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Abstract

Solid-state nanopores are an emerging class of single-molecule detectors that provide
information about molecular identity via the analysis of transient fluctuations in the ionic current
flowing across a nanoscale pore in a thin membrane. The transport of biomolecules across a pore
is a key step in nanopore-based sensing of DNA, RNA and proteins. The dynamics of biomolecular
transport are complex and depend on the strength of many interactions, which can be tuned with
temperature. However, temperature is rarely controlled during solid-state nanopore
experiments because of the added electrical noise from the temperature control and
measurement systems, greatly reducing the signal-to-noise ratio when detecting individual
molecules. So far, the use of electric-based heating and cooling strategies has limited the
recording bandwidth to the kHz range, restricting the studies to long polymers translocating via
the pore relatively slowly. Yet, many molecules translocate through the pore orders of magnitude
faster. This research presents the development and testing of an instrument to allow low-noise
electrical recording of nanopore signals at MHz bandwidth as a function of temperature. Initial
experiments using this custom-built instrument for the study of linear DNA polymers confirm
previously observed translocation behaviours, while providing a higher temporal resolution.
Overall results show that high-speed nanopore experiments are possible while controlling the
temperature up to 70 °C, opening up exciting opportunities to study the unfolding of proteins
toward single-molecule protein sequencing and the passage of DNA nanostructures for different
bioassays. Future work will focus on realizing microfluidic flow cells and nanopore performance

at higher temperature for longer recording times.
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Chapter 1. Introduction

1.1. Motivation

Properties of molecules such as nucleic acids and proteins can be investigated by
observing their capture and passage through membrane-spanning nanopores while manipulating
transport conditions. Properties of interest include molecular size, shape, charge, conformation,
inter- and intra-molecular binding, and aggregation. These properties can be dynamic and are
often studied and manipulated by changing environmental conditions such as temperature,

pressure, salt concentrations, and pH of buffered solutions solvating the molecules.

Temperature manipulation is of particular interest since thermal effects extend not only
to molecular shape, transport, and interactions with the surroundings [1], [2] but also the
environment itself through the changes in pH, solubility, conductance, and viscosity of buffered
solutions. As such, it is necessary to develop single-molecule detection instruments with the
ability to measure and carefully control the temperature of biochemical systems under
investigation. Instruments utilizing membrane-spanning nanopores could enable novel
contributions to the fundamental knowledge in single-molecule biophysics that eventually lead

to applications in molecular diagnostics and sequencing.

1.2. Introduction to single-molecule detection using nanopores

Macroscopic investigations of aggregate molecular behaviour do not provide information
on molecular heterogeneity that contributes to the average biological function [3], necessitating
the application of single-molecule analysis techniques. Heterogeneous behaviour, such as
transient changes in molecular conformations observed using single-molecule techniques, can
reveal underlying molecular mechanisms behind biological functions and explain deviations from
mean behaviour. Subsequent assessment of mean behaviour is enabled by averaging single
molecule data collected via high-throughput electrical or optical interrogation methods. A wide
variety of single-molecule detection methods and their applications have been summarized in

the relevant literature [3], [4].



This thesis will focus on nanopore technology which provides scalable, high-throughput
molecular detection methods that can be augmented with thermal control systems to enable
thermal manipulation during membrane translocation experiments. Biological pores (biopores)
and solid-state pores are the two main classes of nanopores defined by the types of materials
that constitute them (Figure 1.1). While each has their own advantages and disadvantages, they
share the defining capability to utilize electrical as opposed to optical detection strategies in a
nanofluidic environment, potentially reducing instrument size and improving scalability through

well-established electronic microfabrication strategies.

A Biological nanopore B Solid-state nanopore

oA,

Phospholipid bilayer membrane Solid-state membrane

Single- and multi-wall
carbon nanotubes

’ ‘ out
b

SWCNT
?1-2 nm

Figure 1.1. Nanopore types. Biological pores consist of a transmembrane protein channel inserted in a
biological membrane (A, top) with a sample AFM image (A, bottom) [5]. Solid-state pores are apertures
manufactured in solid membranes, capillaries, or nanostructures (B, top), with corresponding TEM/optical
images (B, bottom) [6]—[8]. Copyright: (A, bottom) reprinted from Methods in Cell Biology (2002), Chapter
13, Figure 8, with permission from Elsevier via Copyright Clearance Center, Inc. (B, bottom right) reprinted
from ‘Translocation of Single-Stranded DNA Through Single-Walled Carbon Nanotubes’ Fig. 1, Liu et al.,
Science, 327(5961), 2010, with permission from AAAS, via Copyright Clearance Center, Inc. (B, bottom
left) reprinted from ‘Fabrication of symmetric sub-5 nm nanopores using focused ion and electron beams’
Fig. 4, Lo et al., Nanotechnology, 17, 2006, with permission from IOP Publishing, via Copyright Clearance
Center, Inc. (B, bottom middle) reprinted from ‘Creation of a transient vapor nanogap between two fluidic
reservoirs for single molecule manipulation’ Fig. 2, Polonsky et al., Review of Scientific Instruments, 85(8),
2014, with permission from AIP Publishing, via Copyright Clearance Center, Inc. (A, top) and (B, top left
and middle) images from [9], distributed under Creative Commons CC BY permitting reprint. (B, top right)
image from [10], distributed under Creative Commons CC BY permitting reprint.



Next generation nucleic acid sequencing capabilities with research applications have
already been realized by Oxford Nanopore Technologies (UK) using biological nanopores in
portable desktop instruments. Deoxyribonucleic acid (DNA) sequencing is possible with massive
parallelization of 512 pore channels on the MinlON and 2560 channels on the GridlON devices at
the cost of $1000 per 512 channel cartridge [11]. PromethlON device can process up to a
staggering 3000 pores per cell and up to 4 cells simultaneously. While less than 60 % of the
channels may be suitable and active for operation on any given cell [12], massive parallelization
with multiplexed detection ensures process results maintain statistical significance. Most
recently, biopore technology has been used in high sensitivity and low cost detection of genetic
mutations involved in leukemia [13], and identification of bloodstream infections using specific

molecular sequencing [14].

1.3. Introduction to nanopore temperature control

While biopores have been commercially successful due to stable and predictable size,
fine-tuned pore structures, low capacitance, and high molecular signal sensitivity, their biological
nature could hamper applications that utilize wide-range thermal control. Main disadvantages of
biopores include fixed size for all applications, manufacturing complexity using biological
components, and—in the context of the current thesis—their thermal stability. Like many
biomolecules, proteins that make up biopore sensing elements are stable within specific
temperature ranges. For example, pores consisting of a-haemolysin (¢HL) protein can become
unstable at temperatures over 56 °C [15]—[17]. Its activity at body-like temperature of 37 °C
changes over time and is reduced after 18 hours of exposure [17]. Paradoxical aHL stabilization
has been observed at 80 °C [15], but such temperature may be too high for the stability of
supporting membrane structures (phosphatidylcholine phospholipid) with melting temperatures
ranging from 40 — 55 °C [18]. Bilayer modifications can facilitate elevated temperature
experiments [19]. Similarly, the bacterial (Escherichia coli) CsgG:CsgF transport channel pores
(curli-specific gene protein complexes G and F) used in the MinlON are thermally stable up to

70 °C [20], precluding thermal cycling procedures that may require molecular denaturation



temperatures upwards of 95 °C as done during polymerase chain reaction (PCR). The elevated
temperature experiments published for biopores have rarely used pore temperatures above
70 °C [21]—-[29]. Little information is provided on temporal stability of biopores above 50 °C in

those studies.

Solid-state nanopores, in contrast with biopores, are an emerging class of single-molecule
detectors for a variety of biomolecules that have the advantage of being manufactured in
inorganic substrates such as silicon nitride or silicon dioxide that maintain excellent thermal
stability and biocompatibility in the biological temperature range [30], [31]. Recent progress in
user-friendly, automated, and precise control over solid-state nanopore characteristics facilitates
solid-state nanopores of tunable size [32]-[35] which allows translocation experiments of
molecular complexes larger than 9 — 15 A, the diameter of CsgG-based biopores [20]. Lastly,
accessible methods for functionalization of solid-state nanopore substrates with different
molecules provide avenues to mimic biological pore functions such as selective asymmetric

transport, and molecular trapping in the sensitive pore regions [36], [37].

Temperature is rarely controlled in solid-state pore experiments despite its importance
in molecular translocation dynamics. Thermal dependence of ion-binding interactions in DNA
translocation as well as DNA thermophoresis through a heated nanopore have been explored in
modeling studies [38]—[40]. Experimental studies have mostly limited temperature control to
slowing down DNA translocations to improve molecular detection [41], [42], and enhancing DNA
capture rate [43]. Only a few experimental studies have addressed fundamental translocation
physics using DNA [44], [45]. To date, no studies with solid-state nanopores have taken advantage
of thermal control to explore dynamics of molecules other than DNA at physiologically-relevant

temperatures.

Ubiquitous methods for heating and cooling—i.e., resistive or thermoelectric—are
generally incompatible with nanopore experiments requiring high bandwidth ionic current
recordings due to electrical noise concerns. Any current-carrying wires can induce
electromagnetic interference in the pico-Ampere (pA) nanopore recording systems even when

shielded well. Such noise can limit the recording bandwidth to the kHz range, greatly reducing



the signal-to-noise ratio (SNR) when detecting individual molecules and their features. As such,
studies employing thermal control have often used longer polymers (>400 nucleotides)
translocating through smaller pores (<8 nm) relatively slowly, in the milliseconds range. Yet,
many molecules, such as short DNA (<100 nucleotides) or small proteins (<50 kilo-Daltons),
translocate through the pore orders of magnitude faster (nanoseconds to low microseconds)
[46], [47]. Furthermore, faster molecular translocation at elevated temperatures [44], [45] places
additional limits on the size of molecules that can conventionally be used in thermal experiments

and be reliably detected using electrical methods.

As such, there is a need to develop instrumentation capable of manipulating thermal
conditions around solid-state nanopores while retaining high bandwidth and SNR required for
small molecule detection and characterization experiments. Such instrumentation would enable
nanopore sensing experiments with high temporal resolution necessary to examine molecular
translocation characteristics of small nucleic acids and proteins at physiologically-relevant
temperatures, which has not been adequately studied to date using solid-state nanopores. Low
temperature sensing experiments, while done previously [41], [42], could benefit from a much
higher sensing bandwidth to capture data on even smaller molecules or molecular features.
Lastly, it would become possible to develop practical solid-state nanopore applications taking
advantage of temperature control close to the sensor itself. So far, only one study has harnessed
the practical potential of thermal control, implementing a microfluidic DNA purification assay on
the same microfluidic chip as the nanopore sensor [48]. However, the heated microchamber was
far removed from the nanopore sensor and all current readings were done after cooling down to
room temperature. Novel experiments could examine molecular product formation next to the
nanopore sensor in real time during a thermally cycling polymerase chain reaction (PCR) used for
nucleic acid amplification. The main challenge requiring assessment using such a sensing system
would be sensor stability. While solid-state nanopore substrates (e.g. silicon oxide, silicon nitride)
are generally stable in air up to very high temperatures [30], little information is available about
characteristics and temporal stability of solid-state nanopores in heated electrolyte solutions.
Electrochemical dissolution of nanopore substrates, more specifically material along pore walls,

in alkaline solutions at room temperature is a well-known phenomenon that affects pore growth



[49]-[51]. While dissolution time scale is on the order of days, temperature elevation could
expedite the process. A high-bandwidth temperature-controlled nanopore system could allow
precise quantification of this phenomenon and lead to advances in material sciences by testing

the performance of various membrane substrates (e.g. HfO>).

1.4. Thesis objectives and structure

The primary objectives of this work are to present the design, fabrication, and
characterization of a platform to resolve fast molecular transport through a solid-state nanopore
as a function of temperature with MHz bandwidth. Proof-of-concept experiments are also carried
out to demonstrate performance of the system detecting model biomolecules (linear double-
stranded DNA) as a function of temperature and the potential applications that showcase how
system use complexity is not significantly increased as compared to a similar room temperature

setup.

This work is presented across several sections. The literature review section (Chapter 2)
provides insight into the multidisciplinary topics involved in the instrument design, including
solid-state nanopore physics, instrumentation, and thermal control in context of milli- and micro-
fluidic devices. The instrument design section (Chapter 3) highlights the system requirements,
and presents modeling, design, and device subsystem information. This section also discusses
instrument characterization results in light of the design requirements. The last sections (Chapter
4 and Chapter 5) present results from proof-of-concept DNA translocation experiments, and

highlight current challenges and future directions.



Chapter 2. Review of Literature

2.1. Solid state nanopore sensors
2.1.1. Overview

Operating principle of nanopores, first conceived in 1989 [52], is similar to the Coulter
counter developed in the late 1940s [53] but at the nano-scale. The original counter tallied the
number of blood cells in a given sample by assessing the changes in solution conductance as cells
passed through an aperture filled with a conductive buffer. Similarly, a solid-state nanopore
sensor detects transient ionic current blockages by molecules translocating through a nano-scale

aperture in a thin membrane (Figure 2.1 A). Information about molecular identity (size, shape,
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Figure 2.1. Solid-state nanopore principle. Nanopore in a silicon nitride membrane can be used to detect
passage of molecules under a supplied electric field (A) while detecting ionic current blockage events that
are a signature of molecular translocations (B). Experiment shown was performed using 1 kbp dsDNA at
70 °Cin 3.6 M LiCl + 10 mM HEPES (pH 8) at 100 mV with a 5.5 nm diameter pore made in a 12 nm
membrane. Molecules and their translocation dynamics can be fingerprinted by analyzing distributions
of variables such as ionic current blockage levels during passage and dwell (passage) times (C). An example
TEM image of a ~14 nm nanopore produced in a SiN substrate using controlled breakdown [34] is shown
in (D). Copyright: (D) reprinted from [34], distributed under Creative Commons CC BY permitting reprint.
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charge), and even molecular features, can be obtained from current blockage levels, durations,

and distributions of molecular blockage event variables (Figure 2.1 B, C).

2.1.2. Nanopore materials

One of the earliest membrane substrates adopted for solid-state nanopore fabrication is
silicon nitride (SiN) [54] (Figure 2.1 D) since it is relatively inexpensive and readily available as a
semiconductor device and MEMS manufacturing substrate [30]. Silicon nitride offers high
resistivity (10*— 10% Q-cm) [55], chemical and thermal stability [56], good biocompatibility [31],
and can be deposited on silicon substrates to produce relatively low residual stress membranes
[30]. Such properties make SiN membranes good candidates for biochemistry-related nanopore
applications at elevated temperatures. One potentially significant disadvantage is its
electrochemical dissolution in alkaline solutions at room temperature that can induce unwanted
pore growth over time [49]-[51]. While dissolution time scale is on the order of days,
temperature elevation increases dissolution rates. Dissolution constant of the material has
Arrhenius-like behavior which increases with temperature [49]. Hafnium dioxide (HfO,)
deposition has been used in our lab (unpublished work) to reduce pore growth effects at ambient
temperature, but potentially introducing other issues such dwell time increases and variability,
consistent with previous reports of slowing down translocations [57]. All elevated temperature

experiments on solid-state nanopores have used SiN membranes [41]-[45].

Alternative materials attempt to address issues such as sensing resolution, noise,
geometric control, and surface properties that allow for functionalization or specific molecular
interactions. Detailed analysis of these materials is beyond the scope of this work, although the
range of possibilities should be highlighted. Pores have been produced in thick planar substrates
such as silicon dioxide (SiO3) [58], glass [59], aluminum oxide (Al30z) [60], zinc oxide (ZnO) [61],
titanium dioxide (TiOz) [62], hafnium dioxide (HfO;) [57], and embedded carbon nanotubes [63].
Glass substrates generally offer low noise sensing, while metal oxides can slow down molecular
translocation for detection of shorter molecules, or sensing at lower bandwidth. Pores in 2D

materials (atomic-thickness membranes) have been used to improve sensitivity to molecular
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features, and include graphene [64], boron nitride (BN) [65], molybdenum disulfide (MoS;) [66],
tungsten sulfide (WS;) [67], bithmuth telluride (Bi.Tes) [68], and transition metal carbides
(MXenes) [69]. Lastly, organic polymers have been used to produce specific pore geometries and
surface properties that affect molecular transport, and include PET [70], polyurea [71],
polycarbonate [72], wax [73], and polyimide [74]. Similar to SiN membranes, work on the

elevated temperature behavior of wetted nanopores in these materials is scarce.

2.1.3. Nanopore fabrication

Numerous methods to manufacture solid-state nanopores for a range of substrates are
well described and referenced in recent solid-state nanopore fabrication and application reviews
[75]-[79]. The two most-common methods for planar substrates include ion/electron beam
drilling [54], [58], and controlled dielectric breakdown [34]. Laser assisted glass pipette pulling
[80] is the primary method for non-planar nanopipette pores. Other less common methods
include electrical [81], atomic layer [82] or chemical vapour deposition [83], microneedle polymer
perforation of plastics [84], thermal formation using metallic particles [85], and track, mask and

plasma etching [86]-[88].

Controlled breakdown (CBD) is a method of choice for direct manufacturing of nanopores
in SiN and SiN/SiO2 membranes due to low cost, and process simplicity on the user side [35].
Unlike traditional focused ion/electron beam fabrication methods, CBD makes pores directly
within the salt solution by applying a trans-membrane potential in multiple steps. Geometric
changes related to hydration of vacuum-produced pores in beam fabrication are thus eliminated,
while controllable pore size adjustment after pore formation is still achieved using a voltage
pulsing protocol. Unlike beam drilling or mask etching methods, pore is randomly located on the
membrane exposed to the electric field. Methods of pore localization for CBD include locally
thinned membranes using ion beams [89], laser irradiation during fabrication [90], using
plasmonic nanostructures [91], limiting the membrane area exposed to the electric field using

microfluidic channels [92], and microscale liquid contacts [93].



The physics of dielectric breakdown [94], as well as physics of the CBD for nanopore
formation have been explored in recent works [34], [95], [96]. The main idea is that voltage
applied across a solid-state membrane drives tunneling current through the material to cause
defect accumulation, which eventually causes breakdown and pore formation (Figure 2.2 A). The
original dielectric breakdown methodology involved application of constant DC voltage across
the membrane, resulting in a stochastic pore formation process with fabrication time described
by Weibull distribution and related exponentially to fabrication voltage [97]. Weibull distribution
process describes the weakest-link problem exemplified by random formation of hot spots with
tunneling charges through the membrane until one spot has enough defects to form a conductive
path for breakdown. In addition to voltage, membrane geometry and the nature of
electrolyte/solvent affect pore formation time [34], [97]. Lastly, semiconductor breakdown times
decrease exponentially with temperature [94], but this phenomenon has not been studied for

nanopore formation specifically.
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Figure 2.2. Nanopore fabrication by controlled breakdown. Membrane fabrication results from an
applied DC potential across the membrane driving a tunneling current (A, i) resulting in formation and
material is washed out by solution (A, iv) [34]. A two-step fabrication process involves application of a
high DC potential resulting in localized membrane thinning with trap accumulation (B). Subsequent
application of AC potential may ease ion injection into the region and membrane weakening for pore
formation [96]. Copyright: (A) reprinted from [34], distributed under Creative Commons CC BY permitting
reprint. (B) reprinted from [96], distributed under Creative Commons CC BY permitting reprint.
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Constant DC field fabrication methodology has been superseded by alternatives due to
issues of local membrane thinning without pore formation, as well as multiple pore formation.
Local membrane thinning may occur with DC fabrication resulting in detectable leakage current
that mimics a pore but does not pass molecules (Figure 2.2 B) [96]. A follow-up AC pulsing has
been recommended to ensure successful pore formation. Care must also be taken to prevent
multiple pore formation that results from a sufficiently high localized electric field in multiple
weakened membrane areas after the first pore is formed. One solution is to ensure the current
feedback electronics has a fast response time to the fabrication current influx during the first
pore breakdown, shutting off the electric field. Further improvements come with applying
gradual voltage ramping and cycling protocol that ensures single pore formation of precisely
tunable size (Figure 2.3) [35], [95]. Mechanisms of pore enlargement while using this protocol

have been described by Leung et al [98].
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Figure 2.3. Electrical monitoring during pore fabrication. Pore fabrication protocol involves a progressive
voltage ramp until material breakdown is detected by a sudden current increase that clears the fabrication
threshold (A). Pore is then enlarged using multiple conditioning voltage cycles at no more than half the
breakdown voltage (B) until the desired calculated pore size is achieved (C). Lastly, pore size and linearity
is approximated from the characterization of pore conductance (D). Images are modified screen shots
from the CBD fabrication software (Tabard-Cossa Laboratory).
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2.1.4. Nanopore characterization

Molecular translocation experiments require nanopores large enough for the molecules
of interest to translocate in a desired range of molecular conformations. The preferred method
of determining pore diameter is an indirect electrical measurement which does not require
excessive handling or changes in the pore environment. The simplest method assumes a
cylindrical pore and requires measurement of only the slope of the I-V curve (Figure 2.3 D) for

the following equation [35]:

G 160 1sion L
deTe e 1 + 1 + solution™pore
2O-solutfion G

Eq.2.1

where d is pore diameter, G is pore conductance, o is solution conductivity, and L is pore length
through the membrane. The expression in Eq.2.1 is a rearrangement and simplification of a more
general cylindrical pore conductance equation which combines pore access, bulk, and surface
resistance terms (Figure 2.4 A) [92], [95]. Access resistance is the resistance of an electrolyte
solution just outside of the pore in the volume that converges toward the pore entrance [99].
Bulk resistance results from the resistance of the electrolyte solution present in the pore cylinder
[100]. Surface resistance is a result of the charged nature of the pore substrate surface and the
presence of ions in solution, forming a double layer and facilitating an electroosmotic flow [101]-

[103]. Surface resistance occurs in parallel with bulk pore resistance.

For high electrolyte concentrations (e.g. 3.6 M LiCl), large pore sizes (>2 nm), and
translocation of large molecules (e.g. long DNA), surface effects are often neglected in pore size
determination (Figure 2.4 C) [100], [104], [105]. Assumptions and simplifications herein provide
a reasonable estimate of pore size and agree with pore geometries observed following
fabrication by CBD [34], [89], [106]. A further refinement of pore size can be obtained by passing

DNA through the nanopore and computing pore length from current blockage as follows [33]:

AG =G = Gpna Eq.2.2

12



L ore = Usolutionn'd%NA Eq.2.3
p 4AG

where AG is the change in pore conductance G due to blockage by DNA of diameter dpna (1.2 —
1.5 nm ssDNA, 2.2 nm dsDNA) resulting in pore conductance Gpna while in solution of conductivity
o. Pore length L can then be substituted into Eq.2.1 for a refined estimate of pore diameter. This

method assumes that DNA only affects the bulk conductance of the pore.
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Figure 2.4. Cylindrical pore conductance model. (A) Pore conductance can be determined from the
nanopore current measured at a specific applied voltage, and consists of access, bulk, and surface
resistance terms. (B) Bulk and surface resistances occur in parallel within the pore, while access resistance
occurs in series at pore access points. (C) Surface effects are effectively screened by high electrolyte
concentrations and are less significant in larger pores, simplifying the expression.

2.1.5. Molecular sensing

Electrical nanopore sensors detect molecules and their features by recording the changes
in ionic current as the molecule produces a transient blockage of the aperture during passage
(Figure 2.5). Blockage levels and sublevels, durations (dwell times), and capture rates are some
of the parameters that help identify the molecule and its configuration. Blockage levels are simply
the differences between the open-pore baseline ionic current and the current resulting from
partial occlusion of the pore by the molecule at any given time. A single molecule can feature

multiple blockage sublevels resulting from geometric or electrochemical features producing
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differences in occlusion during translocation. How long a molecule stays within the pore is
defined by its dwell time, and is defined by its geometry as well as the interactions with the pore
and other environmental factors. Lastly, frequency of translocation events can be an indicator of
both the molecular concentration in solution as well as the rate of molecular capture by the pore

under specific electrochemical conditions.
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Figure 2.5. Molecular capture and translocation process. (A) The nanopore in diffusion-limited regime is
initiated by a molecule diffusing within the hemispherical capture radius where the electric field becomes
the dominant driver of translocation. (B) lonic current recording at the nanopore features current
blockage events of finite duration that represent the various configurations of the translocating molecule
(event shown from translocation of 1 kbp dsDNA at 70 °Cin 3.6 M LiCl + 10 mM HEPES (pH 8) at 100 mV
with a 5.5 nm calculated diameter pore made in a 12 nm nominal thickness membrane).

The considerable complexity of polymer capture and translocation dynamics through
solid-state nanopores has been discussed in a number of publications [107]-[114] and detailed
analysis is beyond the scope of this work. Of note are some qualitative observations that are
relevant to the experimental section in this work and the expectations of molecular translocation

trends.

A molecule, such as DNA, floating far away from the pore diffuses freely in solution,
primarily governed by transport and self-diffusivity with little effect from the electric field
extending out of the pore (Figure 2.5 A) [108], [109]. A molecule diffusing within the pore’s

capture radius experiences electrophoretic drift toward the pore which is greater than its
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diffusive mobility away from the pore. Capture radius r* delineates a very small hemispherical

volume around the pore [108]:

2
dpore Umolecule

r*=AV Eq.2.4

8 Lpore Dmolecule

and changes proportionally with applied potential AV, electrophoretic mobility of the molecule
W, pore length L, and molecular diffusion coefficient D. Of note is the quadratic relation with pore
diameter d, whereby molecular approach toward the pore can be significantly increased with
pore diameter. While molecular approach to the pore mouth is a necessary condition to start
pore translocation, it is not sufficient. Molecular end has to enter the pore by overcoming the
entropic barrier for orienting itself into the pore, which takes extra time [108]. It was found that
large polymers such as DNA with >10% bases have diffusion-limited pore capture rate where time
to capture is dominated by bulk diffusion. The entropic barrier is significantly reduced due to a
large effective charge of a large molecule. Concentration-normalized capture rate R. has similar

proportionalities as capture radius [108]:

2
T dpore Umolecule
4 Lpore

RC =2 Dmolecule r* =AV Eq25

Smaller molecules diffuse faster through solution but experience a greater pore entry
barrier, whereby capture rate is likely exponentially related to applied potential AV and accounts
for multiple molecular attempts to overcome the entry barrier [108], [112]. Rc (in units of
m3/ #molecules - s) provides a concentration-independent metric of capture capacity of the pore
for comparison to other pores, and can be multiplied by molecular concentration in solution
(#molecules / m3) to obtain the nominal capture rate directly proportional to concentration. The
takeaway is that applied voltage and solution concentration can be an effective external means
of controlling capture rate. Special attention needs to be paid to the overall molecular size and

charge when selecting voltage magnitude and molecular concentration.

Once a molecule has entered the pore, translocation velocity tends to be rapid and is
influenced by the unraveling of initially-random molecular conformation before entry [110],

[115]. Tension propagation theory has been used in an attempt to elucidate the translocation
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dynamics [116], [117]. Additional complications in translocation modeling arise from molecular
folding and interactions with the pores themselves [45], [107], [118]. Therefore, care must be
taken when interpreting the exact meaning of variables such as capture rates and translocation
times, and necessitates some form of statistical control for attributing ranges of observations to
particular molecular conformations or behaviours. Use of control molecules with well-defined
blockage, capture, and translocation parameters such as linear dsDNA may be necessary to

standardize analysis across multiple pores with geometric and electrochemical variability.

2.1.6. Instrumentation

One of the main advantages of controlled breakdown (CBD) for nanopore fabrication is
the low-cost and easily-accessible equipment that can be adapted to numerous fluidic cell
designs independently of the sensing equipment. A conventional cost-effective fabrication setup
is shown in Figure 2.6, and consists of multiple fabrication circuits mounted within a Faraday cage
interfaced to a DAQ card. Nanopore membrane chips are mounted within fluidic cells providing
independent fluidic access to each side of the membrane. Automated fabrication protocol can
then be applied to produce a pore of desired size using readily-available CBD software as

described by Waugh et al. [35] (Figure 2.3).

Molecular translocation sensing typically requires high-bandwidth (>10 kHz), ultra-low
current amplification circuits (fA — nA), which are usually unable to apply voltages high enough
for pore fabrication or resolve signals beyond a limited amplifier saturation current. As such, pore
fabrication and molecular sensing are performed using separate hardware. Axon Instruments
Axopatch 200B (Figure 2.6 E) and similar patch clamp amplifiers (HEKA EPC) have traditionally
been used for molecular sensing up to 100 kHz bandwidth. Unfortunately, detection of many
molecules such as short DNA (<100 nucleotides) or small proteins (<50 kilo-Daltons) require
nanosecond to low microsecond temporal resolution [46], [47]. Furthermore, faster molecular
translocation at elevated temperatures [44], [45] places additional restrictions on molecular sizes
that can be detected by commonly-used amplifiers. Figure 2.7 demonstrates how higher

temporal resolution (i.e. analog bandwidth) improves the ability to resolve ionic current details
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for molecular and sub-molecular feature signals, but at the cost of higher electrical noise and

lower signal-to-noise ratio.

A ‘E Power supply Multi-cell fabrication circuit D Fluidic cell
b ‘. A N

1
cap electrode

gasket
nanopore chip flow channel

Faraday cage E Molecular sensing setup

DAQ pA current Copper
N amplifier  Faraday cage
W= 7 Applied voltage
= 1MQ ‘ L~ monitored
"100 kQ L ama—  (AltoDAQ)
100 kQ
Nanop
N LTC1563 3CGN
Command voltage L 100 kQ | :
(AO from DAQ) A0820 AD549 = <
Applied Measured 2 Nanopore signal
10kQ S voltage current [ M = (Al to DAQ)
i (to electrode) (at electrode) 2 Q
47 pF

Figure 2.6. Controlled breakdown fabrication and sensing setup. A copper Faraday cage (A) with multiple
inexpensive parallel fabrication circuits (B) interfaced to a DAQ card can provide a cost-effective
fabrication system. Each circuit is constructed from readily available operational amplifier components
for applying a voltage signal to the nanopore (AD820), reading the resultant nanopore current (AD549),
feedback voltage sensing (AD820), and low-pass filtering the current signal (LTC1563) (C) [35]. An example
3D-printed fluidic cell schematic consists of the solid-state membrane chip sandwiched between fluidically
sealed cavities filled with liquid electrolyte interfaced via Ag/AgCl electrodes (D) [35]. Molecular
translocation sensing setup requires higher bandwidth and resolution, which is accommodated by
commercial current amplifiers such as the ubiquitous Axopatch 2008 (E).
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Figure 2.7. Effects of analog bandwidth on signal resolution and noise. (A) Sample ionic current signal
from a molecular translocation event shows decreasing amount of detail as a function of analog signal
bandwidth [119]. (B) lonic current signal recording at higher analog bandwidth has a drawback of higher
electrical noise that reduces the ability to differentiate signals from said noise [47]. Molecular signals
(downward peaks) are more easily distinguishable from baseline current band at 100 kHz than at 500 kHz.
Copyright: (A) reprinted with permission of Elsevier, from ‘High bandwidth approaches in nanopore and
ion channel recordings - A tutorial review’ Fig. 6, Hartel et al., Analytica Chimica Acta, 1061, 2019, via
Copyright Clearance Center, Inc. (B) reprinted with permission of Springer Nature, from ‘Integrated
nanopore sensing platform with sub-microsecond temporal resolution’ Fig. 4, Rosenstein et al., Nature
Methods, 9(5), 2012, via Copyright Clearance Center, Inc.

