channels’ maximum

velocities were around 3.3 mm/s and 6.6 mm/s respectively.

100



Mac: §.0100
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*Note: The scale represents the velocity field (m/s)

Figure 3-20 Surface and arrow plot diagrams showing the velocitx field properties in the
microchip for the (a) Inlet T-junction and (b) 5" _ 6 loop. (c) Inset of the
junction at the 5" loop outflow for the abacus design RU was modeled (see
Figure 2-14 for diagram) at 2 yL/min.

In the microchannel where the flow splits, the velocity force is also splits

equally. Once the two channels recombine, the maximum velocity is experienced
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in the larger channel (see Figure 3-20(b)). Also, at the recombination junction the
fluids experience a zero-velocity due to the collision of the two streams, before

continuing at the maximum velocity.

3.5.2.2 Micromixing simulation

The mixing within the microchannels was investigated using the diffusion
coefficient of an organic molecule such as fluorescein (D = 5 x107"° m?%s) in
water. The concentration values used were 1 mmol/L at the main inlet and 0
mmol/L at the side inlet. Therefore, for complete mixing of the two fluid streams,
the outlet concentration should be 0.5 mmol/L. In this case, the average outlet
concentration was simulated to be 0.51 mmol/L at a flow rate of 12, 6 and 2
ML/min (see Appendix A, Section 5.1.5.2, Table 5-9). This was consistent with
our experimental mixing results that displayed an even color distribution of green
food-dye when the blue and yellow fluid streams were combined. However, on
the molecular level when the concentration distribution plots were examined it
was clear that the concentration obtained at the outlet of the RU is only an
“average” of a high concentration on one-side of the channel and a low
concentration on the other side (see Figure 3-21). It was apparent that instead of
generating multiple sub-streams from the main fluid stream, the micromixer was
splitting the reagents on both sides of the microchannel. This was also an
indication that mixing is mainly occurring through diffusion in the microchannels.
For example, although the final concentration is similar at the different flow rates,

examining the concentration distribution plots for the abacus design RU at the
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different flow rates showed a variation in the diffusion level within the

microchannels, shown at the last micromixer loop (see Figure 3-21).

(a) Ma: 105
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(b)
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8 0.4

*Note: The scale represents the concentration distribution (mmol/L)

Figure 3-21 Concentration (mmol/L) surface plot diagrams in the last loop at a flow rate of
(a) 12 pL/min, (b) 6 pL/min and (c) 2 pL/min for the abacus design RU’s mixing
simulation.

3.5.2.3 Chemical reaction module

In this section the reaction kinetics were combined with the microchannel

design in order to create a space-dependent model of the three microchip
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designs’ RUs. It was assumed that the carrier solvent is water with the reagent
species diffusion properties represented by an estimated diffusion coefficient for
the reaction solvents mixture (DMSO and MeCN) since they are the dominant
species in the solution [72, 75]. Using this generated model we were able to vary
the flow rate, reagent species concentrations, microchip design and reaction
mode parameters. The product concentration calculated at the RUs’ outlet was
used to evaluate the reaction efficiency. Comparison of the achieved yields was
a good indication of how the reaction parameters had an effect on product
formation as the reagents flow through the microchannel. For these simulations,
the rate constant and diffusion coefficient values were also varied in order to
cover the estimated reaction condition ranges [70, 74, 76]. It is important to note
that the rate constant values used were obtained from a similar methylation of a
less substituted phenoxide site (3-nitrophenol). Since it is more acidic than our
precursor DMR, the calculated values are expected to reflect a faster rate of

reaction than is actually expected of our radiolabeling process [70].

The normalized yields (with respect to the no loop RU investigation at
default parameters) generated with the hot synthesis investigation on the three
microchip RUs agreed with the REL’s, PFR 1 and PFR 2 result patterns (see
Figure 3-22). The no loop design RU, having the shortest microchannel of 31.0
mm, which corresponded to the channel length of PFR 1, produced the lowest
yields. Meanwhile, the abacus design RU having the longest microchannel of

45.6 mm, which corresponded to the channel length of PFR 2, produced the
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highest yields. This correlation was also consistent when the [''C]Rac vyields

increased with the reduced flow rates.
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*Note: Reaction conditions include using D = 10° m%/s, k =5.663x10* (L/(mmol-s))
with reagent concentrations of [DMR] = 21.6 mmol/L. and [”C]Mel =0.024 mmol/L in
flow mix mode.

**See Appendix 5.1.5.3, Table 5-10 for data.

Figure 3-22 Flow rate effect on the normalized ["'C]Rac yields modelled in the no loop (31.0
mm), abacus (45.6 mm) and full loop (42.8 mm) designs’ RU.

Although the average [''C]Rac concentration was higher for the abacus
RU, the surface plot diagrams have shown a higher ['"C]JRac concentration
distribution in the micromixer loops of the full loop RU (see Figure 3-23(e)) and
(f)). From these diagrams it was apparent that with a “dark red color” more
["'C]Rac was generated at the centre of last micromixer loop in the 15 meander
with the full loop design compared to the abacus design (see Figure 3-23(Q)).

This effect was attributed to the increase in fluid stream collisions, which resulted
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in an increase of product generation. Therefore, explaining the higher
concentration distribution in the full loop design (10 loops) compared to the

abacus design (7 loops), due to a higher number of micromixer loops.
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Max: 5.70e-5
x10°°

(=]

(9)

Note: Reaction conditions include using a flow rate of 15 ul/min, D = 10° m*s, k =
5.663x1 0'4(L/(mmol-s)), [DMR] of 21.6 mmol/L, [''C]Mel of 0.024 mmol/L in flow mix
mode. The scale shown represents the concentration distribution of [''CIRac (mmol/L).

