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Abstract

Environmental DNA (eDNA) analysis facilitates the study of biodiversity in aquatic habitats.
eDNA samplers automate the sample collection process required for eDNA analysis, reducing
the manual labour needed. This thesis describes the development of a novel eDNA sampler
capable of seftleaning and multisample capture and preservation. The subisiereaDNA

sampler unit was compared to the traditional Niskin Bottle (manual) approach during a transect
in Halifax's Bedford BasiBoth approacheg/ielded comparable results based on the detected
bacterial and phytoplanktoAmplicon Sequence Variantd3/9. The presente@DNA sampler

will be avaluabletool for biodiversity surveys Marine Protected AreasPA), wind farm
installation, site assessments and coral nedtorations The eDNA sampler will betianely
technology toaid thefulfillment of the objectives described in thecentKunmingMontreal

Global Biodiversity Framework (GBRNgarly 200 countries agreéd adoptthe GBF at the

United Nations Biodiversity Conference, COP15, Montreal, Canada
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Chapter lntroduction

Increasing human activity in aquatic environments has led to concerns over anthropogeni
effectscausing issues such as hypoxia, ocean acidification, and eutrophication caused by
increased nutrient loadinfll]. These impacts can impede growth of certain organisms such as
calcifying marine species, whose shells and skeletons can be affected by acidifiedianh
promote the growth of other species including those that cause harmful algal blooms (HABS)
which harm fish as well as the human econdBly [4]. The timescale of these changes and
their consequent impacts can range from houry&ars, and since each ecosystem is unique,
changes can be difficult to track, requiring timesolvedin situobservations in order to

properly assess changéherecentadoption of theKunmingMontreal GlobaBiodiversity
Framework(GBF aims to addresbiodiversityloss restore ecosystems and protect indigenous
rights[5]. eDNA metabarcoding enables the monitoring of biodiversity in a target location. By
tracking the biodiversity of that target location, the effectiveness of mitigation measures to

address biodiversity loss and restore ecosystems can lesseag.

Biological monitoring programs have traditionally focused on manual identification of
key taxonomic groups of interest; however, these programs can be time consuming and require
special training in taxonomic identification. In recent years, witkeerelase in the cost of DNA
sequencing and the increasing size of nucleic acid databases, environmental DNA (eDNA) is
increasingly being used as a proxy for biodiversity in biological monitoring pro¢gams
Monitoring eDNA involves studying all DNA present in the environiifgmind is advantageous

in multiple ways as it is nemvasive, and widely applicable to microbiota and metazoans alike



using a rapidly evolving suite of analytical methods from sensitive DNA extraction to detection
of unique barcode sequencg®]. There are numerous studies that have demonstrated the

value of eDNA to study microbial diversity, given the importance of their role in primary
production by phytoplankton and biogeochemical cycling of dead organic m&fig{d 1]. For
example, biomonitoring of microbiota in aquaculture settings has demonstrated the usefulness
of eDNA to detect the rapid microbial response to environmental disturbance and assess
management strategies for a sustainable aquaculture indySigf11]. Furthermore, an

increasing number of studies have demonstrated the important rolé &isNA is destined to

play for environmental monitoring of fish biodivers[i2], tracking of marine mammaj43]

and other aspects of conservation biolddy].

While disruptive, the arrent methods for eDNA sampling are often labour intensive,
involving the collection fosamples using Niskin bottles or similar equipment, followed by
separate filtration and preservation steps, often using a peristaltic pump and freezer
respectively. The manual components of eDNA sampling and analysis limit its use in remote
settings, orm settings where regulaaroundthe-clocksamples must be taken, and require a
trained individual to perform the process. Extending the applicability of eDNA methods to
more-challenging problems requires automation, including the development of automated
sampling equipment. Recently sampldrave been an active area of researdmgngfrom
singlefilter systems to morecomplex multifilter systems Eachunit hasvarying parameters
such as deployment duration, maximum depth rating, and chemicals/preseegaisedWhile
great progress has been made, we aim to address a current gap betweanghsamplers

that are manual and not suitable for extended deployments in harsh conditions, and, large

2



multi-million dollar anchigh-performancesystems that are to-expensive to deploy at scale.
The novel eDNA sampldescribed in this thesimrgets the midcost range of systems

influenced by the current market.

1.1 Thesis Description and Scope

This thesis project aims to develop a novel eDNA sampler capable-ofesalfng and
multisample capture and preservationhethesis will explore the design stages of development
andunit-leveltesting leading up to deploying a submersible eDNA samplirel Bedford
Basin.Thefinal deployment was a transect of the Bedford Basin, Halifaparallelwith the
traditional Niskin bottle approachUltimately,the project was a success as we showed very

similar relative abundances the detection of bactel and phytoplanktortommunities

In Chapter 2f the thesis a literature review of eDNA samplers available commercially
andin journal articless presented This sets the stage for the novel aspaatthe eDNA
sampler designed in the thesis. In Chapter 3, the fluidic architecture of the novel eDNA sampler
is explored, and its operation is discusskcollaborated with Edward Luy to design the fluidic
architecture.In Chapter 4, the electrical ar¢bcture and circuit board design of the eDNA
sampler iexplainedalong with the earlystage development anits interface to control the
fluidic architecture described in Chapter Bne electrical architecture and PCB version 1 design
were my own work. tollaborated with James Smith to design versions 2 and 3 of the PCB
Chapter Hdetailsthe software architecturéhat controlsthe eDNA sampleihe software

design, firmware implementation, and associated testing was my own work.



In Chapter 6testing isdetailed. he components of the fluidic architecture described in
Chapter 3 areinit-tested to determine the pressure sensor's precision, the pump's accuracy
and the system'’s risk of cresentaminationusing food dyeThe unit testing was my own work.
In Chapter 7, a benchtop model of the eDNA sampler is describeéaidatedusing samples
of water from the Bedford Basin, Halifax, to determine the effectiveness of the eDNA sampler
and its collection protocolDuring this stage, the eDNA samp@ésoundergoes cross
contamination testing using the bacterial monoculture BBA@e benchtop setup and testing
was my own work, with the exception that the fluidic manifold was manufactured by Colin
Sonnichsen. Alsthe DNA extraction and analysis was performed by Connor Mdokihapter
8, a custom housingreated by Dartmouth Oceahechnologies$nc.allowed forthe eDNA
samplerto be submersible Chapter 8 explores a comparison test between the eDNA sampler
and the traditional approachThe deployment was eollaborative effort between myself and
DOT employeeg:inally, Chapter 8onsiderghe future directiors and offers suggestiongor

improvements of the eDNA sampler.

1.2 Publications and Conferences
The followng conference poceedings andnanuscriptsare producedas a result of this thesis
work. The material from these peeeviewed works is used in this thesis and copyright

permission has been attained for representing the results.
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Chapter A iterature Review

This chapter will focus on the various eDNA sampulekglopedin the lag 20 years These
eDNA samplereangefrom handheldsinglefilter systems, capable of a single sample capture
per deploymentto multi-filter autonomous systemsapable ohundreds ofdiscretesamples

captures per deployment

2.1 SmithRoot eDNA sampler

Figure2.1 illustrates theSmithRoot eDNA sampleatesigned by SmitiRoot(Washington, USA)
and first published ir2018[15]. As d 2023,SmithRootsellsthis samplerat a base price of
7,695 US16]. ThseDNA sampler issinglefilter handheld samplecontaining the electronics
in aback-packstylesystem Figure2.1 - 1. This allowshe userto carry the system during
deployments easilyTheeDNA sampleweighs10.89 kg withouthe battery pack installedThe
sampler's screen interfac&jgure2.1 ¢ 2, allowsthe user to program deployment parameters

such agarget volumeand limits forpressureand speed

The sampler features a simple fluidigstem that pulls fluid samples across a 47 mm
filter membrane for sample capture using a diaphragm pump. This pulling action, paired with a
replaceable inlet tube and filter holder, reduces crossitamination between sampling events.
Figure2.1 ¢ 4 illustrates the inlet tube and filter holdeidowever, the single filter means that
the user will be required to constantly replace the filter membrane and the samplietiride
for each deployment location. Additionally, due to the backpack design and 3.6 m pole with a

telescoping bipod, the user is limited to sampling close to the surface of the water and in areas



that the user can easily accessgure2.1 - 6. Additionally, the user is required to set up a tripod

to position the sampler for sample capture.

R4 SMITH-ROOT

010055

Figure2.1: Smith Root eDNA sampleerforming sample capture and filter storage immediately after captReprint fron]15].

During deploymentghe sampler iscapableof loggingvolume sampled data and data
from its pressure and GPS sensor. This use of the GPS sensors is advantageous to determine the
location of sample capture. The sampler uséslAh 12.8\bower supply is attached to the

backpack to power the system that is capable of lasting 6 to 8 Ha&fsWith the pump having
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a minimum and maximum flowrate of 0.1 L/min and 1.4 L/min respectively with an ertot @f

%[15].

There have been two recent studiasing the SmitFRoot eDNA sampler Bope et al.
(2020)andNolan et al. (2023)in apublishedstudy by Pope et al. (202Q17], the SmithRoot
eDNA sampler was used to detect two native amphibi&ené sierrae and R. cascajlahese
amphibian species are at risk due to population declinesed by disease, habitat altercation
and invasive species. The sample collection was performed at 15 meadows in the Sierra Nevada
and southern Cascade rangesCalifornia USAfor 65 sample locations. The eDNA analysis was
performed alongside visuaentification, in which eDNA analysis could match visual results at
all sampling locations except for one where the amphibian was seen outside of the sampling

area[17].

The eDNA sampler could collect 0.2 to 2.2 L per filter with less than 10 minutes of
sampling time. The team found that combining the eDNA analysis with visual methods was
ideal for better sampleapture. The sample used two filters at the end of the pole to create a
duplicate sample collection 25 cm apart. The test also used ethanol preservatives and self
desiccating filters for sample preservation. Multiple samples were collected at each lotmation
increase the chance of detecting DNA related to the frogs. The sampling depth of the sampler

was measured at 510 cm per locatiofil7].

In aseparatepublishedstudy by Nolan et al. (2028)8], the SmithRRoot eDNA sampler
was used to detect the brook trout fish species in a conservation effort due to its low

population. Samples were collected in southwestern Ontario, Canada. Samples were collected



in Hanlon Creek and Twelve BiCreek, Ontario. Data was collected and compared during the

study between the eDNA analysis and electrofishing techniques. The data from the study

showed that the SmitHRoot eDNA sampler was collecting Brook trout eDNA throughout Halon

Creek and the two min branches of Twelve Mile Creek. Additionally, the SiRibtcould

detect eDNA data in locations that had not been detected before using previous methods. The

didzReé dzaSR p >Y YAESR[1&St tdzx 2asS SaiGdSNJsa/9v ¥
The study highlightedn issue with th&mithRooteDNA sampler pulling sediment onto

the filter membrane due to its lack of a prefilter. The sediment collection onto the filter

membrane caused the eDNA sampler to clog quickly. However, it was also assumed that the

sediment catained a high concentration of brook trout eD8].

2.2 Continuoud.owLevel Aquatic Monitorin(CLAM)

Aqualytical designed the Continuous L-bevel Aquatic Monitoring (CLAM) system in 2014. The
CLAM weighs less than one pound and has arspdl shape with a 5 @ diameter[19]. It

features a single 47 mm SPE Disk filter and is deployable to [2Q].nThe CLAM has a low flow
rate of 5 to 60 mL/mirj19], allowing it to utilize the single filter over several hours to capture
eDNA. The CLAM can last 36 hours simgle charge, thus allowing it to filter up to 100 L of
water during a single deploymeff1]. The CLAM has a volume accuracy b with a
rechargeable lithium batterf19]. The user iterfaces with it using buttons to stop and start the

sampling process, and a screen on the CLAM displays volumes captured when sampling stops.

The CLAM's small design and easy user interface give it an advantage over more

advanced eDNA samplers. The usely needs to load the CLAM with the filter for eDNA



collection, press the start button and deploy it into a body of water. Unfortunately, the
downside of this design is that only a single sample capture is available during deployments,
meaning that the usr needs several CLAM devices for multisample deployments. Additionally,
preservatives could prevent sample material from being lost during-teng deployments.
However, the CLAM does not utilize it. Although the button creates a simple interfacatst lim

the user from performing advanced actions such as programming a sampling schedule.

Asof 2023 the CLAM advertises eDNA functionality omiebsite however there has
yet to be apublication that was found to demonstrate the effectiveness of usieg@LAM for
eDNA sample capturdll currently availablgublications of the CLAMemonstrateits

effectiveness as ol in contamination studies iaquatic environments.

2.3 Subsurface Automated Sampler for eQNASe)

Figure2.2 illustrates the Subsurface Automated Sampler for e[8RSEedeveloped by the
National Oceanic and Atmospheric Administrat{idioAA in 2021 asan opensource eDNA
sampler[22]. This sampleiis asinglefilter system capable afample preservatioand is
submersible up to 55 f22]. The SASE small11 cm widex 15 cm longand costs
approximately 830 USDo build[22]. The small size and low caatow for the deployment of

numerous samplers simultaneoustyimprove the spatial resolution of the eDNA collected.

The &Se was first introduced and tested in a 2021 publication by Formel et al. (2021)
[22]. Within the journal paper, the SASe underwent two tests using biologgraples. The
objective of the test was to compare the DNA yield between the manual sampling method and

SASe in a lab environment. Both trials involved filtering seawater samples, in which the first test
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had the sample spiked with &nterococcus faecalmositive control, while in the second test,

the sample remained unaltered. The spiking ensures a higher concentration of DNA in the
sample. Three SASe units were used to take nine samples of 1 L of fluid per filter during
sampling. The SASe added the preatives immediately after sample capture. The manual
method used a peristaltic pump to individually filter 1 L of samples through five sterivex filter
cartridges. After which, the preservative was manually applied to each immediately. The
sterivex filterwas opened using a PVC pipe cutter to extract the filter membrane. The results of
both tests demonstrated a similar relative DNA yield between the manual peristaltic pump

method and the SASe.

Preservative
Pump_g¢
Sampling T e

¥y /&
Inflow/

Syringe /
€onnection Check
Valves

Filter
Connection

Inflow

Figure2.2: Subsurface Automated Sampler for eD(SASephotographs Reprinted fronj22].

The paper also explored the hardware design of the SASe. The system features two
peristaltic pumps for sample capture and preservation, respectivelgytad cross
contamination. Each pump has a volume and flow rate errar3$0[22]. However, no flow

meter is included in the system to verify volumesecdid based on membrane loading during
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the deployment. The sterivex filter is bordered by check valves on either end to prevent cross

contamination from fluid backfloj22].