Transimpedance amplifier (TIA) design lies at the core of high-bandwidth, low-current,
low-noise nanopore sensing. TIAs convert input current into output voltage with a specific signal
gain. While detailed discussion of various TIA designs to meet the nanopore challenge is beyond
the scope of this thesis, the general trend is that on-chip CMOS-process TIA designs have offered
the best bandwidth and noise performance due to their minimization, reduction in parasitic
capacitance, and functional integration close to the nanopores [119]. Novel CMOS-based designs
have been described for solid-state and biopore sensing [47], [120]-[131]. However, CMOS-
based devices require access to facilities and expertise that many nanopore researchers may not
have. Discrete component TIA designs for nanopore sensing in less demanding applications are

available but still require electronics assembly and testing skills [132]-[137].

Despite the many designs present in the literature, a major roadblock is the availability of
commercially available amplifiers that do not require fabrication and testing by nanopore

researchers, and can be interfaced with custom nanopore cells. So far the amplifier based on
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[47], [128] has been commercialized in the form of the Chimera Instruments VC100, offering a 4
MHz continuous sampling rate with 1 MHz 14-bit readout within the £20 nA range, stable with
up to 100 pF capacitive loads. Unfortunately, Chimera Instruments website is down at the time
of this writing. Other option includes Zurich Instruments MFLI which has recently been used in a

study of wetting of MoS; pores [138].

2.1.7. Nanopore noise

Nanopore sensor noise can interfere with biomolecular sensing, particularly for the
detection of short, rapidly translocating molecules requiring high bandwidth. Molecular
translocation signals can be distorted or obfuscated when signal-to-noise ratio (SNR) is

insufficient. SNR is usually defined as follows:

AIblockage

SNR = Eq.2.6

I rms

where Al is the difference between open pore current and current during molecular
translocation, and /rms is the root mean square (RMS) noise value. RMS current noise represents
the average fluctuations of ionic current from the mean. Such noise results from multiple sources
which can generally be categorized into flicker, thermal, shot, dielectric, and capacitive noise
(Figure 2.8 B) [139], [140], and each has a distinct relationship with frequency. The noise power
spectrum density (PSD) function illustrates these frequency dependencies and can be

represented as follows:

SH=af T +af'+asft+a,f? Eq.2.7

where a3, a2, a3, and a4 represent the contributions from flicker, thermal and shot, dielectric, and

capacitive noise sources, fis the frequency in Hz.
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Figure 2.8. Equivalent circuit of a nanopore, and sensing noise. (A) Simplified circuit model of the
nanopore sensor treats it as a system of resistors and capacitors associated with the pore and surrounding
structures [47]. Membrane, substrate, and stray capacitance have a significant effect on noise at higher
nanopore sensing bandwidth. (B) Power spectral density schematic representing the different noise
sources as a function of frequency on a log-log scale, and (C) an example noise plot from a high-bandwidth
reading of a nanopore low-pass filtered at 900 kHz.

Flicker or burst noise occurs in the low frequency range (<1 kHz) and its origins are not
well understood. It may be associated with a wide range of causes such as slow fluctuations in
number and mobility of charge carriers, nanobubbles, electrode noise, mechanical membrane
fluctuations, flexibility and incomplete hydrophilicity of pore surfaces, and ion and contaminant

adsorption [139], [140]. Hooge's formula has been used to represent flicker noise:

2

Ncf

S(f)=a Eq.2.8

where a is a constant quantifying the magnitude of noise, / is the ionic current, Ncis the number
of charge carriers in pore volume, and f is frequency. Large flicker noise can make nanopore
unusable since it can distort, obfuscate, or even mimic molecular translocation signals. Common

methods of reducing this noise include improving surface hydrophilicity (metal oxide coatings,
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piranha cleaning, oxygen plasma, pulsed voltage treatment), increasing pore diameter and

electrolyte concentration, and improving mechanical stability of the membrane [140].

Thermal and shot noise, also referred to as white noise, are independent of frequency

and have the following form [139], [140]:

S(f) = Sthermar + Sshot = 4];# + 2q1 Eq.2.9
where kg is Boltzmann constant, T is temperature, R is the pore resistance, / is pore current, and
g is the charge of a single charge carrier. Thermal (Johnson-Nyquist) noise is related to thermal
fluctuations of charge carriers, while shot (Poisson) noise occurs across a potential barrier such
as that of the Ag/AgCl electrode [140]. White noise contribution to overall nanopore noise is
negligible since pore resistance is often very high (>100 MQ) and current is very low (pA — nA).
Noise reduction can be achieved by using smaller pores, increasing TIA feedback resistor value,

and cooling down the pore and the analog acquisition circuits.

Dielectric noise originates from current leakage through non-ideal dielectric membrane
in which the nanopore is located [139], [140]. Thermal fluctuations in induced charge carriers in

the dielectric add to noise in the 2 — 10 kHz range, which is modeled as:
S(f) = 8mkgT CenipDf Eg.2.10
Cenip = €A4/d Eq.2.11

where kg is Boltzmann constant, T is temperature, Cenip is parasitic membrane capacitance, D is
the dielectric dissipation factor of membrane, fis frequency, € is membrane dielectric constant,
A is the membrane area, and d is its thickness. Dielectric noise can be minimized by reducing the
total chip capacitance, temperature, and using materials with smaller dielectric loss. PDMS

coating on substrates such as glass produce some of the lowest dielectric noise [140].

Capacitive noise occurs mostly in the high-frequency spectrum since it is proportional to

the square of the frequency [139], [140]:

S(f) = (Zﬂ)zctzotalvrfoisefz Eq.2.12
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where Cotal is the total capacitance consisting nanopore chip, amplifier feedback, and parasitic
capacitances, Vnoise is the input voltage noise, and f is frequency. High bandwidth nanopore
sensing is significantly limited by total system capacitance that results in capacitive noise. Noise
can be reduced by using alternative materials such as glass, coating the chip with lower dielectric
constant materials such as PDMS, or reducing the fluidic contact area with the membrane. CMOS-
integrated nanopore amplifiers reduce both stray capacitance and voltage noise in the system as

compared to the classical external amplifiers such as the Axopatch 200B [140].

The two main approaches to nanopore RMS noise measurement include time and
frequency domain analyses [140]. Time domain analysis involves directly approximating the RMS
noise of the nanopore from the ionic current time series data, and is analogous to the

computation of a standard deviation for the ionic current trace:

n

1
1

where n is the number of discrete time series ionic current samples acquired by the DAQ, X; is
the mean ionic current, and in is the ionic current value of each individual sample. This method is
simple and efficient, but does not distinguish noise contributions from different frequency

domains.

Frequency domain analysis transforms the ionic current noise signal into a PSD that
represents noise spectral power at particular frequencies (Figure 2.8 C). Bartlett’s [141] or
Welch’s [142] methods can be used, where discrete Fourier transform is combined with signal
windowing to compute the PSD. RMS noise can then be estimated for particular frequency ranges

[140]:

f2 /2
= ~ Eqg.2.14
s ff S ;sqw q
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where S(f) is the PSD function integrated between lower (f1) and upper (f2) frequency bounds of
interest either in continuous or discrete domains. Of interest is a unitless L-value approximation
of 1/f noise from frequency analysis since it can predict whether the nanopore would be usable

in molecular experiments [35]:

100 Hz

1
L= |5 > S(OAf £q.2.15

1Hz

The usability transition L-value for a 5 nm silicon nitride pores is around 107, with a range from
10“ (excellent) to 10! (unusable). L-values are likely dependent on pore size, and other

operational parameters, and users are advised to verify the range for their application.

2.2. Thermal dynamics of nanopores

2.2.1. Heat transfer at the nano scale

Unlike the macro and micro scales, heat conduction on the nano scale does not follow
continuum assumptions and diverges from Fourier law [143], [144]. Non-continuum heat transfer
introduces phonons as discrete wave energy carriers for dielectrics, and electrons for electrically
conductive materials. For semiconductors such as Si, both phonon and electron energy transfers
are considered, with characteristic wavelengths on the order of 1 — 10 nm and mean free paths
of energy carriers in the 40 — 300 nm range [144], i.e., the length scales of the nanopores
themselves. Under these conditions quantum effects can be dominant in heat transfer and

properties such as thermal conductivity may be lower than expected [145].

Likewise, fluid convection is complicated by non-equilibrium mechanisms in liquids,
including electrical double layers, density layering, and interfacial solid-liquid coupling where
flows diverge from classical Navier-Stokes flows at solid-liquid boundaries [146]. Electrical double
layers result from interactions of liquid ions with a charged surface, resulting in two layers of

charged ions over that surface. An applied electric filed can induce electroosmotic flow in these
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layers, which has been harnessed in micro- and nano-fluidic pumping applications [147]. Density
layering is an effect of non-charged surface interactions where liquid density has an oscillatory
profile extending several nm from the surface [148]. This phenomenon can co-occur with charge
oscillation for ionic liquids next to charged surfaces [149]. Lastly, unlike nanoscale gas and dilute
media, liquids do not necessarily follow well-described and understood models based on
molecular mean-free-path [146], [150], [151]. As such, many studies rely on empirical data and

molecular dynamics (MD) simulations to describe the non-equilibrium phenomena.

Nanopore studies examining thermal behaviour have used a mixture of approaches,
including numerical modeling using augmented continuum equations [40], [43], molecular
dynamics simulations [38], [39], and empirical parameter fits for existing ambient-temperature
models of nanopore behaviour (all other studies described in later sections, Table 2.1).
Continuum equations augmented with additional terms representing thermodiffusion and
electrophoretic mobilities of ions may be valid for the bulk solution behaviour in larger pores.
However, their use may be questionable for small pores where near-surface effects comprise a
large portion of the overall simulation volume. Molecular dynamics approaches provide valuable
insight into atomic-level translocation dynamics, but may be computationally expensive if
accuracy is required [152]. Empirical fits have shown agreement in trends between multiple
studies but are quite far from providing an easily generalizable approach for quantitative
predictions. The complexity arises from the temperature affecting the majority of the parameters
involved, often in a non-linear way. Temperature influences buffer solution conductance,
viscosity, and pH, as well as surface and bulk properties of molecules and pore materials. In turn,
molecular translocation parameters such as nanopore conductance blockages, capture rates,

translocation times, and ionic interactions change with temperature.

2.2.2. Conductance blockage and temperature

Pore conductance and conductance blockage is expected to increase with temperature
(Figure 2.9) [44]. Largest contribution to pore conductance comes from bulk conductance which

is easy to determine from salt solution conductivity curves. Conductivity increases approximately
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linearly with temperature within the relevant range for liquid aqueous salt solutions used in
nanopore research (KCI/LiCl, 0 — 100 °C) [41], [43]-[45]. lonic double layer (DL) and
electroosmotic (EOF) contributions are more difficult to estimate in practice due to the presence
of temperature-dependent charge carrier mobility (ux), molecular charge density (o), and Debye
radius (rp) terms. Further complications arise from their non-linear dependence on buffered
solution pH, which has temperature dependence in itself [44], [153]. Nevertheless, DL and EOF
contributions are usually neglected in analysis due to their relatively small contribution. Pore
thermal expansion (length /, diameter d) as well as the change in pore access resistance with

temperature can also be neglected due to small contributions at elevated temperatures.

Cylindrical pore conductance — temperature dependence: 180
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Figure 2.9. Pore conductance as a function of temperature. Bulk conductance has the greatest
contribution, while ionic double layer, electroosmotic conductance, and access resistance adjustment
terms are relatively small [44]. Copyright: Right figure reprinted with permission of IOP Publishing, from
‘Temperature dependence of DNA translocations through solid-state nanopores’ Figure 2, Verschueren et
al., Nanotechnology, 26(23), 2015, via Copyright Clearance Center, Inc.

Similar to open-pore conductance, conductance blockages (AG) (Eq.2.2) resulting from
molecular translocations scale linearly with temperature. Blockage increase depends on the salt
solution and concentration used, and may double over a range of 40 Kin 1 M KCI (pH 8) [44] or
increase by 40 % over 35 Kin 2 M LiCl (pH 8) [43]. Both global and local pore heating can enhance
conductance blockage linearly [43]. Relative conductance blockage (AG/G) changes little (<10 %
drop) with temperature and can be used for normalizing molecular conduction signals across

temperatures for comparison [43], [44]. Nanopore molecular dynamics simulation studies show
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similar trends, and suggest the drop in relative blockage may be due to the temperature-

dependent suppression of ionic mobility in the vicinity of the translocating molecule [38], [39].

2.2.3. Translocation time and temperature

Thermal control has been used to slow down DNA translocation speed for reduced
detection bandwidth requirements and increased sensitivity. Fologea et al. [41] reported a 1.7x
increased translocation time of a 3 kbp DNA (pSP65 plasmid) through 4 — 8 nm SiNx pores when
temperature was reduced from 22 °C to 4 °C. Time increase was primarily attributed to the
change in buffer viscosity, and was linearly related to viscosity. Addition of 50 % glycerol and bias
voltage drop from 120 mV to 20 mV were more effective at reducing translocation times by 5.5x
and 3x respectively. Zhang et al. [42] showed a similar result with 1.6x increased translocation
time of A-DNA (48.5 kbp) through 20 nm SiNx pores when temperature was reduced from 20 °C
to 2 °C. Nicoli et al. [43] showed a 2.3x decreased translocation time of A-DNA through 10 nm
SiNx pores for uniform pore heating from 10 °C to 45 °C. Temperature gradients between the two
sides of the nanopore did not produce any significant effects on DNA translocation [42], [43],
which is consistent with theoretical results expecting weak thermophoretic effects [39], [40], and
opposition of electroosmotic flow to thermophoresis within the pore [43]. Experimental results

were generally consistent with a translocation time model proposed earlier [41], [154]:

£ = 77solution(T)LDNA
¢ apna(T)V

Eq.2.16

where nsoution(T) is electrolyte solution viscosity, Lona is DNA length, opna(T) is its linear charge
density, Vis the applied voltage, and C is the proportionality constant aggregating other factors
not included in the model. An alternative scaling model has similar proportionality with solution
viscosity, but also includes a hydrodynamic radius of DNA (Rg) instead of its length [44], [155],
[156]:

2
tqg X [Rg(T)] Nsotution(T) Eq.2.17
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The hydrodynamic radius and viscosity decrease non-linearly with temperature (in K), resulting
in non-linear reduction in translocation time, with a slower reduction at elevated temperatures.
Finally, pore-DNA interactions in smaller pores (2.7 — 5 nm) amplify the slowdown of
translocations at lower temperatures beyond just the effects of viscosity [45]. A ~7x slowdown
due to additional pore interactions with the translocating molecule was observed from 30 °C to

0 °C as compared to ~2.7x expected with viscosity effects alone.

2.2.4. Capture rate and temperature

Molecular capture rates have been enhanced using elevated temperature conditions as
well as temperature gradients in the vicinity of the pore. Negligible (~1x) [42] to moderate (~2x)
[43], [44] DNA capture rate enhancements have been observed with uniform pore temperature
elevation. Thermal effects can be explained by the changes in electrophoretic mobility of DNA as

part of the capture rate model [44]:

T[dzzaore
I' = cpnalVupna(T) 1 Eq.2.18
Lpore + anpore
1p(T)
Upna(T) X —————— Eq.2.19
b4 Nsotution (T)

where Iis the capture rate, cpna is DNA concentration, upna is its electrophoretic mobility related
to Debye length rp and solution viscosity nsoiution. Debye length, the distance over which a charge
carrier is shielded by other charge carriers in a solution, increases with temperature. In turn,
aqueous solution viscosity decreases with temperature. Thus, electrophoretic mobility increases

with temperature, and results in increased capture rates.

Further improvements in capture rates have been achieved using pore temperature
gradients. A 1.7x enhancement compared to uniform temperature increase was observed when
translocating A-DNA from hot (20 °C) to cold (2 °C) chambers on either side of the nanopore [42].
Thermal diffusion and its potential effect on the entropic entry barrier to the nanopore was

offered as a possible explanation, although without much detail. While temperature gradients
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across the entire pore length do not produce large enhancements, a localized gradient at the
pore entrance can have significant effects. Nicoli et al. [43] showed how localized laser
illumination and plasmonic heating using a bowtie antenna can enhance A-DNA capture rate by
an order of magnitude (10x — 20x). The overall conclusion was that thermophoresis can have a
significant effect in the vicinity of the locally heated pore (over um distances). Thermophoresis,
the average tendency of particles to diffuse in the direction opposite to temperature gradients,
can result from the mobility enhancement of electrolyte solution ions [43], [157].
Thermophoretic capture distance rr can be expressed as a correlation related to the absolute
temperature difference ATmax, Soret coefficient Sy, and empirically-determined constants a and

b [40], [43]:

rr = —ATpaxSTa—b Eq.2.20
Dy 1 0G(T) Eq.2.21
Sp(T) = — = ——-=
r(D D~ kgT T

Soret coefficient is a ratio of molecular thermodiffusion (Dr) and diffusion (D) coefficients, and
depends on temperature and the change of Gibbs enthalpy (G(T)) of the molecule with
temperature [40]. Therefore, a positive capture distance can be obtained from local positive
temperature difference at the nanopore and a thermophilic (negative) Soret coefficient such as
for the lithium ions [158]. Indeed, experiments showed enhanced thermophoresis using LiCl, but
not KCl with a positive Soret coefficient [43], [158]. The thermophoretic capture distance for A-
DNA was predicted as 16 times the electrophoretic capture distance, and could explain significant

capture rate enhancement.
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Table 2.1. Summary of experimental studies on the effect of temperature in solid-state nanopores.

Source

Fologea et al., 2005
(41]

Wanunu et al. 2008
(45]

Nicoli et al., 2014 [43]

Verschueren et al.,
2015 [44]

Purpose

Reduce DNA
translocation speed
using temperature, salt
concentration, viscosity
and bias voltage

Investigate voltage-
driven translocation
dynamics of DNA
through small ss-
nanopores

Investigate plasmon-
induced local heating
and DNA translocation
in solid-state nanopores

Comprehensively
investigate
temperature
dependence of DNA
translocation through
solid-state nanopores

Method summary

lon-beam milled 4 — 8
nm pores in 280 nm
SiNx; sensing 10 nM 3
kBp pSP65 plasmid in
0.5-3 M KCI + TE (pH
7.5) using Axopatch
2008, 10 kHz LPF, 20-
120 mV bias;
4°Cand22°C

E-beam drilled 2.7 -5
nm pores in 10 nm
SiNx; sensing 150 bp
to 20 kBp dsDNA in 1
M KCI + Tris HCL (pH
8.5) using Axopatch
2008, 75 kHz LPF, 300
mV bias;

0°Cto40°C

E-beam drilled 10 nm
pores in 20 nm SiNx
with plasmonic
nanostructures;
sensing A-DNA (48.5
kBp)in1—-2 MKCl, 1
—2 M LIiCl (pH 8) using
Axopatch 2008, 100
mV bias;

20 °Cto 60 °Cvia
Peltier modules, 20 °C
to 90 °C localized
plasmonic heating

E-beam drilled 8 — 16
nm pores in 20 nm
SiNx; sensing A-DNA
(48.5 kBp) in 1 M KCI
+ TE (pH 8) using
Axopatch 2008B, 10
kHz LPF, 200 mV bias;

Relevant takeaway

Temperature control setup
not detailed

Translocation time increases
linearly with viscosity

Using more viscous medium
(glycerol) is more effective
than reducing temperature:
5.5x vs 1.7x respectively

Temperature control system
not detailed, thermoelectric
in a faraday cage
Translocation times fit the
Arrhenius model in terms of
temperature dependence
Slowing down of
translocation with reduced
temperature is not explained
fully by viscosity increase
Pore/DNA interactions may
play a bigger role than
viscosity changes with
temperature

Plasmon excitation via laser
illumination of gold bowtie
plasmonic antenna - hot
spot at the nanopore; global
Peltier module heating
Global and local heating
increase conductance
blockage via buffer
conductance increase
Blockage event rates
increased significantly by
local but not global heating
Increase in localized
electroosmotic flow,
thermophoresis, and drag
reduction implicated

Peltier heater/cooler via
Labview+MATLAB, PID, dual
faraday cage w PEEK cell
Increase with temperature:
Buffer conductance, ionic
conductance of pore, ionic-
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0 °Cto 50 °Cvia conductance blockages,
Peltier module event frequency
e Decrease with temperature:
e Translocation time, buffer
viscosity, pH

Zhang et al., 2015 Investigate lon-beam drilled 20 e PTC heating and ice-water
[42] temperature changes nm pores in 10 nm cooling, independent
and a temperature SiNx; sensing A-DNA cis/trans chamber control
gradient as a meansto | (48.5 kBp) in 1 M KCI e Translocation rate increases
slow down DNA + TE (pH 8) using with temperature ~1.6x
translocation HEKA EPC10, 10 kHz e Thermophoresis has no
LPF, 200 mV bias; obvious effect on DNA
2°Cand 20°C translocation

e  Viscosity changes with
temperature suggested as
primary factor

e Capture rate is enhanced,
while translocation slowed
by temperature gradient
going from hot to cold side

2.3. Nanopore temperature control systems

Thermal control setups for experiments with solid-state nanopores have used
thermoelectric heaters [43]-[45], positive temperature coefficient (PTC) heaters [42], and
localized plasmonic heating via laser illumination [43]. Single or dual Faraday cages are used to
isolate the setups while sensing with either Axon Instruments Axopatch 200B [41], [43]-[45] or
HEKA EPC10 [42] pA current amplifiers. Most studies apply a 10 kHz low-pass filter (LPF) for
sensing long DNA molecules (48.5 kbp A-DNA), with only one study filtering at 75 kHz to detect
DNA as short as 150 base pairs [45].

While the general details of the thermal control systems were mentioned, very few
studies provided sufficient detail to be able to replicate the setups and predict their potential
electrical and mechanical noise issues. Ubiquitous application of 10 kHz low pass filtering
suggests significant noise issues above the range given a typical amplifier bandwidth of 100 kHz.

Verschueren et al. [44] used dual Faraday cage setup with a Peltier heater/cooler attached in an
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unspecified location (likely the external cage). External Faraday cage enclosed the Axopatch 200B
head stage and the internal Faraday cage. RTDs (Pt100) provided temperature feedback from the
PEEK nanopore flow cell and the inner Faraday cage. Temperature control was accomplished
using a software PID via NI LAB-VIEW software. While the thermal time constant of the system is

not specified, temperatures were equilibrated for 20 minutes prior to performing measurements.

Nicoli et al. [43] used an unspecified Peltier element for whole nanopore flow-cell heating
with no details provided on the setup. However the plasmonic heating setup was sufficiently
detailed for experiment replication. A 20 nm thick gold nanoparticle bowtie antenna with a 10 nm
nanopore gap was illuminated using a 785 nm laser diode for plasmon excitation. A custom-built
inverted microscope with a 60x water-immersion objective was used to expand the beam to 7
mm. Piezo stage was used to position the nanopore cell with respect to the laser beam. Localized
temperature in relation to laser power was estimated from the relative nanopore conductance
change [159]. Nanopore growth was considered insignificant for all but one of the experimental
pores (see study Sl), supporting the validity of this approach. Heating times were not specified,

but likely approach the order of 10° °C/s for heating picoliter solution volumes [160].

Zhang et al. [42] used an unspecified PTC heater to increase the temperature using an
unspecified method, and ice bath to reduce temperature. Thermal measurements were done
using ultra-slender K-type thermocouples near the nanopore chip. Neither the temperature
stabilization time not the system time constant were specified. Only a single Faraday cage was
mentioned with locations of heating or amplifier equipment not specified. Another study used a
similar resistive heating temperature control strategy for a microfluidic DNA purification assay
device [48]. However, the heated microchamber was far removed from the nanopore sensor and
all current readings were done after cooling down to room temperature. While the study
reported more details on system performance, it was obvious that system noise would not be
different from a regular non-heated setup since active heating was off during nanopore
measurement and located away from the pore. Other studies [41], [45] have similarly not
provided detail on their heating systems. Wanunu et al. [45] mentioned a custom-designed
electromagnetically shielded chamber with thermoelectric regulation within 0.1 °C and thermal

equilibration within 5 minutes.
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Biological pore studies have used similar heating methods, and have similar reporting
gaps in their thermal system methods. Multiple studies reference back to the experimental
methods used by Meller et al. [26], [161]. Method consists of using a custom-made copper base
with a built-in thermoelectric device maintaining Teflon cell temperature. Teflon cell contains a
biopore membrane in a microscale cell aperture. The whole system is enclosed in a copper
Faraday cage. Temperature is maintained within £0.01 °C to £0.05 °C of setpoint ranging from
15 °C to 50 °C. Temperature measurement system or thermal performance is not detailed. Axon
Instruments Axopatch 200B is used for sensing at the maximum available 100 kHz bandwidth.
Unlike solid-state nanopores, biopore noise can be orders of magnitude lower [139]. Another
study from the same time period provides no details on the thermal control system whatsoever,
but uses a similar temperature range [23]. Later studies such as Payet et al. [27] presumably use
Meller et al. setup based on the chain of cited references, with thermal control ranging from

20°Cto 70 °C.

Similar enclosure-based Peltier module setups have been built in other studies [24], [28],
with either aluminum or copper cell heater blocks. Temperature is usually measured using
thermocouples, with thermal precision of the system around 0.1 °C. Thermal performance is
otherwise not detailed. Of note is the use of lower bandwidth (30 kHz) at elevated temperatures
due to increased system noise [28]. Water evaporation from the electrolyte solution is also
mentioned as a concern at elevated temperatures, without detailing the system used to add

water back.

Alternative biological pore heating systems include the use of a refrigerated bath with a
custom heat exchanger [25], Peltier devices coupled to the nanopore cell via heated/cooled liquid
channels [29], and infrared laser-based heating [21], [22]. Refrigeration bath system was not well-
detailed, except that it had a range from -10 °C to 20 °C, and used thermocouples for thermal
monitoring with an overall temperature error of 2 °C. Liquid heating/cooling system was likewise
not detailed — used water for heat transfer to the nanopore cell to achieve a temperature range
from 5 °C to 45 °C. System bandwidth was limited to 10 kHz. Lastly, the infrared laser-based
heating of a biological pore used intensity-modulated 1444 nm laser diode aligned by means of

an inverted microscope with a 4x objective. Pore membrane located within a 50-um hole in a
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Teflon sheet was aligned using a motorized manipulator. Localized solution temperature was
measured via nanopore conductance readings, which is expected to work well because of size
stability of protein pores. Heating rates are comparable to picoliter volume heating on the order

of 108 °C/s [160].

To conclude, studies controlling nanopore temperature provide few thermal control
system design and performance details, and often record nanopore current signals at low analog

bandwidths (not exceeding 100 kHz, with majority under 10 kHz).

2.4. Other milli- and micro-fluidic heating systems

Nanopore research has only used a subset of the known milli- and micro-fluidic heating
strategies, namely Peltier and resistive thermal control for global, and laser-illumination
strategies for local heating. Similarly, nanopore cooling has been achieved using Peltier or passive
convection with ice water or air. This section summarizes some of the alternative approaches to
microthermal heating and cooling systems. Reader is also referred to several excellent reviews

on the topic [162]-[167].

Microthermal heating strategies are quite diverse, and include fluidic in-line heaters, ionic
liguid Joule heating, in-situ micro-Peltier junctions, sandwich Peltier assemblies, Joule heating
micro-elements, exo- and endo-thermic chemical reactions, microwave heating, acousto-fluidic
heating, IR/laser, and plasmonic heating. Fluidic in-line heaters use externally heated fluids to
deliver heat to the experimental apparatus [168], [169]. lonic liquid heaters use electrical current
to heat up ionic liquid in the heater channels to heat adjacent structures [170]. Micro-Peltier
junctions provide both rapid heating and cooling of adjacent microfluidic volumes [171], [172].
Sandwich Peltier assemblies provide more-or-less uniform heating or cooling of larger volume
microfluidic devices [173], [174]. Joule/resistive heating elements can be directly patterned
within microfluidic devices for rapid and uniform heating [175]-[183]. Exo- and endo-thermal
chemical reactions can change the temperature of nearby microchannels [184]. Microwave

heating has emerged as a strategy for efficient heating of small volumes since it preferentially
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heats aqueous solutions [185]—-[188]. Acousto-fluidic heating uses high frequency surface
acoustic waves to heat and mix the local microfluidic volumes [189], [190]. IR light heating is a
non-contact method for fluids within optically transparent devices, and can decouple heating and
cooling systems [191]-[193]. Lastly, plasmonic heating uses laser excitation on plasmonic

nanostructures to heat the solutions [43], [194], [195].

Small scale cooling strategies, other than thermoelectric coolers [171], [173], [174], [196]
and evaporative cooling [197] revolve around the use of micro-fins, pins, and grooves while using
single- or multi-phase flows for a variety of fluids [167]. Two-phase systems require more tuning
to the specific operating range of the system, but provide extra cooling performance due to the
latent heat of phase change. Two-phase flows are extensively used in cooling systems that use
heat pipes for example [198]. Nanofluids, or fluids that contain metallic or ceramic nanoparticles,
have higher thermal conductivities than the base equivalents, improving heat transfer

performance [198], [199].

