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Abstract

To achieve a healthier relationship with our environment and each other, we must con-
tinue to improve our ability to rapidly and sensitively monitor pathogens both inside
and outside the body. Unfortunately, biological sensing has lagged behind electronic
and chemical sensors both in cost and accessibility, primarily due to the need for spe-
cialized equipment, sterile work spaces, and sensitive reagents to operate biosensors.
The COVID-19 pandemic has only emphasized the need for more sensitive, rapid,
and decentralized biosensing solutions that can provide in-the-moment data for per-
sonal and public health-related decision making. Recent advances in CRISPR-based
biosensors has allowed for a new class of diagnostics with sequence-specific nucleic
acid detection capabilities that can provide a rapid response without the need for
traditional laboratory infrastructure.

The research presented in this dissertation aims to further characterize and expand
the applicability of CRISPR-based biosensor systems for resource-limited contexts by
non-specialist users. Contributions include a minimally instrumented implementa-
tion of a CRISPR-based SHERLOCK assay for rapid and decentralized point-of-care
detection of SARS-CoV-2 RNA and variants, a microfluidic platform for SARS-CoV-
2 antibody and CRISPR-based RNA detection through multiplexed electrochemical
sensing, and a field-deployable magnetic bead-based waterborne pathogen concentra-
tion and CRISPR-based detection system for environmental monitoring. This work
also examines how local and indigenous knowledge figure into the conceptualization,
collection, and utilization of environmental data within local monitoring programs
and considers how novel biosensing tools could generate data at the appropriate res-
olution for community monitoring needs.

Thesis Supervisor: Joseph A. Paradiso
Title: Alexander W. Dreyfoos (1954) Professor
Program in Media Arts and Sciences






CRISPR Biosensors for Resource-limited Nucleic Acid
Detection

Deborah Anne Najjar

This dissertation has been reviewed and approved by the following
committee members:

Thesis SUPErVISOT . . ...t
Professor Joseph A. Paradiso

Alexander W. Dreyfoos (1954) Professor

Program in Media Arts and Sciences

Massachusetts Institute of Technology






CRISPR Biosensors for Resource-limited Nucleic Acid
Detection

Deborah Anne Najjar

This dissertation has been reviewed and approved by the following
committee members:

Member, Thesis Committee............. .. ... . i,
Professor James J. Collins

Termeer Professor of Bioengineering

Department of Biological Engineering /Institute for Medical
Engineering and Sciences

Massachusetts Institute of Technology






CRISPR Biosensors for Resource-limited Nucleic Acid
Detection

Deborah Anne Najjar

This dissertation has been reviewed and approved by the following
committee members:

Member, Thesis Committee............. ... i,
Professor Jennifer Gabrys

Chair in Media, Culture and Environment

Department of Sociology

University of Cambridge






Acknowledgments

Oh! What a time, to be here at the acknowledgements page of my dissertation. I am,
I must admit, a bit surprised and not a little bit proud to have reached this moment.
My PhD path had a great deal of twists and turns, wherein I changed my research
and my advisors and then entered into a global pandemic that changed my research
even more. But through it all, I have felt like the luckiest person, to be able to keep
busy and do research that allowed me to grow a great deal as a researcher and as a
person. It is impossible to have been able to achieve even small bits of this alone.

So first and foremost — to Prof. Joe Paradiso and Prof. Jim Collins — who took
me in with arms open and very few questions asked, and who trusted that providing
me with leeway would result in some very interesting and publish-able results! You
both have been so supportive and I could not have asked for a better combination of
sounding boards. To Prof. Jennifer Gabrys — who I cold emailed after I reread your
papers and realised I should just take a chance and reach out! Your work is so deeply
inspiring to me and you have provided so many resources and recommendations that
have deepened my inquiry into the worlds of sociology and participatory ecological
monitoring.

To my lab mates!

On the ResEnv side — Brian, Caroline, DD, Fangzheng, Julianna, Irmandy, Patrick,
Ali, David, Sam, Ariel, Mark — you are all so endlessly knowledgeable, so kind, so
fun, and quick to help. It has been such a treat to get to work in the pen and listen
in on all of the projects that are constantly cooking.

On the Collin Lab side — Helena and Rose, you are two of my most favorite people
to collaborate with. Thank you for teaching me so much and getting excited about
all of the little 3D printed gadgets. To Nikki, Nina, Xiao, Angelo, Nico, Makoto,
Kehan, Woojung, Nayoung, Peter, and Evan, coming to the Wyss every day (even
and especially during COVID times) was such a true joy. You are all wells of endless
insights and have provided an equal amount of support and comic relief throughout
this whole experience.

To Mrs. Greenstein, my kindergarten and then eight grade math teacher, who
changed my whole life.

To the communities that I work with — thank you from the bottom of my heart for
your generosity of time and spirit. Being on the Mystic and at Mahia were not only
very welcome reprieves from the daily grind of wet lab life, but hugely informative
and highly motivating experiences that I will keep close to me far beyond these pages.

To the MAS offices, who made things happen over the course of my time — Linda,
Monica, Mahy, Rebecca, Sarra, and to the Directors office, Comms team, and Fi-
nance office who make sure that things keep running, thank you thank you for all the



(kosher) food and time and support and laughs. To Candido, Cornell, and Kevin,
who keep the building (and coffee machines) running no matter what. To Will and
Joana and the whole NecSys team who have helped me with computer nightmares on
many an occasion, always with an abundance of competence and grace. To Hannah,
who always has the biggest smile on her face and makes sure that things are tidy and
sanitary.

To all of my MAS friends! Oh boy. Too many to list, which I think is a very great
sign. Thank you thank you thank you. To my StudCom friends (especially Shannon,
Pedro, Carmelo, Bianca, and Sunanda), and to all those from the Student Advocacy
group who came together to support each other when it felt like there were no other
options. To my cohort, full of such inspiring, interesting, and curious people who I
learn so much from — it is such a pleasure to know you all. To the 99F crew, who
welcomed me in when [ feared the the parties were dying and let me spend more
time on coordinating drinks and DJs than research (for a brief period of time). To
Open Oceans — Katy, Jenni, and Alexis in particular, you have all been a life raft for
me during the rough seas I experienced during this degree. To our Muddy Monday
crew, one of the more unfortunate COVID casualties. To Maggie and Mehak, who
are extremely smart and also very funny and hot, it’s been a pleasure. To Daniella,
who I hope will be my eyes and ears on MAS things when I'm gone. And to my
dearest: Adam and Jake and Agnes and Sara and Susan! My love and admiration
and gratitude is so big and bright. You are pieces of me that I will carry forever, and
I am all the better for it.

To all of my non-MAS friends who have nonetheless been there for me throughout
this journey, even as I was physically /mentally /emotionally unavailable for signifi-
cant chunks of time— Noam, Jordan, Haley, Eytan, Sivan, Sarah, Lilah, Shira, Dalia,
Ezra, Noah, Yonina, Ariana, Josh, Josh, Wade, Daphne, Olive, Mia, Emily, Adira,
Mairav, Ahuva, Kayla, Chris, Jon, Eli, Nick, Jacob, and so many more — thank you
for sticking with me anyway! I will try and make it up to all of you starting after this
document is handed in.

To my dear friend (cringe) Avery (MSN) — it feels impossible to consider this document
(within and) without you. Thank you for being a listening ear, enabler, proofreader,
musician, culture snob, foodie, MMA fighter, movie critic, and gremlin. I think we’ve
moved away from our co-dependancy during the almost unbearable Early Years and
into something more mature and healthy (watching movies in our beds alone or else
playing Yahtzee and Rummikub in a public park). You have pushed me in almost all
the ways and it may have not made me the best version of myself, but it certainly
made me the most authentic. I hope that when you release The Files one day that
people turn to this acknowledgement and feel pity for me that I ever trusted you
as a friend. Writing this feels so dumb and gross and corny — but that’s showbiz,
baby. And to Eva Paige, what can I say but Spaciba! You are not only a genius,
fashion icon, and chess (grand)master, but also a truly harasho person. Queen Stays
Queen. And to Barb and Rob and Bowie (and sure, Ryan too) for letting me into the



family and allowing me to cook Thanksgiving that one time, which was really insane
in retrospect.