A luer lock connects the stervix filter and preservative to the system fluidically, thus
allowing for quick swapping after deployments. The luer lock offers a great solution to swap the
used components with new ones quickly. A remote cointem control the sampler to set the
target sample volume and a sampling schedule (date and tinmejigh an OLED scred@2].

The remote control offers an egllent user interface for the user to sync multiple samplers in

various locations to perform sampling simultaneously.

The advantage of the SASe is its low cost, allowing multiple systems to be deployed
simultaneously for a large spatial resolution. Theapke schedule feature allows the samplers
to be synced to collect simultaneously. This sample schedule also allows samples to be
programmed for any time of the day, which would typically be difficult for a researcher to
sample manually. The disadvantageusing multiple SASe units is that each will need to be
tracked for retrieval and separately prepped for sampling because each unit can perform a

single capture event.

2.4 Phytoplankton Sampler (PPS)

Figure2.3 illustrates thePhytoplankton samplefPPS$oldby McLane Labs. The sampler has 24
filters (47 mm)allowinglonger deployment periodslhe system weigh80.5 kg and 43 cm x 43
cm x 165 cmH x W X)) [23]. It is deployable t®,500 m witha deployment period 014
months.The system features a gear pump with a 5% flowrate error and a flowrate @180

ml/min [23].
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However, the downside of the PPS is its size, weight anecampact design. These
factors limt the PPS to be a standalone system that can not easily be attached to an
underwater vehicle or deployed by a single perdearther, kinked tubing is a frequently
NB L2 NI SR S ELISNA Sy O %Dr. BuN@L¥RoehBjiddatongirt tiie Departhidniiof NI &

Biology Priming of this instrument is also challenging.

M Connection to
Controller
Housing

Figure2.3: Phytoplankton Samplex) Top view showing fluidic valve, ports, and filter holders b) Side view showing valve, pump,
filter holders, fluidic ports and connection to controller housing.

The PPS system has been used in several studies; two are described below. In a
published study by McGillicuddy et al. (20§24], the PPS was used to monitor a Harmful Algae

Bloom (HAB) oAlexandriunfundyense During deployment, the sampler was left lretwater
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at a depth of 5 m for a sampling frequency &8 #ays, with the system programmed to capture

2 L of fluid onto a 15im Nitex screen. Through the regular sampling event of the PPS, the
bloom could be recorded as the cells/L varied throughout tling period. However, it was
also reported that due to the depth of the PPS, its cell counts reported by the PPS were much
lower than samples that were taken closer to the water surface during the spike of the cells/L
[24]. The study demonstrated vital features of an eDNA sampler, includingtéong

deployments and thatpower management and preservativage key considerations

In another study published by Winslow et al. (20[28), the PPS was deployed with
several other sensors in the Dry Valley Lake&ntarctica The paper's objective was to outline
how the sensors were deployed. During the y&arg deployment, the PPS was scheduled
sample every 18 days except for three overlapping sample events for replicate sample
verification. For the preservation of samples, the system used custom filter housiiljgute
with a DNA preservative solution. After sample capture, the fluid wéllidhe filter cartridge
and preserve the sample. One downside of this was that duringtiemg deployment, there is
a risk of the DNA preservative seeping out of the filter cartridge. ,thesauthors explorethe
useof an environmentally safe sucro$gsis buffer (SLB) preservative. However, the filter
housing was designed to use a preservative less dense than water. The SLB preservative used

was denser than water so to accommodate the change, the PPS was deployed upside down.

These studis demonstrate thempressiveeffectiveness of the PPS in performing leng
term deployments due to its ability to collect multiple fluid samples and preserve them over a

long period.
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2.5 Modular Autonomous Biosampl@gviAB)

Figure2.4 illustrates theModular Autonomous Biosampler MAB developedby Cellula Robotics
Ltd.and first published ir2012[26]. In the publication, the technical specification of the MAB is
described; however, no testing was performddhe MAB is a multifiltesamplerwith sample
preservation and seifleaningfeatures.The sampler weighs 35 kig229 x 1615nm, and holds

up to 200 filters per deploymeni26].

Figure2.4: Modular Autonomous Biosampl€AD rending showing exposed internals ofMiAd8.Copyright © 2012, IEEReprint
from [26].

TheMAB allows triggering usiran RS232 communication channel or 5 V rising edge
trigger. The filters used in the sample are thandard 47 mm filtemembraneshoused in a
custom filter slide assembly sandled between polycarbonate slide covers to avoid cross

contamination during samplstorageDuring samplingfilter slides ardransferred tothe
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sampling position from theterile slide supplgylinderandthen to the preserved slide takep

cylinderafter sample capture and preservation.

The advantages of the MAB include its lafifer capacity and multisample capture and
preservation with seftleaning between sampling events. However, the complex front transfer
assembly will likely make the sampler susceptible to mechanical failure. Additionally, its large
filter capacity stacké means the sampler must be retrieved by carefully retrieving samples and
refilling after deployment. The length of the sampler also makes it difficult to handle by a single
individual and requires a team to set up and deploy. Finally, a published papgehto
demonstrate the system's performance for sample captuidn appropriate biologicahssay

comparisons.

2.6 Environmental Sample Processor (ExR#) 3

TheEnvironmental Sample Processor (ESP) Gesis3developed by th®lonterey Bay
AquariumResearch InstitutéVMBAR| California USAteam in 2015The sampler ia multifilter

sampler capable of multisample capture and preservation wétficleaning between sample

capture events. The ESP Gen3wasbudt 'y | GGF OKYSy d Auonomous wL Q&
UnderwaterVehicle(LRAUV) Thesystem holds 68ample collection and processingrtridges

[27]

Each sample cartridge is isolated and handles the chemicals required for sample
preservation and storagend wastecapture The compartmentalized paagesallow for fluid
isolation between samples and a reduced risk of cmms®amination. However, the downsides

of the ESP Gen 3tle reliance on the AUV shown Kigure2.5-E, as the sampler is design to be
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attached to that specific UAV. Additionally, reliance on separate filter cartridges each holding
their own chemicals makes deployment preparation time consuming as chemicals are added to
each of the 60 filtecartridges. The cartridges are also custom design therefore creating a
dependence on the available cartridges since they are natfithe-shelf componentEach
membrane filter change requires a face plate to be removed with 4 screws (240 for all 60
filters), and therefore constraindoading/reloading activities to sterilelaboratory/container

environment.

A Environmental Sample Processor

Sample Filtration

N2 Environment

Cartridge
Nitrogen 1

Pump
Waste P Environmental

Toroid rry\j Water
Valve N
Filter \ =4 Filtered
Hotaing N o i

Intake & Exhaust Watef
Manifold Bulkhead Valves

Preserved Filter

Figure2.5: Environmental Sample ProcesapFluidic schematishowing capture on a single filter cartridge b) Sampling protocol
c) Exposed internals of tlsampler d) Filter cartridge §ampler internally attached to a Long Range Autonomous Underwater
Vehicle (LRAUV) Reprint fron{27].

In apublished study by Yamahara et al. (209, the ESP Gen 3 was mounted on a LR
AUVto detectseveral organisms which ranged framicrobes, phytoplankton and
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invertebrates to vertebrates the Monterey BayThe study involved a direend indirect
comparisorbetween theESP and manual samplifidne direct comparisountilized the
benchtopESP unit while thadirect utilized a peristaltic pump, benchtop ESP and ESRIM
Thestudy allowed for the eDNA data from the ESP Gen 3 todaged alongside chlorophyll,
temperature, salinity and depth data from thed&RV unit.The ESP was capablefitiring

639 to 954 mL within a 58 minute periothe results of the ESP samplindpoth direct and
indirect case showed comparable results the manual approachThe negative controls of the

study provided no amplification during the qPCR prochesever, SAR11 was amplified.

This study demonstrated the advantage of B8P being paired with a-ARV to get
additional sensor data alongsi@é®NA findings Thiscould allow forcorrelationsto be made
about the eDNA samples and the conditions where the samples were colldttedESP is one
of the most advancedDNA sampling instruments in the world and is broadly considered to be

the pioneering &orts exporing underwater genomic instrumentation.

2.7 In-Stu Autonomous Biosampl¢€ISABS)

The ISABS is 46-filter eDNA sampler capable of musiample capturepreservation and self
clean The eDNAsamplerwasdeveloped by theClIMAReam inPortugaland first published in
2019[28]. The system is compact asdall in sizevith a diameter of 150 mm and length of

500 mmwith a depth rating of 150 r{28].

In the initial published sty by Ribeiro et al. (201§28], the sampler was compared to
the Ocean Sampling Day (OSD) filtration standard procedure using water samples collected 25

km offshore NW Portuguese coast. The samples were collected in two 20 L carboys and
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returned to the ld for the study. The study results showed a similar biodiversity reading in the

plankton microbiome diversity at the prokaryotic and eukaryotic levels in the sample fluid for

both methods.

The study demonstrated the ease of use for the eDNA sampler chviie system was
fully packed and ready to be used with Steri@R filters. The system was sterilized before use
and did not require sterilization between samples in addition to automatically applying
preservatives to the capture samples. However, th®GiBration approach required manual

cleaning between samples and for the preservative to be manually applied.
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Figure2.6: In-situ Autonomous Biosampler ABSh) Side view showing fluid inlet and ot@rts b)Font view showing external
connector interface dpternal electronics and fluidic system d) Field deployment on a sensor pla®epmint from[28].

The advantage of the 48BS system is its small size, allowirig lie used in areas other

than research vessels, such as coastal lakes and riverine. The disadvantage-&BBedsign
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is that the filter cartridge is not easily accessible. To swap the filter cartridges,-&®&3 $s
required to be openegdwhich is €dious and can damage the instrumentation innards (tubing,

wiring, electronics) as shown kigure2.6 ¢ C.

2.8 PolyWAG(Water Acquired Genomics)

The polyWAG is a Zilter sampler developed by a research team at Oregon State University
USAjn 2019[29]. The polyWAG is openly published on GitHub and costs approximai8ly 6

USD to build30]. The sampler provides a web application user interface to allow the user to
schedule deployments, get retime updates fronthe sampler and retrieve logs deployment

data such as time, pressure and filtered volume. In 2022, the sampler was stated to have used a

47 mm filter holder and could sample 1@@50 mL of water with an accuracy ofi@&%[30].

As of 2023, there have yet to beyapapers published on polyWAG demonstrating its sampling
performance. However, abstracts and a poster track technical and cost developments of the

system[29]¢[31].

2.9 Large Volume eDNA Sampler

Figure2.7 illustrates the large volume sampldesigned byVoods Hole Oceanographic
Institution (WHOI).The Large Volume eDNA sampler \iest published in gournal paperin
2022 [32]. Thismultifilter samplercancollect up tol2 samples per deploymenTheeDNA
sampler is deployable to 6000 m and features2B3 communication for collecting data logs
and determining he status of the pumpslhe system used a flowmeter on a shared outlet
channelto determine the fluid flow volumerigure2.7 B. illustrates 2 MOS arrays combined.

The Large Volume eDNA saemk designed to be attached to the Mesobot AUV.
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In the initialpublishedstudy of the Large Volume eDNA samfilgGovindarajaret al.
(2022 [32], the system was used to detect the biodiversity of invertebrate taxgepth
ranging from 20 to 400 m in the Flower Garden Banks National Marine Sanctuary. The
Sanctuary is a Marine Protected Area (MPA) located in the northwestern Gulf of Mexico. The
study compared the Niskin bottle approach to the Large Volume eDNA sampgarhple
capture. The study found that sampliEem the Large Volume eDNA sampler detected
approximately 66% more taxa than the Niskin bottle approach. Additionally, the study found
that the metazoans eDNA signal decreased with sampling depth compatkd test of the
eDNAsignal.During deploymenttie Large Volume eDNA sampler fiidr-40¢ 60 Lper filter
while the Niskin captur@~2 L of volume. Both capture methods were equipped onto a
Mesobot AUMhat allowed for sample capture at a set depth. Titter capture process took

less than 30 minutes per filter and each deployment lasted less then 4 hours.

A. B
INLET
<~ FLTER
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MANIFOLD k“' OUTLET PUMPS—

Figure2.7: Large Volume eDNgamplera) Fluidicschematioof a single channel of the large volumBNA sampler b) Rendering
of the Large Volume eDNA sampler vAtMOS arrays of 6 filters eadReprint from32].

The Large Volume eDNA sampler was thoroughly cleaned before deplof@@grRost

deployment, the system was collected, and the samples were immediately preserved due to

21



the lack of onboard preservatives on the sampler. Ttk &t preservatives limits the total
deployment time capable of the sampler duefiiber captured materiaegrading over time.
The eDNA sampler uses a check valve between the filter membrane and sample outlet to
minimize crossontamination and have a parate pump on each inlet channel. However,
there is a possible crogontamination issue between the sampling location due to the lack of

isolation between the filter membrane and sample inlet, as showfigaire2.7 ¢ A.

The multiple pump design of the Large Volume eDNA sampler offers several advantages,
such as ensuring that other channels can still operate if the inlet is blocked. Additionally, the
pump array allavs for samples to be collected in parallel. As demonstrated in the study by
Govindarajan et al. (2022), the fluidic design of the system allows for a large volume to be
quickly filtered, thus allowing fax largerbiodiversity capture comparedf the ambient

environment[32].

The disadvantages of this eDNA sampler include its open design, which may lead to
snagged cables and algae growth on parts of it. Additionally, the numerous pumps on the
system, each with its inlet valvasgeans that cleaning the fluidic channels can be time
consuming as each channel must be individually connected to the cleaning solttisriime
consumingsamplercleaningcantake 1.5 hours for a single persamcludingcleaning the

sampler andoriming fluidic lineg32].

The study by Govindarajan et al. (2022) demonstrated the need for a dafgti eDNA
sampler to collect eDNA from a range of depths to measure the vertical profile of the aquatic

environment concermg the change in biodiversitfhe AU\tapabilityallows for the user to
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control the sampling locations. In additiom being able to sample large volumes of fluid due to

the reduced eDNA concentration with depth. Filtering large volumes increases theecbfin

detecting the target species.

2.10 Summary Table

The numerous samplers surveyed above have been summariZedie2.1 to allow for

comparing the variouteatures, advantages, and limitations of each system.

Table2.1 eDNA samplers in the literature andmmercially available

Inc.