Figure 3-23 ['C]Rac concentration (mmol/L) surface plot diagrams for the last 5
micromixer loops in the (a) abacus and (b) full loop design RUs for the hot
synthesis. The Insets show the (c) 3" and (d) 7" loop of the abacus design and
the (e) 5" and (f) 10" loop of the full loop design. (g) Shows an inset of the 10"
loop recombination junction (collision area = “hot spot”).
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Moreover, the increase in [''C]JRac concentration after each micromixer
loop in the full loop design was larger than in the no loop (serpentine) design RU
(see Figure 3-24). This was an indication of the micromixer loop structure
generating some passive mixing. In addition, the premix mode showed a
significant improvement in product generation in the microchannels in
comparison to the flow mix mode. For example, at a flow rate of 15 yL/min and, a
~4—fold (1.3 to 5.9) increase in the normalized ['"C]Rac yield was observed when
the reagents were modelled in the premix mode compared to the flow mix mode

using the full loop RU.
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*Note: Reaction conditions include a flow rate of 15 ulL/min, using D = 10° m%s, k
=5.663x10"* (L/(mmol's)) with reagent concentrations of [DMR] = 21.6 mmol/L and
['"C]Mel = 0.024 mmol/L in flow mix mode.

Figure 3-24 [''C]Rac product generation down the microchannel of the full loop (flow mix
and premix mode) and no loop design for the hot synthesis.
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Furthermore, the flow mix and premix modes were modelled at various
flow rates (see Figure 3-25). Examining the surface plot diagrams showed an
increase in [''C]Rac concentration when switching from flow mix to premix mode
which was an indication of a higher reaction efficiency. Also, reducing the flow
rate from 5 uL/min to 2 pL/min displayed an increase in microchannel [''C]Rac

concentrations for both reaction modes.
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*Note: Reaction conditions include using D = 10° m*/s, k =5.663x10™* (L/(mmol-s)) with
reagent concentrations of [DMR] = 21.6 mmol/L and [”C]Mel = 0.024 mmol/L. The
scale shown represents the concentration distribution of ['' CJRac.
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Figure 3-25 [''C]Rac concentration (mmol/L) surface plot diagrams for the 9" and 10"
micromixer loops in the full loop design RU for the hot synthesis. (a) A flow
rate of 5 pL/min was used in flow mix mode, (b) a flow rate of 5 yL/min was
used in premix mode, (c) a flow rate of 2 pL/min was used in flow mix mode
and (d) a flow rate of 2 pyL/min was used in premix mode.

In addition, other parameters such as the diffusion coefficients, reagent
concentrations and reaction rate constant were varied (see Table 3-9). In this

case the diffusion coefficient (D) values covered a range for the change in the
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solvent’s physical behaviour when temperature is increased from 25 °C to 125 °C
[76]. This wide range was covered in order to explore the effect of the change in
diffusivity on the reaction progress. Additionally, the model generated yields that
were normalized with respect to the no loop [''C]Rac synthesis simulation using

the default parameters.

As expected, the results showed that an increase in the value of diffusivity
(D from 10 to 10°®) will slightly increase the normalized yield by a factor of ~1.1
(from 17.6% to 18.7%). Also, premixing the reagents at low concentrations does
not produce the same yields. On the other hand increasing the concentrations of
the reagents to reflect the cold synthesis experimental values ([Mel] = 53.4
mmol/L and [DMR] = 21.6 mmol/L) displayed a ~2-fold (17.6% to 41.6%)
increase in the normalized Rac yield. Furthermore, a drop in the rate constant
showed a large effect on the normalized Rac yield as expected (1/100*k reaction

rate constant gives 1/100*RCY).
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Table 3-9 The effect of reagent concentration, diffusion coefficient and rate constant
variation on the normalized Rac yield on the full loop RU using a flow rate of 2
HL/min in flow mix mode.

Variation Reaction condition ngzlcn;ilgsd
*Default concentrations, D = 10”° m%/s, 17.6
k=5.663x10"* L/(mmols), Flow mix '
’ *Default concentrations, D = 10 m?/s,
D (m7s) | 4 = '5.663x10* Li(mmol-s), Flow mix 18.7
k *Default concentrations, D = 10”° m%/s, 1.80x10""
(L/(mmols)) | k=5.663x10"° L/(mmols), Flow mix '
*Default concentrations, D = 10 m%/s, 1.80x107
k = 5.663x10"° L/(mmol-s), Flow mix '
**High concentrations, D = 107 mz/s, 41.6
Reagent | | —5663x10™ L/(mmol-s), Flow mix '
amount - . 9 o
(mmol/L) High concen_}ratlons, D=10"m"/s, 75 1
k =5.663x10" L/(mmol-s), Premix

Note: The final yields produced by the no loop design RU simulation with default
reaction conditions at a flow rate of 15 uL/min is set to 1 and is used to normalize all the
raw data. A portion of these data are also represented on Table 5-11.

*Default: Reaction conditions include using [[''C]Mel] = 2.4x10° mmol/L and [DMR] =
21.6 mmol/L which are related to the hot synthesis concentrations. See Table 2-1 for
species rate of reaction equations.

**High concentration: Reaction conditions include using [Mel] = 563.4 mmol/L and [DMR]
= 21.6 mmol/L which are related to the cold synthesis concentrations. See Table 2-1 for
species rate of reaction equations.
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4: CONCLUSION AND FUTURE WORK

4.1 Conclusions

The microchip radiolabeling results displayed a unique behaviour for each
reaction (i.e. ['"CJMET and [''C]JRac) mechanism. The ['"C]MET synthesis
produced high relative activities at temperatures as low as 42 °C and a flow rate
of 10 pL/min in flow mix mode (see Table 3-3 and Table 3-4). Additionally, the
[""CIMET synthesis was affected by solvent variation achieving relative activities
as high as 97.3 — 100%, by changing the reaction solvent from EtOH/H,O to
acetone/H,O demonstrating an efficient [''C]Mel conversion process. Also, the
isocratic HPLC method used for the product analysis eluted the [''C]Mel and
[""CIMET peaks within 3 min and only required short wait times between runs
which was considered an advantage when working with small amounts of short-

lived activity and multiple product collections.