To the Brattle Theater, BSO, Assembly Row, Felipes, The Kosher Wok, Vittorio’s
(RIP), MIT’s ceramics studio (Darrell!), The Muddy, Tatte, Dunkin, Clover, JP Licks,
the MBTA, Amtrak, — I simply could not have done it without you all. My lifeblood!

To my family!

My grandparents who would have (I hope!) been proud to see me — Chaim, Avigayil,
Philip, and Gloria. I can only try and bring about as much love and good to the
world that you all did in your lifetimes. To my grandfather Philip in particular, who
completed coursework for a PhD in teaching but never finished it because he had a
family to support, I always told you that I would be dedicating my PhD to you. You
laughed, but here I am doing it! I wish you all could have been here to celebrate with
me.

To Renanint, who reminded me that no one can be happy for me, I have to be happy
for myself.

To my aunts, uncles, cousins, and extended family! You are the best parts of all of the
important things of life. I wish that I had lived closer these past six years so I could
attend more parties and get-togethers. I hope to continue celebrating the moments
in life with you all forever!

My mom and dad, Ellen and Abe, who have given me lots of leeway to stray as far
from home as the Greater Boston area (!) to spend lots of time getting this degree.
Thank you for your support and for letting me be a little freak, it means the world to
me. You have both given me the tools throughout my childhood to think critically,
engage deeply, and to refuse to accept that the world as it is is how it should be. T am
grateful for all the time in natural history museums, aquariums, and museums and
sorry that it led me on a career path that has, so far, not produced much financially.
Maybe one day! To Rebecca, Josh, Shira, Deena, Yair, Noam, and Aleh — you are all
my greatest cheerleaders and greatest critics and I work very hard to try and make
you all proud every day. I hope it worked. I love you all and want nothing more than
to spend time with you (as long as it’s not crammed in a car) loudly talking over each
other.



14



Contents

1 Introduction 25
1.1 Research Questions . . . . . . . . .. ... o 25
1.2 Biosensor Systems . . . . . . ... 26

1.2.1  Current methods of biological sensing . . . . . . . .. ... .. 27
1.2.2  Sample preparation . . . . . . .. ... 28
1.2.3  Nucleic acid amplification . . . . . . ... ... ... ... .. 29
1.2.4 Nucleic acid detection . . . . . . .. .. ... ... ... 30
1.2.5 Sampleread-out . . . . . . .. ..o 32
1.3 Biosensing and Local Data . . . . . . .. ... .. ... ... ..... 33
1.3.1 Evidencing the Environmental . . . . . . . .. ... ... ... 34
1.3.2 Biological Datafication . . . . . . .. .. ... ... ...... 34
1.3.3 Participatory science and citizen engagement . . . . . . . . . . 35
1.4 Dissertation Overview . . . . . . .. .. ... L. 37

2 Minimally instrumented SHERLOCK for CRISPR-based point-of-

care diagnosis 39
2.1 Imtroduction . . . . . . .. ... 40
22 Results. . . . . . 42
2.2.1 Bioinformatic analysis and selection of SARS-CoV-2 target re-
IONS . . . L 42
2.2.2 SHERLOCK assays that specifically identify SARS-CoV
-2 variants ... .. L. L 44
2.2.3 SHERLOCK assay optimization and instrument-free viral RNA
capture and concentration . . . . . ... ... ... L. 46
2.2.4  Construction of the miSHERLOCK integrated POC diagnostic
device . . . . . .. 49
2.2.5 Evaluation of miSHERLOCK performance and validation with
clinical samples . . . . . . .. ..o 52
2.3 Discussion . . . . . .. .. 54
2.4 Materials and Methods . . . . . . . ... ... ... ... ... 57
2.4.1 Bioinformatic analysis of SARS-CoV-2 genomes and
gRNA and RPA primer design . . . . . . . ... ... ... .. 57
2.4.2  Clinical samples and ethics statement . . . . . . . . .. .. .. 57
2.4.3 Simulated clinical samples . . . . . . ... ... ... .. ... 57
2.4.4 SHERLOCK RPA primer and gRNA screening . . .. .. .. 58

15



2.4.5 Sample preparation and concentration . . . .. ... ... .. 59

2.4.6  One-pot lyophilized SHERLOCK assay . . . . ... ... ... 59
2.4.7 Construction of point-of-care diagnostic device . . . . . . . .. 60
2.4.8 Point-of-care diagnostic device mobile application . . . . . . . 60
2.4.9 On-device miSHERLOCK reactions . . . . . .. .. ... ... 61
2.4.10 Data analysis . . . . . . .. ..o 61
3 Minimally Instrumented SHERLOCK for Waterborne Pathogen De-

tection 63
3.1 Introduction . . . . . . ... 63
3.2 Results. . . .. . 65
3.2.1 SHERLOCK assay optimization for pathogen detection . . . . 65
3.2.2  SHERLOCK assays on genomic DNA targets . . . ... ... 67
3.2.3 Pre-concentration of pathogen target . . . ... .. ... ... 70

3.2.4  Construction of miSHERLOCK integrated device for field-based
biosensing . . . . . ... 73

3.2.5 Construction and evaluation of miSHERLOCK integrated de-
vice for biosensing in microgravity . . . . . . .. ... ... 74
3.2.6 Flight testing the miSHERLOCK in microgravity . . . . . . . 76
3.3 Discussion . . . . . ... 76
3.4 Materials and Methods . . . . . . . .. . ... oL 7
3.4.1 SHERLOCK RPA primer and gRNA screening . . .. .. .. 7
3.4.2 Magnetic concentration of microbes in simulated water. . . . . 78
3.4.3 Filter concentration of microbes in simulated water. . . . . . . 78
3.4.4  Construction of waterborne pathogen miSHERLOCK device . 78
3.4.5 Construction of zero-G miSHERLOCK device . . . .. .. .. 79
3.4.6 Dataanalysis . . . . .. ... L 79

4 Multiplexed electrochemical sensor for point-of-care simultaneous

RNA and antibody detection 81
4.1 Introduction . . . . . . . ... 82
4.2 Results . . . . . . o 84
4.2.1 Design of the microfluidic electrochemical lab-on-a-chip platform 84
4.2.2 Integrated CRISPR-based molecular diagnostic assay . . . . . 88
4.2.3 Integrated CRISPR-based molecular diagnostic assay . . . . . 91

4.2.4 A Multiplexed viral RNA and antibody diagnostic in a 3D-
printed LOC platform . . . ... ... ... ... ... .. .. 96
4.3 Discussion . . . . ... 100
4.4 Materials and Methods . . . . . . .. .. .00 oL 103
4.4.1 Chip preparation . . . . . . ... ... 103
4.4.2 Nanocomposite preparation and activation . . . . . . . . . .. 103
4.4.3 Clinical samples and ethics statement . . . . . . . . . ... .. 103
4.4.4 CRISPR-based RNA assay with fluorescent reporter . . . . . . 104

4.4.5 Chip functionalization for the CRISPR-based RNA assay with
electrochemical reporter . . . . . . . ... ... 105



4.4.6 CRISPR-based RNA assay with electrochemical reporter . . . 105

4.4.7 Serology ELISA assay . . . . . . . . .. ... ... ...... 106
4.4.8 Electrochemical serology assay . . . . . . . ... ... .. ... 106

4.4.9 Multiplexed electrochemical serology and CRISPR-based RNA
detection . . . . . . . ..o 107

4.4.10 Microfluidic chip for multiplexed electrochemical serology and
CRISPR-based RNA detection. . . . . ... ... ... .... 108
4.4.11 Data analysis . . . . . . . ... ... L 109
5 Sensors in the Field: How Data Figures into Local Monitoring 111
5.1 Introduction . . . . . . . ... 111
5.1.1 Political ecology and environmental data . . . . . . . .. ... 113
5.1.2  Considering Big Data and datadiversity . . . . . . . ... ... 113
5.1.3 Multi-modal local sensing and "just-good-enough" data . . . . 116
5.1.4 Decolonized research practices . . . . . . . ... .. ... ... 118
5.2 Mystic Monitors: The Production of Citizen Science . . . . . . . . .. 120
5.2.1 Mystic River Watershed Association . . . ... .. ... ... 120
5.2.2 Research Methods . . . .. .. ... ... ... ........ 123
5.2.3 In service of "The Data Set" . . . . . ... .. ... ... ... 124
5.2.4 Citizen field techs and (citizen) science as a vocation . . . . . 129
5.2.5  The Structuration of Citizen Science . . . . .. ... ... .. 135
5.3 Horokaka Mataitai: Multi-species monitoring . . . . . . . . .. .. .. 140
5.3.1 The Mahia peninsula and Rongomaiwahini Iwi . . . . . . . .. 142
5.3.2 Taking a species-centered approach to monitoring . . . . . . . 143