(DOT)

Year Instrument Organisation Depth Number of Filter Preservation Self Flowrate
Filters Cleaning | (mL/min)
Handheld Sampler (not submersible)
2018 SZ?n'\;)/IAer [15] SmithRoot Surface 1 47 mm Filter Y N? :ﬂgg
Single Filter Sampler
Continuous Low 5¢60
2014 Level Aquatic [20] | Aqualytical 6.1m 1 47 mm SPE Dis N N
Monitoring
(C.LAM)
Subsurface Nathnal
Automated Sampler Oceanic ar_ld Sterivex Filter
2021 [22] Atmospheric 55m 1 Y N
for eDNA L . nNeOHH >
(SASe) Administration
(NOAA)
Multi -Filter Sampler
Phytoplankton McLane 50¢ 125
2008 Sampler [33] Research 5500 m 24 47 mm Filter Y Y
(PPS) Laboratories
Modular
2012 Autonomous g | Cellula Robotics 55 200 47 mm Filter Y Y
Biosampler Ltd.
(MAB)
Monterey Bay *16
Environmental [27] Aquarium 25 mm
2015 Sample Processor 3 4]’ Research 300 m 60 Durapore Filter Y Y
(ESP) Gen 3 Institute NOHH>Y
(MBARI)
in situAutonomous Sterivex Filter 54
2019 Biosampler [28] CIIMAR 150 m 16 noH > Y e
(ISABS)
PolyWAG . 80
2019 (Water Acquired ~ [35] | Oregonstate - 24 47 mm Filter Y Y
. University Disc
Genomics)
Woods Hole 2000
2022 Large Volume eDNA 132] Oceapographic 6000 m 12 Kleenp_ak N N
Sampler Institution capsule filters
(WHOI)
Dartmouth 4-30
Ocean
2022 Szaﬁl\gﬁer Technologies SSC?Omnf 9 25 mm Filter Y Y
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1Requires selpreserving filter

2Sterilized Filter is provided but lacks acid cleaning protocol
3Cleaning is performed with in situ water

4Deeprated unit is pressureompensated, filled with mineral oil
*Calculated value from data.

Qurrently available eDNA sampteand the literature review have allowed us to
elucidate desirabléeaturesof an eDNA sampler and to find gaps. Téulsto the development
of the novel eDNA samplelescribed in the following chaptershéseinclude aspects celt
preservation, multisample captureandmethods of crossontamination reduction such as

self-cleaning.There remains a need fomeeDNAsampler capable of the following:

Table2.2: Requirements of a novel eDNA sampler

Requirement Feature Description
1 Single Person Carriable Weighs less than 30 Ibs
2 Power Efficient Less than 10 W pad
3 Multi-Filter Support Deployments can perform more than 1 samplexgntbefore swapping filter cartridge
4 Submersible Submersible t000m
5 Preservatives Capable of preserving filters after capture foore than3 months
6 Chemicalleaning Capable of cleaning channels withemicals eg. Acid or bleach
7 Sample Scheduling Capable ofcheduling &ate/Time for sample capture
8 Triggering Capability Can be triggered bgxternal sensor ocomputer to start sample capture eveeyy. UAV
triggered
9 Easy access to Filters Filter cartridgecan be replaced in undér minutes
10 Optimal Flow rate Capable of collecting L of fluid within 2 houtsl7 - 30 mL/min

Here we introduce a sampler that addresses the shortcomings of previous samplers and

will be described in the following Chapters 3, 4, and 5. This sampler will then be characterised
in the Chapter®, 7and8 and shown to be an effective contribution todlequirementslist in

A

Table2.1. While the thesis showsarlystage@| f ARl G A2y 2F (KS S5b!
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solidify necessity for the eDNA sampler designed in this thesis.
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Chapter 3A Novel eDN/Aampler

This chapter focuesson the fluidic architecture of th@oveleDNA samplefThe fluidic
architecture is a critical component of the eDNA sampler as it enables the capture and
preservation of eDNA sampleghefluid routing desigrdetermines fluidic connections and
pathways.It was designed tprovide routing flexibilityusing a single pumgrigure3.1
illustratestwo modes offluidic operation of the eDNA samplepush mode configuration
(Figure3.1 a)) and pull mode configuratiofFigure3.1 b)). Each mode refers tthe eDNA
samplea Y S (céllettigePNAbiomasson the filter membranes (M1 to M9Y.hisdesign
allowsthe eDNA sampler to accomplish requirements 3,, 8 &d 10 of the novel eDNA

sampler inTable2.2.

a) Filter Bypass b) Filter Bypass
(Acid) (Acid)
" Acid-Tolerant

. - - o - 4@ Acid-Tolerant
Milli-Q &5 F‘“F"S Piston Pump Milli-Q =4E FllEers E Piston Pump
- 3]

¥ Mi Mi .
Sample -4 . Wﬂf Lﬂ T E2 RNAlater Sample g = o | Wfbn \J’U‘L Waste )
Outlet - Inlet . 35 um @ W Reservoir
Waste M2 B Mesh M2
Reservoir i mr U’UL_. - Sample RNAlater 4% | yhn M = Sample
35 um Inlet Outlet

M9 Mesh M9

5% HCI é—%—?ﬁmﬂﬂ—%— 5% HCI é—%%@uwm—@

Acid-Tolerant )\ 15 mL to 1(+ L per Acid-Tolerant 15 mL to 10+ L per

Filter ¢ Filter -
Filter Bypass Filter Bypass

(Seawater) (Seawater)

REH

LEGEND
% Solenoid Valve Fluidic Channel & Fluid Container

@r  Pressure Sensor <> Filter =g Surrounding Fluid

Figure3.1: eDNAsampleiQfuidicarchitecture (a) Pusktonfiguration (b) Pultonfiguration
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3.1 Chemicals

The chemicals used Iblge eDNA samplaliustrated inFigure3.1 includes5%Hydrochloric Acid
(HCI) RNAlater angburified Milli-Q water. These chemicals are required for each sample
capture evento perform selfcleaningon the fluidic channelandto performsample
preservation HCl is a common disinfectamed in past eDNA wo{R7], [36[38]. Thus, a low
concentrationof HCI(5%)is used to clean the fluidchannelsafter samplecapture to reduce

crosscontamination among distinct sample events.

PurifiedMilli-Q water is a trademark by iMpore Sigma for aurification system that
produces Type 1 watefype 1 water describes ultrapure water intended for use in highly
sensitive procdures. The properties of Type 1 water inclueesistivity oMy @1 atR5 OY
°Candparticlesless thar0.22um. Due to theminimalimpuritiesof Milli-Q water, it is used
immediately after HCI cleaning to ensure that HCI does not contaminatsulbgequensample
captureand that the fluidic channskremainclean. HCI contamination could destroy DNA that is
beingcapturedonto the filter membraneMilli-Q can alsde used as a blank, or negative

control if sufficient volumes were loaded

RNAlater is @aommercially solchon-toxic tissue storage reagenbmprisinghigh
concentrations of quaternary ammonium sulfates and cesium sulf8@s|t preservesfRNA
andDNA collected on thélter membranes for several months during letegm deployments
by permeatingthe collected eDNAamplego denature proteases and RNad&9]. Otherwise,
the genomic contentould degrade rapidly on the filter membranes. RNAl&bext passes

through the membrane&luring preservations collected in the waste reserve due to
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environmental concerns regarding its dispasdb the ambient environrant. The
Environmental Sample Proces ESPhas used RNAlater to pgerve samples for up @1 days

[27]. Furthermore, other studies havesed RNAhter to preserve DNA for up to 7 yed89].

3.2  FluidicArchitectureConfigurations

The eDNA sampler features two modes of fluid operation: pull configuration and push
configuration. Each determines thecation of thepump in relation tathe filter membranes

when colecting DNA samples. In the push configuration, during the DNA collection phase, the
sample fluid is initially pulled into the piston pump, which then pushes the fluid across the
membrane forsamplecollection.In the pull configuration, during the DNA @altion phase, the
sample fluid is pulled into the piston pump through the filter membrane cha(viélto M9)to

collect the sample immediatelyrhe fluidicarchitecturehas nine filter membrane channels.

Both configurations of the eDNA sampler utilize a>3binlet filter to prevent large
particles from entering the system. The 3& inlet filter prevents clogging anehsures that
the sampler continues to operate as expected. The particle size limits ofstegump and
solenoid valves determined the size of the inlet filiBoth configurations use the sanfiid
routing architecture However, the RNAlatemport and waste reservoir port arewvapped The
filter bypasgseawater)channeland filter bypasgacd) channel are both used to allow the
routing of fluid while bypassing the filter membranes (M1 to M9). The filter bypass (seawater)
channelconsists of @lisposabldilter to allow forthe filtering of fluid if required, while the
filter bypasgacid) channel does not include an inline filtal. the flter membrane channels

havecomparabléfluidic paths.
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3.2.1 Push Configuration

Figure3.1 a) illustrateshe push configuration of the eDNA sampler. In this configuration, the
piston pump directly connects to the sample inlet and RNAlater. This direct connection allows
the piston pump to aspirate either fluid with minimum dead volume before dispensing tlike flu
through the required filter membrane for either sampdaptureor preservation. The eDNA
sampler generates positive fluidic pressure while dispensing fluid across the filter membrane.
This pressure is due to the filter membrane mesh size and the grachmbss stacking on the
filter membrane, which increases the fluidic impedance of the system. The eDNA sampler has a
pressure limit of 40 pgj as such, it is crucial to monitor the pressure so as not to exceed the
pressure limit. The pressure limitdsterminedby the fluidic components of the eDNA sampler.
The limiting componenivas the25 mm filter holde{Advantec 43303010, Polypropylentjat

has a maximum pressure threshold of 42 pExceeding th@ressure limit riskgeaking Most
membrane filtes also coincide with this pressure limit and commonly state a maximum

transmembrane pressure of 90 psb(bar) to avoid rupturing the thin membranes.

Unfortunately, he push configuration approachtroduces the risk of cross
contamination between sample captures. This crogstamination risk is because fluid samples
enter the piston pump before beingushed acrosthe filter membrane for samplecapture
The volumechamberof the piston pumphus could see biofouling via microbigiowth (and
eDNA from a previous sample capture. Therefore, a vigorous cleaning procedure is crucial to

reduce this increased crog®ntamination risk.

29



3.2.2 Pull Configuration

Figure3.1b) illustrates the pull configuration of the eDNA samplére piston pump directly
connects to the sample outlgtort and waste reservoiport in this configurationin contrast to

the push configuation, the sample inlet and RNAlater connéatthe piston pumpghrough a

filter membrane or filter bypass channelthe pullconfiguration This minor modification in
positioning changes the flow paths and dramatically reduces the risk ofcooéamindion

since the pump chambes not shared prdilter. The reduced crossontamination risk is due to
the fluids being able to pass directly through the filter membranes rather than using the piston

pump asa proxy.

The disadvantage of the pwabnfigurationis the negative pressure required to collect
DNA samples on the filter membrane. The most significant negative pressure the system can
achieve is a vacuum. Therefore, a pressure of approximétblpsg is achievable for a system
relative toatmospheric pressureor at the surfaceThis pressure range from 0405 psgis far
less than the range of 0 to 40 gswhich is possible in the push configuratidris difference in
pressure rangemeansthat for a similar amount of biomass accuntida, andfluidic
impedancethe pressure limit bthe pull configuratiorwill be achievedfirst, leading to less
DNA collected for the pull configurated compared to the push configurafitsn degassing and
bubble nucleation is a substantial problem whauling vacuum onhe surfaceor shallow
waters.However,when the eDNA sampler is deployed in deeper watkis problem goes
away due to the hydrostatic pressure applied by the water coluhtre. starting pressureill
increase proportional to the deptht a rate ofapproximately 15 psig per 10 metetbus

increasing the pressure rangder the pull configurationFor example, 820 meters, the pull
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configuration should not suffer from bubble nucleation and will hay@essure differencef

45 psig to work with.

3.3 Fluid Mechanics

The Reynolds number is a dimensionless number that correlates the inertial forces of a fluid to

its viscous forces. THeeynolds number determines whether a fluid will have a laminar or

turbulent flowbased on the ratio betweethese forcesA Reynolds number of less than 2000

indicates that a fluid will have a laminar flow, while a Reynolds number greater than 2000

indicates that the fluid will have a turbulent flow. Laminar flow means fluid flows smoothly with
particles travelling in parallel layers. Turbulent flow has eddies that cause the mixing of

particles throughout the flow path creating a more chaotic fldilne Reyg f RQa y dzYo SNJ T2

fluidic system can be calculated using the following equation.

62Q (3.1)

Y :
U

Where,Y is the Reynolds numbeg, is the velocity (m/s)Q is thehydraulic diameter
(m)andv is the kinematic viscosityr¢/s). Thefluid flow velocitycan be calculatedsing the

fluidic flow rate andthe crosssectional area of the fluidic channelsshown inequation 3.2.

(3.2)

) Q (3.3)
(¢} A —
C

PaAy3 KSasS Slida dA2yazx wSey2ft RQa ydzyoSNJ T2
be calculated, assuming that the entire fluidic system of the eDNA sampler can be modelled as
apipe.TheYA YA YdzY RAFYSGUSNI Ay G(GKS 3&dz@ MSNSEA(BIRS nd5l !¢
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x 103 m), the maximum flow rate during the pump cycle is 60 mL/(@®® m3/s) and the

kinematic viscosity of water at 2€ is10° m?/s.

Usingequations 3.2 and 3.3, lte fluid velocity can be calculated to B&1x 10 m/s.
ThereforewSey 2f RQa ydzYo SN Ol y 8.5as83.52,0alzéspoiny® dza A y 3
a laminarflow within the fluidic system. This analysis ¢@improved by performing

computationalfluid dynamics to account for the complgrometryof the fluidic architecture.

Due to the system being in laminar flow, the system can be moda#iad electrical
circuitsince the relationship between flovate and pressure drop is linearhsrelationship
means that the fluidic resistance can be modelled as electrical resistimck; pressure can
be modelled as voltagéhe flow rate can be modé&td aselectriccurrents and compliances

within the system can be modelled as capacitance.

The fluidic resistance is causkythe crosssectional areaf the fluidic pathqfluid
tubing, solenoid valvefilter membraneand piston pump. As the filter membrane capture
particulates, thecrosssectional area available for fluid flow decreagbsis causingnincrease
in fluidicresistance. This increase can be observed in the presseasumed in thdluidic
channel As the flow rate remains constamtith an increasing fluidic resistandég pressure is
expected to increase. Due to the compliance of the fluidic systamch is influenced by the
material and components found in the fluidic system, the pressure is expected to slowly

dissipate once the flowas stoppedo a baseline value
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3.4 Electronic Components

The fluidic architecture features thremre electro-fluidic components. Tis includes &yringe
pump, pressuresensor, andseveral slenoidvalves The eDNA sampler uses these electronic
components to select a fluid and control its flow path while ensuring pressure stays in a
tolerable region. Chapter 4 coverslatailed analysis of the electrical properties of these

components whereas the following sections detail the mechanical and fluidic properties.