On the other hand, the microchip synthesis of [''C]Rac produced lower
relative activities in the flow mix mode (see Table 3-5). These values were
increased with the increase in residence time through reduced flow rates and
premixed reagents. Meanwhile, temperature changes displayed no effect on the
["'C]Rac relative activity for each run which was attributed to a trade-off effect
due to activity loss at higher temperatures. Additionally, we were able to increase
the [''C]Rac relative activity, with the increase in the number of loops to channel

length ratio when using the full loop microchip design which can be attributed to
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improved mixing and reagent interaction. Also, using the premix mode showed a
more significant effect on the radiolabeling efficiency by increasing the [''C]Rac
relative activity by a factor of 3 compared to the micromixers’ effect which only
improved this value by a factor of ~1.5. On the other hand, the increase in
residence time was a disadvantage to the acquired ["'C]Mel conversion and
["'C]Rac RCYs. This was because an increase in residence time and reagent
interaction time meant an increase in the possibility of other radiolabeling

reactions and side product generation.

Furthermore, completing the computational fluid dynamics investigation
has provided a better understanding of the flow, mass transport and kinetic
behaviour of the cold and hot synthesis processes in the microchip. Incorporating
the “ideal” plug-flow reactor (PFR) kinetics with a “space-dependent” model was
used to compare the efficiency of each of the three given microreactor designs.
Initially, it became apparent that the REL module generated yields for the “ideal”
PFR investigation that were higher than those obtained by the space-dependent
model. For example, modelling the PFR 2 microreactor using the hot synthesis
concentrations generated a Rac yield that was higher than the value produced by
the abacus microchip RU modelled at a flow rate of 2 yL/min in premix mode
(using the MEMS module) by a factor of 4 (see Appendix A, Section 5.1.5, Table
5-8 and Table 5-10). Therefore, indicating that although the micromixer designs

generate some passive mixing, they are still not sufficient for this process.

Moreover, the “space-dependent” model demonstrated that the fully mixed

streams observed during the visual mixing experiments do not always provide
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accurate information about the flow and transport of species at the molecular
level (see Figure 3-6 and Figure 3-21). Hence, if fully mixed solutions are
visualized at the outlet, it is not necessarily an indication that liquid streams have
been efficiently mixed at the molecular level. When this model was applied to the
synthesis process, the abacus design’s repeating-unit (RU) produced higher
yields compared to the full loop design’s RU. Despite this, it was observed that
the mixing within the microchannels in certain areas was better in the full loop
design, due a higher ratio of micromixer loops (see Figure 3-23 and Figure 3-24).
This finding coincided with our cold and hot synthesis experimental results, which
show higher yields with the full loop microchip at a higher micromixer loop to

channel length ratio (see Table 3-7).

Also, the significantly lower hot synthesis [''C]Mel concentration resulted
in lower yields in our modeling results similar to experimental results (see Figure
3-19 and Table 3-9). On the other hand, reducing the flow rate and premixing the
reagents increased the yields in both investigations. These results confirmed that
even under microchip synthesis conditions; working with smaller concentrations
for a pseudo-first order reaction, the residence time and reagent contact are

important variables that affect the reaction yields.

Therefore, it can be deduced that even on a microscale the methylation
process is dependent on the inherent reaction kinetics of the given mechanism.
This can be related to the fact that during the liquid-liquid radiolabeling process,
the much lower [""C]Mel amounts and pseudo-first order kinetics has more

control over the rate of the reaction than other parameters (such as channel
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length). Hence, confirming the difference in the results shown by the [''C]Rac hot
synthesis process compared to the cold synthesis process. Also, implementing a
more efficient micromixer design that is capable of reducing diffusion distances
and increasing reagent species interaction, is very important in the case of a less
efficient radiolabeling process such as the ["C]Rac synthesis than in an
inherently fast radiolabeling process, such as the [MCIMET synthesis. Finally,
considering that the acquired ["'C]Rac crude yields (unpurified) are still lower
than the conventional methods’ reported yields ([''C]JRac = 50 — 65%), it was
clear that this microchip technique is not ideal for the [''C]Rac radiolabeling
process. It was suspected that the reduced precursor masses, micromixer
design, microchip porous material, channel length, residence time and sample
transfer are all factors that play a role in negatively affecting the radiolabeling

process efficiency and hence reducing the yields.

4.2 Future work

4.2.1 Fabrication and system design

It is important to note that the experimentation process confirmed that the
polymer (PDMS) material might not be ideal for the radiolabeling processes [8].
Its use for prototyping could create issues through solvent incompatibility, particle
absorption or evaporation through its porous walls. All these possibilities can
cause reagent loss and hence depreciate the product yields. Therefore, working

with glass even for prototyping experiments might be beneficial for this process.
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Furthermore, estimating temperature values was a challenge considering
that we were unable to find out the exact temperatures within the microchannels.
Also, with the microchip PDMS surface temperatures there was a possibility that
the glass-bottom of the microchip was at a higher temperature. Therefore, for
future purposes a new heating device should be considered. Since the stainless
steel-Al microchip holder in this case is compatible with high temperature
operations the possibility of using an enclosed heating device would be beneficial
to the synthesis process. This can provide a more accurate reflection of reaction
temperatures. Other possibilities include redesigning the microchip holder with a
larger well and an electronic-connection feature in order to fit customized (e.g.
Peltier) heaters which can be calibrated and would provide heating through

contact with the microchip surface.

Another, important feature that should be addressed in the future is the
monitoring of radioactivity during the radiolabeling process. Considering that the
detection areas are very small with a microdevice, this might be a challenge.
However, it is important to monitor the initial [''C]Mel activity that is entering the
microchannels for a better yield estimation. For example, if the microchip holder
was enclosed in a localized shielding system then placing a small radiation
detector next to the [''C]Mel tubing could allow the user to generate a better

estimate of the initial activity for each run through a hands-free detection method.
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4.2.2 Radiolabeling process
The ['"CJMET and [''C]Rac cold (C — 12) masses in the collected product

samples can be determined in order to calculate the specific activities. One way

to achieve this is using the standard addition method.

4.2.3 Computational analysis

A numerical simulation for the flow and species transfer of the reaction
progress can be evaluated for comparison to the computational analysis carried
out in this investigation. Also, the simulation can be expanded to the full
microchip designs’ micromixing and reaction modelling using a larger computer
memory. Furthermore, implementing other passive micromixer designs to this
continuous-flow synthesis model can possibly assist in the microchip redesign

process.