Fairly accurate temperature measurement techniques are required for biological systems.
Traditional techniques for localized temperature measurements in biological systems include
thermocouples, thermistors, resistive temperature detectors (RTDs), and infrared (IR)
thermometers [162]. Resolutions to below 0.1 °C are achievable with thermocouples,
thermistors, and RTDs, with RTDs offering the highest linearity and long-term stability [200].
Thermocouples and RTDs seem to be preferentially used in microsystems discussed in the
microfluidic heating studies due to their compact size, high precision, and relative ease of
integration compared to other approaches. Other, more complex methods in microfluidic
thermometry include liquid crystal thermometry, NMR spectroscopy, optoacoustics,

interferometry, and fluorescence thermometry [162].
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Chapter 3. Design and Instrumentation

3.1. Design Overview

The Design and Instrumentation chapter presents the development and fabrication of a
research tool to facilitate solid-state nanopore ionic current sensing experiments in a range of
temperatures and at high bandwidth. Design process follows well-established mechanical
engineering design practices often taught in undergraduate mechanical engineering curricula and
comprehensively detailed in [201]. Major design steps include the definition of specific system
requirements, conceptual design, concept evaluation, and specific implementation of the
selected concepts as a detailed design solution. During this process, the general design problem
is split into an array of smaller sub-problems to solve with associated conceptual and detailed
design steps. This chapter does not attempt to exhaustively describe all of the sub-problems for
this project, but instead presents the steps, background and detailed reasoning behind many of
the critical design decisions for the final instrument in the hopes of being a useful resource for

future graduate students.

Section 3.1 covers the essential system requirements, functional assessment, possible
instrument implementation approaches, and a specific hardware implementation of the selected
approach with a global design overview. Subsequent sections focus on the design details and
evaluation of major instrument subsystems. Section 3.2 provides details and challenges of the
milli-fluidic flow cell design and fabrication, followed by Sections 3.3 and 3.4 describing the heat
transfer system and noise control. Lastly, Section 3.5 presents the evaluation of instrument
performance. Design sections (Sections 3.1, 3.2, 3.3, and 3.4) are written with a graduate
mechanical engineering student designer in mind, providing extra background and process
details. Readers with experience in the topics may find these details redundant and are
encouraged to skim through sections of interest and focus on result tables and figures instead.

Section subheadings are provided for rapid digital navigation.
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3.1.1. Initial requirements

Initial requirements for instrument evaluation are presented in Table 3.1 and Table 3.2,

and represent a projection of initial needs for molecular translocation experiments. Initial

experiments would focus on molecular translocation characteristics of small nucleic acids and

proteins at physiologically-relevant temperatures (ambient to 45 °C), which has not been

adequately studied to date using solid-state nanopores. Initial applications work could focus on

evaluation of molecular detection assay development steps that could include thermal cycling of

reagents (ambient to 95 °C) in the proximity to the nanopore (i.e. PCR). Table 3.1 specifies the

initial restrictions, i.e., design characteristics that must be met. Table 3.2 specifies the initial

criteria, i.e., design characteristics that may be optimized through design, and prioritized by

importance.

In summary, the instrument was expected to allow nanopore operation between ambient

(~20 °C) and 95 °C, with a possibility to extend operation into below ambient temperature range.

Table 3.1. Initial design restrictions.

*

Restriction

[

Operate in a temperature range of 20 °C (ambient) to 95 °C

Maintain precise temperature to within £1 °C around the nanopore chip

Provide thermal cycling capability between at least two temperature points

Provide an average temperature change rate of 0.5 °C/s

Accept fluidic sample volume of at least 10 pL and at most 100 pL

|l B Al W N

Perform molecular translocation experiments at operating temperature and volume
with 1 MHz bandwidth

~

Steady-state temperature control uniform (0.5 °C) in the buffer close to the chip

Material compatibility with salt buffer, DNA, and assay reagents at the operating
conditions

Attenuate electrical noise pickup from external mechanical vibration to the system
within the 1 — 1000 Hz frequency range, no specific limits provided

10

Attenuate electromagnetic interference from external electrical circuits to the levels of
a no-heater setup + 15% (<75 pA rms over 1 MHz bandwidth no load Chimera amplifier
reference cell, 100 MQ, 10pF)
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Table 3.2. Initial design criteria.

# Criterion Weight*
A Provide real-time operation feedback, i.e. device status, 8/10, 20.51%
temperatures, etc.

B Maximize temperature change rate 5/10, 12.82%
C Minimize temperature gradient across the solution chambers 8/10, 20.51%
D Minimize buffer volume (10 pL minimum) 3/10, 7.69%
E Ability to cycle to 98 °C, and below 20 °C 3/10, 7.69%
F Maximize user friendliness 8/10, 20.51%
G Preference for modular design with easy exchange and replacement 4/10, 10.26%

of components, re-usability

* first weight value shows the importance of the criterion to the experimental investigator
on a scale from 0 to 10, second value shows the global weight of the criterion where all
importance values add up to 100 %.

Biological buffers, reagents, and biomolecules (DNA, proteins) could be introduced in the vicinity
of the nanopore, and brought to a specified temperature at an average rate exceeding 0.5 °C/s.
Thermal precision was expected within +1 °C of the set point based on a calibrated reference
thermometer. The temperature gradient within the liquids in the fluidic cell region surrounding
the nanopore chip was expected to be as symmetric and uniform as possible. The sample volume
within the nanopore flow cell could be within a range of 10 to 100 uL. Flow cell material would
be compatible with molecules (DNA, proteins) and reagents (salt solutions, buffers). The
nanopore would be used to monitor molecular translocation events with a bandwidth of up to
1 MHz. Electromagnetic interference was to be minimized so as to be as close as possible to the
noise performance of the standard non-temperature controlled system with a value below
75 pArms reference dummy cell noise (100 MQ, 10 pF cell at 65 pArms + 15%) at the 1 MHz
bandwidth recommended. Electrical noise pickup from mechanical vibrations were to be

minimized within the low frequency range (1 — 1000 Hz).
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3.1.2. Functional assessment

Once initial requirements are set, the design process enters the concept generation steps
in which functional assessment is crucial to splitting the general problem of designing an
instrument into smaller, more manageable sub-problems. A starting point is provided by the
functionality of a typical ambient-temperature solid-state nanopore fabrication and sensing
instrument. Such an instrument necessitates steps in preparing a thin membrane assembly,
fabricating a nanopore in the membrane, and detecting the molecular translocation signals from
an introduced sample solution. These steps — along with the expected process physics and
additional considerations from the literature review — form the basis of the functional definition
of the system (Figure 3.1). The expected operation is described in terms of functions, their inputs,
and outputs without specifying an implementation. Larger functions can be broken down into
smaller functions with their own associated inputs and outputs. Implementation does not have
to have a 1:1 mapping of functions and physical solutions, and simply guides consideration of

expected instrument behaviour.

High level functional breakdown (Figure 3.1) consists of three main functional
components. The first component is preparation of membrane chip assembly by securing a silicon
chip supporting a thin membrane within the device while ensuring isolated fluid electrolyte
access to both sides of the membrane. The chip assembly then participates in the nanopore
fabrication by controlled breakdown (CBD) methodology [35]. Lastly, molecular signal detection
component starts with exposure of the nanopore-containing membrane to a molecular sample,
replacing the nanopore fabrication buffer. Molecular translocation signals are recorded using a
high-bandwidth current amplifier setup. External noise, nanopore obstruction, and temperature
have to be managed during current recording. An example of further sub-functional breakdown
is shown for temperature management. Temperature management in a fluidic context is
responsible for temperature measurement and control, as well as the surrounding issues of
evaporation, degassing, flow sealing, pressure management, dimensional stability, material

chemical reactivity, operating and safety limits of all subsystems involved.
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Figure 3.1. General function diagram for the nanopore thermal recording system. An example of
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3.1.3. The noise problem and how it guides implementation

While many microthermal heating and cooling strategies are described in the milli- and
micro-fluidic literature [162]-[167], few of them may be appropriate for implementation in high-
bandwidth electrical sensing of molecules due to potential for electrical interference. Electrical
temperature measurement and heating circuits can add a significant amount of electrical noise,
particularly at higher frequencies. Temperature-controlled solid-state nanopore studies have
mostly limited their sensing bandwidth to 10 kHz [41]-[44], and 75 kHz [45] despite isolating their
sensing circuits using one or two Faraday cages. Biological pore studies have reported 100 kHz

[26], [27], [161], 20 — 30 kHz [24], [28], and 10 kHz [22], [29].

A case-in-point demonstration of the impact of electrical measurement system noise on
the high-bandwidth current amplifier system can be seen in Figure 3.2. Two battery-operated
thermometer sensors —VWR Temp Alert (thermistor), and OMEGA OM-EL-EH-TC (thermocouple)
— were introduced next to a reference test cell (100 MQ, 10 pF) connected to a 1 MHz Chimera
VC100 amplifier within its enclosure (Appendix A — Thermometer noise test setup). This setup
approximated temperature measurement in the vicinity of a chip containing a small, low-
capacitance solid-state nanopore expected to have low noise. Current traces filtered at nearly
full amplifier bandwidth (900 kHz) show an expectedly low baseline current noise (65 pArms),
but are an order of magnitude higher when coupled with temperature measurement systems
despite isolation (Figure 3.2 A, B). Low-pass filtering the signal at 20 kHz not only significantly
reduces the overall noise, but also allows the use of OMEGA measurement system without
detriment to the signal (Figure 3.2 C, D). Unfortunately, VWR Temp Alert thermometer
demonstrated a particularly high noise coupling that was also significant at 20 kHz. This simple
demonstration shows the limiting effects of electronic temperature measurement systems, even
if attempts are made to isolate from external noise sources. Therefore, high-bandwidth nanopore
current measurements require careful electrical isolation and the removal of the electrical
temperature measurement and control equipment from the vicinity of the nanopore chip, or

even use non-electrical alternatives.
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Figure 3.2. Noise associated with electrical thermal measurement systems. Current traces (A, C) and
PSDs (B, D) from two battery-operated thermometer system sensors introduced next to a 100 MQ, 10 pF
reference test cell connected to a 1 MHz Chimera amplifier within a Faraday enclosure. Excessive noise
density and currents are seen in signals with a 900 kHz 8-pole Bessel low-pass filter applied (A, B). When
filtered at 20 kHz, the noise is much lower and barely distinguishable from baseline for the OMEGA
thermometer (C, D).

3.1.4. Heating method evaluation

Electronic heating provides some of the best performance in the microfluidic context, but
may be problematic for low-noise and high-bandwidth nanopore measurements. On-chip
resistive microheaters provide some of the fastest response times (>20 °C/s) with precise
temperature control and uniform thermal profiles in small microfluidic channels (<10 pL) [175]—
[183]. Micro-Peltier junctions [171], [172] also support cooling. Unfortunately, for larger volumes
targeted in the current design both the response times and uniformity would be reduced unless

the volume is spread across a larger heater area, possibly increasing overall electrical capacitance
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of the system. Increased heater capacitance, voltage noise from the heater circuits, and proximity
to the nanopore membrane would likely be very detrimental to overall bandwidth (Eq.2.12).
Macroscopic heating systems, such as Peltier modules presently used in nanopore experiments,
may have a noise advantage due to isolation from the membrane chip via Faraday enclosures.
One of the disadvantages of such systems is a large thermal mass, significantly reducing heating
and cooling rates while requiring large electrical currents to drive. Microwave heating [185]-
[188] has been used for efficiently and rapidly heating milli- and micro-fluidic volumes, but effects
of strong microwaves on semiconductor membrane heating and localized nanopore currents
could potentially alter ionic current and noise in an undesirable way. Lastly, acousto-fluidic
heating [189], [190] provides both the heating and fluid mixing functionality, but its effects on
solid-state nanopore signals are also unknown. Acousto-fluidics may face similar noise issues to
other electronic strategies due to piezoelectric actuation. In addition, effects of acoustically
generated fluid flows on molecular capture and translocation through the nanopore are

unknown.

Non-electronic heating methods present alternatives that can potentially ensure low-
noise and high-bandwidth nanopore sensing. These include exo- and endo-thermal chemical and
physical reactions, fluidic in-line heaters, and optical and plasmonic heaters. The first set of
alternatives uses exo- and endo-thermal chemical and physical reactions to change the
temperature of nearby microchannels [184], [197]. A major disadvantage is a requirement for a
constant supply of reactants, potentially non-uniform heating, and non-linearity of thermal
control. Fluidic in-line heaters use externally heated or cooled fluids to deliver heat to or away
from the experimental apparatus [168], [169]. While conceptually simple and modular, detailed
implementation requires multiple bulky external components, increasing system size, response
time, and energy requirements. Optical heating methods, such as IR light heating [191]-[193]
and plasmonic heating [43], [194], [195] are the last category of non-electronic heating methods.
These methods allow decoupling of heating and cooling systems while also preferentially
affecting a small fluid volume of interest. The challenges in the solid-state nanopore context arise
from potential excitation of stray currents (noise) in semiconductor chip frame (Si band gap

~1.1eV [202]) by light beam illumination, likely including light scattered by the fluidic medium.
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An existing plasmonic heating study likely limited nanopore signal bandwidth at 10 kHz while

detecting large molecules for these reasons [43].

3.1.5. Approach selection

The fluidic in-line heater approach may offer the best balance of thermal performance for
a reference low-noise and high-bandwidth solid-state nanopore sensing system (Table 3.3). To
meet the previously outlined minimum requirements and be on par with commercial
thermocyclers [203], the preferred approach would offer a temperature range from 0 to 100 °C,
thermal precision of <0.25 °C, average temperature ramping at >4 °C/s, and uniform thermal
profiles across the fluidic volume between 10 and 100 pL. The approach would also ideally not
introduce any electromagnetic interference with the nanopore electrical current measurement
system. Out of the four winning approaches, in-line fluidic heater was chosen for high noise
isolation potential as the primary deciding factor, followed by component modularity and fairly
well-established design processes for the mechanical and electronic components involved.
Nevertheless, many of the other presented approaches are likely viable with enough expertise,

resources and troubleshooting time thrown at the problem.

3.1.6. Specific hardware implementation

A modular in-line fluidic heater system was designed and implemented, making use of
ultra-high resistivity, inert heat transfer fluid (Solvay Galden HT 200 perfluoropolyether) to
transfer heat to the solution inside a custom 3D-printed fluidic cell (Formlabs High Temperature
resin v1) in contact with the nanopore membrane (Figure 3.3). The heat transfer fluid, stored in
temperature-controlled reservoirs at different setpoint temperatures, is passed through the
fluidic cell while measuring the analyte fluid temperature in real-time using a fiber-optic
thermometer (Osensa FTX-200-LUX+). lonic current is detected using a low-noise current
amplifier (Chimera Instruments VC100) with 1 MHz bandwidth. Figure 3.4 shows the practical

implementation of this design.
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Table 3.3. General approach comparison and selection by weighted scoring.

Temperature Thermal Thermal Thermal Electromagnetic
range * ramp rate precision  uniformity | compatibility
[x1] [x2] [x3] [x2] [x5]

Micro-Peltier

Peltier sandwich

Exo/endothermic
physical and
chemical
processes

Joule heating of
ionic liquids

Joule heating of
metallic micro-
heaters

Microwave ++++ +++ 44+ 4+ 4+ ++ 48
heater

Plasmonic heater | ++++ + +++ ++++ ++ ++ 38

IR heater ++++ ++ +++ +++ ++ ++ 37

Acousto-fluidic ++++ ++ +++ ++++ +++ + 37
heater

* The 6 criteria listed here are not exhaustive but form some of the major deciding factors that illustrate
the decision tool function. Full list of restrictions and criteria is presented in Table 3.1 and Table 3.2.

** Weighted score is the sum of products of criterion scores (indicated by number of +) and criterion
weights (indicated in [brackets]). i.e. Weighted score = 5 (# of +) - [criterion weight]
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Figure 3.3. Fluidic thermal control system concept for low-noise and high-bandwidth solid-state
nanopore recording. Highly electrically resistant heat transfer fluid transfers heat to and from the fluidic
cell within a Faraday cage, minimizing the noise from external electrical systems.

The fluidic cell maintains a uniform thermal profile of the analyte fluid sample in the
vicinity of the nanopore membrane chip using a helical geometry heat transfer channel and is
described in Section 3.2. Multiple thermal setpoints, as opposed to a single flow-through heater,
enable cost-effective system implementations that can rapidly ramp the cell temperature using
auxiliary high or low temperature setpoints until the required temperature is reached. Peristaltic
pump is used to maintain a sealed fluidic loop that simplifies maintenance and isolates the heat
transfer fluid from the other system components. “Negative” pressure configuration for drawing
the fluid into the cell reduces thermal losses before the fluidic cell, and ensures pulsatile forward
flow from the peristaltic motion of the pump is minimized at the cell. The details of the presented
thermal flow system are described in Section 3.3. Section 3.4 addresses the design of the Faraday
cage to promote electrical and mechanical noise isolation while preventing the overheating of
the nanopore current amplifier headstage next to the heated cell. The last design section, Section
3.5, provides experimental validation and evaluation of the instrument performance to

demonstrate how it meets the requirements defined in Section 3.1.
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Figure 3.4. A dual-setpoint instrument featuring a hot and a cold reservoir. Experimental setup (a) shows
the major system components. Fluidic cell enclosure (b) shields the nanopore cell connected to the pre-
amplifier stage and the optical thermometer probe. Portability of the cell and accessory components (c)
ensure low-effort usability of the system, comparable to the non-thermal CBD setups commonly used in
the lab.

3.2. Fluidic Cell Design and Fabrication

3.2.1. Fluidic cell overview

Fluidic cell is the component that houses the nanopore membrane chip in liquid (e.g. salt
solution with molecular analytes to be detected) while providing means to transfer heat input to
the liquid surrounding the nanopore chip to maintain a relatively uniform temperature within
the reservoir containing the nanopore. Figure 3.5 shows the overall design schematic and a

sample fluidic cell prototype 3D-printed using a stereolithographic printer.
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Figure 3.5. Fluidic cell design overview. (A) Fluidic cell design schematic highlights subcomponents by
function. (B) Cell prototypes were 3D-printed by stereolithography using Formlabs Form 2 printer in
Formlabs High Temperature (v1) resin with the manufacturer-recommended processing steps.

3.2.2. Fluidic cell geometry
3.2.2.1. Geometric considerations

The geometry of this cell is largely restricted by temperature uniformity requirements and
the need to maintain precise heating of a millifluidic volume. Minimizing average thermal ramp

times to achieve a steady state setpoint temperature is also desired. From a purely geometric
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perspective, time to steady state is minimized by changing the effective convective area, as well
as by minimizing material volume to reduce the cell’s thermal capacity. This design consideration
can be illustrated by the time constant expression from the lumped capacitance model of
convective heat transfer into the cell [204]:

_pve
"~ hA,

T Eq.3.1

where tis the thermal time constant, h is convective heat transfer coefficient, As is the effective
convective surface area, p is cell material density, V is its volume, and C is the material heat

capacitance. Increasing effective convection area and reducing cell volume reduces heating time.

Relatively uniform temperature distribution of the heated region at steady state is also a
desired outcome in this design, however it is difficult to find direct and general guidelines to this
guestion in the fluidic heat exchanger literature [205]-[209]. The heat source is a moving fluid
which loses energy as it propagates across the heat exchange surfaces, therefore temperature
gradients in heated regions are inevitable and expected. Microfluidic (<<10 pL) volumes are often
highly thermally uniform due to large heating areas and wide scale of thermal gradients covering
comparatively small fluid volumes [175]-[183]. Since current design requirements are within a
larger millifluidic regime (>10 uL), temperature gradients are expected to be non-negligible,

especially for materials with low to moderate thermal conductivities.

3.2.2.2. Geometry patterns

While geometry, materials, and flow parameters are all tightly linked in determining how
uniform a temperature profile of a heated volume is, some common patterns derived from
observations in the heat exchanger literature can be sketched out as a starting point (Figure 3.6).
The most effective geometries control the location of heat sources and heat transfer barriers to
enclose the heated volume (Figure 3.6 a). Once enclosed, the heat transfer from the heated
volume to the external cold environment is minimized, and temperature equalizes with the heat

source temperature at steady state. Since heat transfer fluid loses heat along the heat transfer
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Figure 3.6. Fluidic heater geometry patterns and examples for heating a finite static volume.
Temperature changes across a small heated solid or fluid volume (depicted in blue) can be minimized by
controlling the location and position of the fluidic heat sources and barriers to limit energy losses and
facilitate thermal equalization across flows (a). Directions of heat transfers are denoted by red arrows.
Fluidic heaters can be examined according to how their geometry limits heat losses from the heated
volume and prevents formation of temperature gradients in a particular coordinate system at steady state
(b, c, d). l.e. volume-enclosing heater (d) limits heat losses to a single direction, potentially facilitating
thermal uniformity at the cost of overall efficiency where the bulk of heat is lost to the environment if not
well-insulated.

surface, a continuous channel along the heated volume will, on average, have a decreasing
temperature along its path length. Steady-state temperature gradients in these channels can be
minimized by using parallel-, counter-, and cross-flow geometries that force heat exchange

between adjacent hot and cold channels, reducing their temperature difference.

The nanopore chip and the adjacent fluidic chambers occupy three-dimensional space
and require consideration of all dimensions at the millifluidic scale. This is particularly true for

higher temperatures (e.g. 90 °C), where thermal uniformity has to be within 1 % to maintain the

49



1 °C precision within the membrane chip and its surrounding region. As such, 3-D heater
geometries can be examined according to the potential to minimize heat losses and gradients
(Figure 3.6 b, ¢, and d). A single planar-type fluidic heater is likely to have the greatest thermal
gradient problem since heat spreads in all directions (Figure 3.6 b). A planar sandwich heater
configuration minimizes the gradient in the normal direction for relatively thin geometries (Figure
3.6 c¢). Unfortunately, large-volume heated regions require significant planar spreading of the
heaters and the nanopore fluidic chambers. As such, this geometry is likely most suitable for
micro- and low millifluidic volumes. Volume-enclosing heaters (Figure 3.6 d) can potentially
surround the entire heated region and minimize thermal gradients to the temperature
differences between the heating channels. In practice, nanopores require fluidic and electrical
access with at least one access point to the surrounding cold environment, creating an opening

for the heat to leave the enclosed volume.

3.2.2.3. Geometry selection

Both the planar sandwich and volume-enclosing geometries were considered for further
refinement, specifically the counterflow spiral sandwich and the helical flow designs involving
curved channels (Figure 3.7 a, b). Using a single curved as opposed to multiple parallel linear
channels allows to generate Dean vortices that increase convective heat transfer and fluidic
mixing (Figure 3.7 c) [210]-[213]. Fluidic mixing can help improve thermal uniformity within the
channel, as well as between channels by increasing heat transfer coefficients. Dean vortices form
when Dean number is sufficiently high for a particular geometry. Dean number for a flow is

defined as:

\/0.5 * inertial foces * centripetal forces R D puD | D
= = e =

De
viscous forces 2R, U 2R,

Eq.3.2

where Re is Reynolds number, p is fluid density, u is fluid velocity, D is the channel hydrodynamic

diameter, u is fluid’s dynamic viscosity, and R. is the radius of curvature of the channel.
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Figure 3.7. Curved-channel fluidic heating element sketches. Counter-flow spiral configuration (a) is a
candidate geometry for facilitating a thermally uniform central hotspot that can be positioned on either
side of a thin nanopore chip sandwich. Helical flow configuration (b) is a volume-enclosing geometry that
could facilitate a thermally uniform central cylinder region and could be preferred for larger nanopore
analyte volumes. Curved channel geometries (c) produce flow mixing that can improve convective heat
transfer [212] and potentially reduce thermal gradients. Copyright: (c) reprinted with permission of Royal
Society of Chemistry, from ‘Fluid mixing in planar spiral microchannels’ Fig. 1, Sudarasan & Ugaz, 6(1),
2006, via Copyright Clearance Center, Inc.
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Helical heat exchanger geometry (Figure 3.7 b) was ultimately chosen for initial modeling
studies and later fabrication since it potentially allows heating larger volumes in a space-efficient
manner. The choice was also facilitated by the ability to manufacture complex millifluidic
geometry using a stereolithographic 3D printing system and an appropriate high-temperature
resin. Sandwich heater geometry would be more universally manufacturable, but is limited to flat
cell designs. Helical heater is more challenging to make using traditional means, but is well-suited
to heating larger volumes since it can be designed to surround the entire 3D volume in a space-
efficient manner while reducing material volume and internal cell heat capacity. Counter-flow
spiral heater was also modeled and prototyped as part of the development of a microfluidic cell,

but is not included in this thesis, being a part of the (ongoing) future work.
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3.2.3. Fluidic cell materials
3.2.3.1. Materials overview

A heated nanopore fluidic cell would ideally use a highly thermally conductive material
with relatively low heat capacitance such that heat is rapidly delivered to the aqueous solution
surrounding the nanopore membrane and with high thermal uniformity. Such material would

have high thermal diffusivity a [214]:

where A is thermal conductivity of the material, p is material density, and G, is its thermal heat
capacitance at constant pressure. Another way to look at thermal diffusivity is from a perspective

of distance x it takes to diffuse heat in time t [214]:
x = V2at Eq.3.4

Heat can diffuse fast and wide in high thermal diffusivity materials, particularly if external
convective heat losses are small relative to material’s thermal conductivity (Biot number < 0.1).
Low thermal diffusivity materials can be used to encase high diffusivity materials and prevent

excessive heat losses to the external environment.

From a thermal perspective, a metal cell externally thermally shielded by polymeric foams
would thus be ideal for the design (Figure 3.8) [214]. Unfortunately, a purely metallic cell would
be wholly incompatible with electrical nanopore sensing due to its electrically conductive nature.
Even a thin layer ceramic-coated or polymer-coated metallic cell would likely interfere with a
high-bandwidth nanopore setup by providing paths for unwanted electrical noise, and parasitic
capacitance coupling to the amplifier inputs. Lastly, the cell needs to be bioinert in relation to the
tested molecular samples. For example, divalent metals such as Fe, Zn, Mn, and Cu affect form
and function of cellular proteins [215] and therefore need to be carefully considered in the test
environment such as the nanopore sensor. In turn, biochemically-active environments containing
salts can facilitate corrosion even in generally corrosion resistant metals such as stainless steels,

resulting in metal leaching into the biochemical environment [216].
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Figure 3.8. Material thermal performance as related to thermal conductivity and thermal diffusivity
[214]. A heating cell requires materials with high thermal conductivity and low thermal capacitance.
Thermal diffusivity (A/pC,) combines these terms along with density. Note the narrow range for volume-
specific heat (pC,) which can be used to roughly predict thermal conductivity. Copyright: Reprinted from
Materials Selection in Mechanical Design (4" ed), Figure 4.11, with permission from Elsevier via Copyright
Clearance Center, Inc.

Another material class with a relatively high thermal diffusivity is ceramics. Their
favourable properties include very low thermal expansions, high electrical resistivities, and a very
high operating temperature ceiling [214], [217]. Silica glasses are of particular interest due to
high biocompatibility, and optical transparency for hybrid (electrical and optical) nanopore
detection strategies. In a way, we could not ask for a better cell material, except for the problems

of brittleness, and rapid prototyping / manufacturing challenges.

Polymers are the last major structural material group and stays generally low on the

thermal diffusivity spectrum. Polymers offer a range of bioinert or biocompatible materials that
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feature high electrical and corrosion resistance [214], [217]-[219]. Unfortunately, generally low
operating temperatures, stress relaxation, solvent swelling, and thermal creep can limit utility at
elevated temperatures. Low thermal diffusivity may also necessitate a greater attention to
geometric control of heat transfer. On the upside, losses to the external environment in low
thermal diffusivity materials are also likely to be lower, reducing the need for meticulous thermal

insulation.

Polymers are some of the most widely used materials in elevated temperature milli- and
micro-fluidics, likely due to the ease of manufacturing and handling, and optical properties. Cell
materials from heated microchannel studies using aqueous solutions include
polydimethylsiloxane (PDMS) [168], [170], [176], [177], [184], [188], [220]-[224], polymethyl
methacrylate (PMMA) [225]—-[228], polyimides (PI) [180], [191], [229], polycarbonate (PC) [173],
[174], [185], [230]-[232], polypropylene (PP) [233], polystyrene (PS) [234], [235],
polytetrafluoroethylene (PTFE) [236], [237], and cyclic olefin copolymers (COC) [48], [238].
Commercial thermocycler test tubes (from VWR, or ThermoFisher) for biochemical reactions are
usually made from polypropylene and polycarbonate, allowing rapid (>2 °C/s) temperature cycles
from near 0 °C to 98 °C. While not all materials listed can be used in high temperature
applications, most work well in low mechanical stress environments at physiologically relevant

temperatures below 50 °C.

For the current design, plastics that can safely reach 130 °C were desired for the operation
of a rapid thermal cycling scheme that involves using a very high temperature setpoint to bring
the cell rapidly to a desired lower temperature setpoint. Most suitable thermoplastics that
exhibit high temperature stability include polyetherimide (PEl), polyether ether ketone (PEEK),
and polyoxymethylene (POM) [219] but are rarely used in milli- and micro-fluidics due to high
material costs and lack of optical transparency. Thermoset plastics, such as cross-linked
phenolics, esters, urethanes, polyamide-imide (PAl) and epoxy resins, are another set of
potentially thermally stable plastics [219], [239]. Thermosets do not soften with increasing
temperature, but are more difficult to handle in device manufacturing and maintenance. Studies
have used resin-based thermosets for binding components together rather than the main

structural components.
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3.2.3.2. Material selection

Materials of interest for the current design were assessed for suitability based on criteria
that include thermal conductivity, specific heat, heat deflection temperature, glass transition
temperature, melting temperature, creep/stress deformation, thermal expansion, solvent
swelling/absorption, bioinertness/biocompatibility, electrical resistivity, as well as classical
stress- and strain-related properties. Information on material properties and design
considerations is available in a variety of engineering textbooks [214], [240]. Manufacturability
using the material was the deciding factor since a fluidic cell design is only as good as the ability
to manufacture and test a number of iterations in a timely manner. A sample material parameter
table and selection matrix are shown in Appendix B — Material selection tables. Ultimately,
Formlabs High Temperature (FLHTAMO1) photochemically-curable 3D print resin was chosen
despite not scoring as high as alternatives. The availability of stereolithographic 3D-printing
capacity in our lab has been vital in light of the manufacturing facility access challenges during
the COVID-19 pandemic of 2020, and played an important role in a timely fabrication of not only

the fluidic cell iterations but also the entire instrument.