34.1 Syringe Pump

Figure3.2 illustrates the piston pumpLPDA1750330H.ee Company Ltd.) used within the

fluidic architecture of the eDNA sampler. The pump transports the fluid at various speeds
throughout the fluidic bannels of the eDNA sampler. The pump is a variable volume dispensing
pump with a maximum volume of 306 and a precise volume control of G:ll/step[40]. The

pump also has a maximum discharge pressure of 9548jg

a) b)

o————— Port Head

1 0
|
L jl“— Barrel
k Stepper Motor Fluidic Ports
Encod ! 5
ncoder . e— \

Figure3.2: eDNAA | Y LIpiSadpuanpCADrendering(a) Side view of piston pump showing the main sections that make up the
unit (b) Isometric view of piston pump showing the fluid ports

The syringe pumjs comprisel of several componentshe encoder,stepper motor,

barrel andporthS I R® ¢ KS bkXn&ode? ahd HalieYswi@h are feedback mechanisms to
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determine the position of the piston. The stepper motor is used to move the piston, allowing
the system to aspirate or dispense fluid at a controlled speed; the barrel houses the piston. The
port head s the wetted section of theyringepump, thusinteractingwith the fluid being

pumped

The wetted section of the pump includes the piston, port head and seal. The seal
maintains fluidic separation between the port head and barrel. Since the fluids expecte
interact with the pump include HCI, a custom pump variant veaggliired This custom variant
used anicketbasedY G SNAFf F2NJ 6KS aSlItQa ALINAy3a GKI G
piston are made fronpolyetheretherketone PEEKandtretragonal zirconia polycrystarZp,
respectively, making them acid tolergwdt0]. Althougha low acid concentration is used, it is

crucial to ensure pumfongevity.

The piston pump is connected to the fluidic system of the eDNA sampler by the fluidic
ports shown irFigure3.2 b). The two ports usa¥2-28 connection. The two ports are internally
connected, so external valves are required to control fluid during the aspirate and dispense

phase of the piston pump operation.

34.2 Solenoid Valves

Figure3.3 illustrates the solenoid valvéEFNA1250125H.ee Company Itd.) used with the fluidic
architecture of the eDNA sampler. The solenoid valve directs fluid flow by closing enish@p
fluidic channels. The solenoid valve is mechanically attached to a manifold using the mounting

ports shown irFigure3.3 b). The solenoid valve is norratlosed and is activated to open,
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allowing fluid flow. The solenoid valve uses a diaphragm design, thus allowear-iero dead

volume when closed. Howerevhen open, the dead volume size isl941].

a) b)

,@; Metal Pins

Mounting Ports

Fluid Ports
O-Ring

)

Figure3.3: eDNAA | Y LIt oferaidvalve&AD renderinga) Sde view of the sehoid valves showing the metal pins used to power
the solenoid valves, thus opening it (b) Bottom view of the solenoid valves showing the mounting poertrands@d to create
a tight seal with the manifold, in addition to the fluid ports that once opeakows for fluid flow.

The solenoid valves allow for a strosggling force when the valve is clos@tie
solenoid valve haanoperating pressure of 3psig,valve proof pressure of 60 psig andalve
burst pressure of 90 ps[g0]. Thevalveproof pressure is the maximum pressure the system
can withstand and still operate within specification. The burst pressure is the maximum
pressure the system camithstand before the valves are forced opandare no longer
guaranteed to work within specificatioithe solenoid valves also featuar Fluro-Elastomer
(FKM)gasketto provide a seal around the fluidic port to avoid any possible I€Etks.pressure

ratings of this valve align well with the limits blber membranes and holders (~40 psig).

The wetted parts of the solenoid valviegludethe fluidic channe) Figure3.3 b), and
the fluidic sealused to close the @nnel. The fluidic port andgealare made ofPEEK anBKM

respectively Bothmaterialsareresistantto the OK SYA O £ & dzaSR Ay GKS

architecture.These valves hawesobeendemonstrastedn pressurecompensated systents
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operatefrom 2,100 m b 6,000 mdepth[42], and thus aredealfor modifications to realize a

deep eDNA samplet a later date

Combining the piston pump with the solenoid valves allows for fleyillisample
routing throughout the fluid architecture. Tis,the piston pump camspirate and dispense
from a specified port by opening and closing the relevant solenoid valvessabdequently

the fluidic channels.

3.4.3 Pressure Sensor

Figure3.4 illustrates the pressure sensor (26PCFFM6G, Honeywell) used in the fluidic

architecture. Thepressuresensor is a feedback mechanism to detect changekerfluidic
NEaAadlryOS 2F GKS S5b! &l YL SNRa Ff{dzARAO aeai
decisions to be made based on the state of the system. These decisions irselitdhing

valves to opeftlosepaths,varying pumpspeedto have dynamic flovates andfor safety

features todetermine when the pump should perform an emergency ssgmot to damage

internal fluidic components.

c)

a)

vy Fluidic Channel

Pressure
Gauge

Pres]sure

Atmospheric
Pressure

Absolute
Pressure

Vacuum

Figure3.4:S5 b ! & I preksur&axdom) Sideview of the pressure sensor showing expdbeeadingb) Sidesiew of pressure
sensor attached to the fluidic circuit by way of the28. port c) Graph illustrating the difference between gauge pressure and
absolute pressure readings
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Figure3.4 a)is a photograph ofhe pressure sensdhat features a 28 threaded input
port that allows for a robust mechanical connection to the fluidic channel and Bigaire3.4 b)
illustrates the pressure sensor connected to the fluidic channel by threading. This pressure
sensor is a 100 psi gaugtyle pressure sensor that provides readingatige to the
atmospheric pressure that the body of the pressure sensor is exposéthéobackside of the
deflecting pressure diaphragm is exposed to ambient through a weeping port, thus making this
a relative pressure sensor. This is important for puessompensated designs that will see the
eDNA sampler filled with mineral oil, in that pressure communication tcettiernal

hydrostatic pressure is facilitated.

Figure3.4 c) illustrates the difference in readings between an absolute pressure sensor
and a gauge pressure sensor. The absolute pressure sensor produces a pressure reading relative
to a vacuum, while the gauge pressure sensors are relative to the atmospgitessure the
sensor is located. As such, the gauge pressure sensor can produce both positive and negative
readings. IrFigure3.4 c), a positive pressure would Ipeeasured by the gauge pressure since
the fluidic channel pressure is greater than the atmospheric pressure; the inverse would

produce a negative pressure reading.

The gaugestyle pressure sensor was chosen due to the importance of pressure relative
to atmospheric pressure. The fluidic components' max pressure tolerance is based on the
atmospheric and internal pressure differential. As such, by using a gauge preesse,
thresholds can be established that will be carried throughout the system. The pressure

increases as theubmersiordepth in the ocean increase&pproximately, gery 101 m down
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results ina 147 psi pressure increase. Therefor@thout pressurecompensationthe pressure

sensor can detect up to 68.5 m in depth.

With all the core components introduced, the next chapter will detail the electronics

used to drive the automation of the novel eDNA sampler.
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Chapter 4ElecticalDesign

This chapter focuses on tledectrical design of the eDNA sampl€he electrical design

comprisesa printed circuit board (PCBndthe fluidic architectur® & St SOUGNRY A O O2 YL
The PCihcludesseveral components to communicate with the usgtore deployment

informationand iy 1§ SNF I OS A GK GKS Ff dzA RA O.ThéNDi&icA G S O dzNB
archil SO0 dzZNB Qa St S @dniypisgapishon Quenl, pigsgueysensgor and several

solenoid valveswhich controltheS5 b ! & | Y LJ S NXEhis debigipkriRifsthe cBANAG (1 S Y @
sampler to accomplish requiremen2s7 and 8 of the novel eDNA sampler Trable2.2. The
electricalarchitectureand PCB version designwere my own work | collaborated with James

Smith todesignversions 2 and 8f the PCB

4.1 Electronic Architecture

Figured.lillustrates thefinalizedelectronic architecture of the eDNA sampl@&he following
sectiors detailthe development of the electronic architectur€he electonic architecture uses
off-the-shelf components to control the eDNA samplEhe microcontroller is theentral
component in the design of the electronic architecture. Thierocontroller was selected based
on its numerousgeneralpurposeinput/output ports, fast 100 MHz coréuilt-in RTGand
connectivity features that included encedinputs, 12C, SRAINd SDIOThese microcontroller
featuresallowed the electronic architecture to be designed on a sieglapactPCBwith

customfirmware without the needfor an Operating Syster{fOS) The single PCB design reduces
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the failure points ohavingmultiple control modules communicating and the need for

communication protocols betweethese modules.

Battery | Voltage Regulators
TV |8V -24V 133V[5V |7V 10V |12V
5V
10V 5V v
l l Microcontroller Piston Pump
Pressure +}— ADC || le| Motor Stepper
b I . ™
Sensor ~[~* Module Driver Motor
» le_| Quadature
< —5V
ﬁ:ﬁ&\f—b Bluetooth [ Encoder 5
Host External | . Home Sensor sy
Computer Trigger ) (Aspirate)
[ savorsmm
*»_Module ||
le—| RS232 [, | RTC | SDCard
TV—* Fluorometer|[—,] Module —*/(Data Storage) —33V
3.3V lZlV

Solenoid Driver Set

HEOOOEOOOEOOOEOEOIOEHO

Figure4.1: eDNA sampl€@ & S t Sréhiiebtire/dlagyamhowing internal electrical connections and components along with
interfaces toseveralperipheralsModified andreprint from[43].

42 EarlyStagePrototyping

Figure4.2 illustrates the breadboard phase of the eDNA samplelestronicdesignand testing
This phase wasrucialin determiningseveraliableelectronic componentsequired to design
the eDNA sampl€ final PCBThe breadboard featured several componeritgluding a
breadboardpower supply modulegontrol buttons, stepper motor driver, Analdg-Digital
ConverterfADQ Module,Advanced RISC Machi(&RM microcontoller andmicroSecure
Digital(microSD caryimodule.These components were usédlinterface with theuser,store
pressure data and contrdluid flow. Thus, allowindpr testingseveralcore functionalites

required2 T G KS S5b! &l YL SNR&a t/ . o
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Control
Buttons

" Power Stepper Motor ADC ARM SD Card
| Regualator Driver Module Microcontroller i Module

Figured2y S5b! al YLX SNR& SRR §82S AENRGA @ KIONPRISPRGRANS bredafboarck S S5 b !
O2YLINR&Sa 2F &aSOSNIt O02YLRySyiGa GKI G ¢ didahaly, severdl SNtheac@e LI NI 2
functionalities of the eDNA PCB was tested on this breadboard.

The fluid flow control was performed using a piston pump controlled using the stepper
motor driver and several pins on the microcontroller. The presseresor was interfaced with
the ADC module, making it possible for the microcontroller to read pressure measurements.
Thus, the breadboard system could interface the piston pump and pressure sensor from the
fluidic architecture. The microSD card was usesttwe pressure data during testing while data

was transferred to the user.

Thecommunication with the user was accomplished usingxternalUniversal
AsynchronoudReceiver/Transmitter (UART) ttniversal Serial BYs)SBYlevice The UART to
USB devicenterfaces the microcontroller directly to the host computetiowing
communicatiorbetween devicesin early development, theontrol buttons were used to start
(greenbutton) and stop (redutton) the pistonpump at a preprogrammed speed-dowever

the firmware was improved to allow these commands to be transmitted dvelUART
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communication channedditionally, a Bluetoothh.ow Energy (BLE)odule was testedor
transferring datathus, allowing the systeralsoto havea wireless means @ommuni@tion.
¢KS FtlFakK YSY2NER &A1 S NBIjdANBYSyild AyONBIas
more complexTo meet this requirement, thenicrocontrollerdevelopment boardusedin the
breadboard systemnwvas changed from th8 TM32F108bluepill)to the STM32F41{blackpill)
This change wagecided based on the STM32F411 havimgoae significanflash memory512
kB)and a faster CPU cqr&00 MHzmaximum clock speedothmicrocontrollersare 32-bit
ARMdevices withthe samephysicalsize developmenboard. This allowe for a quick swap

during development

A limitation of the breadboard system was theat externalbenchtoppower supplywas
requiredfor the piston pump and pressure sens®his dependence on a benchtop power
supply was because th®eadboardpower supplycould only producé V and 3.3 VHowever,
the pressure sensor and piston pump requirétNMl The PCB design later resolved this issue
using severaloltage regulators that allowed f@everal voltagesAt this stagethe solenoid

valves were not used or tested.

43 Circuit Boardesigns

A morecomplete desigmwas required to add valves and integrate more functionalit\sing a
PCB providesobust electrical connections and mechanical support to its compondihiee
PCB versionsave been designed asore requirements were addedhroughout the

development cyclesThe development cycleange from the benchtop eDNA sampler to a fully
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submersble 3000 m eDNA sampl&@. OK @SNBEA2Y AYLINRO@SA dzZLl2y GKS

while keeping the core functionality of the eDNAsam@lé&r t / . @

43.1 PCB V1Adding Power Regulation and Valves

Figured.3 illustrates theeDNA PCRBersion 1PCB v1, designed based on tmmponents
tested during thebreadboard development phas&his PCB design aimexicreate aPCB for
the benchtop eDNA sampl@&apableof communicating with the user, storing deployment
information and controlling the fluidic systemhePCB vlsed thefollowing components from
the breadboard phasestepper motor driver, ADC Modudd ARM microcontrollerThe

power supply modulérom the breadboard phas&as updated tseveralDGto-DC converters
to allow a single 7 \hput voltageto be converted taneet thevoltage requirements of all PCB
componentsand peripheralsThe control buttons wereompletelyremoved since the firmware
was improed toreceivecommands from thénost computer and themicroSD card module

was replaced witla microSD card slot on the PCB v1.
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Figure4.3: eDNAA | Y LIPGBNMasigned as the firgDNA PCB to be used for benchtop testing of the eiler.

Thefollowingcomponentswere added tahe eDNA PCBvRRecommended Standard
232(RS232)ine DriverReceivemodule Octal Low side driver and a backiogitery slot The
RS232ine driver/receiver module allowed communication over RS232 rather than UART
octallow-sideRNA OSNE Fff26SR F2NJ AYUSNFI OAy 3. ThehA 0 K § K
backup battery enabled thmicrocontroller to keep track of datéme even if the main power
hadbeen disruptedOverall, hesecomponentsenabledthe PCB vl to interfacwith all

components of the fluidic architectureommunicate with the user and store deployment data.