Initially, it would be beneficial to carry out the experimental procedures to
determine the actual rate constant and activation energy values for this
radiolabeling process. Then these values can be used for a more accurate
simulation that incorporates temperature variations for the study of multiple
microchip designs. Similar to the literature, studying the concentration
distributions in different sections of the microchannel for this pseudo-first order
reaction can provide a better understanding of the reagent species distribution
and interaction. Additionally, a model can be created to investigate the microchip

holder and heating device (hot plate) to investigate the heat transfer efficiency.
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4.2.4 Microchip redesign

Generating a new microchip design or implementing an existing one
requires the examining of optimal parameters that would be beneficial for this
pseudo-first order reaction. Due to the low [''C]Mel concentrations it seems
necessary to implement a better micromixing device to further reduce diffusion
distances. It is believed that achieving better mixing in a shorter channel would
be beneficial by reducing the reaction time and hence the possibility for side
reactions. For example, a design incorporating a multi-lamination feature along
with micromixer beads where two “micromixing” features are combined, could
achieve better mixing over short distances [49, 82]. Also, conducting the cold
synthesis can be replaced by an extensive CFD study of the process as an initial

investigation.
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5: APPENDICES

5.1 Appendix A: Data and results

5.1.1 Microchip dimensions

These values provide detailed information about the fabricated microchip

designs in our investigation.

Table 5-1 Shows the various PDMS-glass microchip designs and their properties

. . ;.. | *Channel *Channel **Reaction Approximate
Microfluidic .
chi width depth channel Internal
P (Pm) (Pm) length (mm) volume (EL)
Meander/No | =, 100 272 2.7
loop
Abacus 100 100 437 4.4
Full loop 100 100 356 3.6

*Estimated according to fabrication specifications.
**Calculated starting at the main and side inlet junction using the COMSOL
Multiphysics® software.

The full loop (channel length = 356 mm) microchip design was
implemented in order to maximize the number of micromixer loop structures over
the given microchip length in comparison to the no loop (serpentine microchannel
with length = 272 mm) design. The abacus (channel length = 437 mm) microchip
design was implemented for two reasons: first, to explore the effect of combining
the serpentine feature with the micromixer loop feature on a single microchip.

Second, alternating between a channel with micromixer loops and a serpentine
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channel increases the length compared to the no loop and full loop microchip

designs in the same microchip device dimensions.

5.1.2 Temperature Calibration

When observing the synthesis results it was apparent that the optimal
reaction temperatures as displayed on the hot plate dial were in reality higher
than expected. Understandably, the hot plate reading did not provide the actual
temperature on the hot plate surface and within the microchannel, therefore a
temperature calibration experiment was carried out using a thermocouple

instrument.

The thermocouple works by generating a temperature reading according
to a small voltage caused by the temperature difference in two dissimilar metals
in each probe. When using the aluminum chip holder base it was found that the
temperature on the surface of the hot plate surface was lower than that of the hot
plate dial reading (see Figure 5-2). Setting the hot plate dial to higher
temperatures showed that the measured microchip surface temperatures
increased at a lower rate. This was probably because the Al base is a conducting
material and can dissipate heat away from the microchip and therefore reduce its

temperature increase rate.
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Figure 5-1 Shows the hot plate surface temperature in the Al base holder surface
thermocouple temperature readings. The change in the hot plate dial setting is shown at
every interval (100 °C — 130 °C).
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Figure 5-2 Temperature calibration for the PDMS-glass microchip in an Al chip-holder base
showing the average hot plate surface temperatures relative to the
temperature reading on the hot plate dial.
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The hot plate surface temperatures were experimentally determined to be
18 + 4 °C lower than the hot plate dial reading. These values were consequently
used as experimental temperatures for the microchip synthesis. The hot plate
was turned on 15 — 30 min before the start of synthetic experiments and wait
times between 3 — 5 min were used between runs by collecting waste vials (not

used for analysis).

5.1.3 Cold Rac synthesis

The UV-HPLC shown in Figure 5-3 is an example of a product sample that
has been spiked with the IS (2,4-dihydroxybenzoic acid) for the purpose of Rac

concentration calculation.
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Figure 5-3 Shows the UV-HPLC chromatogram of a IS:DMR:Rac (2:1:1) standard solution.
The IS, DMR, and Rac and concentrations used were 130 yM, 523 yM and 480
MM which eluted at 3.3, 4.5 and 6.8 min respectively. The inset expands the
region at t = 3 — 8 min.
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IS calibration curves were used to quantify the DMR and Rac
concentrations in each product sample for the microchip cold synthesis. The
concentration ranges were used cover the experimentally relevant values as
tabulated in Table 5-2 (the 3 compounds separated in Figure 5-3). These
calibration curves were created from the ratio of the DMR peak area or the Rac

peak area to the IS peak areas (see Figure 5-4 and Figure 5-5).

Table 5-2 Concentration range of [DMR] and [Rac] used in calibration.

Standard
Concentrations (mM)

[DMR] [Rac]

0.0024 0.0026
0.0048 0.0052
0.0240 0.0261

0.0480 0.0523

0.2401 0.2614

0.4802 0.5228

124



6 :
* DMR/IS
5 1 —Linear (DMR/IS) //
4 /
> y = 10.738x +0.068 /
= R2=0.9989
X 3 ~
E <,
Q /
9 2 ~
T /
o
1 P
0 /
0.0 0.1 0.2 0.3 0.4 05
Concentration of DMR (mM)

Figure 5-4 Calibration curve using a 1:1 DMR to IS (2,4-dihydroxybenzoic acid)
concentrations.
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Figure 5-5 Calibration curve using a 1:1 Rac to IS (2,4-dihydroxybenzoic acid)
concentrations.
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Furthermore, the microchip cold synthesis was conducted on all 3
microchip designs at different temperatures producing various Rac yields and
concentrations as shown in Table 5-3. The Rac yields shown in Table 3-1 were
calculated using the initial DMR concentrations (~0.2 — 0.4 ymol in 400 pL) and

the calculated Rac concentrations shown in Table 5-3.

Table 5-3 Rac concentrations for the cold synthesis performed on the no loop, abacus
and full loop microchip designs at 62 — 92 °c.