5.3.3 Intergenerational sensing: developing the next generation of
kaitiaks . . . .o 146
5.4 The Citizen Science of Showing Up . . . . . .. ... ... ... ... 151
6 Next Steps 155
6.1 Next Steps . . . . . . . . 155
6.2 Lessons Learned . . . . . . . .. .. .. L oo 157
A miSHERLOCK 159
B Multiplexed Electrochemical sensors 175
C MyRWA Ethnography 193

17



18



List of Figures

1-1
1-2
1-3
1-4
1-5
1-6
1-7
1-8

2-7
2-8
2-9
2-10
2-11

2-12
2-13

2-14
2-15

The five senses. . . . . . . . ...
Current methods in biosensing. . . . . . . . . . .. .. ... ... ..
Nucleic acid amplification methods. . . . . . . .. . .. .. ... ...
Casl2a collateral cleavage. . . . . . . . . .. ... .. ... ......
SHERLOCK workflow. . . . . . .. .. ... ... ... . .......
Nucleic acid detection methods . . . . . . ... .. ... ... ....
Low-cost fluorometer. . . . . . . . ... ...
A simplified description of data types and their relationships in envi-
ronmental monitoring. . . . ... ..o

Schematic of miSHERLOCK . . . . . . ... ... ... ... .....
SARS-CoV-2 genomic map indicating regions that are targeted in this
study. . . ..
Sensitivity and specificity of SARS-CoV-2 assay. . . . . ... ... ..
Heatmaps of RPA primer screens to detect SARS-CoV-2 variants. . .
Testing of N501Y, Y144del, and E484K mutation-specific SARS-CoV-2
SHERLOCK assays in water. . . . . .. .. ... ... ........
Optimization of multiple reaction conditions of SHERLOCK assays in
solution. . . . . . . ..

Unprocessed human saliva non-specifically activates SHERLOCK assays.

Chemical and heat pre-treatment inactivates salivary nucleases.

PES filter flow rate characterization. . . . . . . .. .. ... .. ...
miSHERLOCK device schematic. . . . . ... ... .. ... .....
Workflow timing and representative examples of MiSHERLOCK reac-
tlon. . . ..
Fluorescence readouts in the miSHERLOCK app are comparable to
those measured in standard laboratory plate readers. . . . . . . . ..
SARS-CoV-2 Assay Limit of Detection. . . . . . . ... .. ... ...
Characterization of SARS-CoV-2 mutant assays. . . . . . . ... ...
MiSHERLOCK performance on patient samples. . . . . . . . .. . ..

Low-resource CRISPR biosensor workflow. . . . . . .. ... .. ...
Waterborne pathogen guide RNA assays. . . . . . ... ... ... ..
SHERLOCK limit of detection for waterborne pathogens. . . . . . . .

SHERLOCK limit of detection for shiga toxins. . . . . .. ... ...
Shiga toxin sensor sensitivity. . . . . . . . . ... ... L.

35
42

43
44
45

46

47
48
49
20
50

51



3-6 Shiga toxin panel. . . . . . . ...
3-7 S. enterica genomic DNA sensitivity . . . . .. .. .. ... ... ..
3-8 Magnetic concentration of microbial target. . . . . . . . . . ... ...

3-9 Comparison of magnetic beads for MBL-mediated target concentration.

3-10 Filter concentration of microbial target. . . . . . . . .. .. ... ...
3-11 miSHERLOCK for waterborne pathogen detection. . . . . . .. . ..
3-12 miSHERLOCK for waterborne pathogen summary. . . . . . .. . ..
3-13 Zero-G miSHERLOCK device. . . . . . . . . ... ... .. ... ...
3-14 The microgravity miSHERLOCK during flight testing on a Zero-G

flight in May 2021. . . . . . .. .. o

4-1 Direct pathogen detection approaches detect the virus, its genome or

viral antigens. . . . . . .. .
4-2  Overview of microfluidic chip for LOC EC-based multiplexed detection

of SARS-CoV-2 biomarkers. . . . . .. .. .. ... ... .......
4-3 Lysis testing for saliva sample preparation. . . . . . . . ... ... ..
4-4 Photograph of the microfluidic system. . . . . . ... ... ... ...
4-5 Dimensions of the microfluidic chip. . . . . . . . .. .. ... ...

4-6  Limit of detection of the CRISPR-based assay with a fluorescence output.

4-7 Clinical patient saliva sample characterization. . . . . . . . . . . . ..
4-8 Schematic illustrating the surface chemistry of the EC assay. . . . . .
4-9 Performance of the CRISPR electrochemical assays using clinical sam-
ples. . ..
4-10 ROC curve for SARS-CoV-2 ELISA from patient plasma samples. . .
4-11 Schematic of the multiplexed serology assay. . . . . .. ... .. ...
4-12 Representative raw cyclic voltammetry data for the multiplexed serol-
OZY ASSAY. « « « v e e e e e
4-13 Electrochemical serological assays can detect SARS-CoV-2-specific IgA
and IgM antibodies in plasma samples. . . . . . . . .. .. ... ...
4-14 TgG range for several SARS-CoV-2 antigens detected within 58 positive
clinical plasma samples. . . . . . . . . ... o000
4-15 ROC curve for IgG EC serology assay performance on patient samples.
4-16 Example of raw CV output for saliva sample. . . . . .. .. ... ..
4-17 Schematic of the multiplexed chip. . . . . . .. ... ... ... ...
4-18 Electrochemical platforms can be used for simultaneous detection of
SARS-CoV-2 viral RNA and host antibodies against the virus. . . . .
4-19 EC sensor chip results using the LOC microfluidic platform. . . . . .

5-1 Mystic River Watershed. . . . . . . . . ... ... 000
5-2  MyRWA water monitoring. . . . . . . . . . .. ... ... ...
5-3 Horokaka mataitai. . . . . . . . .. ... oo
5-4 Culturally important species. . . . . . . ... ...
5-5 Learning about the mataitai. . . . . . . . .. ... ...,
5-6 Sensors at the wananga. . . . . . ... .. ... L.
5-7 Kaumatua leading the wananga. . . . . . . .. .. ... .. ... ...

82

85
86
86
87
88
89
90

91
92
93

94
94
95
96

97
97



5-8 At the wananga. . . . . . . . .. ...
5-9 Collecting and discussing sensor data. . . . . . . . ... .. ... ...

A-1 miSHERLOCK triplex and quadruplex 3D printed devices. . . . . . .
A-2 Oblique view and measurement of miSHERLOCK device before use. .
A-3 Adjunctive mobile phone application supports automated quantitation

and result interpretation. . . . . . . ... ...
A-4 Probit curves for miSHERLOCK SARS-CoV-2 assays. . . ... ...

160
161

163

A-5 Clinical saliva samples tested with miSHERLOCK Human RNaseP assay.164

A-6 Circuit diagrams for temperature and LED control. . . . . . .. . ..
A-7 MiSHERLOCK electronics integrated into a 3D printed device. . . . .

B-1 Exploded view of LOC microfluidic platform. . . . . . . . . . ... ..
B-2 TIterations of the microfluidic chip. . . . . . . .. ... ... ... ...
B-3 Microfluidic chip workflow. . . . . . .. ... ..o
B-4 Optimization of CRISPR assay for EC-based SARS-CoV-2 RNA de-

tection. . . . . . . . L e e
B-5 Optimization of the CRISPR-based electrochemistry assay time. . . .

B-6 Selection of the SARS-CoV-2 anti-human IgG detection antibody against

Spike, NC, and RBD protein in an ELISA format using SARS-CoV-2
positive and negative samples. . . . . . . ... ...
B-7 Optimization of the plasma dilutions using clinical plasma samples in
a 96-well ELISA format. . . . . ... ... ... ... ... ......

B-8 Optimization of the plasma dilutions using clinical plasma samples for

B-9 A sample dilution of 1:9 is optimal for IgG, IgM and IgA detection in
the electrochemical platform. . . . . . .. .. ... ... ... ... ..
B-10 Optimization of the incubation and TMB precipitation times in 1:9
plasma dilutions. . . . . . ... ...
B-11 Optimization of incubation and TMB precipitation time at 1:18 plasma
dilutions. . . . . . . ..