The PCB v1 also featarseveral terminal blockaround its perimeter to allow for the
connection of peripheraland power. Theeripheralsincludea piston pump pressure sensor,
several solenoid valves amath RS232 communication cable. The power connegtimvided

the main power to the system usingsagle 7 V inputable.
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4.3.2 PCB V2 Adding Flexibility

Figure4.4 illustrates PCB version 2, PCBwRich improved uporiPCB ¥ in several ways. The
same functionty as PCB whas maintainedvith improvements to the mechanical design of
the PCEandadditional connectors so that a sensor such as a fluorometer couédtaehed
This PCB version aimé&albuild a PCHesignedor the 20 msubmersible eDNA samplérhe
improvements includeisingpolyamide to create a flexiblgection of the PCB to wrap around
the solenoid valves in the valve trea the submersible eDNA sampl&hiscreated a cleaner
connection to the solenoid valve®mpaed to the alternative ofunning 52 lines oélectrical
wire to the valvesThe terminal block connectors were replaced with Molex connectors to
ensuremore sturdy connections were made with the peripher&€B valso improvedhe
power input to allow fo eithera7 V oran8 V to 24 \input. Dartmouth Ocean Technologies
Electrical Engineer$)erle Pittman and James Smjttesigned tlke improvedinput voltage

circuitused in theeDNA samplePCB/2 and v3

Figure4.4: eDNAsample BCBv2 being testing on the benchtop eDNA sampREB v2 improved on the previous by using
polyamidedesign to connect to the solenoid valves on snemersible eDNA sampler. Additionaflynctionality toattach a
fluorometer was added.
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43.3 PCB V38 Adding Pressure Tolerance

Figure4.5 b)illustrates PCB version 3, PCBM3s version aimed tmake a pressuretolerant

PCB capablef being submerged to a depth of 3000and improving thepositioning of the
Molexconnectors This was achieved by making several changes to the design of the PCB. These
changesncluderemovingthe daughter boardsaand making the Bluetooth module optional on

the PCBThe removed daughter boards were replacedniheir Surface Mounted Device

(SMD components andissociated support circuitryr heBluetooth modulevas made optional

due to the modulenot being pressure testefibr the 3000 m depthThe crystal oscillators were
replaced withMicro-ElectreMechanical stems (MEMS)scillator(SiT1533SiTimg¢and

silicon oscillatorl{TC69365.0, Linear Technologig®r timing, as the original crystals would

implode in a pressure compensated sysatdue to cavities in the components.

Figure4.5:eDNAA | Y LIt S NaBssigned with sdrface mount compone($ Front Viewb) Rear ViewModified and reprint
from [43].

46



44 FinalPCBComponents

This section will explore the components used on$hg b ! & | PCBihdh¢iREurpose

The components used on the P& listed below:

1 Microcontroller STM32F411
1 Analog to Digital Converter (AD@DS1115
1 RS232 Line Driver/ ReceivaevlAX3232
1 Bluetooth Module HM-10 (PCB v1pPA1256 (PCB vZetebos! radio module (PCB v3)
1 Stepper Motor DriverDRV8834
1 SD card slot
1 Octal Low Side DriveDRV8860
1 Battery Holder
1 Voltage Regulators:
o 33V
o 5V
o 7V:PCBv2andv3only
o 10V

o 12V

44.1 Voltage Regulators
The voltage regulators allow a single input voltaggéoerate multiple voltages ranging from
3.3t012 VDCPCBr1lusedan input voltage o7 VDC. HowevePCB 2 andv3 had variable

voltage inputs of 7 VDC or 8 VDC to 24 VIM3.improved in PCB v2 and v3 allowed the
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submersible eDNA sampler the flexibility to work witlltiple different platforms, such as
solarpoweredbuoys andautonomousunderwater vehiclesAWV). The voltage requirements

for components are as follows:

i 12 V: Solenoid Driver

1 10 V: Pressure Sens@tepper Motor Driver (PCB v1)

1 7 V. Stepper Motor Driver (PCBand PCB3)

1 5 V:ADC modulegBluetooth Module(PCB v1)

1 3.3 V: Bluetooth ModuléPCB v2 anBCB vB RS232 Module, MicrocontrollesD Card

Module

4.4.2 Microcontroller Development Board

The microcontrollers the brain of the eDNA sampler. It controtsmmunication with the user,
datastorageand the fluidic systemThis is accomplishaging the other PCB componeraisd
peripherals that connect to the fluid systefaCB v1 and2 utilized the development board
variant of the microcontroller called thBlack Pil[STM32F411CEU®CB vaised the SMD

variant of the microcontrolle(STM32F411VET®r required pressure tolerance

Themicrocontrolleris a 32bit ARM microcontroller witta maximum clock speed @bD0
MHz[44]. Tre microcontrollervariant used has flash storage of 512&«i81128 KB of BAM
[44], thus allowing forcontinued firmware improvementThe microcontroller also features
several key featuregl4] used to create additional features on the microcontroller and better

interface with the peripherals

1 RealTime dock (RTC)
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=

Backup battery Support
1 Hardware Encoder Inputs

1 External Interrupts

=

SD Card Support

The RT@ature of the microconller enabled the creation of a scheduler for the eDNA
sampler. The scheduler allows for the sampler to perform its sample capture pratoaol
preprogrammed date/time that is set by the user. The external interrupt and hardemceder
inputs allowed fo the interfacing of the piston punpa Sy O2 RS NJ [ltrigder. TKe2 Y' S
backup battery support allows tHeTC to retain the programmed date/time wh#re powerto
the eDNA sampler has been disruptdthis achieves requiremeiitof the novel eDNA sampler
in Table2.2. The SD card support allows the microcontroller to be able taccess an SD card

for data storag.

4.4.3 Stepper Motor Driver

The stepper motor drivefDRV8834, Texas Instrumeatlows the microcontroller to interface
with the piston pump The stepper motor drivecontrolsthe piston pump's speed, direction
and step sizeThis translates to the cordl of fluid flow direction andpeed in the eDNA

al YL SNDRa PCRizamiOseditieDR\BSMevelopment board fronpolulu. PCB

v3 used the SMD variant of tistepper motor driver.

The stepper motor driver provided a wide range of input vg#tsito power the stepper

motor. On PCB v1, the stepper motor driver was powered usig ftom the voltage
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regulator. However, due to concerns with power draw requirements, the stepper motor driver

was powered with 7 V from the PCB input voltage suppli?©B v2 and v3.

Additionally, the driver provided a max current delivery of 2 A, matepping up to 32
levels[45], sleep mode, directional control and operating temperatures betwekénto 85°C
The sleep state, direction, step size and steps were controlled by internal logic based on its pin
states. The sleep state reduces power consumption when the piston pungp fequired to
move. A reference voltage value controlled the maximum current. This maximum current on
the stepper motor driver was set tb A so as not to damagie piston pump This current limit

helps to achieve requirement& the novel eDNA sampién Table2.2.

The step sizes allowed by the stepper motor driver areshalp, 1/2-step, 1/4-step, 1/&
step, 1/16step and 1/32step. By reducing the piston pumstep size, the fluid flow becomes
smoother. However, theres more power consumed when using microsteppiAg such, the

eDNA sampleimplemented acompromise with alefault step size of/4-step.

4.4.4 Analog to Digital Converter

The analogo-digital cawverter, ADC, interfaces with the pressure sensor in the fluidic system.
The ADC allows for an accurate reading and values to be passed to the microcontroller for
appropriate measumnents The PCB V1 and V2 utilized a development board. However, PCB V3

featured a surfacamounted device version of the module.

The ADS1115 development module was used ad @&t ADC of choice. This module
featured an onboard Programmable Gain Amplifier, PGA, required to amplify measured voltage

signals. The analety-digital converter reads the differential pressure reading from the
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pressure sensor. This differential voltage, pdiwith signal amplification, allows for monitoring

precise pressure measures and slight variations in pressure.

This! 5 { m msigmakamplificatiormnd 16bit resolutionwere essentiadue to the
YA ONER O2 y (i NL2-Hit SDCIRét haFinghifhienaghresolution.ThemicroO2 y it NB f £ S NI
built-in ADC was 12 bits, with a reference voltage of 3.3 V. Thu¥, h©O NR O2 Yy G NB f f SN A
would only produce atep resolutionof 0.8 m\, comparel to a 15.625>V stepresolution of the

ADS111%vhen the PGA i8x Sectior4.5.3details he ADS1115 stey@solution calculation.
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445 RS232 Line Driver/Receiver
The MAX3232 from Texas Instruments was chosen for tigZ8R®odule. This is an SMD
component that was soldered directly to the PCB. This driver chip has two input/output

channels and allows for the conversion of UART to RS232.

44.6 Octal LowSide Driver

The Octal Low Side Driver is used to control the solendietsaequired to direct the flow of

fluid. Each module of the octal legide drivers can control eight solenoid valves. Four octal
low-side drivers were used to control 26 solenoid valves, allowing for an additional six solenoid
valves if required. The DB86038V 8-Channel Serial InterfadeowSideDriverwas the chosen
module. It is an SMD component that was directly soldered to the Pi@Rliriver provides

protection and diagnostic features such as Overcurrent Protectipen Load Detectign
Overtemperature Shutdown, Undervoltage Lockout, Walial Channel Status Report and Fault

Condition Alarm.
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Theconfigurabilityof the Octal LowSide driversncluded a buikin spike and hold
mechanisnto be used ér opening solenoid valve3 hismechansmreducel the power
consumptionof each solenoid valve from900 mW to ~230 mWSection 4.5.2 further

describeshe spike and hold mechanisosed by the eDNA sampler

44.7 Bluetooth Low Energy Module
The Bluetooth Low Energy Module allows for wirelesammaoinication with the eDNA sampler.
This wireless means of communication allows for a smartphone or computer to establish a

connection. Similar to the RS232 channel, this allows for data transfer and control.

Each iteration of the PCB used a different medwl achieve Bluetooth communication.
The PCB V1 used the HNI module, a popular module in the Arduino community. However, it
would be unsuitable when pressummmpensating the unit. The PCB V2 featured the DA1256
Bluetooth module from Dialog; this versias surface mounted. The PCB V3 featured the
Setebosl radiomodule comprising a Nordic Bluetooth module. This module features an SMD

chip shipped with communication firmware and a Bluetooth app to reduce development time.

44.8 SD Card Module

The SD Cdrwas attached to the PCB usingharoSDcard slot. The microcontroller features

the built-in protocol, SDIO, required to communicate with the SD card. The SD card allowed
substantial amounts of data to be stored |lotegm between deployments. Data such as

pressure measurements, filters usediidl counts, user configurations, and tidegged filter

captures could all be stored on the SD card. So far, a maximum of 32 GB has been tested. Using

Bluetooth or RS232 communication channdklta can be retrieved or sent to the sampler.

52



449 Backu®Batery

The backup battery on the PCB is used to keep track of system time between power cycles. This
allows the power supply to be temporarily disconnected, and the system maintains and keeps
track of the current time. This is beneficial to several use cakstbee eDNA sampler. This

included programming the sampler with sample directives and times at a base location.
Afterward, the system can be relocated to the target location for sampling. The system must be

powered up at the sample location to perform spling at the preprogrammed timeslots.

45 Interfacing with Fluidic Architecture
One of the primary features of the PCB is to interface with the fluidic architeQtélexctronic
components This section describes how the PCB was interfacedtiatpistonpump, pressure

sensor and solenoid valves

451 Piston Pump

Theelectrical components of the piston pump (LPDA1750330H, Lee Company Ltd.) canprise
stepper motor, quadrature encoder and home sensor. The stepper nootatrols the direction
and speed ofluid flow. Thequadrature encoder provides feedback on the number of steps
and, thus, fluid volumein the piston pump. The home sensor provides feedback ompisten

pump getting to its home position, fully aspirated.
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Figure4.6: PistonpumLJCl&ctricalconnectiongo the microcontroller on the eDNA PGRdified and reprint fronj43].

45.1.1Stepper Motor

The piston pump's stepper motor is a NEMA 17 bipolar stepper nid@r The stepper motor
controls the speed and direction of the piston, which directly correlates to the speed and
direction of fluid flow in the eDNA sampldihe microcontroller interfaces with the stepper
motor by using a stepper motor driver (DRV8834, Texas Instruments). The driver converters
pulses sent by the microcontroller to steps on the pump. Based on the datasheet, the piston
pump has a fulstep diss y 8 S NI & 2 [4D]i Therefore23000 fuitepgare required to
dispense the piston pump entirelyheNEMAL7 has a full step angle of 1 8%]. Therefore, a

complete revolution is performed every 200 full stepS;revolutions move 3 mL of fluid.

45.1.2Quadrature Encoder

The piston pump's quadrature encoder {(E30-394-NESD-G-B-S1934, E5 Optical Kit Encoder,
US Digital Motion Control Products) directly connects to the microcontroller. This connection is
to the encoder timer on the microcontroller. The timer takes the encoder's output signal and
uses it to count up or down on the timer count register (encoder register) in the
microcontroller's memory address. This counting happens independently of the

microcontoller's Central Processing Unit (CPU).
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Figure4.7 illustrates the signals from the encoder. The encoder's output signal consists
of channel A and channel B. The channels are out of phase by 90°, and the leading channel can
determine the diretion the encoder is turning. When channel A is leading channel B, the
encoder is moving clockwise. However, when channel B leads channel A, the encoder is moving
counterclockwise. The encoder is attached to the piston pump and moves when it does.
Therefoe, the clockwise motion of the piston pump causes fluid to be dispensed and for the
encoder register to count up. In contrast, a counterclockwise motion of the piston pump would

cause fluid to be aspirated and the encoder's timer to count down.

Clockwise Counterclockwise

Channel A | | | | | | | | | |
Channel B | | | | | | | | | |

Figure4.7:t A & ( 2 y uhddaMireicodefgignalfor clockwise and counterclockwise directions

The encoder counts 200 cycles per revolution or 800 pulses per revojdiifhn
matching the stepper motor's 200 steps per revolution. Therefore, one encoder cycle equals 1
FdzZA £ a0SL) 0e GKS ad0SLIISNI Y20U2NI FYyR m >[ 2F 7Fif
each encoder cycle containing 4 pulses. Thereforeedah encoder pulse, the

YAONRO2Y(UNREtftSNHE SYyO2RSNJ GAYSNJ OKlFIy3aSa oe |
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fluid.