Temperature (OC) [Rac] (uM)
No Loop Abacus Full loop
(microchip 1) (microchip 3) (microchip 5)
62 - 399 £59 156.1 £23.5
72 10.6 53.6 £5.2 -
82 22.5 77.8%* -
92 35.0 - -

Note: Reaction conditions include using 0.2 — 0.4 umol (in 400 uL) of DMR and
120.2 umol of Mel in 750 uL was used in each reaction at the same flow rate of 8
uL/min in each inlet (16 uL/min for both inlets). All reaction temperatures were
calibrated; see Section 5.1.2, Figure 5-1 and Figure 5-2 for more details.

Standard deviation according to the calibration curve is <0.7% for shown data except
for ~data where errors represent standard deviation of results of 2 — 3 experiments.
For the raw data of Rac concentrations see Appendix 5.1.2, Table 5-3.

*For a sample calculation see Section 5.2.1.

5.1.4 Microchip hot synthesis
5.1.4.1 [""C]MET synthesis

Initially a gradient mobile phase was used for the [''CIMET synthesis.
Then with the change in solvent from EtOH to acetone the mobile phase was
changed to an isocratic mobile phase with a high MeCN ratio (3:7 Buffer:MeCN).

The change was made in order to reduce conditioning time between HPLC runs
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and reduce sample loss through activity decay and potential radiolysis while
waiting for analysis (see Figure 3-11) [83-84]. HPLC conditioning for the isocratic
mobile phase was 3 — 5 min as compared to the ~10 min used for the gradient
mobile phase procedure. Another advantage of this method was to obtain a good
separation of the L-homo and MET mass peaks on the UV-HPLC, which was a
challenge with the gradient mobile phase as seen by the double peaking in
Figure 3-10. The MET mass peak’s identity was confirmed by spiking standard
solution to the product sample as shown by the example in Figure 3-11(b) inset.
Since MET has a low UV absorption, a product sample: MET spike ratio of 1:16
was used in order to observe a peak in the chromatogram. Mel (~2.3 min)
standard was also added to the product samples in order to spike the solution
and determine its location on the UV-HPLC and hence its corresponding [''C]Mel

peak (~2.4 min) on the RAD-HPLC.
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Figure 5-6 (a) UV-HPLC and RAD-HPLC for a product sample using the full loop microchip
at 62 °C and a flow rate of 10 ML/min in Ace/H,0. MET was detected at ~1.4 min
and L-homo was detected at ~1.8 min on the UV-HPLC. (b) UV-HPLC and RAD-
HPLC for the Mel (10 pL/60 uL) spiking experiment. Mel was detected at ~2.3

min on the UV-HPLC.

5.1.4.2 [''C]Rac synthesis
The radiolabeled precursor [''C]Mel is synthesized by TRIUMF personnel

with minimal amounts of the C — 12 counterpart (cold mass). Therefore, when
reducing these quantities into smaller aliquots for multiple-run reactions the

masses become undetectable through UV-HPLC (see Figure 5-7(a) inset).
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Therefore, here the HPLC is shown for a 2 uL/min flow rate with a zoomed-in

diagram at 0 — 0.1 AU between 2.5 — 5 min showing no obvious [''C]Rac.
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Data also represented on Figure 3-14 and Figure 3-15.

Figure 5-7 (a) UV-HPLC and (b) RAD-HPLC for [''C]Rac synthesis on the abacus microchip
at 82 °C and a flow rate of 2 ML/min in premix mode. DMR was detected at ~2.7
min on the UV-HPLC and ['"C]Rac and [''C]Mel were detected at ~3.8 and 5.0
min on the RAD-HPLC respectively.

The microchip [''"C]Rac synthesis process efficiency was evaluated
according to the estimated initial [''C]Mel activities (see Table 5-4 and Table
5-5). The ["'C]Mel activities determined from the volume ratio of the dispensed
fluid for a run to the total volume of the [''C]Mel is a an estimate of the activity

used for that particular run. This information can be used with the [''C]Rac
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absolute activity to calculate the RCYs using Equation 3-4. Therefore, the
product samples’ activities were measured and decay-corrected using Equation

5-3 for this purpose (see Table 5-4).

Table 5-4 ["C]Rac synthesis calculated total initial and final measured product sample C -
11 activities at varied flow rates using the abacus and full loop microchip
where reagents undergo premixed reactions, at 82°C.

%
Flow rate Estimated *Estimated i{;&l;cet
Microchip : initial [DMR] initial ["'C]|Mel .
(kL/min) (mmol/L) activity (mCi) activity
(mCi)
Abacus” 10 0.2 12.451 4.114
5 0.2 12.693 3.452
2 0.2 11.759** 2.067%*
Full loop"” 0.1 5.759 2.553
5 0.1 4911 1.442
0.1 4.799 1.346
0.2 4.207 1.573

*Decay-corrected activity at the EOB.

A portion of these data are also represented on Table 3-7, Table 3-8 and Figure
3-14.

**Calculations shown in Section 5.2.2.2
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Table 5-5 [''C]Rac synthesis results showing the ["'C]Mel and C - 11 side products relative
and absolute activities at varied flow rates using the abacus and full loop
microchip where reagents undergo premixed reactions, at 82 °c.

— *Sj
(c] *["'C]Mel C . 11 Side
. . | Flow rate . . side products
Microchip . Mel  activity . .
(nL/min) (%) (mCi) products activity
: (%) (mCi)
Abacus” 10 83.9 2.107 38.8 1.596
76.2 1.155 55.4 1.911
2 51.8 0.116 78.4 1.620
Full loop" ND ND 74.8 1.911
5 0.06 0.061 70.6 1.017
ND ND 74.4 1.002
0.03 0.029 71.8 1.129

ND = not detected.
*Decay-corrected activity at the EOB.

A portion of these data are also represented on Table 3-7, Table 3-8 and Figure
3-14.