21

165
166



22



List of Tables

3.1
Al

A2
A3

A4

B.1
B.2

B.3

B4
B.5

Sequences for waterborne pathogen SHERLOCK assays. . . . .. ..

Genomic analysis of gRNAs and RPA primers used to detect key SARS-
CoV-2variants. . . . . . . . . ...
Oligonucleotide sequences used in this study. . . . . . . . ... .. ..
Total cost analysis of miSHERLOCK duplexed diagnostic device and

Cost estimate of miSHERLOCK duplexed diagnostic device compo-
nents at 10,000+ scale. . . . . . . .. .. L

Logit regression curve analysis data for device LOD . . . . ... ...
CRISPR-based fluorescent assays accurately detect SARS-CoV-2 in
clinical saliva samples. . . . . . . . ... ...
Best performing LAMP primer sequences and their final concentrations
in LAMP assays . . . . . . .. . .
Cost analysis for LOC microfluidic device. . . . . .. ... ... ...
Voltages used for heating the LOC microfluidic device. . . . . . . ..

23



24



Chapter 1

Introduction

1.1 Research Questions

With a title that indicates this dissertation will focus on biological sensing, sensing
that uses biological molecules to detect a specific chemical or biological signature, I
would first like to bring up the biological sensors that we use every day, the main ways
that we interface with the world, our on-body sensors. Our bodies are an elaborate
and intricate amalgamation of sensors that allow us to perceive the world around us
(Fig. 1-1), and while these sensors are helpful for allowing us to navigate and regulate,
they are calibrated within a very specific regime of frequencies — leaving most of the
world invisible because it is imperceptible. This is the very reason why we design and
build so many sensors that extend and augment our sensing abilities. From scopes
and spectrometers to imagers and integrated circuits, we have been able to see from
the galactic down to the subatomic and uncover the hidden molecular makeup of our
surroundings. Sensors allow us to develop a fuller, richer, more complex, and more
nuanced picture of our world and the systems within it.

@ - hearing
sight E E

taste

touch

Figure 1-1: The five senses.

In recent years, there has been a move to open source and democratize these sensors
so that anyone with time, interest, and some basic tools can monitor their surround-
ings. However, while it is fairly simple to design a system that will provide data on
abiotic factors such as temperature, pressure, chemicals, radiation, and particulate
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matter within air and water samples, there are currently few sensors widely accessible
that provide a comparable level of sensitivity for monitoring biotic factors.

This is not due to the lack of highly sensitive tools available, which the field of biology
has been developing at an astounding pace in recent decades, but more a disconnect
in the pipeline between laboratory and lay person access to these technologies [27].
There is no better scenario to illustrate this issue than the current global pandemic.
COVID-19 testing has been highly centralized, creating a massive strain on facilities
and causing significant lags in the delivery of results to those who submit samples.
These tests are often necessary for immediate decision making on how to safely en-
gage in their environment, which means any delay increases local an global risks.

Why is it that there are so few tools available for people to sensitively and consis-
tently sense things like microbes and pathogens outside of a laboratory? Why is it
that there needs to be large amounts of money, time, effort, and even risk needed in
order to determine these data? Similarly, testing for environmental pathogens such
as waterborne pathogens from run-off and contamination is currently difficult for a
non-laboratory facility to quickly or routinely perform. With climate change causing
erratic weather events, be it storms or draughts, to be more prevalent [194], it is
necessary for those who interact with and rely upon specific water sources to quickly
and sensitively monitor aquatic pathogens. Why is it that it is currently so difficult
to do? Therefore, the questions at the center of this research are:

1. Can we design highly sensitive biological sensing systems for improved pathogen
detection and monitoring related to human and environmental health that are
affordable, easy to use, and functional in resource-limited contexts?

2. Can we understand how these biosensors and the data they produce figure into
existing monitoring frameworks by engaging with local and indigenous moni-
toring programs?

1.2 Biosensor Systems

There are countless examples of how sensors have improved our understanding of how
the world operates. One example that has inspired this research is Tidmarsh, which
is a project in the Responsive Environments group that monitors a retired cranberry
bog in Massachusetts as it rewilds [145]. The project is a deep exploration in how
a mesh of sensor nodes together with distributed audio and video feeds can provide
insights into how a local ecology fluctuate over time. Another example is the AirKit
project, a distributed air quality sensing system that collects data on particulate mat-
ter, temperature and humidity [140]. The researchers provided in-depth instructions
for how to build the air sensor, as well as tools for data analysis and mapping so
that the collected data can be shared online between citizens in real time. These
projects are successful because they are powered by electrochemical sensors, which
have become increasingly more affordable to fabricate and connect to bluetooth or
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wifi networks for data transfer and data logging. Why is it that biosensing is not yet
able to be miniaturized and automated on the same scale?

1.2.1 Current methods of biological sensing

One possibility is that biological sensing is a still a young field, with nucleic acids
only first visualized in the 1950’s [16]. The most common method (which is also the
oldest, far predating the discovery of nucleic acids) for biosensing is directly culturing
microbes. While this method can allow for quantitation, which means the ability
to know the relative amount of microbes present in the sample, and doesn’t require
sequence specific knowledge of the microbe to try and isolate it, it typically take
48-72 hours to get results (this is only if the microbe can be grown in the media)
and additionally requires someone to bring a sample to a laboratory and pay a pre-
mium [44]. Another common method of biosensing is polymerase chain reaction, or
PCR, which was discovered in 1985 and was the first method available to amplify
nucleic acids [154]. PCR is one of the most robust and well-developed methods in
molecular biology, having been modified and updated over the years to even allow
for workflows that provide real-time quantitation of nucleic acids [93]. PCR reactions
are considered to be highly specific and sensitive to their target while being simple
to design as long as the sequence of interest in known. However, there is a similarly
long turnaround time for samples processed if done in a centralized laboratory facility
(which is what most people who do not have access to a laboratory would need to
do) and the additional cost of extracting and running the microbial material can be

high.

Culture assays PCR assays Antigen assays Sequencing assays
—_— =—r—
==
Culture Assays Antigen Assays Sequencing Assays

Figure 1-2: Current methods in biosensing. (L-R) Culturing assay, PCR assay,
lateral flow assay, and sequencing assay

A third biosensing method is through antigen testing, which can have plate or lat-
eral flow assay formats to allow for detection of biomolecules or analytes of interest
in a laboratory or at home on the order of minutes. These assays typically sense
biomolecules rather than nucleic acids, which makes these tests less specific than nu-
cleic acid-based approaches [116]. Additionally, these assays often taking months or
more to manufacture due to the laboratory development process, which requires the
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isolation and affinity of specific antigens and/or antibodies to assure that the test
is accurate. Finally, high-throughput sequencing has become a leading biosensing
method in recent years, which has the ability to gather genetic information on not
only one species of interest, but as many as are present within the sample [196]. How-
ever, the high-throughput nature of sequencing also means that running a reaction
often produces gigabytes of data that requires complicated computational assembly
and analysis to interpret. Additionally, while sequencing a specific DNA region from
a purified samples has gone down in cost, sequencing complex samples or performing
metagenomic analysis is still quite expensive. Descriptions of these instruments can
be seen in (Fig. 1-2).

For any biosensing system to function in a resource-limited (which is to say, outside
of a laboratory setting) context, a sensing system would need to be able to have a
raw sample as an input and give some perceivable output. Only the antigen test is
capable of doing this from the techniques mentioned above, but the sensitivity and
specificity leave much to be desired. Are there methods that are outside of the these
paradigms that we can adapt to allow us to sensitively monitor nucleic acid mate-
rial in an out-of-lab setting? Below will highlight some of the advances within raw
sample preparation, nucleic acid amplification, detection of the nucleic acid material,
and low-cost readers which can help make next-generation biosensor systems a reality.