Milli- and micro-fluidic 3D printing has been a hot topic in the past decade, particularly
with increasing focus on manufacturability of devices outside of the confines of the traditional
soft lithography and machining approaches [241]-[244]. Stereolithographic (SLA) 3D printing has
emerged as the moderately-low-cost technique for producing complex millifluidic structures
since the availability of more affordable and accessible commercially-available printing platforms
(i.e. Formlabs, Asiga, EnvisionTEC, Miicraft, CADworks3D, B9Creations, Kudo3D, 3D Systems,
Rapidshape, DWS, Acrea3D, Prusa Research). A simplified operating principle of an SLA system is
shown in Figure 3.9. Uncured resin consisting of material monomers, photoinitiators, and
photoinhibitors is exposed to a light source. The focused light has sufficient energy to only
penetrate to a thin resin depth and activate the local photoinitiators that start a local
polymerization reaction chain. The newly polymerizing layer is close enough to either the build
platform or the previously polymerized layer to merge and bind them together. Thus, the build
platform keeps shifting its height until all of the part layers are complete. System implementation

challenges revolve around controlling polymerization depth, resolution, as well as the peeling
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forces required to keep the part attached while moving the platform. Lastly, produced part
usually requires additional post-processing steps, including an organic solvent wash and post-
curing. Solvent wash removes the bulk of uncured resin from the part, while post-curing step

produces further cross-linking of the internal material structure via light and heat exposure.

A /N, shifteach B
I_l layer (2) photoinitiator (PI) reactive Pl
° ®
4 — < — A,
cured resin
layers + +

uncured °
resin —_—

< _ —1y layer UV light monomer reactive monomer reactive polymer

N =47 scan (XY)

Figure 3.9. An example schematic of a stereolithographic (SLA) process. (A) SLA equipment consists of a
light source scanning a local layer of uncured resin, causing its polymerization at the build platform. The
build platform is constantly shifted by layer height and the layer curing process is repeated. (B) The curing
process is started by the activation of local photoinitiators which facilitate resin polymerization reactions.

The defining feature of the photochemically-cured material, such as the Formlabs High
Temperature (HT) resin, is the cured material’s cross-linked polymeric structure, similar to
thermosets. Thermosets do not tend to melt at elevated temperatures, decomposing or oxidizing
instead [245]. Indeed, when subjected to a hot soldering iron, cured HT resin cracks and oxidizes
instead of melting. Subjecting the material to post-curing in a UV-light enclosure (405 nm) at
60 — 80 °C after initial fabrication provides further enhancement to thermal properties. Flexural
strength increases from 41 MPa to 107 MPa, heat deflection temperature increases from 42 °C
to 130 °C at 1.8 MPa, and thermal expansion reduces from 121 um/m/°C to 88 um/m/°C [246].
One challenge is that the material becomes more brittle and susceptible to chipping on impact,
requiring careful handling. Many of the material properties of the post-cured HT resin are
otherwise comparable to those of polymethyl methacrylate (PMMA) (Table 3.4). This is expected
given that the base resin is composed of a proprietary mixture of acrylated monomers and

methacrylated oligomers [247].
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Table 3.4. Comparison of PMMA and SLA 3D-print Formlabs High Temperature materials.

Parameter PMMA* Formlabs High Temp (v1)**
Ultimate strength (MPa) 48-76 51.1
Elongation at fracture (%) 2-10 2

Young’s Modulus (MPa) 2700 -3100 3600

Flexural modulus (MPa) 2900 - 3100 3300

Swelling (aqueous) (24hr, %) <2 <1

Thermal expansion (linear, 2-3-10% (< Tg) 8.8 *10°
um/m/°C) 6-10% (> Tg)

Heat deflection temperature 51.7 - 106 (1.8 MPa) 130 (1.8 MPa)
(0.25mm, °C) 73 — 109 (0.45 MPa) 289 (0.45 MPa)
Notched impact strength (J/m) 16-27 14

*[219], [248], [249]
** post-cured for 60min @ 365nm UV [246]

3.2.4. Analytical flow cell modeling

3.2.4.1. Analytical model definition

Lumped-parameter analytical models can facilitate exploration of design solutions and
selection of reasonable initial design parameters since they are less computationally expensive
than geometrically complex numerical models. Initial design parameters of interest include the
range of heat transfer fluids, their flow speeds, and channel dimensions that result in maximum
heat transfer to the cell. Flow channel pressure drops place limits on the geometric and flow
parameters in the sub-millimeter thickness support geometries of the fluidic cell. The initial 3D
cell design (Figure 3.10 A) includes an internal analyte channel region that is separated from the
heating channel by 0.5 — 1 mm material distance, which minimizes heat transfer resistance to the
analyte. External surface of the heating channel faces the square external faces of the cell across

a much thicker material wall, therefore external heat transfer would likely not be as efficient.
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The model is built by simplifying the 3D helical heater cell geometry to a 1D heat circuit
model as shown in Figure 3.10. The complete circuit for transient heat transfer is given in Figure
3.10 A, and is then simplified to a steady state circuit in Figure 3.10 B. The steady state circuit is
the one solved in this section. As such, this analytical model does not provide information on the
transient response time of the system, but only on the cell temperature distribution in steady-
state. The analytical model was implemented and solved in Python to account for the nonlinearity
of the thermal resistances as a function of temperature. Transient analytical model was not
expanded upon since results from the steady-state model described in Section 3.2.5 deviated
significantly enough from numerical, experimental, and recent literature results further
described in Section 3.2.7. Instead, transient behaviour was estimated numerically and

characterized experimentally.

The analytic flow cell model uses the following assumptions:

1D lumped parameter model (consider an axisymmetric “cylindrical cow” analogy)
Adiabatic internal cell boundary assuming geometric symmetry

Steady-state conductive, convective, and radiative heat transfer

Isotropic, homogeneous material properties

Gray and diffuse surfaces

Incompressible cell materials and heating fluids

No work done on or by the system (i.e. thermal expansion, PV work, etc.)

No energy generation

W ©® N o Uk~ W N PRE

Constant external environment temperature (radiative, and convective)
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Figure 3.10. Lumped parameter model representation of the helical heater cell. 3D geometry was
simplified into a lumped-parameter 1D heat circuit model (A). Steady state representation (B) was used
to estimate geometric parameter range that meets initial performance goals, and determine the
gualitative behaviour of the system. Energy balance across the control volume (C.V.) provides information
on required flow parameters, while energy balance across the control surface (C.S.) allows to iteratively
solve the non-linear problem involving radiative heat transfer and temperature-varying material
parameters. Solution was implemented in Python.

The thermodynamic energy balance across the cell control volume (C.V.) (Figure 3.10 B
center) defines the energy entering the system with the heat transfer fluid, and the energy

leaving the system via air convection and surface radiation:
minEin = moutEout + Qext_convective + Qradiative Eq-3-5
Min = Moyt Eq.3.6

where m, represent the mass flows of heating fluid that bring with them a certain amount of

energy Ex per unit of mass, and Q are the net heat transfer rates driven by temperature
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differences. C.V. balance can be used to estimate the initial requirements for types of fluids, fluid
flow rates, and required heater power for steady state operation. Heat transfers shown within
the C.V. do not participate in this balance and are only relevant in establishing internal heat

transfer mechanisms required for the problem solution based on control surface (C.S.) analysis.

The thermodynamic energy balance across the control surface (C.S.) allows the
determination of cell surface temperature required for the calculation of the input-output energy
balance across the C.V. The main challenge here is the non-linearity of the problem involving
radiative heat transfer and temperature-varying material parameters, which can be solved using
an iterative solution strategy shown on the right in Figure 3.10 B. In this strategy, heat flows
across the C.V. are simplified to heat flows across the C.S. with material parameters lumped
together as heat flow resistances. Given a constant mass flow rate of the heating fluid, steady-
state energy losses in the fluid will depend on how much interfacial and external cell resistance
there is to the transfer of heat to the external environment. The internal cell temperature is
assumed to be at the mean fluid temperature since no heat losses are assumed in that

compartment at steady state. The simplification itself is done using the thermal circuit analysis.

3.2.4.2. Thermal circuit analysis

A useful tool in analyzing heat transfer problems with constant properties and no internal
energy generation is the thermal circuit approach. While the standard approach involves solving
the appropriate form of the heat equation with the associated initial and boundary conditions, it
is quite cumbersome [204]. Instead, an electrical circuit analogy of the heat transfer process
defines an equivalent thermal resistance Req along which heat current Q flows due to a

temperature potential AT:

Q=— Eq.3.7

This method greatly simplifies the solution process by using strategies such as parallel or series

circuit element reduction:
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Rseries = R1 + Ry + Rz + - Eq.3.8
-1

1 1 1
Ryaratter = Ral RallRs | . = (- + 2 + o=+ ) 0,39
1 2 3

Resistances to heat transfer come in many forms and derive from conductive, convective,
and radiative heat exchanges. Heat conduction is energy transport in a medium by random
atomic or molecular activity due to a temperature gradient. Thermal resistance for conduction is

derived from Fourier’s law of thermal conduction and has the following form [204]:

L, 1

= = Eq.3.10
Rcond kAC UA q

where L. is the characteristic length and A.is the characteristic area dependent on geometry, and
k is the thermal conductivity of the material. Another representation of the resistor element as
a conductor with conductance UA specifies an overall heat transfer coefficient. Use of UA is more
common in standard heat exchanger analysis [209] and provides a more general tool to represent

heat transfer terms.

Convective and radiative heat transfer resistances can also be represented in terms of
heat transfer coefficients. Convective heat transfer is energy transport by conduction (random
molecular motion) and advection (bulk fluid motion), while radiative heat transfer occurs without
the involvement of matter as the heat transfer medium [204]. Convective and radiative

resistance terms are then presented as follows:

1
Rconv = m Eq.3.11
1
Rrad = ﬁ Eq.3.12
riir

While the expressions for both modes of heat transfer look alike, the expressions for the heat
transfer coefficient term h are different and can be quite complex. In the case of convection (h),
heat exchange involves a characterization of bulk fluid flow interacting with material boundaries
(velocity, thermal, and concentration boundary layers). Simple geometries (1D, 2D orthogonal)

can be solved exactly, but most other cases are represented numerically or using empirical
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correlations. In the case of radiation, his dependent on the third power of the temperature as
well as the view factors and radiative properties of participating materials. In the simplest case
of two gray (wavelength-independent), diffuse (direction-independent) surfaces, the coefficient

may be approximated [204] as:
hraa = €10 (T{ + TF)(Ty + T) Eq.3.13

where ¢ is the surface emissivity, o is the Stefan-Boltzmann constant (5.670-10% W/m?K?#), and T;
and T; are the temperatures of surfaces participating in radiative heat exchange. This simplified

approximation is used in the analytical model.

Convective coefficient for helical channel geometries does not have an exact analytical
solution, and unlike the conductive and radiative coefficients does not have a simple model to
represent it. Complicating factors other than 3D geometry include possible flow types (laminar,
transitional, and turbulent) as well as the formation of a consistent flow velocity and temperature
profiles within the channel (developing or fully-developed velocity and thermal profiles). The
fundamentals of flow types and flow profile formation are well-described in introductory heat
transfer literature [204]. Of particular relevance to the current discussion are dimensionless
parameters that describe fluid flows and heat transfer. These parameters include Reynolds (Re),

Dean (De), Helical (He), Prandtl (Pr), Grashof (Gr), Rayleigh (Ra), and Nusselt (Nu) numbers.

3.2.4.3. Nusselt number for helical channels

Nusselt number (Nu) allows calculation of the convective heat transfer coefficient.
Without going into the specifics of dimensionless derivation from Newton’s cooling law and
Fourier’s conductive heat transfer laws, the average Nusselt number (Nu) is defined as the ratio

of convective to conductive heat transfer across a surface boundary [204]:

W _ qconvective _ EAT . i_lL L = Vchannel
L= = =—, ="
qconductive EAT kf Achan surface Eq.3.14
L
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where h is the average convection coefficient we are interested in for the model, ksis the thermal
conductivity of the fluid, and L is the characteristic length of the fluid channel (function of channel
Volume and surface Area). Nusselt number is analogous to the Biot number (Bi = hL/ks) that
represents a similar quantity in solids. Small Nusselt number (<0.1) means heat conduction
predominates relative to convection. Another way of looking at Nusselt number is locally, where
it represents the non-dimensionalized temperature gradient in the y direction at the local point

of the boundary surface:

hxx _ oT” x = Achan section Eq.3.15
ki 0y* y*=0 ' Pchan section A

Nu, =

Local Nusselt numbers can be integrated across the surface to determine the average Nusselt

number. From definition, the local and average heat transfer coefficients are represented as:

k:Nu _ keNu
po= Ve gk

X L

Eq.3.16

This may seem like a circular definition, except that Nu are often fitted empirically and usually

(but not always) represented as correlations of other non-dimensional numbers:

Nu, = f(x*, Re, Pr,De), Nu = f(Re, Pr,De), forced convection Eq.3.17

Nu, = f(x*,Gr, Pr,Ra), Nu = f(Gr, Pr,Ra), free convection Eq.3.18

Two main conditions exist for how the Nusselt correlations are represented in the
literature — constant heat flux, or constant surface temperature (Figure 3.11). Constant heat flux
assumes heat flux along the channel is constant and independent of position along the channel.
Mean fluid temperature in the channel then becomes a linear function. Even if heat flux is not
constant but known, mean channel temperature is easy to predict. Therefore, constant heat flux

condition is applicable to many general problems that do not control surface temperatures.
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Figure 3.11. Thermal assumptions for the reported Nusselt numbers for internal flows. Constant surface
heat flux (gs”) results in a linear mean fluid temperature profile (T,,), while constant surface temperature
(Ts) results in a converging mean temperature profile. Diagrams based on definitions from [204].

On the other hand, constant surface temperature condition results in mean fluid
temperature that converges closer to the surface temperature. Constant surface temperature
condition is appropriate when either surface or external fluid temperature is constant (i.e.,
temperature-controlled container). Neither condition exists perfectly in the real world, but can
be a reasonable approximation to a particular situation. Constant heat flux approximation was
used in the analytical flow cell model while constant temperature approximation was used in

modeling the temperature-controlled heat transfer fluid reservoir.

Nusselt correlations have been proposed for both laminar and turbulent fully-developed
flows in helical channels at both constant temperature (Nur) and constant heat flux (Nug)
conditions [250]—[258]. Laminar flow is regular and smooth, and fluid layers do not mix. The
following correlations are used in the flow cell model for laminar fully developed flows (He < 2000

and Pr > 0.005) [252], [253]:

. ( 4.343 )
NuT = 3657 + 2
[ (1+(957/Pr - He?))

He 3/2
+ <1'158 (1 + 0.477/Pr> )

13 Eq.3.19
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_ 4.636
Nu, = || 4364 + >
(1 + (1342/Pr - He?))

1 Eq.3.20

He 3/2
" <1'816 (1 + 1.15/Pr> )

Turbulent flows are characterized by irregular fluid flow with random mixing. The following

correlation is used in the flow cell model for turbulent fully developed flows (Pr > 1, Re(D/2R)?*

> 0.4) [254], [255]:

1/12

_ pPro4 ( D

Nurq = 35 Re™* _)

D \25 1/6
1+ 0.061 <Re (ﬁ) ) ] Eq.3.21

where D is the heating channel diameter, R is the planar radius of helical channel curvature, and

Pr, He, and Re are other non-dimensional discussed in further sections.

Correlations presented are average Nusselt numbers that do not consider the distribution
of heat flux along the helix. Recent experimental investigations have revealed that local Nusselt
numbers for laminar flows are up to 5 times larger at the outside surface than the inside surface
of the coiled pipe [259]. This means that the outer coil region potentially transfers a lot more
heat than the internal one. This difference is even more pronounced for turbulent flows where
local Nusselt numbers are up to 10 times larger [260]. Little information on Nusselt numbers is
available on the transition region between laminar and turbulent flows which starts at the
transition Reynolds number (Res). Furthermore, inclusion of fluidic cell fittings with changing
pipe diameters close to the cell is likely to interrupt flow development. No information is

available on not fully-developed flows for helical channels.

3.2.4.4. Reynolds number for helical channels

Nusselt correlations are functions of other dimensionless numbers, namely Re, Pr, De, He,

Gr, and Ra. A brief mention of their definition and implementation is in order to complete the
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discussion of the analytical cell model. First parameter if interest is Reynolds number (Re) which

specifies the ratio of inertial to viscous forces in a fluid flow:

inertial forces puDy 4A
= — = , D,=— Eq.3.22
viscous forces U U

where p is fluid density, u is average fluid velocity, Dy is the channel hydrodynamic diameter, A is
the channel cross-section area, U is the wetted channel cross-section perimeter, and u is fluid’s
dynamic viscosity. Dean (De) and Helical (He) numbers can be thought of as curved channel

geometric adjustments of the Reynolds number [261]:

\/0.5 * inertial foces x centripetal forces
De = = Re./D/2R Eq.3.23
¢ viscous forces evb/
He = Re /D/2R, = De(1 + (H/2mR)?)°*> Eq.3.24
R, = R(1+ (H/2mR)?) Eq.3.25

where D is channel diameter, R is the planar radius of curvature, R. is helical radius of curvature,

and H is helix coil pitch as shown in Figure 3.12 A fluidic half-cell example.

B Low Dean number flow — low mixing

High Dean number flow — high mixing

Figure 3.12. Helical channel geometry definitions within the 3D CAD model of the fluidic cell and
associated curved channel flow mixing. Channel geometry (A) defines D as channel diameter, H as helical
pitch, R as helix radius, and R. as the channel curvature radius. Dean number affects the extent of laminar
flow mixing within curved channels (B) [212]. Copyright: (B) reprinted with permission of Royal Society of
Chemistry, from ‘Fluid mixing in planar spiral microchannels’ Fig. 1, Sudarasan & Ugaz, 6(1), 2006, via
Copyright Clearance Center, Inc.
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Re helps characterize the type of internal channel flow — laminar (Re < 2300), transitional
(2300 < Re < 10%), or turbulent (Re > 10%) for straight pipes. Experimental studies have shown that
flow transition is more gradual in coiled than in straight pipes [262]. Dean vortices (Figure 3.12 B)
tend to suppress the onset of turbulence transition. Turbulence transition Reynolds number is

adjusted for curved geometry as follows [261]:

2R
Re, =2100(1+ 12\/D/2R), 10< - < Eq.3.26

where R is the radius of coil curvature, and D is the pipe diameter. Of note, the validity range for
the adjustment lies outside of the current geometric model (2R/D < 5), and thus the straight pipe
transition is assumed (Re > 2300) for the current flow cell model. Unfortunately, experimental
studies on the subject of helical pipes have large coil aspect ratios (curvature relative to pipe
diameter), making it difficult to make well-grounded empirical predictions for compact milli- and

micro-fluidic coils.

3.2.4.5. Helical pipe pressure drop

Laminar flows are generally non-mixing flows and do not provide the heat transfer
enhancement inherent to chaotically mixing turbulent flows. A major disadvantage of using
turbulent flows is high energy dissipation from fluid friction effects, requiring a significant
pressure to sustain flow. Pressure drop in internal channels for an incompressible fluid can be
estimated using the Darcy-Weisbach equation [263], [264]:
AP L u?

P9 Dyp2g

hy

where hy is frictional head loss, AP is the frictional pressure loss, p is fluid density, g is the
gravitational constant, f is the dimensionless Darcy or Moody friction factor, L is the pipe length,
uis fluid average velocity, and Dy is hydraulic diameter. Friction factor f for laminar flow in straight
pipes is simply 64/Re, but the estimate is more involved for transitional or turbulent regimes.

Moody Diagrams have been the engineering go-to methods for estimating the friction factors
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before our current computing power existed. Analytical solutions for straight pipes can be
obtained from the iterative Colebrook-White Equation or its direct approximations [263], [264].
Helical pipe Fanning friction factors for fully developed flows have been proposed for laminar

flow [252], [253]:

0.5

m 2
f=Ts l(l e (3%}29)2)0-5) i (1 " %) (8%3)] ’

iy 2 De <20 Eq.3.28
st — 7 - )
ft—R m—{l 20< De <40
€ 0, De > 40
and turbulent flow [265], [266]:
f = (0.079/Re®?%) + (0.0075,/D/2R,) Eq.3.29

Interestingly, turbulent flow approximation is independent of the Dean number, likely because
this flow regime is chaotic and does not form distinct Dean vortices. Fanning friction factors are
based on hydraulic radii instead of diameters, which makes Darcy friction factors four times (4x)

larger than Fanning friction factors.

3.2.4.6. Prandtl number

Prandtl number (Pr), another parameter used in internal flow Nusselt number calculation,
signifies the relative speed with which momentum and thermal energy propagate through the
fluid:

__ momentum dif fusivity  u/p  HCp
~ thermal dif fusivity k/pcy, ok

Eq.3.30

where u is the dynamic viscosity, p is the fluid density, cp is the isobaric heat capacity of the fluid,
and k is the fluid thermal conductivity. Momentum diffusivity is also referred to as kinematic
viscosity. Thermal diffusivity was covered in Section 3.2.3 for solid materials and makes a
comeback here as a relevant property of a fluid as well. A fluid with a higher Pr will be more

effective at convective heat transfer than a fluid with a lower Pr where thermal conduction will
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play a bigger role. Heat transfer oils feature Pr >> 1, which effectively makes them much better

at transferring heat when not stationary. Pr is independent of geometry.

3.2.4.7. Free convection

Grashof (Gr) and Rayleigh (Ra) numbers are used in characterizing free convective flows
such as hot external flow cell walls where fluid moves due to the fluid density gradient resulting

in buoyancy forces [204]:

buoyancy forces gB(Ty — Ty)L3 1/0p
r = = , = ——<—) Eq.3.31
viscous forces (u/p)? p\aT/,
Ra = Gr - Pr Eq.3.32

where g is the gravitational acceleration, B is the volumetric thermal expansion coefficient of the
fluid, p is the fluid density, u is its dynamic viscosity, and L is the characteristic length of the
surface. Volumetric expansion depends on the difference between surface temperature Ts and
external quiescent fluid temperature T—. Grashof number is analogous to the square of Reynolds
number and plays the same role in free convection as Reynolds number in forced convection.
Raleigh number, a product of Gr and Pr, is used to classify the flow regime and stability which is

important in the selection of the appropriate Nusselt correlations.

Flow cell model uses free convection Nusselt correlations for vertical and horizontal cell
walls associated with the simplified geometry (Figure 3.13). Walls are treated as isothermal

plates. The appropriate correlation for vertical walls [267] covers laminar and turbulent regimes:

. 0.387Ral/6 2
_ 4 13
Nu = 0.825 + T (0493 BTy | 10* < Ra < 10 Eq.3.33

where material properties are evaluated at film temperature Tf = (Ts + T) / 2, Ts is surface

temperature and T is external quiescent fluid temperature.

69



Top surface Half-cell
convection symmetry
; boundary

Vertical surface
convection

7 Bottom surface
g 0 convection
Helical heater region

Figure 3.13. Simplified heated flow cell geometry and free convective flow of air that cools it down.
Model uses the conductive thermal resistance derived from the cylinder within a rectangle shape factor
(Section 3.2.4.8). Free convection considers cooling from the vertical, top, and bottom surfaces. All
external surfaces, except one of the cylinder-containing surfaces at the half-cell symmetry boundary, are
used in free convection due to half-cell symmetry condition. Cylinder-containing surface contributes to
heat exchange and is assumed to be at the average surface temperature sharing conductive thermal
resistance with the rest of the cell.

Upper surface of a hot plate correlates as follows [268]:
Nu = 0.54Ra/*,  10* < Ra < 107,Pr = 0.7 Eq.3.34
Nu = 0.15Ra/3, 107 < Ra < 10 Eq.3.35
while lower surface of a hot plate correlates as follows [269]:
Nu = 0.52Ra'/5,  10* < Ra < 10°% Pr = 0.7 Eq.3.36

Characteristic length for Ra in these correlations is defined as plate surface area divided by its
perimeter (L = As / P). Substituting the described Nusselt correlations into Eq.3.16 vyields
convection coefficients for the appropriate surfaces, which can then be used to calculate heat

transfer resistances at the solid-fluid interfaces.
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3.2.4.8. Conduction resistance

The last component of the model is heat conduction resistance of the cell. While Eq.3.10
adequately describes thermal resistance in one dimension, even simplified cell geometry of the
model is described by at least two dimensions (i.e., a cylinder in a box, see Figure 3.13). Existing
solutions to the heat diffusion PDE are available for certain simple two- and three-dimensional
geometries, and are described as shape factors [204]. Average thermal conduction resistance for
the circular cylinder channel in a square solid (Figure 3.13) can then be described in terms of a

shape factor as follows:

1
Reona2p = ﬁ Eq.3.37
2L
w>D,L>w Eq.3.38

S = In(L.08w/D)’

where Lis the solid depth dimension, w is the side dimension, k is the thermal conductivity of the
solid, and D is the cylindrical channel diameter. Here flow cell L is not much greater than w and
side conduction of heat will contribute to overall heat transfer. 2D approximation can be
maintained by assuming the same cell resistance per cell length is maintained. Side surface area
is included in the vertical surface area, and characteristic length is calculated using the expanded

surface area and perimeter.

3.2.5. Analytical model results

Parameters of interest for the initial fluidic cell design were heating fluid flow speeds,
channel dimensions, expected pressure drop ranges, and heat exchange at steady state for the
presented CAD geometry. Among heat transfer fluids explored during the iterative design process
were air, water, and vacuum pump and heat transfer oils. The relevant results are presented for
the perfluoropolyether (PFPE) heat transfer oil (Solvay Galden HT200) ultimately selected for the

final system implementation using PMMA for fluidic cell material properties.
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The lumped parameter model demonstrated fair agreement with other models and
experimental results for large volume flows (Table 3.5) despite a wide range of assumptions
made. The final model half-cell average surface temperature was within 13.4 % of the
experimentally measured average flow cell surface temperature, and within 17.8 % of the
SolidWorks Flow Simulation finite volume analysis (FVA) model. Analytical model average surface
temperature was taken directly from the converged Tsufsce parameter, while experimental
surface temperature was computed as an average of temperature samples collected as per Figure
3.14 sampling plan. FVA cell surface temperature was taken as an average surface temperature

of the cell model (Section 3.2.6) excluding inlet and outlet tubes.

Table 3.5. Surface temperature comparison between models and experimental fluidic cells.

Analytical model* Experimental* Finite Volume Model*
Outer Surface 51.0 (Tsurface) 58.8* 62.0"
temperature (°C)
Analyte (inner channel) 90 (Tm) ** 90.2* 88.2
temperature (°C)
Enclosure ambient air 30 (Teo) *** 32.2 % 26.0 ###

(°c)

*half-cell heating fluid flow rate of ~200 mL/min

** equal to HT fluid mean temperature by default due to model assumptions
*** assumed parameter based on numerical and experimental results

* average of 24 surface measurements per Figure 3.24

**internal cell optical thermometer measurement

*** average of 8 different location measurements at steady state

# average cell surface temperature

# average HT fluid temperature at closest point to analyte channel

#i# average of horizontal cut plane air temperature
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Figure 3.14. Experimental surface temperature sampling of the fluidic cell. (A) Fluidic cell setup. T-type
thermocouple was secured to the cell surface via a small piece of polyimide tape, and temperature
measured using OMEGA OM-HL-EH-TC temperature logger. Temperature of the cell was stabilized for 30
minutes prior, as well as an additional 3 minutes after moving the thermocouple between sampling points.
Some cell surface regions were not sampled due to poor access or issues keeping the thermocouple
secured. Surface sampling points are shown in (B). Measurement precision was 0.1 °C with a drift <0.5 °C
over a 30 second sampling interval.

Increasing heating channel diameter at the same volumetric flow rate generally increases
heat transfer from the heating channel to the cell up to a point at which flow velocity is too low
to sustain sufficient convection required for effective heat transfer in oils (Pr >> 1) (Figure 3.15
A). This is more pronounced if using straight channel Nu correlations instead of helical Nu
correlations. While heat transfer improvements offer diminishing returns with increasing channel
diameter, pressure drop across the channel decreases significantly (Figure 3.15 B). This agrees
with general theoretical expectations, i.e. pressure drop in laminar incompressible flow is
inversely related to the square of the diameter (Hagen-Poiseuille equation). Here the flow regime
is turbulent for the entire range of diameters and the geometric relationship can be fitted with a

power law where channel diameter is to the inverse 5" power.
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Figure 3.15. The effects of channel diameter and heating fluid flow rate on steady-state heat transfer
rate to the half-cell and pressure drop in the heating channel. Models using helical vs straight channel
convection correlations are compared. Flow rate is 315 mL/min for A and B. Channel diameter is 2.0 mm
for C and D. Flow temperature is set to 90 °C while external enclosure environment is at 30 °C.

Channel diameter of 2.0 - 2.5 mm is in the design region which provides high heat transfer
rates and low pressure drop while maintaining 3D printed cell material integrity and
compactness. Figure 3.15 C shows how heat transfer fluid flow rates affect steady-state heat
transfer performance for this channel size. Heat transfer rates to the half-cell remain high above
200 mL/min since flow transitions to the turbulent regime. Turbulence appears to provide more
effective heat transfer in helical channels compared to straight channels at the cost of further
increasing pressure requirements. Initial design flow rate of 315 mL/min was therefore chosen
since it maintains a pressure drop of approximately 10 kPa and leaves sufficient “pressure drop

reserve” for the connecting tubing and fittings (<50 kPa). A sufficient pressure safety margin (>2x)
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is maintained on the peristaltic tubing at high temperatures. In addition, any variation in flow
rate will maintain the cell in the turbulent regime, providing high heat transfer rates and

acceptable pressure drops.

3.2.6. Numerical modeling

3.2.6.1. Numerical model overview

A numerical 3D fluidic cell model was built using Dessault SolidWorks 2020 Flow
Simulation to corroborate thermodynamic findings from the analytical model and determine
whether 3D cell geometry provided uniform thermal distributions. While the lumped-parameter
model answered essential questions about the average heat transfer and fluid flow rates in the
overall cell control volume, it was insufficient to determine thermal distribution within the

complex 3D geometry of the cell.