Furthermore, the activity loss due to the use of a PDMS microchip and
experimental setup was monitored by measuring the residue activity in the
equipment (the reagent vials for the precursor solution and [''C]Mel solution,
syringes and product vials). Once the activity was measured, it was decay-
corrected and reported as a percentage of the initial [''C]Mel used in the

experiment.
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Table 5-6 [''C]Rac synthesis results showing the C — 11 activity loss during two
experiments carried out at 82 °c.

% Activity (Decay-corrected at EOB)
Experiment 1 Experiment 2
Reaction vial 1 4.2 3.5
Reaction vial 2 6.8 9.3
Syringe 1 6.3 9.2
Syringe 2 3.0 1.8
Miscellaneous 63.0 56.4
+

Product vials (#) 16.7 (14) 19.9 (10)
Initial Mel % 100 100

Note: The microfluidic system also had activity residue that was not measured. Also
these measurements were discontinued due to excessive radiation exposure to the
user.

*Number of vials includes waste vials

5.1.5 Simulation
5.1.5.1 Simulation of an ‘Ideal’ reactor

The used flow rates were converted to m*s from the known reaction
values and the cumulative values (a combination of 2 inlet flow rates, see Table
5-7). These values were used for the mass balance (inflow and outflow) setting in

the REL to reflect the microchannel flow rate from two combined liquid streams.
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Table 5-7 Volumetric flow rate (v) values.

om0
4% 6.7 x 107
10 1.7 x 107
16 2.7 %107
20 3.3 x 107
24 4.0 x 107
30 5.0 x 107

*Two streams of 2 ul/min from each inlet/syringe each give a
cumulative flow of 4 uL/min.

Furthermore, for the Rac production down the microreactor length in the
cold synthesis, the yield values acquired at different flow rates were normalized
with respect to the default 15 pL/min final (outlet of the PFR, see Figure 2-13)
yield value of 0.8% (see Table 5-8 and Section 5.1.5.2). The normalized data for

these generated yields can be found in Figure 3-18.
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Table 5-8 REL acquired final [''C]Rac yield values for the flow rate variation effect on Rac
synthesis in PFR 1 (31.0 mm) and PFR 2 (45.6 mm).

Flow rate Final [''C]Rac yields
(nL/min) (%)
PFR 1 PFR 2
(31.0 mm) (45.6 mm)
15 0.8 1.1°*
12 0.9 1.4
10 1.1 1.7
8 1.4 2.1
5 2.2 3.3
2 5.5 8.0

Note: Reaction conditions include using reagent concentrations of [DMR] = 21.6
(5.4 umol/250 uL) and [['CIMel] = 0.024 mmol/L (6 nmol/250 uL) with k =
5.663x10™ (L/fmmol-s)). PFR 1 and PFR 2 represent a tube-like microchannel with
the same length as the no loop RU and the abacus RU respectively.

A portion of these data are also represented in Figure 3-19.

*Calculations shown in Section 5.2.3.1.

5.1.5.2 Microchannel flow and mixing investigation

Calculated concentrations for mixing results with the diffusion coefficient of
an organic molecule (fluorescein, D = 5 x10' m?%s) in water for initial

concentrations of 0 and 1 mmol/L at each inlet:
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Table 5-9 Outlet concentrations for mixing in the various microchip designs’ RUs at a flow
rate of 12, 6 and 2 pl/min at each inlet with an initial species concentrations of
0 mmol/L and 1 mmol/L, respectively.

C::::l(fi‘;fnl;:))w No loop Abacus Full loop
Final outlet concentrations
(mmol/L)
24 0.5054 0.5091 0.5048
12 0.5073 0.5113 0.5034
4 0.5073 0.5112 0.5059

5.1.5.3 Reaction modeling

The RU’s outlet concentrations acquired in the hot synthesis modelling
flow rate study in the 2 mixing modes are displayed in Table 5-10. These values

show the flow rate and reaction mode effect on the RCYs.

135



Table 5-10 Reaction mode effect on the [''C]Rac yields in the no loop, abacus and full loop
design at various flow rates.

f:’LV/VI;f‘If)e ["C[Rac RCY (%)

Noloop Abacus Abacus Fullloop Fullloop
Flow mix Flow mix Premix Flow mix Premix

15 0.11 0.16 0.64 0.14 0.63

12 0.15 0.23 - 0.20 -

10 0.20 0.30 0.90 0.26 0.87

8 0.27 0.40 - 0.36 -

5 0.49 0.73 - 0.67 -

2 1.35 2.01 3.65 1.88 3.55

Note: Reaction conditions include using reagent concentrations of [DMR] = 21.6 (5.4
umol/250 uL) and [[”C]Mel; = 0.024 mmol/L (6 nmol/250 uL) with k = 5.663x10™*
(L/(mmol-s)) and D = 10°m?/s.

**Calculation shown in Section 5.2.3.3.

Also, actual yields calculated from other investigated parameters (D,
reagent concentrations and k) for the synthesis modelling are shown in Table

5-11. This data has been normalized for better reference and data analysis.
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Table 5-11 The effect of reaqent concentration, diffusion coefficient and rate constant
variation on the [''C]Rac yield on the full loop RU using a flow rate of 2 pyL/min
in flow mix mode.

Variation Reaction condition Rac yield (%)
*Default concentrations, D = 10”° m%/s, 188
k = 5.663x10"* L/(mmol-s), Flow mix '
’ *Default concentrations, D = 10 m?/s,
D (m7s) | 4 = '5.663x10* Li(mmol-s), Flow mix 1.99
k *Default concentrations, D = 10”° m%/s, 1.92x102
(L/(mmol's)) | k=5.663x10° L/(mmol-s), Flow mix '
*Default concentrations, D = 10 m%/s, 1.92x10*
k = 5.663x10°° L/(mmol's), Flow mix '
**mgh concentrations, D = 107 mz/s, 444
Reagent | | —5663x10™ L/(mmol-s), Flow mix '
amount ho . 9 9
(mmol/L) High concen_t4rat10ns, D=10"m"/s, 2.00
k =5.663x10" L/(mmol-s), Premix

Note: The final yields produced by the no loop design RU simulation with default
reaction conditions at a flow rate of 15 uL/min is set to 1 and is used to normalize all the
raw data. A portion of these data are also represented in Section 5.1.5.3, Table 5-11.
*Default: Reaction conditions include using [[''C]Mel] = 2.4x10° mmol/L and [DMR] =
21.6 mmol/L which are related to the hot synthesis concentrations.