1.2.2 Sample preparation

One of the more challenging steps in making biosensors viable outside of a laboratory
context is sample preparation. Many diagnostics require a variety of sample types
such as blood, urine, stool, saliva, soil, or water. These sample types often contain
inhibitors which can prevent biosensors from properly amplifying the desired nucleic
acids or introduce a false positive signal into the assay. Sample also typically require
a lysis step to release the nucleic acids and make them accessible for sensing [85].
Typically, samples are processed in a laboratory setting using nucleic acid extraction
and concentration protocols that require expensive and specialized equipment, costly
kits, and toxic chemicals to produce a product that is appropriate for a biosensor.
Recently, there have been a variety of novel sample preparation protocols that imple-
ment combinations of heat, chemicals such as detergents, chelators, chaotropic salts,
and enzymatic stabilizers, and mechanical disruption to both release nucleic acids
and inactivate inhibitors and nucleases. Some of these protocols have the potential
to improve low-resource sample preparation for out-of-lab biosensing applications.

After inactivation and lysis of the sample, the nucleic acids in the sample must be
concentrated and purified. The most common methods for concentration has been
paper- and filter-based sample preparations which use paper, glass, and thermoplastic
filters [95, 206, 110, 244]. Another makes use of functionalized magnetic beads that
can attract either whole microbes or lysed nucleic acid material |22, 2, 31, 5, 68, 37].
Paper- and magnetic-based methods of purification often follow extraction and pro-
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ceed a wash step, which further purifies the sample. In the case of many low-resource
methods, there are trade-offs regarding overall purity of the final sample and nucleic
acid loss due to the extraction method. The amplification method that follows pu-
rification will typically dictate the level of purity required for the nucleic acid material.

1.2.3 Nucleic acid amplification

Biosensors often need an amplification step (the same way a circuit may need an
op-amp) to ensure a robust output signal even when sample concentrations are low.
PCR is not ideal for resource-limited settings, because it requires a thermocycler and
cold chain-dependent enzymes. Avoiding the use of a thermocycler greatly increases
the usability of a method, which is why there have been a variety of isothermal
amplification methods, including loop-mediated amplification(LAMP) [162], nucleic
acid sequence-based amplification (NASBA) [48], rolling circle amplification (RCA)
[4], strand displacement amplification (SDA) [227|, and recombinase polymerase am-
plification (RPA) [203], that researchers have developed to to simplify the process.
LAMP typically operates at 63-65°C; NASBA typically operates at 41°C; RCA typi-
cally operates at 25-37°C, SDA typically operates at 37°C and RPA typically operates
at 37-41°C.

For many low-resource biosensor applications, RPA or LAMP tend to be the pre-
ferred method of amplification (Fig. 1-3a). For RPA, the amplification process takes
around 30 minutes and uses a single set of primers together with single-stranded DNA
(ssDNA) binding proteins and a strand-displacing DNA polymerase to exponentially
amplify the DNA target of interest. RPA has been shown to work well for a wide
range of organisms and sample types [135] and can amplify RNA if a reverse tran-
scriptase is added to the reaction.

On the other hand, LAMP requires a higher operating temperature of 63-65°C, which
makes it difficult to perform without a heating element. It is a rapid amplifica-
tion method that can work on both DNA and RNA templates and uses 2-3 pairs of
primers together with strand-displacing activity and polymerases to rapidly generate
large concatemers of DNA, with signal saturation occurring within 15-30 minutes af-
ter the start of the reaction. There are direct colorimetric output methods for both
RPA and LAMP, with RPA implementing a labeling process in the amplification that
allows for a lateral flow assay-based readout and LAMP implementing a pH-based
color change that relies on the production of phosphate ions as a byproduct of the
amplification process. LAMP has the advantage of being widely available through
multiple providers, whereas RPA is patented and produce by a single company and
therefore subject to issues with pricing, quality control, and production.

29



F3c F2c Flc BL B2 B3
- - -

’-

—> recombinase F3c F2c Flc l Bl B2 B3
forward @ ' 4 77\. ./ - -
primer @ ) W ot o 5ae
Q 7 Q) W reverse L - - - - = = = =4 > Blc B2c B3c
C \\\\ N Qi ) ¥ primer
\ \ W ‘ &P ! |
| - |
%Hmnu H‘MW : F3 primer : - - -
ssDNA binding \L | F3c F2c Flc BL B2 B3 | BIP ~
strand displacing | = - -[ - > | l
DNA polymerase F3 F2 F1 ™ Target DNA ~ Blc B2c B3c FL Bl
v ! : S
— | B3 primer | -
F1 Blc B
| | F2 i 2
" ARV I G |
R e ]
T u-_—-‘ f PO
| - }
- -0
T e T T -
- -
T e e e e T .‘ <~
(a) (b)

Figure 1-3: Nucleic acid amplification methods. (a) RPA amplification scheme
(Adapted from [135]) (b)LAMP amplification scheme. (Adapted from [216])

1.2.4 Nucleic acid detection

In recent years, there have been many new ways of detecting nucleic acids in addition
to direct detection of amplified products, which can have issues with sensitivity and
specificity with respect to the nucleic acid target of interest. Methods such as Forster
resonance energy transfer (FRET)-based nucleic acid sensing [174], surface-enhanced
raman scattering (SERS) spectroscopy-based nucleic acid sensing |73], nucleic acid
aptamer-based sensors and [117], and toehold switch-based sensors [84] to name a
few, have been developed in recent years to try and improve sensitivity. While all of
these methods are promising, the method that this dissertation will focus on is that
of CRISPR-based biosensing [127], which has expanded rapidly in the past few years
as CRISPR-Cas systems have been further characterized.

CRISPR-Cas, an immune-like response employed by some microbes to fight viruses,
is a family of enzymes that can be implemented with only two molecular compo-
nents: a Cas enzyme, which acts as a pair of molecular scissors, and a guide RNA,
which acts as a set of instructions that directs the Cas enzyme to the target region of
DNA or RNA to cut. Depending on the choice of nuclease and amplification method,
CRISPR-based biosensors can be operated in resource-restricted areas on raw sam-
ples and can provide quantitative data regarding the target of interest.

When choosing a CRISPR nuclease, there are many characteristics to consider, in-
cluding the size of the CRISPR enzyme, guide requirements, cutting activity, and
temperature for optimal activity. Type V CRISPR enzyme Casl2a (Fig. 1-4) and
Type VI CRISPR enzyme Casl3a in particular have helped to have ushered in a new
class of diagnostic biosensors due to their ability to activate collateral cleavage of
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Figure 1-4: Casl2a collateral cleavage. A diagram showing the Casl2a-guide
RNA complex localizing to a target strand of DNA and cleaving, which activates the
single-stranded DNA collateral cleavage activity of the enzyme.

single-stranded nucleic acid (ssDNA in the case of Casl2a and ssRNA in the case of
Casl3a) upon binding to and cutting their target sequence. This feature was first
reported by [81, 80] and [35] as a novel and sensitive method of nucleic acid detec-
tion called SHERLOCK (Specific High-sensitivity Enzymatic Reporter unLOCKing).
The biosensor works by adding short ssDNA or ssRNA with a blocked fluorescence
molecule into a CRISPR reaction. If the Cas enzyme finds and cuts its target, it
will cut and unblock the single-stranded nucleic acid, releasing a fluorescence signal
(Fig. 1-5) [112].

1: collect sample 2: nucleic acid 3: nucleic acid 4: Add Cas12a and S: ssDNA reporter is
extraction amplification ssDNA reporter cleaved

Figure 1-5: SHERLOCK workflow.An example of a SHERLOCK biosensor work-
flow, where a sample with microbial species is collected, the nucleic acids are extracted
and amplified, the CRISPR mixture with complexed Casl12a and a quenched ssDNA
fluorescent probe, which is unquenched upon the Casl2a finding and cleaving its tar-
get.

SHERLOCK reactions have allowed for highly sequence-specific nucleic acid-targeting
biosensors, able to detect even single base changes, that provide a response on the
order of minutes rather than hours to days typically needed to sequence or culture
samples [105]. Additionally, these sensors have detected targets present at the atto-
molar (10718) level and have successfully been freeze-dried, which makes dilute field
sample testing a possibility [155, 106, 121, 105].
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Figure 1-6: Nucleic acid detection methods. (a) CRISPR-based lateral flow read-
out using a FAM-biotin reporter (b) CRISPR-based electrochemical read-out using a
biotin-based HRP-TMB reporter

1.2.5 Sample read-out

In order to read a CRISPR biosensor output, it is necessary to have a detection mech-
anism. For a biotin-based lateral flow reaction, no additional hardware is needed to
real the gold nanoparticle-based colorimetric output that a user can see (Fig. 1-6a).
For a biotin-based electrochemical assay, a sensitive charged surface is required in
order to monitor the output (Fig. 1-6b) [187]. For fluorescence-based reactions, a
fluorometer or transilluminator is needed in order to visualize the reaction output
(Fig. Fig. 1-7).