55



4.5.1.3 Home Sensor
The piston pump'siome sensor directly interfaces with the microcontroller. The interface is on
an external interrupt pin, which triggers on the rising edge of a pulse such as the one created by

the home sensor when the piston entirely dispendeigure4.8.

Pump
Homed
5V

ov e

Figure4.8: Piston pmpQ Bomesignal showing the voltage transitiowhenthe pump ishomed

45.2 Solenoid Valve

The solenoid valve used by the fluidic system is in a closed state by default. As such, the
solenoid valve must be powered by 12 V to enter an open state. This power delivery is
accomplished using the octal leside driver. However, the issue withie solenoid valvess

that it requires 900 mW to open each valve. Depending on the fluidic pathway and period of
pumping, the valves might be required to stay open over an extended period. This results in a
significant power drain and excess heat each solenditeyaroduces. A possible solution to

this problem is to implement a spike and hold system using theside drivers.

900

Power (mW)

230 == i

300
Time (ms)

Figure4.9. Power vs Time for spike and hold sysieplemented on theolenoid valve
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The solenoid valves are controlled by a spike and hold circuit. This further expands on
the usefulness of the solenoid valves. The spike and hold mechanism works by temporarily
applying a high voltage across the solenoid valve, aftech the current is reduced. This
reduction in the current reduces power consumption and heat generation. This is due to the
working principle of the solenoid valves; a high current is needed to reduce the maximum air
gap. Once the maximum air gap is redd to the minimum air gap, the current can be reduced,
and the valve remains open until power is removed. When there is a maximum air gap, much
force is required to move the piston. Thus a more significant amount of current is required. As
the air gap dereases and the piston is pulled close to the pole piece, the required force

becomes less. Thus the piston can remain in the same position.

The spike and hold system has an energizing time set to 300 ms with a duty cycle of 50
% afterwards. This corresponttsa 300 ms period of the solenoid valves being given full
power, after which the voltage applied to the solenoid valve drops to 50 %, which would, in
turn, reduce power consumptioto approxmately 230 mWWhen oitimmersed for the
pressurecompensated BNA sampler (deep version), these spaéike-hold parameters will

change as oil will be displaced instead of air in the solenoid gaps.

45.3 Pressure Sensor

The pressure sensd@6PCFFM6Gs an analog gauge pressure sensor in the fluidic architecture.
Thepressure sensor can be modelled as a Wheatstone bridge, as shéwjune4.10. The
differential voltage between pins 2 and 3 of the Wheatstone bridge correspanttetchanges

in pressure. The differential voltage is also 0 V when there is no differential pressure.
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Figure4.10. Wheatstonebridge model of the pressure sensor used in the fluidic circuit

The ADC mode| ADS 1115, digitalizes the differential voltage so that the
microcontroller, STM32F411, can convert the voltage to a pressure reading. The pressure
sensor datasheet states a differential voltage spatt 100 mV that correlates to a gauge
pressure spanfat 100psi, for the nominal voltage d¥cc 10 V powerThus, having a

conversion of 1 mV is equal to 1 pgssuming a linear response.

The differential voltage from the pressure sensor was amplified by 8 to increase its
digital resolution. The ADC module's programmable gain amplifier, PGA, accomplished this
amplification. This amplification was necessary due to the small voltage ranige pfessure
sensor's differential voltage. The ADC module'$it@esolution corresponded with a Fifficale
Rangeof £ 512 mV and an LSB resolution of 15.6250.015625mV). As such, the system

could detect changes in pressure up to the resolution.6186 PSI.

46 PowerBudget Considerations

During deployments with the submersible eDNA sampler, the system will likely be powered
using a battery pack. Therefore, it is crucial to know the limitations of the battery pack in terms
of the maximum deploymertime possible. As such, a series of equations were derived to
estimate the maximum deployment time and maximum filterable volume based on the eDNA

sampler's electrical characteristics.
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To start,equation(4.1) solves forthe requiredbattery capacityd , based orthe eDNA
a Y LikrsWhikiiée wattagen , peak wattagey , hours in idle usag® andhours in peak

usag€O . The unit ford is Wat-hour (Wh).

0 w O w O 4.2
The total deployment timéO , is the summation of the hours the system spends idle
and at peak, as shown in Equati@n2). Therefore, idle and peak usage hours are a percentage
of the total deployment time, as shown in Equatidds3) and(4.4). Y is the percentage of
time in idle usage, an® is the percentage of time in peak usage. Bdthand'Y need to

summate to 1 (100 %) as shown in equat(ém®).

O O © 4.2)
o 0 Y 4.3)
O O Y 4.4)
Y Y p (4.5)

By substituting equationg!.3) and(4.4) into equation(4.1), the dependence of knowing
the hours in idle usage and peak usage shift to know the total deployment time and the
percentage of time the system will be in idle and peak wattage usage as shown in equation
(4.6). From equatior{4.6), the total deployment time can be made the subject of the equation

shown in equabn (4.7).

6 O w Y w0 Y (4.6)

0 4.7)
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Equation(4.8) takes equatiorn(4.4) and makes the percentage of time in peak usage the
subject. Equatior4.9) takes equation(4.3) and makes the percentage of time in idle usage the
subject in addition to substituting equatidd.2) after making the hours in idle its subje@tus,
the percentage of time spent in either idle or peak are written in terms ofnihigrs spent in

peak usage and the total deployment time.

: 0 (4.8)
Y5
. 0O O (4.9)
Y o

By substituting equationgt.8) and(4.9) into equation(4.7), the total deployment time
can beexpressedn terms of the battery capacity, idle wattage, peak wattage and hours in peak

usage as shown in equati¢.10). Equation(4.10) can be further simplified, as shown in

equation(4.11).
. 0 (4.10)
> % 8.0 4 ©
(@) (@)
w0 o
o O ‘ o (4.11)
W W

When using equatio.11) to estimate the total deployment time, there is a maximum
for hours in peak usag® ,based on the battery capacity and peak wattage, as shown in

equation(4.12).

(4.12)

e o
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Equation(4.13) solves for the total volume of fluid pumped during a deploymentis
the total volume pump in Litres, an@ is the average flow rate in ml/min. The 0.06 coefficient

is used for unit coversion.

o T8I O (4.13)
Equation(4.14) solves the number of filter captures possible based ontthal volume
pumped by the eDNA sampler. Whete is the average volume captured per filter amdis the

average volume of reagent/chemicals used per filter capture. All volumes are in terms of Litres.

w (4.14)
w W

The equations derived above can be used to determine the maximum volume and
number of filters based solely on the power consumption and battery pack capacity for the
S5b! A&l YL SNE a4 RS&aONAOGSR A Y Fof thedeplay®enitheQa S5 b
battery pack usechas a561.6 Whcapacity, the peak wattage 10 W, the idle wattage is1 W.
The average flow rate estimated to be 10 mL/min wh an estimated 1 L sample capture per
filter and 0.06 L usage of fluper sample capture. The equations below solves for the

maximum number of filter capture possible with the eDNA sampler.
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Theequationsformulated above are useful wheslanningbattery powered

deployment of the eDNA samplef scenario that can be used to show the effectiveness of
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these calculations ias follows. A team of researchers requirstady using the eDNA sampler

in which the system will be primed and left to operate autonomously aotipletion with a

561.6 Wh bakry. As such, the system is limited to only 9 sample capture esiané the filter
cartridge holds only 9 filters. For each sample capture ewbetsampler filter 1. of sample

fluid and uses 0.06 L of dmard chemicals for cleaning and sample preagon. The average

flow rate during the sampling events is estimated to be 10 mL/muring the sampling event,

the sampler uses 10 W, while using 1dwing idle times between sampling even@ith these
parametersthe equations above can be used to calculate a maximum deployment time of 17.7
days. Thus, allowing thresearchers to planning the sampling events according. Unfortunately,

the deployment is limited to less than 1 monifhecalculationfor this deploymenis shown

below.
. w . P8 TL @ TN
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Using the same scenario described abdwayever with a lower idle wattage of 0.05 W
the sampér is capable of being deployed for close to 1 y&ais reducing in the idle wattage
significantly increases th#uration of the studies that can be performed with the eDNA sampler
from less than a monthu{ = 1 W to approximate 1 years§ = 0.05 W. The calculations for

the reduce powesystem is shown below.
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the next chapte will detail the softwaraused to the control the eDNA sampler.

63



Chapter 5Software Design

This chapterfocuses on the softwararchitectureof the eDNA samplefThe firmware controls
the entire eDNA sampler and the system's process to communicate withstre store

deployment information and control the eDNA sampler's fluidic sysfems design helps the
eDNA sampler to accomplish requirements 7 and 8 of the novel eDNA sampébl@2.2. The

software desigpfirmware implementation and associated testingasmy own work

5.1 Automation Protocol

Figure5.1 a) illustrates thedefault sampling protocol of the eDNA sampler along with the
estimatedcompletiontime for each protocol step. The eDNA sampler performs the sampling

protocol whenever triggered by a saneptapture eventThesampk capture eventan be

triggered by a schduled date/time, manually by the usgsr triggeredby a sensolike a

fluorometer attached to the eDNA sampler. Users can also program a custom sampling script
AyiG2 GKS S5b! al YL SNRa {5 OFNR ad2N)r3IS 2N YI
control. The custom script contains the sampling protocol, which sets the number of active

valves, collection volume, time limit and minimum flow rate for each step.

InFigure5.1a)z GKS a{ YL S tNAYSe¢ aiSLI 02YYSyO0Sa

prepares the sampler by flushing its internal channels with the interetetronmentalsample

%

FEtdZAR®D ¢KSNBFFGOISNE GKS al YL SN Aa y@step NBF Re

pushes the sample fluid through the selected filter membrane (M1 through M9) for fluid
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Milli-Q to flush RNAlater from the system to avoid it being in contact with 5% HCI that is used in
GKS ySEG &aGSLI® ¢KS 4! OAR /tStyé¢ aidsSLI Ot Slya
pr 1L/ D I FGSNI GKIE G ®stlie% HE fom thE Ehaudels dising NMIBThs T dza K

process cleans the sampler and prepares it for the next sample capture.

(a)  Sampling Protocol

Sample Prime Sample Capture RNAlatcr. H MQ Flush ]—{ Acid Clean H MQ Flush ] TotalTime§
Preservation f

1 min 15 mins* 1 min 1 min 2 mins 2 mins 22 mins |

(b)  Thresholds Flow Diagram

Load 15t Run Protocol
Start
Protocol Step Step
A

(c) Pressure Profile

20 TT T T ‘ T T T | T T T T T T T T | T T T T ' T L L T I T
r I I I I [ [
Eo Sample Capture ! RNAlater ‘ MQ ! Acid Clean | MQ b
Eowl | Servi | Flush H Flush -
] e I ! [ ! -
_ I : ~Sample Prime : } : : : 1
Er 1 I I 1 1
5 r 1 | I | | 1A
El | I [ | 1 —
z I | | I | | 1A
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Figure5.1: S5b! al YLJ SNDa Ioseivew(d) Protacyl usedN® captedehd preserve sample then clean fluid

channels. (b) Thresholds flow diagram used to tadl run protocols within a safe usgpecified operating region ¢(Flowrate,

P - Pressure, T Time, V- Volume). (c) Pressudata captured during the samplingd®2 OS&& 2y || ndHH >Y LR2f &(
membrane. *The sampling time is dependentpsatocolspecified flowrate and fluid turbidity. The time shown above is for 20

ml/min in ideal conditionReprint from[43].

The algorithm shown iigure5.1 b) is executed whenever sample capt@eentis
triggered. This algorithm runs the steps shown in the sampling protocol and monitors volume,
pressureand time to ensure that the sampler stayithin a tolerable running condition. The

algorithm starts by running a series of checks. Thegnisrity is to checkthe pressureand
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ensure it isvithin the systemrsafe limit anddoes not exceed pre-setpressure limit. If the
pressure is greatehtan that limit the system reduces the flow rate by a et 40%.Next,the
system checks the flow rate, timedapsed and volume since the start of the protocol stiep
that order. If any of thee secondaryrioritieslimits exceeded the sampler moves the next
step in the script. This procedure then repeats until there are no steps left in the sampling
protocol. The sampler then enters @le state (sleep/low power in later versionghd waits for
an interrupt to trigger the sampling protocol once moFigureb.1 c) illustrates the pressure
profile of a recent eDNA sampler deployment in which the sampling protocol shokigure

5.1 a) was performed.

5.2 Threads

a) Main Thread

Configure | | Load System 3 Run
System Data Sleep Command
A
b) Backup Communications Thread (1 Hz)
Start R_ead Comm Run End
Lines Command

c) Pressure Measurement Thread (10 Hz)

Read Pressure Log and
Start Sensor — Display End
Pressure Data

Figure5.2: eDNAA | Y LI S NXDhieadsld@ @ $aiktainiieal time system operation on the eDNA samplEtejnain thread
that is created during power on and execuédscommands. b) Backup communication thread used to execute tasks when the
main thread is busy. c) Pressure measurement thread that is used to read pressure data at a tuestaht
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nested vector interrupt controller (NVIC) to handle fmptions. The threads are only active

when the eDNA sampler is not in sleep mode.

52.1 Main Thread

Figure5.2 a) illustrates the flow diagram of the main thread in the software architecture. This
thread is created when the eDNA sampler is first powered and is used to create all other
threads. Durindpootup, this thread configures the modules and peripherals of the eDNA
sampler. The peripheral configuration includes ensuring the pump is in the home position (fully
aspirated) and configuring the backup communication thread and pressure measurement
thread. Afterward, system configuration data, such as the scheduler information and chemical

volume usage status, is loaded from the microSD card.

After that, the main thread puts the eDNA sampler into a sleep state to conserve power.
The eDNA sampler exits tiskeep state when a scheduled sample capture event is required, or
valid command is received on the communication line. After completing the command or

sample capture event, the eDNA sampler enters sleep mode.

5.2.2 Backup Communication Thread

Figureb.2 b) illustrates the flow diagram of the backup communication thread. This thread
operates only when the main thread is busy completing a command. The backup thread is
intended for quick commands that take less than a second to complete. Commands that take

longer to complete risk hindering the command being completed by the main task. The backup
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communication thread performs commands such as system status. The defauiefrey of

this thread is 1 Hz.

5.2.3 Pressure Measurement Thread

Figure5.2 c) illustrates the flow diagram of the pressure measurement thread. This thread is

activated when the eDNA sampler is executing a sampling protocol. This thread reads pressure

measurements from the pressure sensor at regular intervals. The pressure measurements read

by this thread are used in calculations related to the piston pump, logg#tetmicroSD card

and sent through the communication line to the user for viewing. The user can disable the

logging and communication lines features through commands to the eDNA sampler.