**High concentration: Reaction conditions include using [Mel] = 563.4 mmol/L and [DMR]
= 21.6 mmol/L which are related to the cold synthesis concentrations.

5.2 Appendix B: Sample calculations

5.2.1 Cold Rac synthesis

An example of Rac yield calculations as shown in Table 3-1 is
demonstrated using the experimental data results for the abacus (microchip 3)
where 40 pL (flow rate: 2 x 8 yL/min and 5 min collection) of 0.24 umol of DMR
and 40 pL of 120.2 pymol Mel are used at a reaction temperature of 82 °C. Then

the [Rac] mM calculation using the IS method is as follows:
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From the Rac calibration curve equation (see Figure 5-5):
y = 9.1528x + 0.0143

Where vy is the peak area ratio of Rac to IS and x = [Rac] mM. From the
results the Rac peak area = 61.2476 and the IS peak area = 84.3664. Therefore,

X can be calculated:

61.2476
( 84.3664 ) — 0.0143
9.1528

= 0.0778 mM

In this case the collected volume was 80 pL (5 min run time at a flow rate
of 8 uL/min from 2 syringes) of product solution and 100 yL of ammonium
formate was added to quench the solution, hence a total of 180 uL. Therefore,

the number of moles of Rac (nrac) are:
NRae = 77.8 uM x 180 pL
= 1.4 X 10™2pmol

Therefore the Rac yield (%) is:

n
Rac yield (%) = HL 100%
DMR

1.4 x 1072 umol 1009
= *
0.24 pmol 0

= 5.8 % (Listed in Table 3-1)
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5.2.2 Hot synthesis
5.2.2.1 ["'C]MET synthesis

An example of [""CJMET relative activity calculations is demonstrated
using the experimental data results for abacus microchip design, in flow mix
mode at a flow rate of 10 uL/min at 42 °C (see Table 3-3). The relative activity is
calculated from the total detected C — 11 peak areas using Equation 3-1, as

follows:

[11C]MET RAD HPLC pk area * 100%

"C]MET Relative Activity (%) =
[*1C] elative Activity (%) Total RAD HPLC pk areas

_ (731289) mV - min * 100%
(771980 + 731289 )mV - min

= 48.6% (Listed on Table 3-3)

[t1C]Mel RAD HPLC pk area * 100%

11 ivity (%) =
[11C]Mel Activity (%) Total RAD HPLC pk areas

_(771980) mV - min * 100%
~ (771980 + 731289 )mV - min

= 51.4% (Listed on Table 3-3)

5.2.2.2 [''C]Rac synthesis

To better understand the radiolabeling process one must know the units of
radioactivity. The activity (A) of a sample is usually expressed through the decay
rate of the parent nucleus. The unit often used for this is disintegrations per

second (dps) and the equation for activity can be written as follows:
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Equation 5-1 Activity of a radionuclide [5].

A= ——
dt

Where, N is the initial number of parent nuclei and t is the decay time. One
dps is equivalent to 1 becquerel (Bq) which is the Sl unit for activity [3, 5].
Another commonly used unit is Curie (Ci) which is equivalent to 3.7 x 10'° Bq. It
is worth noting that Ci levels of activity are considered very “hot” and are highly
radioactive [5]. Therefore, working levels of activity for radiotracer studies are
usually at mCi levels of activity [5]. Also, the activity values are used to calculate
the specific activity (SA) which is ratio of the activity (Ci) of a radiolabeled
compound to its non-radioactive counterpart (C — 12 mol) [3, 5, 15]. This variable

is dependent on the radionuclide decay and hence decreases with time [15].

An important property of a radionuclide is its half-life which is the time it
takes for the radioactive nuclide to decay by half of its amount. It is calculated

using the following equation:

Equation 5-2 Half-life equation.

In 2
2 =

Where A (min™) is the decay constant for the particular radionuclide [5].
The half-life value is important in determining the ''C — labelled precursor initial
activity required depending on the duration of the radiotracer production process

which usually includes the purification and quality control (see Equation 5-3) [11].
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Equation 5-3 Radioactivity decay-correction equation.
AO = At . e)\t
Where Ap (Ci) is the activity at the end of target bombardment (End of
bombardment = EOB), A; (Ci) is the measured activity at time t (min) after EOB
and A is given by Equation 5-2. For example, a 45-min production process for

"C- radiolabeling results in up to 80% of decay related losses.

The radiolabeled precursor’s activity value was then used to calculate the
radiotracer decay-corrected yields. Where A (Ci) is the activity at EOB, A; (Ci) is
the absolute activity at time t (min) after EOB and A= In 2/ty;, (min™") is the decay
constant with a C — 11 half-life (t1,2) of 20.4 min. Therefore, for a reaction where a
collected product sample’s activity was 0.401 mCi at 48 min and 16 s after EOB
([""C]Rac synthesis on the abacus microchip at a flow rate of 10 uL/min at 82 °C

in premix mode), then the decay-corrected activity can be calculated as follows:

Ay = 0.401 mCi * exp ( * 48.2667 min)

20.4 min

= 2.067 mCi (Listed on Table 5-4)

Using the [''C]Rac relative activity and the decay-corrected product
activities the [''C]Rac activity was calculated, and then used to calculate the
conversion and RCY (see Equation 3-3 and Equation 3-4) in the following

procedure.