For many scientists, making these biological assays and sensors available in an out-of-
lab context can be daunting, because validating and publishing their work typically
requires meticulously controlled experiments that are extensively validated on expen-
sive, complex, and sensitive instruments. There is a messiness involved in performing
biological science outside of a wet lab that is difficult to frame in a traditional (pub-
lishable) experimental context. Furthermore, much of the work of getting biosensors
to users involves translational work, such as product testing for functionality, viabil-
ity, and life cycle and design testing for legibility and overall user experience, which
all tend to be outside the purview of a traditional molecular biologist. Examples of
biosensors that make it out to the field and few and far between [104, 108, 27|. In
order to approach this issue, bioengineers can step into the world of participatory
research, which can aid in the to development of new devices and field-tested frame-
works that can move biosensing outside the lab.
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Figure 1-7: Low-cost fluorometer. (a) the BioBits™Bright reader and incubator
was used in classroom settings for gene circuit education [201] (b) a paper-based
transilluminator with optional heater for point-of-care diagnostics (c) and a portable
electronic reader for toehold-based reactions.

1.3 Biosensing and Local Data

Pathogens spreading from point sources — be it a human, a contaminated piece of
chicken, a well, a nonhuman animal, or a sink handle — are a few of the countless
microbial interactions that humans encounter a daily basis. While much has been
written about the benefits of low-cost and point-of-care diagnostics in improving the
world’s diagnosis and treatment of illness, particularly for resource-limited settings
[220, 236, 94|, T believe that these diagnostics for disease detection are a specific case
within the larger category of environmental sensing. As discussed in the above sec-
tion, we have only recently begun developed the type of technology capable of making
visible these relationships. Focusing on the ways in which we can improve our un-
derstanding of and interactions with our shared environment can bring about mutual
understanding that impacts the ways in which we engage at every level.
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1.3.1 Evidencing the Environmental

Biological sensing is a choice to participate in multi-species encounters that have the
ability to shift perspectives and ways of relating to, and being in, the world. It also
allows for humans to more deeply interrogate the roles they play within larger ecosys-
tems. Microbes are often sentinels that alert humans of changes within an ecosystem
[76]. These microorganisms are critical to long-term environmental health and cur-
rently at risk due to the impacts of climate change on the environment [32]. Building
sensors systems that allow humans to understand the changing landscape of microor-
ganisms is a way of not only building stronger relationships of understanding between
humans and microbes, but also to evidencing the harm that is and will continue to
impact these vulnerable communities and consequently, our larger ecosystems.

Looking through the broad lens of environmental monitoring opens up methodologies
from the sciences and environmental studies, but also political ecology, participatory
design, and citizen science. Combining the scientific with the social will be necessary
to develop an understanding of how microbial monitoring practices could operate at
both the personal and communal scale [198]. An environmental approach shifts the
focus from humans towards a more expansive set of ecologies involved in our planetary
well-being. In order to understand these relationships, we must design infrastructure
that uncovers their existence. But like most relationships, ecological relationships are
complicated. Generating sensor data, while at the heart of this dissertation, is only
the first step, because it only one stream of data. Biosensors can, and should, be
used together with other qualitative and quantitative data collection methods for a
multi-modal approach to sensing that produces data sets with the same richness as
their source material.

1.3.2 Biological Datafication

Therefore, future efforts to sustainably manage our planet will rely in part on our
ability to implement monitoring programs that provide insights on how communities
are being impacted by pandemics, climate change, industrial activity, urbanization,
and other environmental and public health concerns. Environmental monitoring is
always in-the-moment, but insights are often only gleaned when looking back on long-
term data that is collected. Therefore, keeping methods and tools consistent means
that the data collected is consistent with the rest of the data set, providing more to
look back on and compare to — which is to say, time and consistency can make data
more useful. Even when a monitoring programs moves to a new site, keeping methods
and tools consistent means that the data from that site can be compared with other
data sets previously collected (Fig. 1-8. What’s more, each new data set collected
provides more legitimacy for the previous data collected. This consistency of data
can be a double-edged sword though, ultimately working against one of the benefits
of monitoring, which is that it can be dynamic, allowing for iterations as it works to
properly resolve its subject. In the case of academic researchers, they have grants,
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areas of expertise, standard methodologies and specialized equipment that they have
experience with (or else simply not enough time or funding to get new ones) which
may keep them using a method long past when it is useful. In all cases (academic,
local, governmental), there is the above question of the data set, and trying to collect
data that serves the data set rather than the site [26].
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Figure 1-8: A simplified description of data types and their relationships
in environmental monitoring. Circle represent data types and lines represent the
relationships between the data types. (Figure re-made from: [211])

1.3.3 Participatory science and citizen engagement

Which is all to say, the world of research and monitoring is not always generous
enough to provide the time and space for a flexible approach to developing a robust
and responsive environmental monitoring project, even if that is the original intent.
However, it is possible that incorporating citizen science and participatory monitor-
ing can act as a frictional force (hopefully a good, productive, generative friction)
against these pressures. Citizen science, where volunteers provide time, expertise,
and momentum behind civic researcher efforts, has been studied by researchers who
have an interest in how they form, how citizens participate, and the quality of data
the programs generate [97, 103, 40, 158, 3|. Citizen science and participatory mon-
itoring increases the stakeholders, the perspectives, the goals, the lived experience,
and the expertise in a monitoring program, which has the ability to steer the data
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and collection methods away from entrenched positions. A participatory approach to
environmental monitoring can inform an iterative research design, because there are
other people with their own thoughts and opinions and insights and interests who are
involved. These extra voices necessarily slow down the process, but can also allow for
a fuller discussion from a broader range of voices and opinions [82].

Engaging the public in efforts in citizen science work not only allows for large-scale
and distributed research that would otherwise be impossible to accomplish, but the
very act of engaging with the public allows for types of “misbehavior” and “overspill”
from the intended protocol that can generate new and often unintended discoveries
[151]. It also allows for the collection of data that may not be as highly controlled
or “clean” as what can be collected with specialized equipment or highly trained
personnel, but certainly can be “just good enough” to accomplish the monitoring
task at hand and set the groundwork for future analysis or inquiry [70]. Develop-
ing multi-modal and participatory environmental sensing has the unique possibility
of simultaneously producing new social relations among participants as well as new
understandings and data on environmental change, allowing for both epistemological
and ontological transformations [199].
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1.4 Dissertation Overview

This dissertation is meant to provide a space to share my research on improving
biosensing systems that have one foot in the wet lab and the other in the field, as well
as ethnographic musings on how data and knowledge figure in citizen science and par-
ticipatory monitoring programs undertaken by communities and how that can shape
future programs and technologies within the space.

In Chapter 2, I discuss miSHERLOCK, a decentralized testing and disease mon-
itoring platform that was designed during the COVID-19 pandemic to address the
need for nucleic acid-based diagnostics for at-home use. The sample-to-answer sys-
tem combines saliva sample inactivation and concentration, CRISPR-based combined
amplification and detection reaction targeting SARS-CoV-2 and variants thereof, a
customized reaction housing for incubation and transillumination, and a phone ap-
plication to read reaction results and allow for data transmission to local authorities.

In Chapter 3, I discuss how the miSHERLOCK system can be adapted for another
low-resource setting, field-based waterborne pathogen monitoring. This section also
discusses two modifications to the reaction housing design, one to allow for concen-
tration of nucleic acid material from large dilute environmental samples and another
to accommodate zero-gravity reaction conditions.

In Chapter 4, I discuss MELODe, a lab-on-a-chip platform that allows for auto-
mated detection of multiple biomolecules of interest with an electrochemical-based
output signal. The system uses a peristaltic pump-based microfluidic chip with ar-
eas for sample inactivation and concentration, reservoirs for the amplification and
CRISPR-based detection reagents, a central reaction chamber for nucleic acid cap-
ture, amplification, and CRISPR-based detection, and an electrochemical chip for a
highly sensitive current-based sensor output.

In Chapter 5, I discuss the political ecology of environmental sensing and data collec-
tion, how participatory monitoring methods can allow for multi-modal data streams,
and an ethnography of two volunteer water monitoring programs which highlights
how novel sensing technologies can figure into existing monitoring frameworks.