5.3 Interrupts

a) Quadrature Encoder Interrupt

b) Home Signal Interrupt

Start

0

c) Scheduler Interrupt

End

Open Valves Pump
Stop Pump (Dispense) Dispense End
Open Valves Volume Pump
Stop Pump > (Aspirate) Achieved?, Aspirate
Set Active Start eDNA
Filter — Capture
Membrane Protocol

Figure5.3. System nterruptsused in the eDNsampler.
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Figureb.3 illustrates several interrupts used to interface with the pisfgump and to wake the
eDNA sampler for sampling evenThese interrupts allow the eDNA sampler to maintain-real
time execution by keeping the microcontroller's Central Processing unit (CPU) usage low, thus

allowing the microcontroller to execute tiraeritical tasks when required

5.3.1 Quadrature Encoder Interrupt

Figure5.3 a) illustrates the Quadrature Encoder Interrupt, triggered when the piston pump's
encoder haperformed a preset number of ticks. Each encoder tick corresponds to a volume of
fluid. Therefore, a preset number of encoder ticks can be calculated based on the pump cycle's
required fluid volume. The maximum fluid volume per pump cycle is 3Qdfased on the size

of the piston pump. The Quadrature Encoder Interrupt is triggered when the necessary encoder

ticks are achieved.

When the interrupt is triggered, the eDNA sampler stops the piston pump. Next, the
eDNA sampler waits until the pressure reading is within one psi of a predeterrasstine
pressure. When the fluidic system reachmselinepressure, the fluid channel fadhe pump's
aspirate phase is closed. Subsequently, the eDNA sampler opens the fluid channel for the
pump's dispense phase. The eDNA sampler waits until the pressure reading is within one psi of
a predeterminedaselinepressure. The eDNA sampler use€sold valves to open and close
the proper fluidic channels. The sampling protocol specifies the pump speed and proper fluidic

channels for the aspirate and dispense phases in the pumping cycle.

Finally, the eDNA sampler changes the direction of the puntsjpense the fluid and

sets the pump speed to the value specified in the sampling protdta.equations below can
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be used taranslate betweenaSy O2 RSNJ G A O] NBI RAy Janfitie 6 KS S5b!

volume of fluid aspirated by the pump.

(5.1)

w O
O ©O —_— 5.2
w

Where,O is the Base Encoder Coufll is theCurrent Encoder Coun® isthe Total Encoder
Ticksandw is the totalpiston pump volume. With theurrent configuration of the eDNA
sampler the following are constant®, o i m® p thimandw  ofit Dd. O

GFrNASa olFaSR 2y GKS LRaAGA2y 2F GKS LlzyLIQa LI

5.3.2 Home Signal Interrupt

Figure5.3 b) illustrates the Home Signal Interrupt, triggered when the pump has entirely
dispensed, and the piston is in the home position. When triggered, the eDNA sampler stops the
piston pump. Nextthe eDNA sampler waits until the pressure reading is within one psi of a
predeterminedbaselinepressure. When the fluidic system reacheselinepressure, the pump
dispense phase's fluid channel is closed. Subsequently, the eDNA sampler opens the fluid
channel for the pump's aspirate phase. The eDNA sampler waits until the pressure reading is

within one psi of a predetermineblaselinepressure.

Finally, the eDNA sampler verified that the total volume required was pumped. If not,
another pump cycle isitiated with the encoder interrupt set to aspirate only the remaining

fluid volume. If the remaining fluid volume exceeds 36Q0the encoder interrupt's tick is set
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for 3000>L. Otherwise, the encoder interrupt's tick is selected based on the remdinidg

volume and equatiot5.2).

5.3.3 Scheduler Interrupt

Figure5.3 ¢) illustrates the Scheduler Interrupt, triggered when a preset RTC alarm is triggered.
When the scheduler interrupt is activated, it sets an active filter membrane (M1 to M9) based
on a preprogrammed schedule table. The schedule table includes the date/timenarfitter
membrane the sampling protocol will use. By default, the scheduler uses the sampling protocol

described irFigureb. 1.

54 Fluid Control

54.1 Piston Pumgluid Flow Control

Figure5.4 a) illustrates the pressure buiap in the fluidic system's pressure as biomass
accumulates on a filter membrane. This tased seawater collected from Bedford Basin,

Halifax. Figure 5.4 c) illustrates the visual changes in the filter membrane as the eDNA sampler

collects a large amount of biomass onto a 82 25 mm filter.

Figure5.4 b) illustrates a fowphase cycle required when using a piston pump to move
fluid. The fousphase cycle comprises aspirate, wait, dispense and wait. The aspirate phase fills
the piston pump with fluid. Aftethat, the waiting phase keeps the aspirate phase's fluidic
channel open until pressure stabilizes before switching to the dispense phase's fluidic channel
and waiting until pressure stabilizes. Next, the piston pump enters the dispense phase and

dispensedluid into the fluidic system. Finally, the pump enters the waiting stage to switch from
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the dispense phase's fluidic channel to the aspirate phase's fluidic channel while ensuring

baselinepressure before each switch.

The piston pump's wait phase relies pressure sensor measurements, a
predeterminedbaselinepressure and a hardcoded timeout value. Using the pressure sensor
measurement rather than a fixed waiting time to determio&selinepressure optimizes the
system's performance. This performance iopization is because as the eDNA sampler
performs the sampling protocol, the channel's fluidic resistance changes, meaning it takes
longer for the pressure to stabilize. Having a fixed wait time would mean that system would
either be waiting longer than opuired to collect eDNA samples or switching the channels too
quickly, resulting in fluid not being correctly collected. The longer wait times would limit the
temporal resolution of the eDNA sampler. At the same time, the premature switching of the
valve wauld result in a significant error in collected fluid volume as the biomass of the filter
membrane increases. Therefore, pressure sensor measurements and a predetelbasedite

pressure optimize the wait time and volume accuracy

The user can set the predeterminédselinepressure manually or automatically during
the sampling protocol. The automatic approach involves the eDNA sampler opening the
appropriate fluidic channels so that the pressure measurements can refletiatbelire
pressure for the depth the system resides. The limitation of using a predeterrbamaline
pressure is that it is assumed that the system will remain at the designated sampling depth until
the sampling protocol is completed. A solution to this woulddeclude a second pressure

sensor for measuring ambient pressure to be used adb#szlinepressure value.
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Figure5.4: S5 b ! A | pfésku® Nanaianalysi@) Pressure data captured during the samgliprocess on a 0.22 pm
polycarbonate filter membrane. (b) Same data as in (a), but zoempissure cycle to highlight the syringe pump control scheme
used. (c) Retentate on the porous membrane, during the early stages of filtration and near thefiétnatioh. The filter is
removed for DNA extraction and downstream processing and andiegpsint from[48], © 2022IEEE
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The piston pump's wait phase uses a hardcoded timeout valve for scenarios where
organic matter clogs the eDNA sampler fluidic channel. The systendis fhressure does not
return to the predeterminedaselinepressure. The timeout value, 5 minutes, allows a
maximum time for the eDNA sampler to wait before resuming the phases of the piston pump
cycle.During deployments in the field, the baseline pra®scan be collected by openirige

~

S5b! al YL SNDRa AyfSaG @It @S atihe cunvebtldepttizNE ( KS Ke R

54.2 FlowRate Calculation

The microcontroller can control the flow rate of the piston pump using the stepper motor
driver. This flow rate control is because of the relationship between the stepper motor steps
and the volume of fluid pumped. Equati¢®3) shows this relationship and solves for the step
frequency needed to be generated by the microcontroller to achieve a specifieddtevat a
specified ste@ngle

o @1t

‘0
6 ¢m (5.3)

i~ Y
O —
w

Where,"O= StepFrequency’Y = Total Revolutions for full stroke (Constatf), w =
Volume of syringe (ml) (Constant: 3 mib )= Step angle (based on the step siZz@} Flow rate
of syringe (ml/min)Based on knowstepsize, the ste@ngle for thepump's pistoncan be

calculatedusing the following:

5 Y p&f (5.4)
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Where"Y= Step Size (1, 1/2, 1/4, 1/8, 1/16 and 1/32)30 is theStep AngleSmaller
step sizes allow for a smoother flow withore power (2 coil pairs activated vs 1 coil pair)

Larger step sizes allow for a rowgglout more rapd flow rate.

The total revoluibns for full stroke can be calculated based onvb&ime perfull step
for the piston pump®. Based on th&.JA & (i 2 y datdsk¥elth@ dolume per fulbtepis 1 >L.
The total number ofevolutionsrequired can be calculated by determining the maximum

volume range of the pumpndvolume per full step for the piston pumpquation(5.5)

produces a total revolution needed to pump fluid that is valid for all step sizes, given that the

size of the pump remains at 3 nithisconstant has a value of 15, along with the voluméhef

syringe pump, which will maintain its constant valve of 3 mL.

®Z0 W 2 p&F (5.5)
CP'RYYW O0QPRW

®
C TTIW

By combiningquation(5.3) and(5.5), the equation for calculatigthe necessary step

frequency can be simplified to the following:

®Wz20 pooerQ Q (5.6)
CPRYYWww 0 M O’V

Therefore,
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Q (5.7)
P12

An example of this calculation would be to run the syringe pump at Zthm with a

step size of ¥%. The calculation would go as follows:

Q¢ ™ e Qe

"0 -
eV W®

(5.8)

p 0 @adOd
(pﬁTBZnatnp

Therefore as shown in Equatiofb.8), for the piston pump to produce a flow rate of 20

mL/min at a step size of ¥4, the step frequency needs to be 1333.33 Hz.

With the fluidic, electronic, and software designs rationalized aestdbed, the eDNA
sampler was put througthe verificationprocesgsto evaluate each sudzy A G Q& LIS NJF 2 NI |y

These details are described in the né€kapter.
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Chapter 8Unit Testing

This chapter focuses on the unit testing performed with the eDNA sampler tiy veri

functionality during its development procesghe unit testing wasy own work

6.1 Negative Pressure Test

The negative pressure test was performed using the fluidic system shadgure6.1 b). This
test was performed to verify that theDNA sampler was capable of interfacing wita piston
pumpand pressure sensor. Additionally, this test was meant to determine the driéaidings
from the pressure sensoln this test purified Milli-Q water was used so there woubeé no
buildup on the filter membrane, causing a shift in pressure readings over Dom@gaspirate
pump phase fluid was pulled though tfiker membrane, howeverduring the dispense phase

fluid was pushed through the fluid channel without the filter membraseshown in ifFigure

6.1b).
b) Acid-Tolerant
Piston Pump
P i
-
/:\
\E/
Milli-Q
LEGEND
@p Pressure Sensor — Fluidic Channel o

Fluid Container

J @ Check Valve <> Filter

Figure6.1: Negntive pressuretest setup(a) Benchtop setup used to test negative pressure (b) Farchitecture used to test
negative pressure
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Thefluidic circuitwasbuilt usingldex1520XL tubingcheck valve§TKLA950213D, Lee
Company Ltdand the eDNA sampl&d LINBa adzNE aSyaz2N) FyR LRAadz2y
was controlled by théreadboard eDNA sampler design showikigure6.1 a). The piston
pump was programmed to operate at 5 ml/mper dispense and aspirate phaskuscreating

an averageeffective flowrate of 2.5 ml/mimper pump cycle

Sequentially, the filter holder was changegbingfrom nofilter, 0 2 I nd®u >Y t 9
(831826001, Sastedt), i 2 | ndnp >¥826; Jstedt)Fahd fitiaBybickaoyno filter.
¢tKS non >Y FAEGSNBR 6SNB O2Y0AYSR Ay aSNARSa F2
series for up to 5 filters. Combining the filter membranes in series is exptxtalise a linear
change in pressure proportional to the number of filteakin to volume increases with added
series resistors and constant current (flow ratBuring this test, a hardcoded wait phase of 1

second was used rather than the pressure seén$bis was due to the test occurring early in the

development phase of the eDNA sampler.

Figure6.2 a) illustrates the pressure reading measured during the negative pressure
testing. A minimum of 6 pump cycles were performed with each combination of filters. A
pressure spike is measured between filter combinations due to manually changing out the filter
membrane¢ KS O2YoAYylI A2y 2F GKS o CAfGOSNE ondu >Y
approximately-8 psi, which did not follow the expected linear pressure growth as the number
of filters in series increased. This outlier in the data was lidkedyto an air bubble getting into

the filter.
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Figure6.2: Negative pressure test datg Pressure vs Time measurements for a pull configuration eDNA saapiarious filters
are added in series to prode fluidic impedance in the systelm).Average pressure recorded &achsize filter vs the number of
filter membranes of the specified size that was in series. c) The residual plotektage pressure reading vs number of filter

plot shown in (b).

Figure6.2 b) illustrates the Average pressure readings vs the number of filters for the

>Y FALUSNBR® ¢KS vagiiemavBdiibtT A £ G S N.

neH>Y | yR nonp
G2 a1S¢ GKS ftAYyS 2F o6Sad FTAGO

tKS tAySa

expected. The residual of the plots is illustratedrigure6.2 c). Based on the residual, all

79

27



pressure readings for the filters were within 0.1 psi of their expected value. This demonstrated
the drift of the pressure sensor reading to be within 0.06 psi over the 100 minutes of testing in

Figure6.2 a), making it within a suitable range for the eDNA sampler.

6.2 PumpFlowRate and Volume Test

The pump flow rate and volume test was performed to determine the error associated with the
pump's flow rate and volume aaracy. The microcontroller controls the piston pump, so this
test validates the formulas and firmwaege implementedcorrectly. The test setup is shown in
Figure6.3 a), in which the piston pump pulls fluid from a 250 mL breaker and pushes it into a

graduated cylinder for measuring.

Before testing, the fluidic system was primed, so air bubbles did not affect the reading.
During testing, 3 mL of MH@ is collected ithe 10 mL graduated cylinder using the following
flow rates: 5 mL/min, 10 mL/min, 20 mL/min and 40 mL/min. The fluid volume collected was
measured using a laboratory analytical balance, as showigure6.3 b). The graduated
cylinder was dried and tared on the analytical bala(R¥84 OhausCorporatior) before each
volume collection. The Ml was measured using the analytical balance under the assumption

that the density of water used in the experiment was 1 g/mL.

The pump's flow rate was measured by updating the firmware on the eDNA sampler's
PCB to use the microcontroller's systick timer, which has an accuracy of 1 ms to record the time

it takes to complete thaspirate and dispense pumping phase distinctly.