Step 1: Calculating the estimated initial [''CIMel activity (Ao)
The trapped [''C]Mel activity = 124.522 mCi, therefore,
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(flow rate * Collection time)

Initial [**C]Mel (A,) in sample = * [11C]Mel activity

MeCN volume

_ (2pL/min * 14.2min)

300,1L * 124.522mCi

= 11.759 mCi (Listed on Table 5-4)

[11

Step 2: Calculate the product sample [ 'C]Rac activity

[**C]Rac absolute activity = [*1C]Rac Activity (%) * Product sample activity
= 16.0% * 2.067 mCi
= 0.331 mCi (Listed on Table 3-8)
Step 3: Calculate the ['"C]Rac conversion and RCY (%)

1CIR on (%) = [**C]Rac RAD HPLC pk area * 100%
[ CIRac conversion (%) = Total RAD HPLC pk areas — unreacted [11C]Mel RAD HPLC pk areas

_ (962750) mV - min
(6029693 — 338694)mV - min

* 100%

= 16.9% (Listed on Table 3-7)

11¢1Rac RCY (%) = [**C]Rac Activity * 100%
[ CRac (%) = Initial [*1C]Mel activity in each product sample

0.331 mCi 00
= — %
11.759 mCi 0

= 2.8% (Listed on Table 3-8)
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5.2.3 Simulation

5.2.3.1 Simulation of an ‘Ildeal’ reactor

The REL data was normalized using PFR 1’s default conditions (using
reagent concentrations of [DMR] = 21.6 mmol/L (5.4 pmol/250 pL) and [[''C]Mel]
= 0.024 mmol/L (6 nmol/ 250 pL) and k = 5.663x10™ (L/(mmol-s)) at a flow rate of
15 pL/min (5.0 x 107 L/s). The RCY produced was 0.7552% and was set to 1.
Therefore at a flow rate of 2 pL/min the RCY of 5.5117% can be normalized as
follows:

RCY at 2 pL./min
RCY at 15 puL/min

Normalized Rac yield =

5.5118%
0.7552%

= 7.3% (Displayed in Figure 3-17)

The molar flow rate (F;) was used in the REL investigations as the property
of mass flow of reagent species within the PFR. An example of this calculation is
demonstrated for the [DMR] = 21.6 mmol/L (5.4 ymol/250 L) and v = 15 pL/min

=5.0x 107 L/s.

Fi=c¢i*xv

mmol L
= (21.6 ) ) (5 x 10-7—)
L S

mmol

=1.1x1075
S
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The COMSOL software used the following equation to calculate the Rac

yield:

Rac

Racyield (%) = T Mol
0—

* 100%

An example of this calculation is demonstrated using the results for the
PFR 1 hot synthesis investigation at a flow rate of 15 pL/min using reagent
concentrations of [DMR] = 21.6 mmol/L (5.4 pmol/250 uL) and [["'C]Mel] = 0.024

mmol/L and k = 5.663x10™* (L/(mmol-s)).
Fo_Mel = c,_Mel * v

mmol

L
= (0.024 % (5.00 X 1077 2)
S

mmol
=1.20x 1078

S

From results, F_Rac = 1.330x107"° mol/s therefore:

1.330 x 10-t0 ™ol
Racyield (%) = mols * 100%
1.2 X 10_8T

= 1.1% (Listed on Table 5-8)

5.2.3.2 Microchannel flow calculations

Reynold’s number (R¢) is a dimensionless parameter that represents the
ratio of inertial forces to the viscous forces for a given flow (see Equation 5-4).

This value can be used to describe the relative pressure-driven flow within the
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microchannels [71]. Reynolds numbers >2300 indicate turbulent flow while

values <2300 indicate laminar flow [71].

Equation 5-4 Reynolds number.

d
R, = P

Where p = density of the fluid (kg/m®), v = average velocity of the fluid
(m/s), n = dynamic viscosity in kg/(s*m) and d = effective hydraulic diameter in m.
Since the Reynolds number value is proportional to d — which is very small in the
case of microfluidics — it can be assumed that R, is very small and hence flow is
laminar in most cases. Table 5-12 shows the R, calculated for the microchannels

demonstrating laminar flow at various flow rates.

Table 5-12 Reynolds number for the various flow rates investigated in the micromixing and
chemical synthesis simulations for our 100 pm x 100 ym microchannels.

Flow rate R

(uL/min) ¢
15 5.60
12 4.48*
10 3.73
8 2.99
6 2.24
5 1.87
2 0.75

**Calculation shown below.
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First the effective hydraulic diameter is corrected for different

microchannel dimensions.

64Dy,
d_k

Where, Dy, = hydraulic diameter, k = correction factor for a cross-section.

In the case of a 100 um square channel, k = 56.91 [71]:

_ 64(100 pm)
5691

d=112 uym
Therefore, for water (p = 10° kg/m?, n = 107 kg/(m's)), flowing at 0.02 m/s

(12 pL/min):

(103§§)(a04%5(112pn0

R, =
kg
-3 _0

= 4.48 (Listed on Table 5-12)

This value is significantly lower than 2300, which indicates laminar flow in
the microchannels for our process [71]. It is usually very low in the case of

microfluidics indicating laminar flow in most cases.

5.2.3.3 Reaction modelling

Rac yields were calculated with respect to the initial Mel concentrations for

the space-dependant model.

[Rac]
[Mel],

Racyield (%) = * 100%
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For example, for the abacus design RU’s hot synthesis investigation at a
flow rate of 15 pL/min and k = 5.663x10* (L/(mmol's)) with reagents
concentrations of [DMR] = 21.6 mmol/L (5.4 ymol/250 uL) and ["'C]Mel = 0.024
mmol/L (6 nmol/ 250 pL) in flow mix mode, the Rac yield was calculated as

follows:

At the outlet the generated [Rac] = 3.854x10™° mmol/L is therefore;

3.854 x 10-5 ™ol

Racyield (%) = mmL(;l * 100%
2.4 x 1072 1

= 0.16% (Listed on Table 5-10)

The MEMS module data was normalized using the no loop design RU’s
default conditions (using reagent concentrations of [DMR] = 21.6 mmol/L (5.4
umol/250 pL) and [[''C]Mel] = 0.024 mmol/L (6 nmol/ 250 uL) and k = 5.663x10™
(L/(mmol-s)) at a flow rate of 15 uL/min (5.0 x 107 L/s). The RCY produced was
0.1066% and was set to 1 (see Table 5-8). Therefore at a flow rate of 2 yL/min,

the RCY for the full loop RU is 1.8786% can be normalized as follows:

N lized Rac vield = RCY at 2 pL./min
ormatized Rac yie ~ RCYat 15 pL/min

1.8786%
0.1066%

= 17.6% (Listed on Table 3-9)
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