In Chapter 6, I discuss the practical knowledge gained over the course of this PhD
and the and future directors for these biosensors.
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Chapter 2

Minimally instrumented SHERLOCK
for CRISPR-based point-of-care
diagnosis

This chapter has been adapted from:

de Puig, H.*, Lee, R. A*., Najjar, D.*, Tan, X.*, Soenksen, L. R., Angenent-Mari,
N. M., ... & Collins, J. J. (2021). Minimally instrumented SHERLOCK (miSH-
ERLOCK) for CRISPR-based point-of-care diagnosis of SARS-CoV-2 and emerging
variants. Science Advances, 7(32), eabh2944.

*Equal contribution, listed alphabetically

In this Chapter, I describe research that I contributed to in designing a minimally
instrumented version of SHERLOCK that can be built and run in an at-home set-
ting for distributed biosensing. This project was started in May 2020, during the
COVID-19 pandemic. Therefore, we demonstrated the utility of this platform by
designing a one-pot SHERLOCK assay that uses a saliva sample as an input and has
the ability to differentiate between different variants of the SARS-CoV-2 genome. My
contributions to this work include designing and building the miSHERLOCK device,
collaborating on the experimental design, testing, and optimization of the SHER-
LOCK assays, troubleshooting the overall sample-to-answer workflow, co-writing the
manuscript, and designing all figures for the manuscript. I would like to thank all
of the other authors on the paper for their contributions to this work, it would have
been impossible to accomplish all that we did in such a short span of time without
coordination and teamwork.
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2.1 Introduction

Significant progress has been made in the use of CRISPR (clustered regularly inter-
spaced short palindromic repeats)/Cas components of adaptive microbial immunity
in molecular diagnostics [205, 46, 163|. Several Cas effectors have been used as highly
specific nucleic acid sensors that cause detectable collateral cleavage of engineered
nucleic acid probes after target binding. SHERLOCK (specific high-sensitivity en-
zymatic reporter unlocking) [81, 80| and DETECTR (DNA endonuclease-targeted
CRISPR trans reporter) [35] use Casl3a or Casl2a to create ultra-sensitive molecular
diagnostics for a variety of targets, including infectious diseases such as Zika virus,
Cytomegalovirus, BK virus, and Plasmodium species [121, 106, 127], with simplified
readouts including lateral flow assays [80, 106, 127, 104].

Multiple CRISPR/Cas diagnostics have been created to target SARS-CoV-2 using
varied viral purification, amplification, and detection methods [6, 28, 180, 11|. How-
ever, the vast majority of workflows still require multiple liquid-handling steps and
laboratory equipment such as pipettes, centrifuges, and heating blocks, as well as
the technical skills for their use. Although there are several home diagnostic tests
approved for use by the US Food and Drug Administration (FDA), the vast majority
of the tests involve self-collection followed by mailing to a central laboratory or are
based on rapid antigen tests, which have been shown to be less accurate than nucleic
acid-based testing with the potential for relatively high false negative and false posi-
tive results [66]. There is only one FDA-approved at-home nucleic acid-based test for
SARS-CoV-2, which costs $50.00 USD and requires a physician’s prescription [238].
These diagnostic methods have contributed to ongoing efforts to make SARS-CoV-2
testing as widely available as possible. However, despite these advances, all of the
tests described above only allow for the general detection of SARS-CoV-2 and not of
specific strains.

The relationship between specific strains and mutations and changes in virulence and
viral behavior are actively under study [209]. New variants may affect transmissibil-
ity, treatment efficacy, and the degree of immunity that is generated by both natural
infection and immunization [91]. Of particular concern are variants B.1.1.7 (originally
discovered in the United Kingdom), B.1.351 (originally discovered in South Africa),
and P.1 / B.1.1.28.1 (originally discovered in Brazil / Japan) [229, 212](20-22). The
N501Y spike mutation is common to all three of these variants and causes a 4- to
10-fold increased affinity to the human ACE2 receptor for SARS-CoV-2 [134], which
is hypothesized to contribute to the observed increase in transmissibility of B.1.1.7.
The B.1.351 and P.1 variants have additional receptor binding domain (RBD) mu-
tations, such as E484K, that show significantly reduced neutralization by antibodies
generated by current vaccines and by prior natural infection presumably from non-
variant SARS-CoV-2 strains [212, 232, 83, 219]. These variants also have additional
mutations in the spike N-terminal domain and appear to be resistant to several ther-
apeutic monoclonal antibodies targeting that region [212]. As new studies advance,
it is clear that the variants and their associated mutations will have a significant
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impact on public health and the efficacy of SARS-CoV-2 control measures such as
social restrictions, vaccinations, and therapies. While variant identification through
specialized epidemiological sequencing centers is useful, the lack of global access to
this resource and delay in result availability has hampered the tracking of and re-
sponse to the spread of new SARS-CoV-2 variants. There is an urgent need for POC
diagnostics for SARS-CoV-2 variants. Of particular benefit would be a system that is
easy to use, simple to setup, and smartphone-integrated to enable distributed, non-
centralized data collection, rapid adoption, and scaled-up deployment in response to
outbreaks [122].

Here we describe the development of a low-cost, self-contained, POC diagnostic called
miSHERLOCK (Minimally Instrumented SHERLOCK) that is capable of concurrent
universal detection of SARS-CoV-2 as well as specific detection of the B.1.1.7, B.1.351,
or P.1 variants. The miSHERLOCK platform integrates an optimized one-pot SHER-
LOCK reaction with an RNA paper-capture method compatible with in situ nu-
cleic acid amplification and Cas detection. miSHERLOCK combines instrument-free,
built-in sample preparation from saliva, room-temperature stable reagents, battery-
powered incubation, and simple visual and mobile phone-enabled output interpre-
tation with a limit of detection that matches US Centers for Disease Control and
Prevention (CDC) RT-qPCR assays for SARS-CoV-2 of 1,000 copies/mL (cp/mL)
(Fig. 2-1).

Although saliva is not a commonly used clinical sample, several studies demonstrate
comparable performance between saliva and nasopharyngeal samples for the detec-
tion of SARS-CoV-2 [234]. Additionally, in paired collection samples in hospitalized
patients, salivary SARS-CoV-2 viral load has been shown to be marginally higher
than nasopharyngeal swabs and positive for a greater number of days [99]. There
are also FDA-approved home-based saliva collection kits for mail-in SARS-CoV-2
diagnosis [13]. Saliva offers the significant advantage of easy, instrument-free, non-
invasive self-collection, which avoids dependence on limiting equipment such as swabs
and transport media, and decreases infectious risk to medical personnel and use of
personal protective equipment during collection [165]. However, saliva samples typ-
ically require several processing steps prior to use. We describe a novel combined
filtration and concentration step from untreated saliva that is directly processed on
our platform without separate processing steps and significantly enhances our assay
sensitivity.

Our platform only requires two simple user steps, is readily adjustable for additional
variants or pathogen targets, and does not require transfer of amplicons, which signif-
icantly reduces the risk of cross-contamination by lay users. We anticipate the usage
of miSHERLOCK for general SARS-CoV-2 detection as well as the specific detection
of N501Y and E484K mutations with the goal of locally tracking variant strains and
assessing the need for variant-specific booster vaccines, such as those targeting E484K
due to its effects on the efficacy of current vaccines. To showcase the flexibility of
miSHERLOCK, we also demonstrate high performance detection of the Y144del mu-
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Figure 2-1: Schematic of miSHERLOCK. MiSHERLOCK integrates instrument-
free viral RNA extraction and concentration from unprocessed saliva, one-pot SHER-
LOCK reactions that detect SARS-CoV-2 and variants, fluorescent output, and ac-
cessory mobile phone app for automated result interpretation. Step 1: The user turns
on the device and introduces 4 mL of saliva into the sample preparation chamber (2
mL per filter) and adds 40 uL of 1 M DTT and 500 mM EGTA lysis buffer. Saliva
flows by gravity and capillary action through a PES membrane, which accumulates
and concentrates viral RNA. Step 2: The user transfers the flow columns into the
reaction chamber and depresses the plunger cover to release the PES membrane and
sealed stored water into freeze-dried, one-pot SHERLOCK reaction pellets. Step 3:
The user returns after 55 min and visualizes the assay directly or using a smartphone
app that quantifies fluorescent output and automates result interpretation. The app
may also be used for distributed remote result reporting.

tation.