The firmwaretranslates the number of encoder ticks volume based oequation(5.1).

As such, the number of ticks representing the pump capacity of @ashardcoded in the
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firmware. Theoretically, this value is 12,000 ticks for 3 mL. However, in the early development

of the eDNA sampler, a value of 12,500 ticks was used in error. The value has since been

rectified to the correctl2,000 ticks. Therefore, data were collected for 12,000 and 12,500 ticks

for this series of testslable6.1 shows data collected using the 12,500 ticks @atle6.2

shows the data collected using 12,000 ticks.

Figure6.3: PistonLJdzY LJQ &

Table6.1 illustrates theflow rate and volume measurements from the test when using

the 12,500ticks. The results show that the errors for both the pu@p ¥t 2 ¢

@2t dzYy S (i NJefichtbpysdRudcF voRinseNit andow iiafe acturady of piston pump
used in eDNA Sampler (a) Benchtop configuration for volumetric test shitveih mL graduated cylinder (b) 10 graduated
cylindertared on alaboratory analyticabalance to measure fluid volume precisely

accuracy is withid.3 % and 4 % respectively.

Table6.1: Pistonpump flow rate and volume accuracy test with encoder ticks set to 12,500

Flow rate(mL/min) Volume (mL) Percentage Error (%
Set Measured| Set Measured| Speed | Volume
5 4.79 3.0000 | 3.1028 411 343
10 959 3.0000 | 3.1008 4.13 3.36
20 19.20 3.0000 | 3.098 4.02 3.27
40 3829 3.0000 | 3.1186 4.29 3.95
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Table6.2 illustrates the flow rate and volume measuremeftsm the test whenthe
12,000 ticksThe results of using theorrectvalueimprovesthe flow rate and volumeccuracy
with errorsless thar).8%; a significant improvement over the results showrnTatble6.1.
Therefore, this demonstrates the formw@and firmware used to control the piston purape
working within a tolerable degree of errofhese figures areompardle with the

manufacturersstated error in thedatasheet of less tha@.5%[40].

Table6.2: Pistonpumpflow rate and wlume accuracy test with encoder ticks set td00®,

Flow rate(mL/min) Volume (mL) Percentage Error (%
Set Measured| Set Measured| Flow rate | Volume
5 4.99 3 2.9843 0.11 0.52
10 9.99 3 2.9773 0.13 0.76
20 19.99 3 2.9785 0.07 0.72
40 38.1 3 2.9827 0.18 0.58

6.3 CrossContamination Testing

The crossontamination test uses a dye tpuantifiably evaluatethe eDNA sampler fahe
degreeof crosscontamination. Using a dye allows for more immediate feedback since a lab is
not required to process the sampltesDNA amplification and sequencing takes days to months
depending on the backlog and would slow the desigrations. As such, apectrometer on the
eDNA sampler's output port would be able to measure any unexpected changes in light
intensityfrom unwanted dye carrpvers The crosEontamination test was performed using
0.05% Red Food Dye (RFD) as the sample fluid while the sampliogobwas being

performed. The sampling alternated using 0.05% RFD and purifiedQMi#r filter membrane

to determine crossontamination.The 0.05% RFRRas chosen based on the dynarmtensity

range measured on the spectromet@ther food dyeconcentrationsare viablebased on the
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same criteria. The main objective of the crasmtaminationtest is tomeasure the residuals of
the 0.05% RFDased onthéf f dzA RA O | dNd0 Kokhe$ 8n0O dleduiid§ prétocblgure6.4

illustrates the tesbench for the food dye crossontamindion test.

Spectrometer [

5 g e [Power Supply |
» \?\- r\ Light Source Power Suppl

// t_icam

Y 8
| eDNA Sampler

" Red Food Dye * %4, y
1/'7

P
&
h -

Figure6.4: Crosscontaminationtestbenchtopsetupfor eDNA sampler usirrgd food dye and optical measurements.

The use of 0.05 % RFD is the first stage of testing for-cavgamination, which
involves the detection of dead zones in the fluidic architecture. This use of RFD is due to it being
comparabé to biological samples such as miarganisms suspended in fluid. However, unlike
RFD, a biologidglarticulate sample can attach to the walls of the fluidic chanralget
trapped in corners. Furthethese microbesanmultiply over time, creating aibfilm that
would make cleaning more difficult. As such, in the following stages of-cargamination
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testing using biological samples, disinfectants would be required along with testing of
parameters such as flow rate, disinfectant concentration ancbexpe time.Dead zone testing
in the fluidic architecture could benproved by performeatomputational fluid dynamics to

isolate thespecific areas in the fluidic architecture responsible for the dead zones.

A modified version of the sampling protocol sittated inFigure5.1 was performed. The
modified sampling protocol included an Acid clean step followed by a@Hiush before

executing the sampling protocol steghown irFigureb.1 (a).

For the sampling protocol, 125 mL of sampling fluid was captured using filter
membranes M1 to M6. Filter membranes M1, M3 and M5 collect®® 06 RFD solution. Filter
membranes M2, M4 and M6 collected purified M@i All chemicals in the eDNA sampler were
replaced with purified MilhQ. As the sample fluid leaves the eDNA sampler's output port, it
passes through an optical flow céB027,FIA Lab, 10 mmptical path with a light sourcéHL-
2000FHSA, Ocean Optj@nd spectrometer attachedl he spectromete(Flame OceanOptics)
has asaturationintensity of 65,536 counts based on ti@harge Coupled DeviceéCDand 16

bit ADC

Figure6.5, shows the intensity measurements recorded by the spectrometer at
wavelengthof 520 nm the center of thedye absobance peakThe figure illustrates that during
sampling of the 0.05 % RRDBe intensity readingplunge andplateau at a minimunof
approximately 3000 unitsA low light readingignifesthat most(approx. 90%f the light in
the 520 nm wavelength has been absorl®dthe dye and does not reach the detector as per

the BeerLambert Lawwhich states that théight absorbance is directly proportional to the
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concentration of solutiorf49]. Next, the cleaning protocol starts, and the im&ty reaches its
maximumof approximately 8,000units, signifying that the RFD has been removed from the

system.

More importantly, at the start of the MiliQ sampling, the intensity suddenly drogis
time 3942 s (Intensity Drop 1,)8610s (Intensity Dre 2), 12793 <Intensity Drop 3and13295s
(Intensity Drop 4)n Figure6.5. These intensity drops lasted f@b s 23 522 sand 1 dor
intensity drops 1 to 4respectively Theseintensity decreasesndicate that red food dye
remained in the systerpost-cleaningWe quantified this by performing a tiragise integration
of the signalintensity. Based on the effective flow rate of 10 mL/min used by the e[IN&
equivalentvolume of~2.5mL, ~3.8 mL, 3.6 mL and 8.2 mLwas required to flush thantensity
drops 1 to 4 respectively TheRDE carrpver percentage for eacintensitydropis 2.0 %,3.0%,
2.9% and0.2%, respectively TheRFDcarry-over measures th&FDpercentage from the prior
125 mLRFDsample capture that remainegost-cleaning Theintensity dropsndicate thatwe
may have a carrgvervolume close to the amount of MHY required to remove the FD
(intensity drops) Trese ardikely to cause crossontamination during the sampling of

biological samples.

Intensity drops 3 and 4 observed during the sample capture of filter membrane M6 is a
different behaviourthan observed for the sample capture M2 and Mhesample capires M2
and M4 only contained a single intensity drop at the start of the protQ@aningstep. The
M6 flush showed aecondintensity drop(intensity drop 4)and wadikely due to thegeometry
of the valve manifoldThisresult needs to be repeated and confirmed, and if necessary will

need to beinvestigated more systematicaliy a future study.

85



While important to minimize crossontamination, the system performs multiple flushes
between sampleapturesto minimize carryover. Further optimization of the system may be
required to drive this 2% figure lower, after validating the entire eDNA sampler unit with real

samples on the bench, which is the topic of tiext Chapter.
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Figure6.5: Intensity measurement®cordedat 520 nmduring the crosgontamination testsSample Capture M1, M3 and M5
used 0.05 % Red Food DyEDRas the sample fluid. Sample Capture M2, M4 and M5 used purifieddMiflithe sample fluid.
All other steps in the protocakereperformed with purified MiliQ.
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Chapter Benchtop System

This chaptefocuseson thecompleteS 5 b | & | bénchtdpdeddpgandthe variousteststo
verify its functionality. This process served as a crucial step to vehié/system design before
finalizing thefully assemblednd submersibleDNA sampler desigmhebenchtopsetupwas
usedto verifythe fluidic architecture design, software contianhd sampling protocol
effectivenessThe benchtop estup and testing wasy own work with the exception that the
fluidic manifold wasnanufactured by Colin Sonnichséiso, he DNA extraction and analysis

was performed by Connor Mackie.

7.1 Benchtop Setup

"
= e —

Filter Channels
Y Section

Figure7.1: Benchtopsetup of the eDNA samplewith fully developed fluid architecture feample capture

Figure7.1 illustrates the benchtop setup of the eDNA sampler. This setusists of several
componentsFluidic Storage Section, Fluidic Manifold, Filter Charthetsion Electronic
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Section and SamglinletFluid The Fluidic Storage Section consists offthiels: RNAlater, 5%

HQ and MillkFQused in the sample capture protocol atwio bottles for sample ouét and

waste reservoir capturelheHuidic Manifoldcomprises thdluid channel routingand solenoid

valves to control the states of those channels: opened or cloBke filter channelsection

consistf fluidic channels with an inline filtethisincludesfilter membrane channel@Vil to

M9) and the filter bypass channéeawater) The electronic section consists of the eDNA,PCB

piston pumpanda pressure sensor for communication interface dhadd control. The sample

inlet fluid is placed on a stirring plate to constantly stir the sanfhl&l to ensure that particles

are thoroughly mixed and not settling at the bottoshthed & I YL S OKIF YO SNE 06SF2

the fluidic sample inlet

7.1.1 Fluidic Architecture

The benchtop implementation of the fluidic architectusshown inFigure7.1.

7.11.1Fluidic Manifold

Figure7.2 illustratesthe fluidic manifoldused intheS5 b ! & YL SNRa 0SyOKG 2 LJ
manifoldwas designed androducedin collaborationwith a postdoctoral fellowColin
SonnichsenThemanifoldroutes all fluids within the eDNA sampkendis made from

polymethyl methacrylag (PMMA) This material is chemically inert to 8llids that are

intended to be routed through the eDNA sampl&éhemanifoldcomprisesl mm deep andl

mm wide fluidic channelsy28 ports andfittings for 26 solenoid valves.
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Figure7.2: Benchtop eDNA sampleranifold (a) SolidVorksmodel ofS 5 b | & I bénclitdpidiémanifold (b) Fabricated
S5b! &l bénclhitdpfNiiémanifoldusing PMMA (of dzf & LJ2 Lddzt |  $uRlicBabifold. & | Y LI SNRa

Figure7.2 c) illustratesafluidic manifold that ha®een populated withl-eighth Fluorinated
Ethylene Propylend~P) fluid tubing using the 328 Polyetheretherketone (PEE&)Nnnectors
andsolenoid valvesThe tubing fluidicallyinksthe filter membranesfluid storage sections

sample inlet and fluidic electroni¢Riston Pump and pressure sensor).

7.1.1.2Fluidic Storge
¢tKS FEdzZARAO &ad2NX3S ASOGA2Y hadgsevar& fuidSBhe ! a | Y LI
fluids stored in this section are 5% HCI, RNAlater, purified@ilvaste and sample outlet.

Each fluid was stored separately in distinct chemically inert ¢oeta of assorted sizes.

7.1.1.3Filter ChannelSection

The Filters system features arrayof 7 distinct filter holdergAdvantec 43303010,
Polypropylene)each25 mmdiameterfor filter membranes N2 to M6 and M8 to M9 The fluid

channels filtemembrares M1 and M#vere damaged during th& f dzA RA O fabticafionT 2 f RQa
processA0.45>m Sastedt PolyethersulfondPE$syringefilter is used for thefilter bypass

channel (seawater)A custom rack was 3D printed to fit tfiger holders anda disposable filter

securely
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7.1.1.4Sample InleEluid

The sample inlefiuid containeris placed on a stirring plate withraagneticstirring barplaced
inside the container. The stirring plate is set to 200 RPMaooughly mix the sample fluid and
ensue particles do not settle at the bottom of the containdhe sample inlet fluics
connectedto the fluidic manifold using l-eighth Fluorinated Ethylene Propylene (FEP) fluid
tube. The sample inletube hasan inlinefilter holderfitted with a35>m filter meshto prevent

largeparticlesfrom entering thefluidic system

7.12 Electronic Section

The electronic sectionomprisesan eDNA PCB, a syringe pump and a pressure sdrsor.
pistonpump and pressure sensor are fluidicalbnnectedto the fluidic manifoldthrougha Y-
connectormade of EEKThe eDNA PCB electrically connects to the 26 solenoid valves, piston
pump and pressure sensor tontrol the fluidic operations of the eDNA sampler. ENA PCB

is powered by a benchtop power supply set t¥ andconnected to a desktop to communicate

data

7.2 Food Dye Testing

The food dye test was performed terify the fluidic architecture and software control of the
eDNA sampleiThebenchtop setup for theest is similar to the eDNA sampler benchtop setup
describedn Chapter 7.1, with modifications to the implementation of the fluidic architecture.
Modifyingthe fluidicarchitectureincludesusinga syringe filterfor the filter membrane

channelsandusing various food colouring instead of tlhetualfluids. Tlese modifications
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allow a visual examination of the fluid flow pattws verify the correct procedure$-igure7.3 a)

illustrates thesetupbefore starting the filter sample protocol.

Figure7.3: Fluidicimplementation of benchtofood dye flow test(a) Rack holdingack for food dyes and filters prior to
sampling captureunning (b) Rack holding rack for food dyes and filters after running sampling captbo®¢dye and filter
membrane positions on the rack

Table7.1 summarizeshe variousfood dyecoloursused for each filter membrane and
fluids: RNAlater, Purified Mi-Q and 5% HCThesamplingprotocol was performed foFilter
Membranes M2 to M6 and M8 to MJ hepositions of the food dyes and filters on the raeke
shown inFigure7.3 c). During the sampling protocaluring the sample capture step, the
sample inlet tube wamoved to the food dye&olourrepresenting the filter membraneas

summarized inmable7.1.

The results of the food dye test were purely viskadure7.3 c), filter membranes M2 to

M6 and M8 were coloured green to demonstrate that the filters were preserved after
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