In contrast to the analytical model built as a 1D lumped-parameter system of equations
solved using a simple iterative method, the numerical model was built in a SolidWorks 2020 3D
modeling environment defining the model geometry (Figure 3.16). Using a specialized software
module (Flow Simulation), geometry was assigned materials, geometric boundary and initial
conditions, and set up with parameters to solve partial differential equations on the discretized
geometric domain. Resulting model was solved using the software-provided solver and
represented as tabular and visual results associated with the geometry of interest. Multiple
fluidic cell models (Figure 3.16 A, B, C) were simulated using different materials, heat transfer
fluids, and flow and environmental conditions. This section will focus on the more recent model
that uses PFPE heat transfer fluid in PMMA-like 3D print material cell within the geometrically

simplified free-convection-cooled Faraday enclosure (Figure 3.16 D).
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Figure 3.16. Numerical model overview. (A, B, C) Examples of the evolving numerical model geometries
of the fluidic cell implemented in SolidWorks 2020 and SolidWorks Flow Simulation. (D) Most recent
numeric cell model is simulated within the Faraday enclosure with the hot amplifier head stage present.
The enclosure is covered from top with a convective grating lid (not shown).

3.2.6.2. Numerical modeling software

Despite its limitations, Dessault Solidworks Flow Simulation was considered sufficient for
the current fluidic cell model for single-phase incompressible heat transfer flows with low speeds,
transitional to low turbulence regimes, and fairly small pressure drops. Modern industrial
Computer Aided Design (CAD) tools such as Dessault Solidworks or Autodesk Inventor are well-
suited for semi-quantitative simulation of evolving geometric models because changes in 3D CAD
model are reflected in the associated computational fluid dynamics (CFD) packages without
requiring a significant time investment in rebuilding the models. While less powerful in terms of
options and granularity in model set-up than dedicated Multiphysics applications such as

COMSOL Multiphysics or ANSYS Fluent, integrated industrial CAD-CFD tools are the go-to
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solutions for rapid prototyping. Low-hassle user interfaces bridge powerful geometry building
tools with fluid and heat transfer modeling, and focus on simulation speed and automation.
Nevertheless, focus on the needs of design engineers as opposed to domain specialists and
academic disciplines comes at a cost of limitations on how fluid and heat transfer models are
represented and solved. Current Solidworks flow simulation is largely limited to using Cartesian
meshing using rectangular parallelepipeds, and solving non-reacting, laminar and turbulent flows

using Favre-averaged Navier-Stokes equations and a single turbulence model [270].

3.2.6.3. Fluid flow and heat transfer model equations

Favre-averaged Navier-Stokes equations are quite versatile and can be applied for the
simulation of laminar or turbulent, rotating, compressible or incompressible, and Newtonian or
Non-Newtonian liquids [270]. Mass, momentum, and energy conservation equations are
summarized in Figure 3.17. Mass conservation equation (Figure 3.17 A) is implemented as the
general form of the mass continuity equation in Cartesian coordinates where the SPy distributed
mass term is zero for a standard continuity equation, but Flow Simulation can also include Euler-

Lagrange terms for two-phase flows (solid particle + fluid).

Both the momentum conservation (Figure 3.17 B) and energy conservation (Figure 3.17 C)
equations include material stress properties accounting for fluid behaviour and turbulence. The
shear stress tensor T can have Newtonian (shear rate independent) and non-Newtonian (shear
rate dependent) forms, while Reynolds stress tensor t¥ incorporates stresses related to turbulent
flow using the k-g turbulence model. External mass-distributed force terms account for
buoyancy, porous media resistance, and control volume rotation if present. The combined
enthalpy term H includes stagnation enthalpy (combines thermal, pressure and kinetic energy),
rothalpy (rotational energy), turbulence energy, and enthalpies of fluid mixture components if

present.
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Figure 3.17. Favre-averaged Navier-Stokes equations in Solidworks 2020 Flow Simulation [270].
Equation terms are highlighted to present physical analogies most closely representing the terms.

This set of versatile equations is a subset of the Reynolds-Averaged Navier-Stokes (RANS)
approaches that use flow averaging to greatly reduce the computational effort for turbulent flow
problems [271]. The main limitation of the Solidworks implementation is the availability of a
single k- turbulence model, while at least three other well-known approaches exist. In the k-¢
model k is the turbulent kinetic energy and € is its dissipation rate. The model is considered
accurate for non-rotating free-shear-layer flows that have small pressure gradients. Free-shear-

layer flows are flows that do not interact with solid boundaries. The main advantage of this model
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is a fairly high solution stability. In Solidworks, the values for turbulence length and intensity must
be specified by the user. Turbulence length is typically the hydraulic diameter of the channel,
while turbulence intensity is a ratio of root-mean-square turbulent velocity fluctuations and
mean flow velocity that can be estimated from bulk Reynolds number [272]. Rules of thumb
estimate low turbulence intensity value of <1 %, medium turbulence between 1 and 5 %, and

high turbulence between 5 and 20 % [273].

3.2.6.4. Solid and conjugate heat transfer model equations

Solid heat flux (-A I’'T) can be determined from the solutions to the temperature gradient

and heat conductivity tensor (A) in the following equation [270]:

6ch_6</1 aT)+ Eq.3.39
ot~ ox, gy T a2

where the first term describes thermal energy changes in the solid over time, the second term
represents directional heat conduction and Qy is the volume-distributed heat source. Conjugate
heat transfer between fluids and solids balances the heat transfer flux around the isothermal wall
boundary, where fluid heat flux is determined in part from the distributed energy movement
gradient (Figure 3.17 C). Thermal contact resistances between solids are also be included in Flow
Simulation by using an unspecified contact resistance term at the solid-solid boundary that

results in a temperature step between the solid domains.

3.2.6.5. Radiation heat transfer model equations

Radiation heat transfer was modeled using the Solidworks Discrete Transfer model
assuming gray, diffuse surfaces obeying Lambert Law, and not considering radiation transmission
and scattering in semi-transparent solids such as the flow cell material. Gray surfaces have
radiative properties independent of wavelength, while diffuse surface properties are
independent of direction. Another model available in the software is Discrete Ordinates which

approximately solves the radiative transfer equation (RTE) to account for emission, absorption,
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as well as scattering of the incoming and outgoing radiation. This method covers scattering in
semi-transparent media and wavelength-dependent properties. Discrete Transfer instead of the
Discrete Ordinates model was used to improve computational performance with the expectation
that radiative surfaces would receive more energy (i.e. no transmission through a semi-

transparent flow cell).

Discrete Transfer model uses features of both Hottel zone and Monte-Carlo techniques
to compute view factors that specify the proportion of the total radiative heat flux exchanged by
a particular set of surfaces [270]. Both techniques are described in detail by Siegel & Howell [274].
The net radiation balance on a specific surface is the difference between the outgoing and

incoming radiation energy. Solidworks defines outgoing radiative energy Q°“ from a surface i as:
iout — SiGTi4Ai +(1- gi)Qiin Eq.3.40

where the first right-hand side term is heat radiated per Stefan-Boltzmann law while the second
term is the incident radiation reflected by the surface with absorptivity €. Since surface is gray
and diffuse, its absorptivity and emissivity are the same. Incoming radiative energy Q" is defined

as:

"= ZFij Qo Eq.3.41

where incoming energy is the sum of energy leaving other (j") surfaces toward this (it") surface.
The proportion of the total radiative energy arriving at this surface that comes from another
surface is defined as a view factor Fj. View factors can be determined by a Monte-Carlo
simulation method where thousands of rays are traced from one surface and hit other surfaces.
Hit counts compared to the total number of rays released represent the view factor. The direction
at which the rays leave a random radiating point on the surface are determined from Lambert’s
cosine law for a diffuse surface. View factors need to be computed only once at the start of the
simulation, improving computation efficiency. Once both the incoming and outgoing radiative

energy is known, net radiation is simply computed as follows:
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net _ nout _ pin Eq.3.42

l l L

Radiation sources considered in the model were fluidic cell surfaces, enclosure surfaces, support

structure surfaces, and the ambient environment.

3.2.6.6. Domain discretization

The numerical solution is achieved using the cell-centered finite volume (FV) discretization
of the domain into Cartesian rectangular cells (Figure 3.18) [270]. This is the only meshing method
available. Cell blocks are classified as solid, fluid, and boundary cells. Boundary cells are

subdivided into polyhedron volumes depending on the boundary geometry.
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Figure 3.18. Cell-centered finite volume (FV) discretization. Fluidic cell cut plot showing different levels
of mesh refinement using different colours (A). FV cells are classified as fluid, solid, or boundary cells (B).
Boundary FV cells are further subdivided into fluid and solid polyhedral cells (C). In FV method, PDEs are
integrated over the whole finite volume and solutions are produced at the FV cell centers. Solutions for
the entire volume are then interpolated between the FV cell centers.

The cell-centered finite volume method directly integrates the PDEs based on RANS equations

over the defined volumes producing an average value of a solution across that volume [275]. The
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main advantage of finite volume methods compared to finite element methods is that they
guarantee local conservation of mass, momentum and energy across adjacent cell boundaries,
which translates into conservation across the whole domain and a stable solution. However,
guaranteed conservation and stability of quantities does not necessitate solution accuracy.
Solidworks implementation provides second-order accuracy spatial derivatives, which means
that numerical approximation error of the solution decreases quadratically with decreasing
volume element size. Decreasing volume element size can also improve accuracy by meshing
better to curved geometry. Lastly, local solutions are valid for volume centers. Regions between
the centers are interpolated to reconstruct the solutions for the entire volume, which can affect

accuracy.

3.2.6.7. Numerical solution scheme

Solidworks flow simulation solution employs a custom iterative scheme [270] based on
the popular SIMPLE and Multigrid methods [275]. While the details of these schemes are beyond
the scope of this discussion, the idea behind iterative methods is essentially a guess-and-correct
procedure, requiring a sufficient number of iterations to stabilize the solution. Solidworks defines
a travel as the number of iterations required for the propagation of a numerical disturbance over
the whole computational domain. At least one travel is therefore required for a solution
converged across the entire model domain. When simulating fluidic cell models, two to four
travels were used to ensure convergence with surface temperatures and heat fluxes specified as

convergence parameters.

3.2.7. Numerical model results

Parameters explored semi-quantitatively using the numerical model included heating
fluid flow rates, channel dimensions, heat exchange, pressure drops, and temperature
distributions within the complex 3D geometry of the cell. For the sake of brevity only the high

temperature results are shown because they represent the worst-case scenario in terms of
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temperature variability. For example, thermal uniformity at steady state was expected to be
within 1 °C of the membrane chip and its surrounding region based on outlined requirements.
1 °Cis a much smaller fraction of 90 °C than it is of 30 °C, therefore temperature gradients at the

high temperature range would be the limiting indicator of fluidic cell’s performance.

3.2.7.1. Mesh independence

Mesh independence was assessed before using the constructed numerical model to
ensure that the highest resolution (refinement level) and computationally efficient mesh is used
(Figure 3.19). A mesh independence study collects parameter values at locations of interest while
refining the mesh. Results are considered mesh-independent when further refinement produces
very little (i.e. <5 %) change in parameters. A highly refined mesh theoretically results in lower
numerical approximation errors up to the extent where floating point truncation errors and
overall computing resources become a bigger issue. Non-monotonic simulation results are
expected with Solidworks mesh refinement since it uses a combination of different
computational techniques depending on mesh coarseness. Lower resolution mesh may produce
a more consistent and accurate result than a higher resolution mesh if it is in the optimum range
for a particular computational technique for that mesh size. A level 5 mesh with detailed channel
refinement was selected for the model given low mesh dependence, and high memory and

computation time costs of larger refinement.
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Figure 3.19. Mesh refinement in Solidworks Flow Simulation. Mesh refinement is largely automated with
manual control available for small channel feature refinement. Each bulk refinement level of a specific
mesh region splits each cell into eight sub-cells (A). Uniform bulk mesh, default refinement, and detailed
refinement meshes shown for comparison on a sample set of channels. Interestingly, requesting a high
level uniform bulk mesh does not produce the expected detail (i.e. Iv5 gives Iv3 refinement). Plots in B
and C show mesh dependence of sample point temperatures within the fluidic cell channel for two
meshing strategies. Both offer <1.5 % variability at higher mesh densities. Extra channel detail refinements
offer a more efficient mesh with fewer cells that focus on regions in proximity to boundary layers.

3.2.7.2. Heat transfer results

Finite volume analysis (FVA) numerical model results show deviation from the simplified
analytical model, particularly in the laminar and transitional flow regimes (Figure 3.20). As
reported in Section 3.2.4, fluidic cell model geometry is outside of the empirically validated range

for Nusselt correlations available in the helical channel literature. Both the channel size and
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aspect ratios are located outside of the empirically validated range. Numerical results reflect the
discrepancy in heat transfer coefficients, heat transfer rates, and pressure drops. Greatest
agreement with the analytical model is on heat transfer rates and pressure drops within the high

flow rate turbulent regions.
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Figure 3.20. Comparison of results from the numerical (FVA) and the 1D lumped parameter (helical
correlation) model. Model flow rates range from laminar to turbulent flow regimes for a 90 °C input flow
of PFPE heat transfer fluid. Average internal heating fluid temperature from the FVA model is taken as the
mean flow temperature (T,,) of the lumped parameter model, and average enclosure air temperatures
from the FVA model are used in the lumped parameter model as the environmental temperature (T.). (A)
Heat transfer coefficients in the lumped parameter model helical channels are based on the available
Nusselt numbers derived from macroscopic helical pipe experiments with large aspect ratios (2R/D > 10)
and do not adequately describe the compact millifluidic helical channels (2R/D < 5). (B) Heat transfer
coefficient differences from the helical channels result in clear heat transfer rate differences between the
models. Channel pressure drops (D) at various average flow velocities (C) in the smooth-pipe FVA model
appear higher in the laminar and transitional regimes. A pressure drop rate reduction at 250 mL/min may
be an artefact of the switch in numerical model behaviour as opposed to a physical phenomenon, i.e.
hidden automatic change in boundary layer models.
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Numerical model demonstrates better agreement with existing numerical and
experimental studies of curved microfluidic channels as compared to the analytical model. Very
few existing investigations confirm numerical models of milli- and micro-fluidic spiral or helical
channels with experimental results, therefore it is difficult to assess their validity. Existing
numerical models mostly examine spiral micro-channels in the laminar regimes [276]—-[280] and
attempt to leverage curvature-induced laminar flow vortices for improving heat transfer. Only
one study experimentally confirmed numerical heat transfer results in a spiral microchannel heat
exchanger [213]. A significant jump in Nusselt number (Nu) was reported for Reynolds number
Re < 330 due to increasing Dean vortex activity. Low-magnitude laminar coefficients were not
present in the micro-fluidic regime, unlike what is observed using macro-fluidic Nusselt
correlations. The study also reported leveling of Nu for Re > 330 which was associated with the
flow starting to gradually transition toward turbulent behaviour. This behaviour is seen in the
current fluidic cell FVA model where coefficients experience a significant magnitude jump at flow
rates below 25 mL/min (Re < 318), then start leveling off as flow rate increases (Figure 3.20 A).
Figure 3.21 shows channel flow velocity profiles in laminar and turbulent flows where only a
marginal 4.5 % heat transfer rate increase is observed (Figure 3.20 B), consistent with the leveling

of the heat transfer coefficients reported in the experimentally-validated study.
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Figure 3.21. Heating channel velocity flow profiles. (A) Distinct fluid velocity layers are seen in laminar
(Re = 318) flow. (B) Fluid mixing all the way to the solid boundary layer is seen for turbulent (Re = 3184)
flow.

3.2.7.3. Immunity to disturbance

Low variation in heat transfer rates across flow rates (Figure 3.20 B) was leveraged for
designing a system with immunity to unavoidable flow rate disturbances over time. For example,
Viton fluoroelastomer peristaltic pump tubing wear was observed to reduce flow rates by as
much as 30 % over three months of intermittent operation. Several industry white papers report
over 20 % flow rate reduction for fluoroelastomer and EPDM tubing over 504 hours of operation

[281], [282]. Selecting a design flow rate of 150 mL/min for a half-cell provides reasonable
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pressure drops while keeping heat transfer rate changes under 5 % for flow rate changes of

under 30 %.

3.2.7.4. Analyte temperature uniformity

Temperature uniformity within the flow cell analyte channels is not significantly impacted
by the changes in flow rates within the low variability region of heat transfer (> 50 mL/min)

(Figure 3.22).
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Figure 3.22. Uniformity of temperature profiles within the fluidic cell across flow rates. Analyte U
channel temperature uniformity is maintained to within 1 % of the central chip region temperature for a
wide heat transfer fluid flow rate range. Each isotherm designates a 0.25 °C temperature range bin. Drop
in heating channel temperature with the drop in flow rates is related to higher thermal losses in the inlet
tubing system (not shown) at the given flow rates. Inlet fluid temperature was maintained at a
constant 90 °C.
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Temperature uniformity also carries over across different heat transfer fluid flow
temperatures. Analyte channel temperature is uniform to within 1 % of the chip region
temperature for up to 8 mm along the central channels, shown numerically and experimentally

(Figure 3.23, Figure 3.24).
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Figure 3.23. Uniformity of temperature profiles within the fluidic cell analyte channel across
temperatures. Temperature uniformity is maintained to within 1 % of the central nanopore chip region
temperature for the entire temperature range. Results are shown for inlet temperatures of 90, 20, 50,
and 21 °C (room temperature control) Numerical FVA model (A) is in agreement with experimental results
(B). 8 mm uniform temperature region is lightly shaded, while a 1 % normalized temperature range is
more shaded.
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Figure 3.24. Experimental methodology for assessing temperature uniformity of the cell. Average
analyte U channel temperature was measured using an optical thermometer probe of known geometry
at multiple points marked by red Xs. Probe tip position within the cell was measured using a digital caliper
by how much of the probe was exposed outside of the channel in reference to the cell’s edge.

3.2.7.5. Heating channel pressure drop

Pressure losses across the FVA model cell are higher than expected with analytical
approximations (Figure 3.20 D). Analytical results would appear more consistent if turbulent
regime equations were applied to the entire flow range, suggesting secondary flows may play a
more important role in small channels even at low Reynolds numbers. Interestingly, numerical
model shows a reduction in pressure growth rate around 250 mL/min which is close to the
theoretical turbulence transition region. This could be an artefact of the switch in numerical
model behaviour for turbulent regime since friction factors are expected to increase
asymptotically [213] and result in a consistent pressure increase similar to the analytical model.
The main takeaway from pressure analysis is that pressure drops at design flow rates can
approach 10 kPa, and model errors can be well-accounted for by using a pressure safety factor

of at least 2.0.
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3.2.8. Fluidic cell electrodes

3.2.8.1. Electrode type selection

Nanopore sensors use non-polarizable electrodes to transduce nanopore ionic current to
electronic current at the electrode interface, minimizing distortion of both direct (DC) and
alternating (AC) current components. Non-polarizable electrodes, such as the silver/silver
chloride (Ag/AgCl) electrode, pass both DC and AC well since electrode-electrolyte reactions
occur fast, often with the electrode material itself being consumed in the reduction-oxidation
reactions [283]. In contrast, polarizable electrodes, such as the platinum (Pt) and carbon (C)
electrodes used in other biomedical applications, behave like capacitors and do not pass DC well.
Polarizable electrode reactions occur relatively slowly (if at all), and are better suited for AC

transduction.

Non-polarizable Ag/AgCl electrodes are almost universally used in nanopore experiments
with ion-matching (Cl-) electrolytes such as potassium chloride (KCl), sodium chloride (NaCl), and
lithium chloride (LiCl). lon-matching ensures nearly linear transduction of low ionic currents as

per following reversible reduction-oxidation (redox) reaction [283]:
AgCl(s) + e~ = Ag(s) + Cl™(aq) Eq.3.43

where silver chloride (AgCl) at the cathode surface is driven toward reduction with excess
electrons, producing silver metal (Ag), and a mobile negatively-charged chloride ion (Cl-) that
travels toward the positively charged anode. Reaction is reversed at the anode where electrons
are siphoned away from the electrode which drives the reaction toward silver metal oxidation
into silver chloride. While each electrode reaction has a standard half-cell potential of £222mV
at 25 °C, inclusion of both the reducing and oxidizing electrodes in the same electrolyte at

equilibrium largely cancels the potential difference (< +40uV) [283].
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3.2.8.2. Elevated temperature performance and stability

Silver chloride electrodes under non-standard (experimental) conditions have half-cell
potentials dependant on concentration of C/- ions and temperature, therefore residual potential
difference will vary and result in measured voltage offsets at the sensor. The half-cell potential

can be expressed using a modified Nernst equation [283]:

RT
Er oo = Eagciyag — ?ln(ca—]’a—) Eq.3.44

where Eagcyag is the standard electrode potential at 25 °C (+222 mV), R is the universal gas
constant (8.314 J/K:mol), T is the electrolyte temperature, F is the Faraday constant
(96,472 C/mol), c is the concentration of ions (molal), and Y is the activity coefficient that is
experimentally determined and is a function of electrolyte type, temperature and pressure. The
gualitative importance of this relation is that environmental variables for both electrodes have

to be well controlled throughout the experiment for repeatable sensing performance.

Silver chloride electrodes are appropriate for use in the high temperature nanopore
experiments since they maintain high thermal and temporal stability. Electrode standard
potentials are stable up to 300 °C [284], with a drift of as little as 200 uV over 4 years within a
range from 15 to 37 °C [285]. Electrodes under non-standard (experimental) use cases are usually
made non-functional much sooner (several weeks) due to both passive and active depletion of
the thin AgCl layer. Active wear includes redox reaction depletion during the experiment, as well
as physical bumping and scraping of the delicate AgC/ layer during manipulation. Passive wear
includes aqueous dissolution [286], [287] and photodecomposition [288]. Photodecomposition
is minimized by keeping the electrodes away from light sources. Dissolution is minimized by
keeping the common halide ion (Cl-) concentrations as well as electrolyte temperatures low.
Solubility of AgCl in water can increase by an order of magnitude (103 to 102 g/L) in the
temperature range from 20 to 100 °C [286]. Furthermore, high concentrations of halide ions (X =
Cl, Br, I) in aqueous solutions can paradoxically increase dissolution due to formation of AgX:

compounds [286].
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3.2.9. Aqueous electrolytes

3.2.9.1. Electrolyte selection

Aqueous electrolytes such as potassium chloride (KCl), sodium chloride (NaCl), and
lithium chloride (LiCl) are the most frequently used electrolytes in nanopore sensing. When used
at high salt concentration (i.e. 1 M KCl, 3.6 M LiCl), aqueous electrolytes suppress pore surface
effects on sensor current [100], and provide higher current signal amplitude for improved spatial
resolution of the sensor. Temporal resolution of the sensor can be improved by selecting
electrolyte composition that slows down molecular translocations. For example, DNA
translocation can be slowed down by using smaller metal ions (Li+ < Na+ < K+) [289]. This
phenomenon can be attributed to the differences in the transient ionic bond strength between
the positive metal ions and negative DNA backbone. Positive charges temporarily shield negative
molecular backbone, decreasing the overall molecular charge and reducing the net electrostatic
force contributing to molecular motion. Smaller ions can form stronger ionic bonds that take
more time to dissociate, resulting in slower molecular motion over time. The ionic size
observation does not apply to divalent ions (Mg2+) which seem to produce an even greater
charge screening, slowdown of translocation, and molecular aggregation that can clog nanopores
[289]-[291]. High concentration (3.6 M) LiCl is therefore an appropriate design choice for

improving sensor resolution without adversely affecting sensor performance.

3.2.9.2. Electrolyte evaporation

Lithium chloride (LiCl) is the most appropriate aqueous electrolyte to use in the high-
temperature sensing system since it reduces evaporative losses. KCl is frequently used in ambient
room temperature experiments, but is prone to drying out even over the course of a day if not
sealed well against evaporation. LiCl is very hygroscopic, i.e. absorbs and retains water well,
widely used as a dry desiccant [292]. LiCl has also been used in liquid desiccant systems which
require hours at temperatures as high as 80 °C with a low-humidity air flow to regenerate a high-

concentration salt solution from a low-concentration salt solution [293]. Since nanopore ionic
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current is directly dependent on the salt concentration, variability at elevated temperatures has
to be minimized, making high-concentration (3.6 M) LiC/ a better electrolyte from a mechanical

design standpoint.

3.2.9.3. Electrolyte pH buffering

Nanopore electrolytes are pH-buffered solutions since pH — a measure of acidity or
basicity of an agueous solution — affects both the nanopore fabrication by CBD [34] and molecular
stability [2]. Buffers are required to stabilize solution pH which can change as a result of gas
diffusion or other reactions changing the solution’s hydrogen ion balance, i.e atmospheric carbon
dioxide absorption (CO, + H,O - HCO3— + H+). pH buffers such as phosphate, Tris, glycine, and
HEPES are commonly used to maintain a stable pH in molecular experiments. HEPES is a non-
ionic buffer that is most often used in molecular diagnostics for its buffering capacity in the
physiological pH range of 6 to 8, high water solubility, high stability, low binding affinity for metal
ions, and low thermal variation (Good’s buffer criteria) [153]. When compared to other Good
buffers, HEPES has the smallest variation in acid-base dissociation constant (pKa) with
temperature (pKa 7.55 @ 20 °C, —0.014 ApKa/°C), making it ideal for high-temperature
applications. When pKa changes more than one pH unit from the target pH value, buffering

capacity decreases significantly.

3.2.9.4. Electrolyte electrical conductivity

Lithium chloride solution has a linear electrical conductivity profile across the required
temperature range (Figure 3.25) which is expected to result in linear conductivity changes in the
nanopore sensor. Linear conductivity trend is consistent with monovalent metal chloride
solutions used in other nanopore temperature studies that reported solution conductivity

curves [43], [44].
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Figure 3.25. Nanopore sensor electrolyte conductivity with temperature. Linear fit (A) of 160
experimentally measured data points using VWR Symphony benchtop meter with a calibrated Orion
018020MD conductivity cell in 25 mL of 3.6 M LiCl + 10 mM HEPES, pH 8 (21 °C) test solution. Uniform
temperature of a test solution was maintained by a stirred HT fluid bath (B) within 1 °C and solution
temperature was equilibrated for 15 min before collecting 10 data points at each temperature.

3.2.9.5. Electrolyte material compatibility

Electrolyte compatibility with a range of cell materials was verified by subjecting 3D-
printed test channels to degassed electrolytes at elevated temperatures (Figure 3.26). Deionized
water (Dl), isopropanol (IPA), KCl, and LiCl were compatible with FormLabs High Temperature v1
(HTv1) resin material at room temperature. DI, KCl and LiCl exposure resulted in no significant
HTv1 particulate leeching (> 50 um) and low outgassing into solution at 24 hours of exposure up
to 70 °C (Table 3.6). Significant drying and salt crystallization of KCl was observed for all materials
which was expected given its propensity to dry even under ambient room temperature
conditions. Other PMMA-like materials tested (FormLabs High Temperature v2, and Clear v4)

leech into at least one of the test solutions, which rules out their compatibility.
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Figure 3.26. Sample 3D printed material test channels with test electrolyte solutions. Material leeching
and outgassing could be assessed by filling test channels with degassed test solutions and exposing the
devices (A, B) to an elevated temperature condition alongside a room temperature control. Test solutions
were degassed at 45 °C, -30 kPa until no degassing was observed (>5 min) prior to loading into the test
channels. Solution leeching was assessed by pipetting the fluid out of the channels and performing a visual
examination under a wide-field microscope. High temperature resin vl (FormLabs HTv1) has the best
compatibility out of all the translucent PMMA-like 3D print resins tested (Formlabs HTv1, HTv2, Clear v4).

Table 3.6. Material compatibility assessment summary for 3.6 M LiCl + 10 mM HEPES, pH 8, at 70 °C

for 24 hours.

Test component materials* Fluid volume loss (%) Particulate leeching Outgassing
Polypropylene (ThermoFisher none none none
microcentrifuge tubes)

Borosilicate glass capillaries, ID 1.5-1.8 none none none

Clear v4, 1hr post-cure, ID 1.8, 0.5mm walls  8.3-8.8 yes 3-5 bubbles
Clear v4, 1hr post-cure, ID 1.0, 2.5mm walls  14-16 yes 1-3 bubbles
HTv1, 1hr post-cure, ID1.9, 0.5mm walls 0-2.4 none 1-3 bubbles
HTv1, 1hr post-cure, ID1.9, 2.5mm walls 0-24 none 2-3 bubbles
HTv2, 2hr post-cure, ID1.8, 0.5mm walls 50-70 yes 50-70 bubbles
HTv2, 2hr post-cure, ID1.8, 2.5mm walls 15-50 yes 15-50 bubbles

* Ranges based on testing N = 5 channels per material and geometric condition
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3.2.10. Fluid loss management
3.2.10.1. Water loss

Water loss from the aqueous electrolyte increases salt concentration and conductivity of
the electrolyte over time, which may be detrimental to nanopore sensor repeatability and long-
term sensing performance. Water loss may come from absorption into fluidic cell material (i.e.
polymers), and evaporation into ambient environment due to increased vapour pressure of fluid
at elevated temperature. Very few studies of nanopores at elevated temperatures directly
discuss fluid loss or address strategies on its management. One study reported non-negligible
water loss from a Teflon fluidic cell, requiring water addition of 7 uL/hr at 25 °C and 64 uL/hr at
70 °C [28]. Investigations from Section 3.2.9 (Table 3.6) showed <2.4 % fluid volume losses over
24 hours at 70 °C using HTv1 resin material in oil-plugged channels, suggesting low material
absorption or vapour conduction. Qil sealing the channels is not a user-friendly option for easily
re-usable fluidic cells, therefore barrier material caps were investigated for sealing quality and

re-usability.

3.2.10.2. Barrier polymeric materials

Barrier polymeric materials restrict passage of gases, vapours, and liquids through their
boundaries and include a wide variety of materials which the reader is encouraged to explore via
the provided references [294], [295]. Of interest are generally bioinert materials used for sealing
molecular products, i.e. medication/vaccine vial stoppers. Rubbers, particularly butyl and
silicone, have shown high temperature stability (i.e. autoclaving at 121 °C), and low water
retention [296]. Silicone elastomers have the advantage of easy prototyping in 3D-printed molds
using readily available condensation cure silicones (Dow Corning 732, 737) (Appendix C — Fluidic
cell barrier cap casting system). As such, fluidic cell barrier caps were prototyped in silicone after
early attempts at obtaining commercial butyl and EPDM rubber components of suitable

geometry and low cost proved unsuccessful.
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Thermal stability of silicone-cast barrier caps (Dow Corning 737) was assessed in
comparison to 3D-printed rubber caps (Formlabs Flexible v2) used to seal existing room
temperature fluidic cells (Figure 3.27). Flexible material caps provided an adequate fluidic seal
with on average 0.14 mm diametral compression with no statistically significant compression set
(paired t-test, n = 10, a = 0.05) after 24 hours at room temperature (~20 °C) (Figure 3.27 A).
Compression set was significant at 28 % when left at 95 °C for 24 hours. In addition, Flexible
material stiffened and failed likely due to hoop stresses (Figure 3.27 B). Silicone caps had a larger
initial diametral compression of approximately 0.6 mm and showed compression set at both
room (12 %) and elevated temperature (20 %). Nevertheless, silicone caps remained usable.
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Figure 3.27. Thermal stability of fluidic cell barrier caps. Formlabs Flexible (v2) material caps designed
for low temperature operation in existing nanopore fluidic cells are compared to silicone caps designed
for high temperature cells with similar capping geometry. While Flexible material caps did not show
significant compression set (A) at room temperature, they failed (B) after 24 hours at elevated
temperature. Silicone caps showed significant compression set at room and elevated temperature, but
remained functional.

3.2.10.3. Barrier cap effectiveness

Effectiveness of the HTv1l material cell with a silicone cap at containing fluid losses was
assessed by measuring the conductivity of the electrolyte within the cell over time at different
temperatures. Initial attempts at continuously measuring both nanopore and solution

conductance within the fluidic cell at elevated temperatures had inconsistent results. First

98



challenge was the growth of SiNx nanopores at elevated temperatures, detailed in the later
sections. The second challenge was that even without the nanopore, elevated temperature
measurements produced unexpected drift dependent on temperatures. While a 200 Q drift of
electrolyte resistance over 1 hour may be negligible for a 100 MQ nanopore sensor, it is not
negligible for a 1000 — 2000 Q fluidic cell channel used during the pore-less experiments. Given
the vast number of variables affecting electrochemistry, experimentally disentangling the causes
of measurement instability was beyond the scope of this work. Instead, a custom milli-fluidic
conductivity cell was constructed to measure the conductivity of the electrolyte withdrawn from

the cell at room temperature.

Typical high-accuracy commercial conductivity meters involve large electrodes
maintaining stable and predictable electrical fields within analyte solutions while stirring to
maintain uniform temperature and pH [297]. Macroscopic dimensions of commercial
conductivity cells are optimized for generic use cases, where conductivity measurements become
mostly independent of cell and electrode geometry for a wide range of conductivity,
temperature, and pH values. Instead, a millifluidic conductivity cell (Figure 3.28) was designed
for use with aqueous electrolytes in a narrow parameter range, i.e. high conductivity solutions of
neutral pH at room temperature. A straight channel configuration with dual Pt-wire electrodes
provided sufficient experimental precision (Figure 3.29) when used with the LiC/ solution of
known concentration and conductivity (Figure 3.25). Conductivity was adjusted for measured
temperature variation using the modified Gaussian amplitude equation with interpolated LiCl-
H,0 mixture constants from Wu et al. [298]. While the correlation used for temperature
compensation has a reported accuracy of 1.98%, the precision of average measurements was
within 0.5% and deemed sufficient. Precision, not absolute accuracy, was considered most
important for comparative analysis of concentration changes within the same electrolyte

solution withdrawn from the fluidic cell.
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Figure 3.28. Millifluidic conductivity cell. (A) Basic principle involves measuring the electrical resistance
(R) of a fluidic channel with known geometry (cell constant k) to determine the analyte resistivity (p).
(B) CAD model of the latest design features a 25 pL analyte channel that draws in and retains analyte in
the vicinity of the electrodes by capillary forces. (C) Several prototypes were 3D-printed, with V0.2 used
in electrolyte resistivity measurement experiments at room temperature.
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Figure 3.29. Conductivity cell validation. Conductivity cell was tested with independent 20 uL samples of
3.6 M LiCl + 10 mM HEPES, pH 8, at room temperature. Cell was thoroughly flushed with deionized water
(DI) and dried between samples. Cell temperature was equilibrated for 2 minutes after sample loading,
and resistance measurement was carried out for 2 minutes while also recording cell temperature.
(A) Average solution resistance decreases with temperature linearly, consistent with expectations.
(B) Solution concentration (molal) is recomputed per Wu et al. [298] correlations for conductivity of
LiCl+H;0 mixture as a function of temperature and concentration with a 1.98% accuracy error shown as
error bars. (C) Solution conductivity is then normalized to 21 °C using the computed molality. (D) When
normalized by average conductivity, variation in conductivity is less than 0.5 %, suggesting good precision.

The nanopore fluidic cell manufactured using HTv1 resin and using silicone barrier caps
demonstrated negligible conductivity changes (<0.7 %) in 3.6 M LiCl + 10 mM HEPES, pH 8, over
1 hour up to 70 °C (Figure 3.30). The greatest conductivity increase (<4.4 %) was observed from
solution degassing (60 °C, -30 kPa) prior to loading into the fluidic cell. In this context, conductivity
increases are interpreted as resulting from electrolyte solution water losses, similar to elevated
temperature observations during material testing (Table 3.6). Thus, the fluidic cell is considered

suitable for nanopore experiments.
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Figure 3.30. Conductivity changes in the HTv1 fluidic cell with silicone barrier caps. (A) Electrical
resistance of the electrolyte (3.6 M LiCl + 10 mM HEPES, pH8) withdrawn from the HTv1 fluidic cell held
at a particular temperature was measured at room temperature (RT) using the millifluidic conductivity
cell. Data points for each temperature represent resistances of the initial electrolyte solution and solution
after 1 hour at the specified temperature. (B) Trends in raw resistance values are not meaningful until
plotted as temperature-adjusted conductivity values. Greatest conductivity increases (<4.4 %) are
observed with electrolyte degassing (60 °C, -30 kPa) prior to loading into the cell, while electrolyte
exposure to the cell at elevated temperature only accounts for <0.7 % of conductivity increase.

3.2.10.4. Flow cell pressure management

Sealing the fluidic cell channels against evaporation using silicone barrier caps creates

pressure in the fluidic channels approaching the thin silicon nitride (SiNx) nanopore membrane
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(Figure 3.31). Silicone rubber provides an airtight seal, acting like a piston during insertion.
Pressure rise above 0.26 atm (or capping force >0.7 N) is sufficient to push the cap out following
insertion, while pressure rise above 2 atm is sufficient to burst the SiNx nanopore membrane.
Norcada chips with 40 um x 40 um area and 10 um thickness SiNx membranes have burst
pressure of approximately 2 atm (per information from a representative in 2020). While a sealed
fluidic cell should theoretically experience the same pressure rise on both sides of the membrane
due to channel symmetry, in practice channels are filled and sealed sequentially, necessitating a
pressure relief mechanism. Furthermore, temperature elevation in a heated system sealed
against fluid losses must consider thermal expansion of material and fluids which ultimately

contributes to additional pressure rise.
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Figure 3.31. Fluidic cell sealing pressure relief. High cap insertion pressure prevents cap retention (A),
and causes SiNx membrane blowout (B). Capping pressure was calculated using ideal gas law assumption
and CAD geometry volumes. Membrane blowout and cap retention issues were confirmed
observationally. Inexpensive pressure relief system consists of a small needle or a pipette tip (C) filled with
an electrolyte solution plug to reduce internal evaporation.

A simple and inexpensive pressure relief scheme consists of a through hole in the cap in
addition to the existing electrode hole (Figure 3.31 C). A needle or a pipette tip are placed within
the hole to prevent electrolyte spillage on the external cap surface near the electrode connection
junction. Active junction corrosion reactions adversely affect amplified current offsets during
detection of pico-Ampere currents. An electrolyte solution plug within the pipette maintains an

internal vapour pressure of water, reducing internal channel electrolyte evaporation.
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3.3. Thermal Flow System

3.3.1. Temperature measurement

Fluidic cell temperatures are measured using a commercial optical thermometer system,
while heat transfer fluid reservoir temperatures are measured using custom thermocouple
circuits (Figure 3.32, Figure 3.34). Optical thermometer decouples external electromagnetic noise
from the fluidic cell and the sensitive pre-amplifier circuit. Electrical decoupling is not required
for other temperature-monitored flow system components, therefore significantly more cost-

effective thermocouples are used for temperature feedback.
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Figure 3.32. Temperature measurement systems in the instrument. Optical thermometer measures
temperature within the fluidic cell’s analyte channels in the vicinity of the nanopore chip, while
thermocouple thermometers measure heat transfer fluid reservoir temperatures for feedback control.

While theoretically noise-free, optical thermometer systems placed in the vicinity of the
nanopore membrane chip can introduce stray sensing currents from semiconductor substrate
excitation (Si band gap ~1.1 eV [202]). Osensa FTX-200-LUX+, used in the current system, is a
phosphorescence decay detector which uses a laser of specific wavelength to excite a phosphor

crystal. Temperature-dependent light emission from the crystal is read back after excitation
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ceases, with specific attention to decay time and intensity. The principles have been well
described [299] and commercialized into a cost-effective package by several companies (Osensa,
Advanced Energy, Optocon) for use in environments averse to metallic sensors (MRl machines,
industrial power transformers). The main concern with commercial miniature optical probes is
potential light leakage, which has been reported by most manufacturers contacted. Nanopore
noise resulting from light leakage in the Osensa device is shown in Figure 3.33. While of low
significance for a high-noise nanopore tested here, a low-noise nanopore usable for molecular
experiments (pore with 101 — 10° pA2/Hz 1/f noise at +100 mV) will report false molecular events
based on the low frequency spikes present. Of note, light leakage noise is reduced with increasing
temperature which may be related to the shift in energy absorption spectrum of silicon toward

higher photon energy excitation with temperature [300].
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Figure 3.33. Optical temperature probe noise in a nanopore-containing fluidic cell. A noise PSD of an
8.5 nm pore in a SiNx membrane of 12 nm nominal thickness, in 3.6 M LiCl + 10 mM HEPES (pH8), is
assessed at 0 and +100 mV at multiple temperatures. Shown is a high-noise nanopore that flagged the
issue initially. Light leakage noise in the low frequency regime is significant and changes with temperature,
therefore simple notch filters cannot be used to effectively remove the noise. While light leakage noise is
not significant for this test pore at +100 mV sensing voltage, it would be for a usable low-noise nanopore
(<1 pA%/Hz under 100 Hz).

Light leakage is addressed by coating the probe in a thin layer of black polyurethane (PU)
electronics potting compound (Loctite US2350) (Figure 3.34 A). First, open probe end is filled with
neutral cure RTV silicone (Dow Corning 737) to tightly seal the phosphor crystal from the PU

components. Once silicone is cured, the probe is dipped in a two-part PU compound. A black-
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coloured, medium-hard (Shore 85A), chemically, electrically, and moisture-resistant coating
significantly attenuates optical noise while adding only 0.1 — 0.2 mm thickness to the probe. PU
is also in the upper range for thermal diffusivity for plastics, which should not significantly impede

heat conduction from analyte solution to the probe.
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Figure 3.34. Thermometer systems. (A) Optical thermometer system (Osensa FTX-200-LUX+) consisting
of the main device connected to a phosphor temperature sensor probe (PRB-400-02M-STM-20). Probe is
coated in polyurethane (Loctite US2350) to significantly attenuate leakage of excitation light into the
nanopore fluidic cell. (B) Thermocouple thermometer system consists of the AD8495 thermocouple
amplifiers (Adafruit 1178) connected to miniature type T thermocouples (Omega Engineering 5TC-TT-T-
30-36), and a NI USB6002 data acquisition system. Type T thermocouple is wired into the amplifier as
shown (Cu, Cu-Ni connections), powered by a 5 V power source V+/V-, and read in differential mode from
D+/D- connections.

Subsystems other than the fluidic cell within the Faraday enclosure do not require
electromagnetic isolation and were implemented using an inexpensive custom-built
thermocouple amplifier system (Figure 3.34 B). Reader is encouraged to explore the breadth of
electrical and chemical thermometer systems in relevant reference literature [301], [302].
Thermocouple thermometers were chosen for their ease of implementation, cost effectiveness,
and adequate measurement performance. With the constructed system, temperatures can be
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measured to within 0.1 °C precision, 1 °C accuracy, and high bandwidth (~7 kHz) in the range of
0 to 100 °C. In practice, custom Python software limits data sampling closer to 1 kHz per
multiplexed DAQ channel with a 20-point average for stable and reliable output. For further
information, theoretical background and practical implementation of thermocouple circuits is
well-described by academic [303], and industrial [304], [305] sources. A reference database for

thermocouple electromotive force vs temperature is available as NIST ITS-90 standard [306].

3.3.2. Heat transfer fluids

Synthetic perfluoropolyether (PFPE) dielectric heat transfer fluid (Solvay Galden HT200)
circulates within the fluidic heating system. It is a clear, chemically inert, non-combustible, highly
electrically resistant (10> Q-cm) fluid with around three times the kinematic viscosity of water at
equivalent temperatures (PFPE 2.72 cst vs. water 1 cst at 20 °C) [307]. Deionized water (DI) was
the initial fluid of choice due to favourable thermal properties and cost considerations, but
proved to have insufficient electrical resistivity (18.2 - 10% Q-cm), resulting in noise coupling into
the nanopore system. Galden HT200 has thermal conductivity nine times lower than water, and
thermal capacity four times lower than water, requiring higher flow rates for equivalent heat
transfer. Recommended heating rate for HT200 is < 4 — 5 W/cm? for a high safety factor before
fluid breaks down at approximately 14 W/cm?. Heating beyond 200 °C upper limit for HT200 is
highly frowned upon since resulting fluorinated breakdown products are bad for the general
health of the researcher. Otherwise, PFPE are highly inert, safe, and compatible with a wide array
of materials used in the current system (Stainless 304, 316, silicone, Viton, PC, PE, PS). The main
disadvantage of PFPE is its cost which comes at 170 USD/kg, only around 330 times lower than a

kilogram of gold. Approximately 4 kg of fluid is used in the system.

Other less expensive heat transfer fluids which the reader may be interested in exploring
include silicone fluids (Dow SYLTHERM), mineral oils (MultiTherm 1G-1), or other synthetic fluids
(Eastman Therminon, Dow DOWTHERM, DuPoint Susterra). Fluids not designed for heat transfer
but that may be applicable include vacuum pump oils (Solvay Fomblin, DuPont Krytox, Welch

DirecTorr, Dekker Vacuum, JB Industries, etc.). A significant comparative advantage that PFPE HT
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fluids have over other fluids is lower (> 2x) fluid viscosity at the required temperatures. Lower
viscosity leads to lower pressure operation of the system which can facilitate the use of more
compact and lower cost flow equipment. PFPE fluids also have comparatively lower vapour
pressures, reducing evaporative losses from the system for long-term use. Environmentally-
conscious PFPE disposal is however more challenging given the extreme chemical stability of the

compounds under normal operating conditions.

3.3.3. Temperature control

3.3.3.1. Heating subsystem

Multiple temperature setpoint system, as opposed to a single flow-through heater,
enable simple control and faster temperature ramp schemes for systems with large fluidic
volumes and high thermal mass components (heater, tubing, pump) (Figure 3.35). An example
rapid heating scheme involves using a higher temperature setpoint heater to bring the average
cell temperature to the desired setpoint, then switching to the desired temperature setpoint
heater. The step response scheme is sufficient for the initial temperature maintenance
experiments planned using the system, requiring only two to three setpoints. In addition, limits
on the recommended safe upper heating rate of the heat transfer fluid (< 7 W/cm?, SF = 2) do

not favour a single heater for rapid temperature ramping.

The main disadvantage of the multi-heater system is the cost of additional heaters,
temperature controllers, and support structures when more thermal setpoints are required.
However, modular system design ensures any type of heating system can be implemented at a
later date to meet any new requirements. Off-the-shelf continuous fluid circulators (i.e. Julabo
Forte HT) for variable temperature control can cost upward of 30,000 USD, and likely cost more
to develop and test in house. A single temperature setpoint bath and associated components
costs < 2500 USD (plus time to assemble). The requirement for heaters to not leach metal ions
into the HT fluid to maintain high electrical resistivity places a significant limitation on the use of

cheaper metal housing heating systems. Unpublished manufacturer material compatibility data
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suggests metal can lose mass into Galden HT fluids at high temperatures (i.e. stainless steel, 0.02

% at 200 °C, 500 hrs). Current fluidic heater design is shown in Figure 3.36.

Control 1
system

pA current amp

Peristaltic

pump Optical thermometer R ———— |

Figure 3.35. Heat transfer (HT) fluid flow distribution system. Multiple thermal setpoints can be set up
to initiate step responses in fluidic cell temperatures, simplifying the control scheme and reducing the
importance the thermal mass of the heating device. In addition, fluidically compatible glass/ceramic
heating surfaces that do not leach metal ions into the HT fluid will not experience frequent thermal cycling
that may significantly reduce their service life. Much cheaper components such as flow splitters, tubing,
fittings, and the fluidic cell are easily replaceable in case of thermal fatigue failure, as well as routine
maintenance schedules.
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Figure 3.36. Heated fluid bath component overview. The subsystem consists of a heated glass fluid bath
(Ace Glass Instatherm 9601-18) and a custom-built stirrer secured within a rigid T-slotted frame (A).
Custom stirrer uses an inexpensive stepper motor system, 3D printed speed increaser gearbox, and 3D
printed impeller and baffles to ensure uniform, safe, and efficient HT fluid heating (B). CSA-certified
AutomationDirect SOLO4848-based temperature controller built by the University of Ottawa electronics
shop provides automated temperature control tunable via a USB connection from PC. System provides up
to 1200 W of PID-controlled heating power over the wide heater area of the bath, which covers both the
initial transient (~750 W), as well as fluidic cell temperature maintenance requirements for up to 95 °C
(~250 W) with a generous safety factor. Large heater area allows for safe (<7 W/cm?, SF = 2) HT fluid
heating. Appendix D — Elements of mixing fluid heater design — shows the idealized heater requirements
curves.

Stirred hot tank design ensures safe and uniform HT fluid heating for precise control of
fluidic cell temperature. Baffled volume with a pitched-blade impeller stirrer was designed and
3D printed in Formlabs High Temperature resin for the lack of compact and affordable
commercial systems for the required design parameters. Reader can refer to a range of mixing

reactor designs and mechanical design procedures in the chemical process design literature
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[308]—[312]. Design practices for support structures and gearboxes can be found in the standard
machine design literature [313], [314] and component manufacturer websites (McMaster-Carr,

Misumi, NTN, SKF, KHK Gear, etc.).

3.3.3.2. Cooling subsystem

Cooling reservoir (Figure 3.37) provides ambient temperature HT fluid to the fluidic cell.
The inexpensive implementation consists of a room temperature radiator circulating the fluid
from the ‘cold’ HT fluid reservoir. The heat dissipation rate is typically low since the system is
working with low temperature gradients even if convection coefficients and convective areas of
the radiator are large. Under typical operating conditions, temperature gradients are under 5 °C
and occur when hot flow is switched to a room temperature flow and around 50 mL of hot fluid
mixes into the 1 L cold reservoir system. When more hot fluid is mixed into the system raising its
temperature, heat dissipation is significantly lower than an equivalent water-based cooler due to
the low thermal conductivity of the HT fluid combined with low fluid flow speeds within the

radiator.

While this design most certainly needs optimization, the cooling system is presently
sufficient for basic experimental applications that do not require rapid cycling between hot and
cold setpoints. Cooling system can be significantly improved by integrating a compact Peltier
cooling system to provide better heat dissipation and below-ambient temperature capability, i.e.
Laird Thermal Systems SLA-400-24-02 liquid-to-air module (< 200 W at AT = 20 °C) or equivalent.
The main disadvantage of a Peltier cooling system would be low efficiency, high power draw, high
costs (> 1000 USD), and high dead volume of expensive HT fluid. Further information on heat
exchanger analysis, design, and optimization is available from the following literature [209],

[315]-[317].
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Figure 3.37. Room temperature circulator. Glass reservoir holds the room-temperature setpoint fluid,
while a copper radiator from a computer watercooling system equalizes the fluid temperature with
ambient room temperature. Cooling rate is variable, depending on the temperature of the incoming
reservoir fluid which usually does not exceed 25 °C with alternating hot-cold switching every 5 minutes
(time to ~99 % of setpoint).

3.3.4. Flow control system

3.3.4.1. Pump

The flow control system consists of the peristaltic pump and flow splitters connected to
the fluidic cell and the temperature-controlled reservoirs (Figure 3.35). Peristaltic pump (Figure
3.38) maintains the HT fluid in a closed fluidic loop, simplifying design and maintenance of the
system. Low volumetric flow rates with higher viscosity fluids in the system make positive
displacement pumps (piston, gear, screw, peristaltic) more suitable than centrifugal pumps.

Peristaltic pumps are particularly suitable, since they do not require complex and expensive high

112



temperature oil seals, instead relying on a single peristaltic tube that is trivial to monitor and
replace with wear. Galden HT 200 fluid is too thin to be a machine lubricating oil. It is also
hydrophobic which would facilitate its mixing with bearing and gasket oil films, which is undesired
given its poor lubricating properties as well as eventual changes to heat transfer properties this

could induce.
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Figure 3.38. Peristaltic pump set-up. Stainless-steel roller peristaltic pump (Cole Parmer Masterflex L/S)
provides high-temperature tolerant fluid displacement through the system at a constant, manually-set
rate. Working tube (McMaster-Carr, high temperature Viton fluoroelastomer, 1/4” 1D, 1/8” thick) is
subject to wear over time with frequent temperature cycling. Silicone lubricant (Dow Corning High
Vacuum Grease) extends usability from under 10 hours to months of use with re-lubrication. Pump
manufacturer did not recommend tube lubrication, likely because it corrodes tube sales figures. Flow rate
decreases by upward of 20 — 30 % over months of operation which was designed for and consistent with
industrial reports (Section 3.2.7.3).

Steel roller peristaltic pump allows long-term high-temperature operation that would
otherwise result in thermal deformation of plastic rollers typically used in such systems. The
drawback is significantly increased heat conduction away from the HT fluid within the tube. As

such, pump is placed downstream from the fluidic cell, drawing hot fluid through by negative
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pressure gradient. An additional benefit of such arrangement is very low effect of the vibration
resulting from the oscillating flow rate of the pump at the outlet on the fluidic cell located before
the inlet. Tube compression by the roller at the pump inlet stores elastic compression energy

which is released at the outlet, transiently accelerating the fluid.

Pulsatile flow at the outlet is reduced by a specific implementation of the overpressure
protection system (Figure 3.39). Air within the HT fluid container of the overpressure system
provides oscillatory flow damping, only triggering the overpressure valve when pressure exceeds
~105 kPa. Soft (Shore 60A) high temperature Viton fluoroelastomer tubing (McMaster-Carr)
carrying the HT fluid provides additional viscoelastic dissipation. Other methods of addressing
discontinuous flow include adjusting number of rollers and using multiple offset roller heads,

which can result in rapid subsystem cost increases (> 3x).

Overpressurerisk - sesseses *pop*

Overpressure valve
'
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Open Reservoirs Closed valves

Figure 3.39. Overpressure protection system. In an accidental case where flow switching valves are closed
while pump is running, forward direction pressure can unpredictably eject hot HT fluid into the
environment through a failed fitting. Overpressure valve system provides immediate hardware protection
and audible user notification (pop). Reverse direction is safe since it is drained of fluid and collapses, or
draws cold air in. As an additional effect, air within the overpressure system acts as a pump outlet flow
oscillation dampener.
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3.3.4.2. Flow control valves

Flow splitters or flow control valves are responsible for directing flow between
temperature-controlled reservoirs and the fluidic cell (Figure 3.40). Custom design was
implemented for the dearth of affordable non-metallic commercial valves with low thermal mass,
low heat conduction, and high operating temperature. Commercial isolation / pinch valves use
pinch plunger materials that are likely to fail over 70 °C, requiring reinvention of the wheel.
Designed valves can be considered pinch / isolation valves useful for a variety of tubes,
compatible with temperatures up to 130 °C, and packaged into a stackable space-saving
configuration. Appendix E — A few notes on pinch valve design — contains additional design-

related details on the flow splitter.
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Figure 3.40. Flow control valves. HT fluid is directed between setpoint heaters using the flow control
valves / flow splitters. The main principle is the symmetric pinching of both inflow and outflow tubes by
cam-actuated pistons (A). Servo motor (Hitec HS-422) provides sufficient torque to pinch off the HT fluid
flow in high temperature Viton fluoroelastomer tubing. Piston, ridge, and tube components are designed
to be swappable high-temperature-compatible 3D print components to address eventual fatigue wear.
Multiple flow control valves can be stacked (B), with Adafruit 815 PWM servo driver supporting up to 16
flow switches from a single controller.

3.3.5. Amplifier cooling

Heating the fluidic cell to a high temperature within the Faraday enclosure also heats up

the internal air space, reducing the cooling of the pre-amplifier head stage. The original Chimera
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VC100 Faraday cage is a sealed aluminum enclosure (Figure 3.41 A) that retains the internal
temperature upward of 24 °C under normal operating conditions with main heat input from the
pre-amplifier board (40 — 45 °C surface temperature). Fluidic cell and associated HT fluid tubing
provide an additional heat source, with average cell surface and tubing temperatures rising close
to 60 °C (measured), and contributing up to 9 W extra heat (FVA model) at 90 °C temperature
setpoint. Pre-amplifier board positioned horizontally within the original enclosure is not optimum
for heat dissipation, resulting temperature elevation beyond the expected range (< 50 °C). As
such, the Faraday enclosure was redesigned (Figure 3.41 B) with the vertical re-orientation of the
pre-amplifier, and inclusion of ventilation grating with effective electromagnetic shielding up to
1 MHz bandwidth required for nanopore sensing. The goal was to keep the pre-amplifier surface

temperatures below 50 °C.

The ventilation grating provides sufficient air flow at the 90 °C fluidic cell heating setpoint
for 1 hour to keep the pre-amplifier in the desired temperature range. The central pre-amplifier
surface is at an average of 47.9 °C (SD 0.9, n = 3) while maintaining surrounding air temperature
at an average of 32.0 °C (SD 0.7, n = 5). The temperatures are higher than predicted by the
Solidworks finite volume model (41 °C central pre-amplifier surface, 26 °C air) since ventilation
grating geometry was simplified with larger holes for the same total open area, while also
eliminating the reflector sheet in the model. Further reductions in pre-amplifier temperature
could likely be achieved by using high-absorptivity paint on the internal enclosure surfaces, and
adding active external cooling. Gratings are dimensioned to accommodate standard 120 mm
computer fans if required. Tubing and fluidic cell insulation with foams has been considered, but

presents an impediment to the user friendliness and ease of maintenance criteria.
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riginal amplifi‘er“
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Figure 3.41. Faraday cage. Original Chimera VC100 Faraday cage enclosure (A) compared to redesigned
enclosure (B). Both the base and the lid have been modified with ventilation grating (C). Component
positioning flexibility has been extended by including input ports and interchangeable instrumentation
connector. Ventilation grating is made from inexpensive perforated sheet metal, sufficient to facilitate air
convection while attenuating and reflecting incoming electromagnetic interference (EMI) (D). Reflector
and attenuator holes are staggered across a 1 mm gap, providing further EMI attenuation via reflection.

3.4. Noise Control

3.4.1. Electrical noise

Faraday cage enclosure blocks the propagation of external electromagnetic fields into the

highly sensitive nanopore current amplification instrumentation (Figure 3.41). The inclusion of
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ventilation gratings to manage internal heat warrants analysis of the grating aperture size that
would provide high attenuation for external signals below 2.5 MHz cut-off frequency. A rule of
thumb is that the cut-off wavelengths for an aperture should be less than 1/20™ of the
wavelength being blocked [318]. However, a better estimate can be made by considering that
the grating is both a solid wall (electromagnetic wave reflector and attenuator), and a waveguide
on account of aperture geometry [319], [320]. Simplifications from plane wave and waveguide
theory can provide estimates for external signal attenuation, although assumptions of electrically

thick materials with low intrinsic impedance have to be met:

No

Wall reflection, Ryau = 20 xlog—— Eq.3.45
4na
t
Wall absorption, Ayan = 20 % log (exp 6_> Eq.3.46
Al
o . . —2t
Reduction inreflection ef fectiveness, S, = 20 *log |1 - exp6— Eq.3.47
Al
Cylindrical waveguide attenuation,
Aoy =32+—= [1—|—=| —10=*1
cyl * D <fc) * Og( n )

where no is the intrinsic impedance of free space, na is the intrinsic impedance of Aluminum, t is
the material thickness, 64/is the skin depth of Aluminum at frequency f, n is the maximum number
of material apertures lined up in straight line, D is the aperture diameter, and f is the specified
cut-off frequency for the first electric field mode (TE10). The simplifications taken do not consider

the contribution from multiple wave modes and directions, instead assuming a plane wave.

Computing the waveguide relation to find aperture diameter that attenuates a 1 MHz
waveform (highest sampled frequency) by 120 dB with a cut-off frequency of 2.5 MHz results in
<0.97 mm aperture requirement. Producing custom gratings with these dimensions was
financially impractical, therefore commercially available and affordable Aluminum perforated
sheets with 1.6 mm hole diameters (McMaster-Carr 9232T311) were acquired for the initial

prototype and stacked to the required thickness (Figure 3.41 D). Stacked material is thick enough
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to provide > 400 dB theoretical solid wall attenuation. The limiting factor is 1.6 mm aperture
diameter, resulting in approximately 60 dB expected theoretical attenuation when lined up as a
grid. This was addressed by placing a staggered aperture reflector sheet in front of the attenuator
across a 1 mm gap to facilitate backward reflection of already attenuated waves, and further
attenuation from the gap itself (Figure 3.41 D, Figure 3.42). The original VC100 enclosure has
several loosely shielded openings of up to 10 mm wide, producing theoretical attenuation of 30

dB, therefore it was expected that the modified enclosure would perform on par or better.

reflector
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i\
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attenuator stack ———

Figure 3.42. Attenuator-reflector configuration of the amplifier enclosure convection grating. CAD
model and schematic of the attenuator-reflector stack designed to reduce the propagation of
electromagnetic waves/interference (EMI) under 1 MHz frequency into the enclosure while still providing
air flow for enclosure cooling. Externally-facing grounded perforated metal stack provides external wave
reflection, and wave attenuation through the holes. Internally facing grounded metal reflector sheet has
staggered holes, resulting in reflection of incoming EM waves, as well as further attenuation of scattered
EM waves within the gap.

Enclosures were compared experimentally using test dummy cells of varying resistances
(20 — 100 MQ) and capacitances (10 — 200 pF) to emulate nanopores of difference sizes and
material capacitance levels expected in practice. Figure 3.43 shows no significant differences in
1 MHz combined root-mean-square (RMS) noise between the enclosures across multiple trials.
When enclosures were tested using a SiNx chip, ambient room light coming through the

convective grating was found to have significant noise contribution for the MVPT enclosure
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(Figure 3.44). Optical occlusion of light using an elevated foam cover was effective at eliminating

the light-induced noise.
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Figure 3.43. Comparison of enclosure noise performance. Average root-mean-square (RMS) noise at
1 MHz compared across all test cells between Chimera VC100 default enclosure and the re-designed
MVPT enclosure (A). Test cells are described as rXcY, where X is resistance in MQ, Y is capacitance in pF.
No significant differences in overall noise readings across both enclosures were observed. High noise
variability is seen for high capacitance test cells since Chimera amplifier does not guarantee signal stability
above 100 pF capacitive load. No significant differences in combined RMS noise are observed across three
amplifier trials in each enclosure using different test cells (open/no load and 10 pF in B, 100 pF in C, 200
pF in D). 200 pF test cells have highest variability and exhibited instability (i.e. VC100-0 trial). RMS noise
was assessed by reading each test cell current in random order for 30s at 100 mV.
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Figure 3.44. SiNx nanopore electrical noise from ambient room light. Ambient light entering the
enclosure via the ventilation grating produced significant low frequency noise current spikes on a PSD for
a 12 nm nominal thickness SiNx membrane on a Si backbone, assessed at 0 mV in 3.6M LiCl + 10 mM
HEPES, pH8 electrolyte. The noise hump in the 102 — 103 Hz range is related to the use of high capacitance
(190 pF) chip with the Chimera amplifier, and not the light source. A simple non-conductive foam cover
on standoffs is effective at preventing a significant portion of external ambient light from entering the
enclosure via the convective grating in the lid.

The electrical noise contribution of each of the instrument’s high-current and high-noise
subsystems was evaluated by activating them in turn while collecting RMS noise data from the
amplifier, dummy test cells, and a low-capacitance nanopore chip (Figure 3.45). System controller
activation, which is required for all other subsystems to function, contributed the most noise
(< 3%). Other externally noisy subsystems (stirrer, pump, and heater) had negligible noise
contributions. System controller is a microcontroller board (PJRC Teensy 4.0, ARM Cortex-M7)
that interfaces to instrument subsystems and controls the extent of their activity. Unlike other
subsystems, this controller connects to a computer via a USB cable that may share an internal
ground connection to the USB cable of the nanopore signal amplifier. It is likely ground noise
from the system controller and several non-optically coupled subsystems propagates into the
amplifier. Fortunately, additional noise level is very low to warrant inductively or optically
coupled USB connections, or complete opto-coupling of every controller pin to the subsystems.
Currently the high-noise stirrer and pump subsystems are isolated via optocouplers (controller

inputs) and mechanical relays (controller outputs).
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Figure 3.45. Electrical noise contribution from active subsystems. General system controller activation
contributes < 3% increase in RMS noise of the system at 900 kHz when used with a low-capacitance SiNx
chip. Noise magnitude was +240 pArms, with extra +7 pArms coming from control activation. Controller
activation is required for other subsystems to function. Stirrer, pump, and heater are the main external
noise-producing systems, effect of which is negligible within the enclosure. Noisy subsystems are
electrically decoupled from the system controller using optocouplers and relays.

3.4.2. Mechanical noise

Mechanical noise isolation of the sensing systems is presently achieved globally using a
vibration isolation table (Newport Vision IsoStation), and locally at component-level using optical
breadboards (Thorlabs MB1012) with sorbothane vibration absorbers (Thorlabs AV5). Vibration
isolation table is designed to provide high isolation of frequencies in the dominant 10 — 50 Hz
range of both horizontal and vertical floor vibrations. Rated resonant frequency is ~1.5 Hz with a
fairly low resonance gain (6 — 9 dB). Vibration power rejection of >30 dB for >10 Hz (20 —
30 dB/dec) ensures external floor vibration is effectively isolated from the system. Optical
breadboards with foam inserts and sorbothane feet provide a secondary level of component
isolation (Figure 3.46), particularly important when using a pump. Pump-related low frequency

noise power is 102 pA2/Hz at 10 Hz and 103 pA?/Hz at 100 Hz which is at least an order of

122



magnitude lower than a usable low-noise SiNx nanopore (10 to 10° pA%/Hz at 10 Hz). Isolation

can be optimized by using Thorlabs AV3 isolators if required.
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Figure 3.46. Mechanical noise isolation on component level. Optical breadboards (Thorlabs MB1012)
with sorbothane damping feet (Thorlabs AV5) (A) provide modest vibration damping of the pump and
enclosure at frequencies above 55 Hz (B). Dash-dot line on the isolation effectiveness plot [321] shows
the load per isolator for the fluidic cell enclosure. Isolation can be optimized using AV3 isolators with >
80% vibration rejection > 30 Hz in this load range, but AV5 were free, readily available, and sufficient for
current needs (> 1 order of magnitude above usable SiNx nanopore 1/f noise). Fully securing the external
amplifier connector is by far the most important isolation strategy, since motion at the connection
introduces a large portion of the noise.

3.5. Instrument performance

3.5.1. Instrument thermal performance

Thermal performance of the system was evaluated by running thermal step response
trials for the entire thermal range of the system from ambient room temperature (21 °C) to 95 °C.

A step response trial involves a step change in the controller output, while evaluating the change
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in the process variable (PV) (Figure 3.47). Basic parameters of interest for the PV include initial
state, dead time, time constant, and final state. During a step response, PV changes from initial
to final state. The time it takes for PV to start responding to a controller step is dead time.
Assuming a first order response, time constant is the time it takes for approximately 63 % change

in PV. It takes approximately five time constants to bring PV to 99 % of final steady state value.

20
Max PV slope _ \ |
_ 16 1 Time constant \, Final state (Tj;,,) -
= Dead time 63 % of total Total PV
g 12 1 . \, |PVchange changet(AT) i
ks Yyt PV = Tripar — ATe™ T
S 8 :_(i,*.u | final et
g s
° o, Initial state | ]
| “———— Change in controller output
O T T T T T T T
0 50 100 150 200 250 300 350 400

Time (s)
Figure 3.47. Step response parameters. In this illustrative example, change in controller output results in
an exponential relaxation in process output after a dead time period. Step response curves allow time
constant approximation to produce a predictive model of system response.

Additional parameters of interest are temperature measurement precision, repeatability
of temperature control across multiple independent experiments, and temperature drift during
each experiment. Temperature measurement precision specifies the random variation in the
thermometer reading over time. Temperature control repeatability specifies how well the
controller maintains requested temperature for each experiment. Temperature drift specifies

how well the controller maintains requested temperature during the experiment.

An example step response curve for the system is shown in Figure 3.48. The heat transfer
fluid is pumped from the hot reservoir through the fluidic cell initially at ambient room

temperature, while the internal cell analyte fluid temperature is measured. Parameters averaged

124



from 20 step response curves across 8 different temperatures in the range from 21 °C to 95 °C
are shown in Table 3.7. Time to attain what is considered thermal equilibrium (99% steady value)
is under 5 minutes (t < 60s), which is on par with other nanopore thermal system studies
reporting thermal equilibration time (5 to 20 min). Measurement precision (<0.2 °C) is sufficient
for general biological applications, and drift is low (<0.03 °C/min). Open-loop repeatability of
measurements between experiments for a particular temperature is within 1.25 °C (95%
confidence interval). For majority of cases, using a simple linear polynomial estimate of
temperature loss at the fluidic cell (Figure 3.49 D) produces excellent thermal control (open loop
at the fluidic cell). Using a secondary level of slow Proportional-Integral (Pl) control within the
Python control software is recommended for more accurate control (closed loop at the fluidic
cell). This control uses readings from the cell’s more accurate optical thermometer to nudge HT
fluid temperature. The main downside of this control is that optical thermal probe failure could
result in thermal runaway due to erroneous readings, which is why this mode should only ever
be used with direct system supervision by the researcher. The primary hot bath hardware
controller is more robust in that it has a failsafe in case of a thermocouple failure, shutting down

the heating system.
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Figure 3.48. Example system step response curve. (A) Temperature logger software output showing the
entire curve. (B) Curve data processed in Python to determine parameters of interest. Analysis methods
are described in Appendix F — Analysis of thermal step response data.
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Table 3.7. Average thermal characteristics at the fluidic cell analyte in the vicinity of the nanopore chip.

Measurement precision*

Thermal repeatability*

Average drift*

+0.16 °C (95% Cl)
+1.25 °C (95% Cl)

<0.03 °C/min

Time constant*

Dead time*

Thermal range

53.2s (£5.3s, 95% Cl)
11.4s (+2.2s, 95% Cl)

room to 95 °C

* parameters obtained from 20 thermal step response curves at 8 different temperatures
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Figure 3.49. System response parameter variation with temperature. Temperature drift is low (A). Open-
loop repeat trial variation is low (B). Thermal time constant is on average <60 s (C). System warm-up may
have been skipped in the initial 25 °C trial, resulting in a skewed average and high variance for thermal
time constant. Temperature loss at the fluidic cell is linear with hot setpoint temperature (D) and has
reliably been used to set fluidic cell temperatures without closed-loop control at the fluidic cell.
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3.5.2. Nanopore sensor performance

Nanopores that met size and molecular sensing requirements (<10 nm diameter,
<5-10' pA%/Hz noise PSD scale from 1 to 100 Hz at 100 mV in 3.6M LiCl + 10 mM HEPES, pHS,
passing double-stranded DNA with at least 0.5 Hz rate) were used to quantify sensing
performance with temperature. Small diameter pores were required since Chimera VC100
amplifier saturation current is 18 — 20 nA, which is rapidly reached with electrolyte temperature
elevation. Performance was tested to 70 °C due to current saturation and high likelihood of SiNx
pore instability above the temperature. Instability manifests as changes in pore conductance

(increase, decrease, or loss) within 30 minutes of being brought to the temperature setpoint.

A total of 3 out of 12 nanopores fabricated in 10 — 15 nm nominal thickness SiNx
membranes could be properly characterized since they met the RMS noise requirements, did not
irreversibly clog during the DNA translocation test, and did not irreversibly lose stability up to
70 °C. Pore currents increased with voltage and stayed linear across temperatures (Figure 3.50).
Current-voltage (I-V) linearity was expected since pore current is largely driven by changes in
solution conductivity which is linear for LiCl in the £200 mV range [43]. Current was also expected
to be linear with temperature as characterized by linearity of electrolyte conductivity with
temperature (Figure 3.25). Interestingly, current-temperature (I-T) linearity was lost in all SiNx
pores tested following the approximate 50 °C threshold. Nanopore current increase has been

attributed to enhanced SiNx nanopore growth rate at elevated temperatures.

Electrochemical dissolution of silicon in alkaline solutions at room temperature is a well-
known phenomenon that can induce unwanted nanopore growth over time [49]-[51]. While
dissolution time scale is on the order of days, temperature elevation increases material
dissolution rate [49]. Dissolution rate is also dependent on solution-exposed surface area, which
is expected to be larger for larger silicon particles. As such, exponential-like nanopore growth
rate behaviour is expected with temperature elevation, and larger nanopores are expected to

grow faster.
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Figure 3.50. Nanopore current-voltage (IV) and current-temperature (IT) curves. (A) Sample IV curves for
a 9.2 nm nanopore fabricated in 12 nm nominal thickness SiNx membrane taken in 3.6 M LiCl + 10 mM
HEPES, pH8 solution. IV curves remain linear across the tested temperature range (21 °C to 70 °C).
(B) Sample IT curves for the same nanopore show linear trends until at least 50 °C. Increasing nanopore
growth rate at elevated temperatures is likely an important contributor to current increase.

Average growth rates for the calculated diameters of three additional nanopores are
shown in Figure 3.51. While material hydrolysis may be a possible mechanism based on
exponential-like growth rate increase with temperature for two of the pores (Pore 15 and 17),
other growth mechanisms may be involved as evidenced by a more linear growth rate of one of
the pores (Pore 18). A larger experimental sample of SiNx nanopores is required to elucidate the
growth rate trends and comment on the effects of initial pore size on pore growth. We could
speculate that slow pore growth at lower temperatures may not be a very significant issue for
larger nanopores in excess of molecular size. Molecular detection is achieved by examining
current blockages as opposed to absolute nanopore current. Current blockages should remain
relatively constant at the same temperature, particularly for larger pores with fewer surface
interactions. The main concern is pore growth affecting current baseline that is used for relative

measurements and normalization of results between different pores.

Pore growth and instability at elevated temperatures has not been reported in the
literature using SiNx membranes [41]-[45], therefore it is currently unknown if the issue is

extensive or only limited to the batch of SiNx membrane chips used during the current
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experiments (Norcada NBPX5005Z-A0/0-HR, L05026-03). One strategy that can potentially help
address batch variability is membrane treatment with coatings. Hafnium dioxide (HfO,)
deposition has been used in our lab (unpublished data) to significantly reduce SiNx pore growth

effects at ambient temperature, and could be trialed for nanopores at elevated temperatures.
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Figure 3.51. SiNx nanopore growth with temperature. Nanopore conductance with temperature (A) can
be adjusted by electrolyte solution conductivity with temperature to estimate nanopore diameter using
Eg.2.1 (B). Pore conductance was computed from the slope of a 9-point IV curve at each time point.
Nanopore in (B) is initially 7 nm diameter in 12 nm nominal thickness SiNx, in 3.6M LiCl + 10mM HEPES,
pH8. Ambient temperature measurements (B, initial and final data points in blue) show calculated pore
grew to 8.6 nm during the experiment. Average growth rate for the calculated diameter of tested pores
tends to increase with temperature (C, D). Pore 15 has an initial calculated diameter of 5.8 nm, Pore 17 —
7.1 nm, and Pore 18 — 8.7 nm. Size-normalization in (D) is done by the pore size during the measurement
time interval.
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While SiNx pore growth remains a roadbloack in the current work, a promising result not
previously reported for nanopores at elevated temperatures relates to their RMS noise.
Nanopore RMS noise in the low frequency range increases with temperature largely in proportion
to current-squared (Figure 3.52). This result confirms expectations from nanopore noise theory
that places low frequency flicker noise in current-squared dependence (Eq.2.8). Conversely,
current-normalized metrics, such as the L-value (Eq.2.15), can be used to compare low frequency

noise quality of different SiNx nanopores at different temperatures.
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Figure 3.52. Nanopore noise at different temperatures. Sample PSD plots for a 9.2 nm nanopore
fabricated in 12 nm nominal thickness SiNx membrane, monitored in 3.6 M LiCl + 10 mM HEPES, pHS, at
+50 mV. Regular PSD plots in (A), current-normalized PSD plots in (B). Low frequency spectrum is
confirmed to be largely scaled by square of the nanopore current, confirming nanopore noise theory and
supporting the use of current-normalized pore comparison metrics across different temperatures.

3.5.3. Performance review

The constructed instrument achieves most of the requirements outlined in Table 3.1 and
Table 3.2. Nanopore fluidic cells with 25 and 50 uL analyte volumes can be safely operated in a
range from ambient (~20 °C) to 95 °C, with the possibility to extend operation into other
temperature ranges by upgrading the fluidic heater and cooler setups. Current heating scheme
provides steady state temperature precision to within +0.16 °C, and open-loop repeatability of
11.25 °C for the fluidic cell analyte temperature. Secondary closed-loop fluidic cell temperature

feedback system can bring the temperature to within the +1 °C outlined in initial requirements.
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Temperature change rate can be approximated by first order thermal dynamics where steady
state (99 % of thermal setpoint) can be achieved within 5 minutes. As such the system does not
provide a uniform temperature change rate, but rather an average of 20.5 °C/s for a full-range
jump. An additional high temperature setpoint (100 — 130 °C) can be implemented to provide
rapid ramping for all setpoints before switching to the desired setpoint. Fluidic cell maintains
thermal uniformity (<1 % setpoint, or <1 °C at 95 °C) within the analyte channels up to 8 mm from

the chip, which is sufficiently uniform for the nanopore-interfacing volume.

Nanopore current signals can be read with bandwidth up to 1 MHz with electrical noise
from the system contributing less than 3 % of the overall noise, and below 75 pArms allowable
reference cell noise. Redesigned Faraday cage maintains shielding effectiveness similar to the
baseline VC100 enclosure, and provides additional convective cooling to protect the expensive
pre-amplifier from overheating. Mechanical noise at the fluidic cell is well-controlled (<103
pA?/Hz) above 55 Hz, and is overall sufficiently low for nanopore experiments. Improved passive
vibration control down to 30 Hz can be made by upgrading the local vibration dampeners to a

different model.

Main performance challenge lies within the SiNx membrane nanopore sensors
themselves, whereby significant pore growth is observed above 50 °C and pores have a high
chance of becoming unstable above 70 °C. Hafnium dioxide (HfO2) deposition is recommended
as a possible solution for the growth. SiNx pores are otherwise suitable for molecular
translocation experiments under 50 °C, which covers a large proportion of the predicted system

use cases.
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Chapter 4. Molecular translocation experiments

Proof-of-concept DNA translocation experiments under temperature control
demonstrated the usability and functionality of the instrument. Experiments included
translocation of simple linear DNA of moderate length (1 — 2 kilo-base pairs), as well as short (up
to 200 base pair length) DNA star nanostructures for room temperature to 70 °C. Linear DNA
experiments compare temperature-related translocation behaviour in SiNx nanopores to what is
known from the literature. DNA nanostructure experiments explore the effects of temperature
on the nanopore translocation of a star-shaped DNA nanostructure component of a high-
sensitivity nanopore immunoassay. Experimental results for simple DNA translocation showed
consistency with expectations. Nanostructure translocation results tentatively suggest DNA stars
could be used up to 50 °C in SiNx nanopores, but require further characterization and replication

experiments to understand capture and tranlocation behaviour.

Parameters of interest measured during the translocation experiments include nanopore
current blockage levels / sublevels, translocation durations (dwell times), and capture rates.
Blockage levels (AG) are simply the differences between the open-pore baseline ionic current (G)
and the current resulting from partial occlusion of the pore by the molecule at any given time
(Figure 2.5). A single molecule can feature multiple blockage sublevels resulting from geometric
or electrochemical features producing differences in occlusion during translocation. Relative
blockage (AG/G) is a normalized metric of molecular blockage that enables comparison of
blockage across different voltages used on the same pore, and blockages from large (> 5 nm)
pores of different size. How long a molecule stays within the pore is defined by its dwell time,
and affected by its geometry as well as the interactions with the pore, and other environmental
and operational factors. Lastly, frequency of translocation events indirectly indicates the
concentration of molecules in solution, and is the rate of molecular capture by the nanopore

under specific electrochemical conditions.
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4.1. Simple DNA translocation

DNA translocation experiments using 1 kilobase pair (kbp) double-stranded linear DNA
(dsDNA) fragments showed results consistent with previous studies typically using longer DNA in
SiNx membranes (Table 4.1). Nanopores were produced in SiNx membranes (Norcada,
NBPX50042Z), coated with 7:1 PDMS (Dow Corning, Sylgard 184) to reduce membrane capacitance
below 100 pF for high-bandwidth sensing (1 MHz, 250 kHz 8-pole Bessel low-pass filter).
Moderate-length double-stranded DNA (1 kbp dsDNA, ThermoFisher NoLimits, 0.5 pg/uL) was
diluted to 31 nM (1.5 pL in 38.5 pL of degassed 3.6M LiCl + 10 mM HEPES, pH 8) and translocated
through the pores at ambient room (21 °C) and high temperature (70 °C) setpoint following

nanopore noise characterization experiments described in Section 3.5.

Results were most consistent with previous studies translocating A-DNA (~48.5 kbp)
through SiNx nanopores in a similar size range [43], [44]. Translocation time decreased by ca. 2-
fold, while relative blockage remained nearly constant over similar temperature differences.
Differences in capture rates could be attributed to the differences in concentration and size of
DNA used. Capture rate of 1 kbp dsDNA is enhanced in the current experiments likely due to
much higher concentration, and reduction of viscous drag on the molecule with temperature
(Eg.2.18, Eg.2.19), while Debye length is expected to remain nearly constant [44]. Sample current
traces for an 8 nm pore (Thesis 3) for two temperatures are shown in Figure 4.1 A, while nanopore
current blockage vs. dwell / translocation time distributions are shown in Figure 4.1 B. Of note is

the significantly wider distribution of translocation times at elevated temperature.
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Table 4.1. SiNx nanopore DNA translocation with temperature

Source Pore size, DNA Temperature Translocation Relative Capture rate
voltage, range time blockage
electrolyte (AG/G)
Thesis 1 * 11nm @ 75 mV ThermoFisher 49 °C (21 to 4 x2.2 (170 J x1.1 J x2.6*
in 3.6M LiCl pH 8  NolLimits 70 °C) to 78 us) (0.043 to (0.569 to
1 kbp, 31 nM 0.041) 0.216 Hz)
Thesis 2 8nm @ 100 mV  ThermoFisher 49°C(21to d x2.2 (177 J x1.2 ™ x8.9
in3.6M LiClpH 8  NoLimits 70 °C) to 82 ps) (0.127to  (0.973to
1 kbp, 31 nM 0.109) 8.62 Hz)
Thesis 3 8nm @ 100 mV ThermoFisher 49 °C (21 to 4 x2.2 (100 J x1.1 N x9.5
in 3.6M LiClpH8 NolLimits 70 °C) to 45 us) (0.176 to (0.793 to
1 kbp, 31 nM 0.155) 7.54 Hz)
Verschueren 8-16nm @ 100 Promega A 40°C (7 to I x23(21t0 I x11 ™ x2.3(0.2
etal., 2015 mV in 1M KCl ~48.5 kbp, 47 °C) 0.9 ms) (~0.013 to to 0.45 Hz)
[44] pHS8 167 pM 0.012)
Zhangetal., 20nm @ 200mV TakaraBIOA 18°C(2to 4 x1.6 (2.44 ~constant  Not
2015 [42] in1MKClpH8 ~48.5 kbp, 20 °C) to 1.55 ms) reported
100 pM
Nicoli et al., 10 nm @ 100 mV A ~48.5 kbp, 35°C(10to I x2.1(15t0 ¢ x1.0 ™ x2.3
2014 [43] in 2 M LiCl pH 8 333 pM 45 °C) 7 ms) (0.051 to (~0.06 to
0.049 ~0.14 Hz
plot est.)
Wanunu et 27-5nm @ NoLimits 40°C(0to I x7(7to1l Not Not
al.,, 2008 [45] 300mVinl1M 150 bp to 40 °C) ms long, 0.7 reported reported
** KCl pH 8.5 20 kbp, 5 nM to 0.1 ms
short @ 1.2
kbp)
Fologea et 4-8nm @ 3kBp pSP65 18°C(4to J x1.7 (280 Not Not
al.,, 2005[41] 120mVin1.6 M  DNA plasmid, 22°C) to 165 us) reported reported
KCl, 20 % 10 nM

glycerol, pH 7.5

* low number of events recorded (<< 1000) due to hard drive space issues, results considered unreliable
** study done on small nanopores where surface interactions with the DNA slow down translocations significantly
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Figure 4.1. DNA translocation with temperature. (A) Current traces for 31 nM 1-kbp dsDNA translocations
through an 8 nm nanopore in a 10 nm nominal thickness SiNx membrane, in 3.6 M LiCl + 10 mM HEPES
(pH8) at +100 mV. Increase in nanopore current (G) at elevated temperature is associated with increase
in maximum current blockage (AG), but the ratio (AG/G) remains approximately the same (J x1.1) since
both are largely driven by solution conductivity changes. (B) Maximum current blockages show expected
narrow event distributions that are largely a function of molecular size and configuration, while
translocation/dwell times show wide distributions that may be related to pore surface and molecular
interactions.

4.2. DNA nanostructure translocation

DNA star nanostructures [322] have recently been used in a digital nanopore immunoassay
to quantify very low (femtomolar) concentrations of thyroid-stimulating hormone (TSH) from
serum samples at ambient temperature (21 °C) [323]. Nanopore sensing steps of the assay
involve mixing of modified star nanostructures with linker molecules to form dumbbell
nanostructures (Figure 4.2). The number of linker molecules is proportional to the number of TSH
molecules from the prior assay steps, and the ratio of star to dumbbell signals in the nanopore

can quantify the concentration of TSH in a given sample based on signal calibration curves.
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Figure 4.2. DNA star and dumbbell nanostructures. (A) DNA star are short nanostructures formed by
combining 11 short (25-bp dsDNA) arms and a long (175 or 150-bp DNA) tail with and sequences
corresponding to the short (50 nucleotides) DNA linker. (B) Nanostructures can be differentiated by the
nanopore current trace signals (200 kHz low-pass filtered) to count the ratios of linked an unlinked stars
in the quantification step of a digital immunoassay [323].

While the nanopore immunoassay does not require elevated nanopore temperatures for
detection of the nanostructures, temperature may add another level of control. For example,
creating temperature-sensitive linkages could open the door for multiplexed detection of
different molecules using the same star nanostructures, reducing the need to design and build
stars of different tail sequences. Temperature control could also reduce false positives by melting
weakly-bound structures. As such, the effect of temperature on nanopore translocation of DNA
star nanostructures concurrently with a 2-kbp dsDNA reference was briefly investigated.
Reference DNA molecules act as molecular rulers to help reduce inter-pore and inter-experiment

variance in current blockage levels.

Star nanostructure translocation experiments at different temperatures were attempted
on 10 nanopores produced in 12 nm nominal thickness SiNx membranes (Norcada NBPX5004Z,
batch codes unknown), coated with 7:1 PDMS to reduce capacitance, and oxygen plasma cleaned
prior to use. Three nanopores had reasonable 1/f noise power levels (< 10 pA2/Hz at < 100 Hz,
+100 mV) and passed 2-kbp DNA at an acceptable translocation rate (> 0.5 Hz). One nanopore

did not exhibit instability and excessive clogging at temperatures below 50 °C. DNA star
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nanostructures (5 pL of 15 — 20 nM stock in 35 plL 3.6 M LiCl + 10 mM HEPES, pH8) with a 2-kbp
linear dsDNA reference (2.4 nM) were introduced into the fluidic cell containing the nanopores
at ambient temperature, then recorded for 10 minutes at increasing temperature setpoints.
Figure 4.3 shows sample current traces and event clustering for one of the nanopores.
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Figure 4.3. DNA nanostructure translocation current traces and events. (A) Current traces showing DNA
translocations at 30 °C and 60 °C through an 8 nm pore in 12 nm nominal thickness SiNx membrane in
3.6 M LiCl + 10 mM HEPES, pHS8, at -100mV, with 250 kHz low-pass filter applied. Molecular event clusters
were formed based on prior expected location information [323], and event variable distributions were
compared across temperatures (C, D).
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Translocation events were clustered and analyzed using specialized nanopore event analysis
software (NNi Nanolyzer). Events were clustered using Nanolyzer-implemented Gaussian
mixtures methodology [324] by translocation time, maximum blockage, and event fit residuals
axes (8 clusters showing stability over 100 clustering repetitions, merged into 3 clusters by

expected average event locations [323] and residual depths).

Event rate for the 2-kbp DNA reference increased by 3.5 times from ambient to 60 °C
(Figure 4.4), a trend expected from linear dsDNA experiments discussed previously.
Temperatures higher than 63 °C were not attainable since pores experienced a significant
increase in clog events and instability, resulting in an overall reduction in event rates. Star
nanostructures show unexpected decreasing event rate trends (level to 30 °C with a slow
decrease until 60 °C). The relative event ratio between the 2-kbp and the star DNA decreases by
nearly eight times over the temperature range (Figure 4.4 C). Proportion of star events within the
combined event pool remains stable over 1000 event mark for each temperature (Figure 4.4 D)

suggesting sufficient number of events was collected for all samples.

Decreasing star event rates with temperature were unexpected. The event rates of star
nanostructures could have been expected to increase at higher temperature since, in general,
molecular diffusion is enhanced and viscosity is reduced. However, this behavior assumes that
the capture kinetics is dominated by diffusion. A hypothesis to explain the drop in event rates of
DNA nanostructures with temperature is that the system (i.e. the nanopore with its particular
size and applied voltage and the molecules with their 3D shape and mobility) is not in the
diffusion-limited capture region like for linear dsDNA, but instead is in the barrier-limited regime.
Relatively small pore diameter (8 nm) and relatively low applied sensing voltage (100 mV) could
result in a higher pore entry energy barrier and lower capture rate for the short star
nanostructures, but not the long linear DNA [108], [112]. Moderate length linear DNA could be
operating in the diffusion-limited capture regime where electrophoretic forces predominate,
while the small star nanostructure could be operating in the barrier-limited capture regime
where molecular conformations and interactions with pore material predominate. A similar

behavior has been observed in [322]. Future experiments could consider detecting DNA stars
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through larger low-noise pores as a function of voltage without the reference DNA to assess its

baseline nanopore capture rate with temperature and molecular concentration.
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Figure 4.4. DNA translocation event rates. (A) DNA star and 2kbp reference DNA translocation event rates
across temperature. Significant increase in transient pore clogging and instability at 63 °C reduces event
rates. Further temperature increase permanently clogs the pore, likely with misassembled DNA star
breakdown products. (B) Absolute value of nanopore baseline current with temperature shows expected
trends, with slight growth at elevated temperatures as expected from SiNx nanopores. Error bars
represent RMS noise at 250 kHz (C) Ratio of DNA star and 2kbp event rates used in the quantitative assay
decreases with temperature. (D) As more events are recorded, the ratio of star events to the combination
of star and 2kbp events remains stable. Data has a sufficient number of events for analysis.
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Temperature elevation beyond 50 °C potentially affects nanostructure integrity and
changes its translocation behaviour through the nanopore (Figure 4.5). The DNA star current
blockage distribution normalized by 2-kbp DNA reference showed a 1.4x decrease in average
blockage magnitude at 63 °C as compared to a 1.1x decrease at 50 °C (Figure 4.5 B) suggesting a
change in the nanostructure and/or its interactions with the nanopore. Unfortunately, the
differences are not statistically significant because of the large error bars (Figure 4.6). High spread
(standard deviation) was observed in the Gaussian fits (X? > 0.9) used to estimate the average
blockage levels by the Gaussian peak location. Nanostructure breakdown products (25 bp linear
dsDNA) could not be differentiated from other small molecules using this pore since analysis was
bandwidth-limited to 250 kHz to address fairly high capacitive noise, resulting in undetectable

molecular events shorter than 4 — 5 ps.

Previous observations were verified using a different method. Experimental procedure
was repeated, except DNA samples were incubated in a commercial thermocycler instead of the
hot fluidic cell, and molecular migration was detected using agarose gel electrophoresis instead
of the nanopore (Figure 4.7). Reader unfamiliar with gel electrophoresis is referred to an
excellent open-access text on this topic [325]. Gel shows loss of the star band beyond 55 °C while
smaller molecular fragment bands start appearing on the gel. Molecular integrity of the star is
likely compromised, decomposing into constituent DNA fragments that likely misassemble into
other structures. Complete loss of the star band, and therefore star molecular configuration, is
observed at 60 °C. As temperatures increase and samples are exposed to these temperatures for
longer, smaller fragment assemblies (likely 25 — 50 bp) dominate. The larger misassembled
structures (~300 bp equivalent) could be responsible for permanent SiNx nanopore clogging
observed at 63 °C. It is possible these structures have configurations that prevent nanopore

translocation and simply block it off.
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Figure 4.5. DNA translocation current blockages. (A) Baseline nanopore current-normalized blockage
(AG/Gpore) plotted against single-file 2kbp-normalized event counts, which are expected to decrease per
Figure 4.4C. A decrease for AG/Gyore by <1.2x for single-file DNA reference over the current temperature
range is expected (Section 4.1), and observed up to 50 °C. A decrease of 1.4x is observed at 63 °C
suggesting more significant changes in pore-DNA interactions over the 50 — 63 °C range. (B) Using single-
file 2kbp DNA as a normalization reference, average star blockage levels remain fairly unchanged up to
50 °C, with a large reduction at over 60 °C. Reduced blockage levels are consistent with partial
nanostructure decomposition observed in gel electrophoresis experiments. Smaller molecular volume

occludes the nanopore less, resulting in smaller blockage level.
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Figure 4.6. Average normalized nanopore current blockage with temperature. DNA star nanostructure
and single-file 2-kbp linear dsDNA blockage distributions from Figure 4.5 were fitted in Origin 2016 using
a Gaussian fit (X? > 0.9 all fits). Average nanopore current blockage by the DNA star nanostructures
(AGpnastar), normalized by average 2-kbp dsDNA blockages (AGsingie-file dsona) Show a noticeable decrease
beyond 60 °C. The differences are not statistically significant due to large variation in DNA star blockages.
Additional nanopore experiments with longer data collection intervals are required to further support or
refute these observations.

Overall, results tentatively suggest DNA star nanostructure can be used with SiNx
nanopores below 50 °C, however experimental replication and additional nanopore experiments
are required to understand the effects of temperature on capture and translocation dynamics.
Testing a different batch of SiNx membrane chips is recommended since experimental replication
proved difficult with only 30 % (3/10) of the produced pores meeting the noise and DNA
translocation rate requirements in ambient temperature conditions, and 10 % (1/10) remained
thermally stable. Good SiNx chip batches used in our lab generally provide up to 80 % success

rates for the ambient temperature steps.
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Figure 4.7. DNA nanostructure integrity with temperature. Purified DNA star (Shooting star) shows up as
a 500 bp band on a 2% agarose gel in 0.5x TBE at 70 V. The star band maintains its intensity up to 55 °C,
where smaller fragments start appearing under the main band. Star band disappears at 60 °C with
decreasing size of disassembly products at higher temperatures. Copyright: Right gel image from
Supplementary Figure 3 [323] distributed under Creative Commons CC BY permitting reprint. Left
molecular ladder image from ThermoFisher SM1331 product information.
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Chapter 5. Conclusions and Outlook

A research tool that can facilitate solid-state nanopore ionic current sensing experiments
at a range of temperatures and high bandwidth was constructed and showed good thermal
control and electrical noise performance. It is currently possible to operate a 25 pL nanopore
fluidic cell in the temperature range from ambient to 95 °C, achieving steady state temperature
within 5 minutes with thermal precision under +0.2 °C and accuracy to within 1 °C of a
calibration reference thermometer with the use of closed-loop control on the fluidic cell. An
additional important feature is that analyte temperature is maintained uniform to within <1 % of
the thermal setpoint up to 8 mm from the nanopore chip. Analyte solution adjacent to the pore
is kept at uniform environmental conditions and thermophoretic gradients across the pore are
minimized. lonic current signals from the pore can be read with a bandwidth of up to 1 MHz and
a low electrical noise contribution (< 3% added noise) from the temperature control and
measurement systems. Furthermore, noise characterization results were in agreement with
theoretical dependence of 1/f pore electrical noise on the square of the pore ionic current, and
supported the use of current-normalized metrics of pore quality (L-value) across temperatures.
Future improvements to the temperature control system can include additional temperature
setpoints with response control strategies to increase system response rate, as well as the
improvements in the cooling system to allow for below-ambient temperature cooling and

increased cooling rates.

Overall, this instrument opens up exciting opportunities to study the thermal unfolding
of proteins toward single-molecule protein sequencing and the passage of DNA nanostructures
for different bioassays. Proof-of-concept experiments using linear DNA demonstrated results
consistent with previous studies in SiNx nanopores, where molecular translocation time
decreased, capture rate increased, and relative ionic current blockage levels remained almost
unchanged with increasing temperature. Temperature-controlled experiments using 12-arm
DNA star nanostructures suggested the molecules are stable for pore translocation below 50 °C.
Unfortunately, only one out of ten membranes from the batch of chips used exhibited sufficient

stability to provide adequate translocation results, necessitating further replication studies.
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Nevertheless, molecular capture rate observations have opened interesting questions regarding
DNA star pore translocation dynamics, namely the molecular capture regimes. To elucidate some
of the molecular dynamics, future experiments could explore nanostructure capture as a function
of voltage, salt concentration, pore size, molecular concentration, and temperature. Solid-state
nanopore performance at elevated temperatures for longer recording times can likely be
addressed using different nanopore material types, and material modifications (e.g. surface
coatings). Currently, SiNx nanopores show stable performance up to 50 °C, and can likely be used
up to 70 °C if pore growth can be controlled. To this end, hafnium dioxide deposition on the
membrane could be a potential future goal. Lastly, development of parallelized microfluidic cells
for concurrent detection across multiple nanopore channels is recommended to improve

system’s throughput.
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Appendix A — Thermometer noise test setup

Example thermometer noise test setup attaches a temperature probe on top of the
100MQ 10pF amplifier reference test cell in the native amplifier enclosure, akin to placing a
temperature probe close to the nanopore membrane. Thermometers tested in this manner were
VWR Temp Alert and OMEGA OM-HL-EH-TC, and compared to baseline trace with the cell alone.
Both thermometers are battery-powered, not connected to any external circuits, therefore
additional electrical noise is introduced by the thermometer systems themselves being present

within the original Chimera VC100 Faraday cage.

test cell thermocouple

1 MHz pre-amp - therm. sys.

Alternative test setup includes the thermometer outside of the Faraday cage with the
thermocouple or thermistor probe threaded inside. In this case, noise is significantly higher, and
precipitated by the placement of the probe inside the enclosure. It is therefore reasonable to say
that designing and building a secondary internal Faraday cage will not reduce the thermometer
noise as long as the electrically-conductive probe is near the R-C element of the dummy test cell

where temperature is being measured (i.e. next to the nanopore in the actual fluidic cell).
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Appendix B — Material selection tables

Material selection table for the heated nanopore fluidic cell is presented. High-resolution
image can be zoomed in. Table is not split into many many pages because it would be just as

difficult to follow.
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(sylgard 184)" 0.15 (80°C) 1625 (7°C) cross-linked. (220, >23'C) ) <1%withno  Somewhat  physiologically  90-120° contact 0970200 o elastomer (Compressive  lithography Properties depend on curing
mal 20% (3years,  9.61° effecton transluscent  inert angle 081(207°C)  132:2.97 28.4-51.7GPa conditions, higher moduli for
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>200C 2900-2100, ~ ve
1000-1100 3.517.65)
(/em)
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a) >120 1200-1800MPa IT absorption ~ Laser cutting
(syndio) 3000
n=149
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ether ketone 1.439 (127C) 1000hr) (30-150€) Medical implants, (tensile) Macl Superb electrical insulator
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(100€) (100) than polyimides?
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HighTemp  PMMA-like,  PMMAlike, 78 (1.8MPa) material, does PMMA-like,  postcured orange linked, PMMA- PMMA-like, material Full cure properties appear
resins crossilinked  polyacrylate-  Postcured not melt. crossHinked  60min (0-150° proprietary like, cross-  cross-linked inline with what we would
polyacrylate-  based 60min Bums polyacrylate- ) composition but linked  polyacrylate- want to try for cell
base likely similar to polyacrylat base prototyping
238 (0.45MPa) FormLabs Clear e-base
101 (1.8MPa) which is bioinert
Postcured with DNA samples
80min @80C, in the lab
lab oven
180min 120C
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https://za.dedietrich.com/products-solutions/borosilicate-glass-properties
http://www.matweb.com/search/DataSheet.aspx?MatGUID=1ca9588da84640d199959da7c00a6083
http://www.goodfellow.com/E/Polyamide-imide.html
https://www.solvayultrapolymers.com/en/binaries/Torlon-PAI-Design-Guide_EN-227547.pdf
http://www.matweb.com/search/DataSheet.aspx?MatGUID=de1238d98afa4eafb937266edba99fa3
https://www.azom.com/article.aspx?ArticleID=1883
https://www.protolabs.com/media/1014801/ultem-1000-im.pdf
http://readingplastic.com/vespel-vs-peek/
http://www.parylene.com/pdfs/PTC-Parylene_Properties_Chart.pdf
http://www.paryleneengineering.com/thermal_properties_of_parylene.htm
http://www.matweb.com/search/DataSheet.aspx?MatGUID=08fb0f47ef7e454fbf7092517b2264b2&ckck=1
https://www.engineeringtoolbox.com/specific-heat-capacity-d_391.html
https://www.zeusinc.com/wp-content/uploads/2014/03/RESINATE-SE-Biocompatibility-of-Plastics.pdf
https://www.zeusinc.com/wp-content/uploads/2014/03/RESINATE-SE-Biocompatibility-of-Plastics.pdf
https://www.sd3d.com/wp-content/uploads/2017/06/MaterialTDS-PETG_01.pdf

10.Polymer Data Handbook (1999) - Polystyrene; https://www.engineeringtoolbox.com/specific-heat-capacity-d 391.html; http://www.matweb.com/reference/deflection-temperature.aspx;
http://www.matweb.com/search/DataSheet.aspx?MatGUID=df6blef50ce84e7995bdd1f6fd1b04c9&ckck=1
11.http://www.matweb.com/search/DataSheet.aspx?MatGUID=c47e16ad84a047798fc4d1f6172e48f7; https://topas.com/sites/default/files/files/TOPAS Brochure E 2014 06(1).pdf
12.Polymer Data Handbook (1999) - PEEK; [Kurtz, 2012] Peek Biomaterials Handbook; https://www.victrex.com/~/media/literature/en/victrex automotive brochure en.pdf

13.Polymer Data Handbook (1999) - PTFE; Dupont PTFE Handbook;

14.Polymer Data Handbook (1999) - Polymethyene oxide; http://www?2.dupont.com/Plastics/en US/assets/downloads/design/DELDGe.pdf; [Fister et al. 1985]; ASTM Corrosion and
Degradation of Implant Materials;

15. https://archive-media.formlabs.com/upload/HighTemp-DataSheet.pdf

16. https://formlabs-media.formlabs.com/datasheets/Flexible Technical.pdf

Sample material selection matrix is presented on the following page.
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http://www.matweb.com/search/DataSheet.aspx?MatGUID=c47e16ad84a047798fc4d1f6172e48f7
https://topas.com/sites/default/files/files/TOPAS_Brochure_E_2014_06(1).pdf
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http://www2.dupont.com/Plastics/en_US/assets/downloads/design/DELDGe.pdf
https://archive-media.formlabs.com/upload/HighTemp-DataSheet.pdf
https://formlabs-media.formlabs.com/datasheets/Flexible_Technical.pdf

Table 0.1. Fluidic cell material selection matrix.

Cured PDMS

PMMA (acrylic)
Glass
(borosilicate)
Polyimide (PAl,
Torlon)

Polyimide (PElI,
Ultem 1000)

Polyimide (ODA-
PMDA, Vespel)

Polypropelene
(PP, isotactic)

PETG

Polystyrene (solid
not styrofoam)

Cyclic olefin
copolymer (COC)

Polyether ether
ketone (PEEK)

Tefllon (PTFE)

Polyoxymethylene
/ Acetal (Delrin)

FormLabs High
Temp resin

++ ++

4+

?(+)

% ?(+)

+ + +
+ + +
+ +

+
+

+
+

Weighted
Score

85

64




Appendix C — Fluidic cell barrier cap casting system

Cap casting system is a convenience accessory designed to produce barrier caps. Mann Ease

Release 200 silicone-based mold release agent is applied prior to casting silicone into the mold.

Cap casting system

Assemble casting system
and fill mold with 737 or
732 silicone

RT cure for 24 hrs

M3 bolts
and nuts
3D-printed
cap mold
3D-printed
spacer ———
3D-printed
cap plunger

Push to eject cap

Remove spacers

Use aligner tools to insert electrodes and
pressure relief tubes
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Appendix D — Elements of mixing fluid heater design

Ideal requirements for the heater power are approximated using a simple thermodynamic
energy balance. Parameters are taken at average bath temperature Tr, = (Tin + Tout)/2. Highlighted
are the heater requirements for the highest design setpoint temperature required. Contaner heat
losses are estimated from a simple isothermal cylinder model as well as Solidworks FVA. Heat
requirements are specified for different input fluid temperatures for steady state heat transfer.

Maximum heat requirements are specified for the ambient temperature fluid input at different

HT fluid flow rates.

ConstantV = 300mL/min

10004 t i

///
,//
_—
L

| —

Ideal heat requirement (W)

Qin C
. Heated HT ¢ . T .
m, Tout fluid bath i m, [in 20 20 60 80 100 120
ml Output temperature (*C)
- Tin=20 Tin=30 Tin=40 Tin=50 Tin=60 Tin=70 {—— Tin=80
‘ Tin=90 Tin=100 Tin=110
0 . ConstantTin = 20*C
Qcontainer

Qin = p(T)VCp(T) (Tout - Tin) + Qcontainer /

Ideal heat requirement (W)

20 40 60 80 100 120

Output temperature (*C)
—— Vdot=100 —— Vdot=150 —— Vdot=200 —— Vdot=250 Vdot=300

Both the heat loss model from the container, as well as the thermal step control of the

fluidic cell temperature rely on fluid staying at approximately uniform temperature within the
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heated container. As such, a fluidic mixer is required to ensure the thermal uniformity of the

container fluid.
Mixed reactor design is well-described in [308]-[312]. In brief, design steps involve:

1. Standard industrial dimensioning relationships
* define impeller and baffle dimensions and spacing
2. Design threshold for 95% mixing of all fluid in the tank (assumed within 5.25s)
* determine the Power, Flow and Reynolds numbers for turbulent regime
* compute required impeller speed
3. Performance characteristics for an impeller of choice (45° 4x pitched blade impeller selected)
* compute force, power, and torque requirements

* estimate mechanical and pumping efficiency

Results computed using an extensive Python script:

Pitched blade, 45°, x4 blades

*  60mm < impeller D < 120mm

*  480rpm < impeller speed <2000rpm
*  Fora6lmm impeller at 467rpm:

* 1.51N axial bearing

* 22mNm shaft torque

* 1.1W mechanical power
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Design was also simulated in Solidworks 2020 flow simulation to verify and visualize

expected flow patterns and thermal profiles in the heater. Geometry of the Ace Glass Instatherm

9601-18 heated glass bath along with the designed mixer was used.

-'\‘
2]

—~—— —

%
N2 N
- /TN

Outlet parncles

A well-designed fluid mixing system to facilitate temperature uniformity of container HT

fluid results in a vertical compartmentalized motion of the fluid, which has been achieved in both

the flow simulation model and fabricated prototype.
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Appendix E — A few notes on pinch valve design

Dual-pinch-valve design notes:

e All components are heavily oversized d/t availability and affordability
o E.g.clevis pin comesin minimum 8 mm size, while we could do with <3 mm (mostly
to minimize deflection as opposed to stresses)
o E.g. simple Oilite sleeve bearing is way over spec (1000N @ 120rpm), but that is
what is available on the cheap
e Norated capacity available for bearings used or cam-follower —no lifetime estimate; keep
lubricated and observe surface condition
o No issues during compression set testing of Formlabs Tough 1500 cams — fully
recovered from 4kg x 24hrs room temperature compression

o Noissues for over a year of operation with hot Viton tubing at the end of the pin

Cam dynamics simulation results from Python analysis script:
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velocity (mm/s)

—— contact x

E 10 —— contacty
- — displacement y
s
= 5
7]
o ————
0_ T T T T
0 20 40 60 80
angle (*)
0.100 ™~
—— acceleration y %
0.075 A -0 =
£
0.050 1 c
F—100 'g
0.025 - e
T
0.000 + 9
T T T T [1+]
0 20 40 60 80
angle(*)
20 | = tubing+spring force
—— cam reaction force
= 15+ -
= — wall friction
@ 10 1 —— cam friction
2 5 4
__._._._._._._l—l-'-'_—
04 —
T T T T
0 20 40 60 80
angle (#)
60
- —— cam torque
£
=
£ 40
M)
=]
=
E 20
T T T T
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angle (*)
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Appendix F — Analysis of thermal step response data

Step response of the fluidic cell analyte temperature next to the nanopore chip was
assessed for input HT fluid temperatures ranging from 25 to 95 °C. Trials were ran ‘in order’ to
save a significant amount of time (> 1hr per trial) on heating/cooling the oil bath that would be
required for randomized analysis. As a consequence, thermal history effects can confound

temperature trends:

e Sequentially increasing hot setpoint may introduce bias to time constants that appear
smaller for higher temperatures. Possible pre-heating effects on material properties.
e Previous cycling of cold reservoir with some hot fluid can increase room temperature

reservoir temperature, increasing variation of initial temperatures

Trials were conducted over 3 days, replicating each temperature condition 3 times. An
automated thermal cycling program was implemented to step a ‘hot’ temperature setpoint for

1200s, followed by a room temperature setpoint for 1200s while recording data.

Initial temperature was determined from the initial section of each trial dataset (~60s).

Drift was fitted as a linear function ax + b with a confidence interval. Single trial analysis:

21.3- Ti = 21.16(0.04)C

. ]‘ ln il \l “H

T(*C)

10 20 30 40 50
Time (s)
Ti_drift Ti _sdl Ti _sdu = = Ti _mean

Ti

Trace plots for all trials:
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System dead time was computed by filtering temperature data (1d uniform, 100-pt

averaging window, ~4s) and taking a time point where temperature is away from average by

1.96SD + drift value:
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T (*C)

T (*C)

21.354 i i i
dead time (95.00%CI SS threshold 21.29C) = 12.269
21.3 t
I
21.25' i A ﬂ
H ﬂ TN

21.2 . v l 1l
21.154 1 ’

21.1

60 62 64 66 68 70 72
Time (s)
= dead_time = = dead_time_threshold dead_time_uniformfilterid

60 62 64 66 68 70 72 74
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Main section of the step response include the temperature rise and steady state, shown

for all trials in the following plot:

‘hot reservoir’ response and setpoint (SV) cell response and steady state (Tf)

o // //
100+ v 4 /
9 X /
a
//
90+ X
e ——
w
=1 ’é';—-—_— : ===
70+ /-_—;:$- — =
(e
g oo i///‘—“‘“
- =

B e o T e R ]

200

400 600 800 1000 1200

15t order response is fit for each trial using the initial and final (steady-state) temperature states:

() = T, — aTe(3)
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26+

254

24

Tau fit =|65.51(0.1040)s, Toe off = 1.005

T (*C)

234

224

21

200 400 600 800 1000 1200

Time (s)

hot cycle hot cycle fit

Steady state temperature was determined using a Cumulative Sum (CUSUM) algorithm from the
Python detecta library — Duarte, M. (2020) detecta: A Python module to detect events in data.

GitHub: https://github.com/demotu/detecta. Module is based on:

e Michele Basseville and Igor V. Nikiforov (1993). Detection of Abrupt Changes: Theory and
Application. Prentice-Hall.

e Fredrik Gustafsson (2000) Adaptive Filtering and Change Detection. Wiley.
and features peak, onset, CUSUM, and sequence detection.

CUSUM algorithm is typically used for detecting abrupt changes in a trace, but can be used on
slower ramping data. The idea is that the algorithm accumulates changes in signal (sum) until

threshold is tripped:
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change in value
gein data drift compensation

(58] = aft] — aft — 1] ;
g'[t] = maz (g*[t — 1] + s[t] — drift, 0)
g [t] = maz (g [t — 1] — s[t] — drift, 0)

cumulative sums
for positive or
negative changes

if g*[t] > threshold or g [t] > threshold :

Alarm upon

. ttalarm =t
G b
resnolid an g_[t] -0

reset sums

Following plot shows a typical response curve with CUSUM threshold trip points:

Time series and detected changes (threshold= 0.5, drift= 0): N changes = 26

A J

Steady state region

&
[=}
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S
w
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20.0 4 . T T .
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()]
o f Threshold —
-] J
2 0.4 {
c |
a0 0.3 A |
48] | |
€ o2- [/
£ [
S 4
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0-0 = T T T T
0 5000 10000 15000 20000
Data #

Steady state is achieved when cumulative sum of value changes stays under the threshold. Signal
distortions and extremes can also be filtered out by considering means of segments that trip the

threshold and doing a comparison:
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Time series and detected changes (threshold= 0.5, drift: N changes = 26

35.0 - |

« — < >
“«—> _ Mean-2 (sd-2) <+—» Mean-0 (sd-0)
Mean-3 (sd-3) Mean-1 (sd-1)

32.5 A

30.0

27.5 4

25.0

Amplitude

p Start

22.5 1
® Alarm

20.0

0 5000 10000 15000 20000
Data #

Segments that are not different from each other can be considered the same steady state value,

while extraneous segments are thrown out with assumption they are noise. Algorithm loop:
if |mean,, — mean, _;| < ko, :
Data, = Data, U Data,,_;
mean,, = mean(Data,,)
o, = std(Data,)
s €1, n—1]

where s is the segment number, o is the standard deviation, k is some threshold. Example of

artificially noisy data:

45 o

40+

T 357

304

2549

200 400 600 800 1000 1200

Time (s)
hot_cycle_inlet SS region

hot_cycle_cell
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Time series and detected changes (threshold= 0.5, drift= 0): N changes = 2519
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Data #

Time series of the cumulative sums of positive and negative changes
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T(*C)
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Time constant fits are improved by fitting real data with offsets that minimize fit variance:

v .l .
o . S 4
toe” region offset to improve fits — optimization loop = = - o —

= hot cycle = hot cycle fit

1200

* Note reduction in Tau_fit standard deviation in brackets —

1200
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Appendix G — Safety systems

Multiple safety systems have been implemented to ensure user safety. Some can be improved,

with improvement tracking in the following table:

overheat protection

ID System Status Implementation details

0 Software Operational e Main commands prevent user from blocking off both valves simultaneously.
overpressure
protection . Pump is turned off if channel switch is requested.

. Pump is not started unless channels have switched.

. Channel switching or pump starting commands can not be started unless previous
command has finished running.

. Special commands available for hardware testing which can allow unsafe situations
—TODO: make only accessible in special maintenance mode.

1 Hardware Operational . Forward pumping overpressure branch protected by overpressure jar with valve.
overpressure Jar contents can be emptied by opening a luer lock port and pumping fluid out of
protection the main tube.

. While prohibited and fairly inconvenient to do, pump direction can be reversed by
flicking a switch on the pump. Can result in reverse overpressure if valves are
closed — TODO: consider using directional valves on forward and reverse branches
connected to overpressure protection device

2 Software oil bath Operational e S0LO4848 controller has alarm and disables output above 150*C (tP-H setting)
overheat protection

. Alarm is also triggered at 135*C (AL1H setting)

. Disconnection of thermocouple results in alarm and disabling of output.

. Software sends signal to turn off bath if overtemperature or thermocouple
disconnect detected.

° Under consideration: redundant software protection using a secondary sensor
system

° TODO: Case of thermocouple being taken out of the hot bath while system
running. Software to disable controller output if output is high (> 50%) and
temperature rise not detected within 30 s.

3 Hardware oil bath Under ° Direct power disconnect if bath temperature in the heater exceeds a threshold.

consideration

. Secondary level of protection in case of software fault.

4 Hardware overcurrent | Operational e  Overcurrent, motor stall, and short circuit protection fuses implemented.
protection
. 12V line 3A fuse, 5V line 1A fuse.
5 Spill protection Operational . Easy to wipe plastic mat on the steel table.

. Cold reservoir jar stand has a shallow tray. Added a wide and shallow petri dish
under the jar for spills during maintenance activities.

. Overpressure device within a separate beaker if overfills and starts leaking from
the valve
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6 Power system Operational Replaced open PSU with an enclosed, CSA certified PSU (ENP-240-12)
protection and -
certification Has power switch, short circuit, overload, overvoltage, overtemperature
protection.
7 Fan safety Operational Durable material nets over fans to prevent wires or fingers coming in.
Fans do not have enough power to cut off fingers.
TODO: Qil bath fan has the less-accessible side open which may need another net.
8 Flow switch servo Under Flow switch located far from commonly used areas.
motor safety development
Prevent deliberate fingers and other objects from obstructing the flow switches.
Mount general enclosure, likely of plexiglass.
9 Bath stirrer safety Operational Shaft guard prevents easy access to the rotating shaft.
Oil bath splash guard prevent access to the impeller.
10 Hot fluid safety Operational Qil bath splash guard prevents fingers from going into the fluid, and prevents hot
fluid splashes.
Tubing and fittings designed for >130*C spec.
Quick disconnect fittings seem secure after months of operation. Tubing and
fittings don't burn fingers upon accidental contact.
10 Heating element Operational Thermocouple wires fixed to tubing or supports, should not contact heating
isolation element.
Tubing fixed in supports, should not contact heating element.
Heating element frame should not go above 70*C, frame is isolated from bath via
2mm Pyrogel insulation.
TODO: Need HOT warning signs. Mount general system enclosure, likely of
plexiglass.
11 Reservoir fluid level Under Allow automated checks of fluid levels
feedback consideration
11 Valve position Under Allow checks of valve position if servomotors fail

feedback

consideration
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Appendix H — Custom control software Ul

Custom control and temperature data acquisition software was programmed in Python.
It includes a backend responsible for multithreaded interactions with the heardware, and a front
end to improve user experience. Main interface allows individual control over flow direction,
pump operation, HT fluid container stirrer, and bath temperature control. However, a simpler
control scheme has been overlaid for automated operation. These include Auto Start and Auto
Shutdown functions that use best default values for operation. Automated control of fluidic cell
temperature is also available as long as all components are operational. It only requires specifying

the type of control and the desired temperature.

Automatic stgrt/stop Manual device selection— blame NI

1 MainWindowh, o X

Automaticdevice detection

/

fol { TempMonitor'y
Y 4 - g

Ay Start | [Auto Shutdown| //

v ¥

Main controller (TeensyMVFT)  Hot bath controller (SOL04848) ~ Temp sensor (Osesa FTX) Temp sensor (Thermocouple)
@ Disconnect  Port @ Disconnect  Port @ Disconnect  Port @ Disconnect  Port
O connect O connect O connect O connect

Dfvice connections &~

B | MainWindow

Flow control Pump control Stirrer control

System
Settings  )Monitor

Exit Auto Shutdown

Device connections

i Desired cell temp
| Automatic control 4

Hot bath
Controls

]

]

]

:

! .

| e s Manual controls |
]

]

]

]

i

[}
[}
[}
1
1
\ 2
1 W
1

1

I 5 \ Control method
Hot bath temp :' . N Cell temp -
Heaterpower F=-----==-=======-=--l 77777777 ====°7 —==="
P Safe temperature Control method
Ay ramping <7*C/min - Supports simple

Cold flow terﬁbﬁ polynomial and PID

Data logging interface shows presently enabled thermometers and allows saving the data
for subsequent analysis using MVPT analysis scripts. MVPT analysis scripts are based on Kyle

Briggs Chimera VC100 .mat/.log format readers and signal filtering scripts. Temperature data is
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added to the analysis and synchronized via the save time stamps. Automatic file naming and

database creation allows MVPT scripts to read the data for a specific experiment.

Log starts
faster data
acquisition as
compared to

B | MainWindow -
System Real-time thermal data log

Control  TempMonitor

Temperature (*C)

N
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1=3.20s, §J32%C, avg=0{507C

1=3.205, 0.89%C, avg=0.§7*C

Time (s)

T || Log Control Data management H
regular st Sop o] Dsmeom o | Track tll’TlE? and
monitoring e ey filenamesin DB
A — Automatic
Sub-experiment: g - .
Save log, even Repleste: o 3 naming
partia| data If Log start time:  [2021/03/18 00:20:13:716256 | LOg t|m|ng
. Log stop time:
devices
disconnect
Lﬁm Name 4+Ext
&l <DIR> &
g DL‘ ']: ache_] <DIR> _ Dapp2021-01-11-21-50-28  log
D[;: :Dﬂ:R' ") app2021-01-12-10-12-04 log
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Osettings] . <DIR>_
... AmpBoard PY 805 ———, [Name 4B
|| bidict ; &L
dﬂx test 8 calibrationtempdata csv
[ ') GUIModuleControl 83 tempdata csv
ggg:wegﬂw ] Thermocouple
(i} Module ings 3 . .
[[|GUIModuleShared  py . ;T] tEd / calibrations
[ fistserialports Py 1.008 o] caibration ini Point to current
| NIDAQ_connectivity py 19.044 - calibration_tctable  ini )
Zlmsr_rmuiom Py 1,731 j;_wm-:':im i % settingsand
| | OsensaFTX_connec.. py 7.903 ] settings. ini calibration files
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