2.2 Results

2.2.1 Bioinformatic analysis and selection of SARS-CoV-2 tar-
get regions

A key aspect of coronavirus replication is nested transcription, which produces high
levels of sub-genomic RNA from the 3’ end of the SARS-CoV-2 viral genome during
active infections [225] including the nucleoprotein (N) gene (Fig. 2-2) [65]. To identify
potential targets for our assays, we performed bioinformatic analysis of conserved re-
gions with minimal secondary structure near the 3" end of the SARS-CoV-2 genome.
We identified a region of the N gene that was highly conserved among SARS-CoV-2
sequences and that did not show significant homology to other coronaviruses (Fig. 2-
2). We designed SHERLOCK assays for this target.
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Figure 2-2: SARS-CoV-2 genomic map indicating regions that are targeted
in this study. The N gene target is used for a universal SARS-CoV-2 assay. SARS-
CoV-2 variants are detected by targeting key mutations in the N-terminal and RBD
regions of the SARS-CoV-2 spike protein, including N501Y, Y144del, and E484K.

SHERLOCK consists of two components: isothermal nucleic acid amplification and
Cas-mediated detection. We systematically evaluated recombinase polymerase ampli-
fication (RPA) primer sets and gRNAs to determine the most sensitive combinations
using commercially obtained full-length synthetic SARS-CoV-2 genomic RNA stan-
dards (Twist Biosciences MT106054.1). The best performing N gene gRNA from a
set of 30 tested showed exact target matches in 90.7% of all full-length SARS-CoV-2
sequences deposited at the US National Center for Biotechnology Information (NCBI)
( 43k genomes) (Table A.1). Mismatches were mostly due to a 3’ C>T single nu-
cleotide polymorphism (SNP) in 7.4% of sequences, which is not expected to affect
Casl2a targeting since Casl2a gRNA function has been shown to be mediated pri-
marily through 5’ interactions [204|. The best performing N gene RPA primers from
a set of 100 pairs tested showed exact target matches in 97.4% (forward primer) and
97.0% (reverse primer) of NCBI SARS-CoV-2 genomes.

To ensure the universality of the N gene gRNA and RPA primers for SARS-CoV-2
variants, full-length high-quality sequences (>29,000 nucleotides (nt), <1% Ns, and
<0.05% unique amino-acid mutations not seen in other genomes) were obtained from
GISAID [57] for the B.1.1.7 (50,001 genomes), B.1.351 (577 genomes), and P.1 (78
genomes) variants and aligned as separate groups. The N gene gRNA exactly matched
99.7%, 100%, and 100% of B.1.1.7, B.1.351, and P.1 genomes, respectively. The N
gene forward RPA primer matched 99.8%, 99.5% and 100% of B.1.1.7, B.1.351, and
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P.1 genomes, respectively. The N gene reverse RPA primer exactly matched only
0.06% of B.1.1.7 genomes due to a C>T SNP at the +3 position from the 5’ end in
99.94% of B.1.1.7 genomes. This primer SNP is not expected to have any significant
effect on RPA amplification efficiency based on the length of RPA primers and prior
studies on RPA primer design, which demonstrate a tolerance of 1-3 nucleotide mis-

matches [133]. The N gene reverse RPA primer exactly matched 100% of B.1.351 and
P.1 genomes.

The N gene SHERLOCK assay limit of detection (LOD) using a dilution series of
heat-inactivated SARS-CoV-2 RNA [American Type Culture Collection (ATCC) VR~
1986HK] spiked into water was 20,000 copies/mL with a SHERLOCK reaction time
of 55 min (Fig. 2-3). This LOD is comparable to high-performance SARS-CoV-2 RT-
qPCR assays [172], with a faster time to result. Additionally, our assay did not show
any significant cross-reactivity against Human coronavirus OC43 or Human coron-
avirus 229E genomic RNA spiked in water (Fig. 2-3).
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Figure 2-3: Sensitivity and specificity of SARS-CoV-2 assay. A. Testing of the
universal SARS-CoV-2 N gene assay using full-length synthetic RNA spiked in water.
The limit of detection was 20,000 cp/mL. B. Universal SARS-CoV-2 N gene assay
showed no significant cross-reactivity with common endemic Human coronaviruses
0C43 and 229E. Template is RNA spiked into water. NC indicates no template
negative control.

2.2.2 SHERLOCK assays that specifically identify SARS-CoV
-2 variants

To identify the B.1.1.7, B.1.351, and P.1 SARS-CoV-2 variants, we designed SHER-
LOCK assays that targeted a panel of key spike protein mutations that are currently
representative of these variants: N501Y, Y144del, and E484K (Fig. 2-2). For each
mutation, several gRNA sequences were designed and tested with up to 110 primer
pairs in order to obtain the lowest LOD (Fig. 2-4).
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Figure 2-4: Heatmaps of RPA primer screens to detect SARS-CoV-2 vari-
ants. For each mutation, up to 110 different primer sets (forward denoted by “F”,
reverse denoted by “R”) were screened in pairs to identify those that yielded the high-
est fluorescence signal in SHERLOCK assays. (A-C) Heatmaps of primer pairs for
variant mutations N501Y, Y144del, and E484K.

N501Y is a mutation in the spike RBD resulting from an A23063U SNP that is
shared by the B.1.1.7, B.1.351, and P.1 SARS-CoV-2 variants. The N501Y gRNA
exactly matched 99.8% of B.1.1.7 genomes, 98.8% of B.1.351 genomes, and 100% of
P.1 genomes (Table A.1). The N501Y RPA reverse primer exactly matched 99.6%,
95.3% and 100% of B.1.1.7, B.1.351, and P.1 genomes, respectively. The N501Y RPA
forward primer exactly matched 98.7%, 0.17%, and 0% of the B.1.1.7, B.1.351, and
P.1 genomes, respectively. The lack of exact matches to the B.1.351 and P.1 genomes
is due to a G>A SNP at the genomic position corresponding to the +7 position from
the 5" end of the forward RPA primer in 99.3% of B.1.351 and 100% of P.1 genomes.
This primer SNP is not expected to have any significant effect on RPA amplification
efficiency [133]. Our assay targeting N501Y effectively discriminated mutant versus
wildtype virus with an LOD of 100,000 copies/mL using full-length synthetic B.1.1.7
variant SARS-CoV-2 RNA spiked into water (Fig. 2-5A-B).

The Y144del spike mutation is a 3 nt deletion characteristic of B.1.1.7 SARS-CoV-2
variants that is not present in B.1.351 and P.1 variants. Its presence together with
N501Y strongly suggests a B.1.1.7 variant. The Y144del gRNA showed exact matches
to 98.0% of B.1.1.7 genomes and 0% of B.1.351 and P.1 genomes. The forward and
reverse RPA primers exactly matched 99.7% and 99.8% of B.1.1.7 genomes, respec-
tively (Table A.1). Our assay clearly distinguished between wildtype and Y144del
target RNA to an LOD of 10,000 copies/mL using full-length synthetic B.1.1.7 vari-
ant RNA diluted in water (Fig. 2-5C-D).

The E484K mutation is a critical spike RBD mutation present in the B.1.351, B.1.525,
and P.1 SARS-CoV-2 variants, which has drawn significant attention. This mutation
has been identified as a potential major contributor to reduced efficacy of current
vaccinations and immunity resulting from natural non-variant SARS-CoV-2 infec-
tions with demonstrably lower viral neutralizing potency from convalescent and post-
vaccinated patient sera and significantly reduced susceptibility to several therapeutic
monoclonal antibodies against SARS-CoV-2 [212, 232, 134]|. The G23012A SNP that
causes E484K also creates a new TTTN protospacer adjacent motif (PAM) site in the
antisense strand that is needed for maximal Casl2a function. This is expected to al-
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Figure 2-5: Testing of N501Y, Y144del, and E484K mutation-specific SARS-
CoV-2 SHERLOCK assays in water. Mutation-specific gRNAs for N501Y (A-
B), Y144del (C-D), and E484K (E-F) show high SHERLOCK activity when tested
against full-length variant RNA matching mutant target RNA. Error bars represent
the standard deviation of triplicate experiments.

low differentiation between E484K mutant RNA and wildtype viral RNA. The E484K
¢RNA and forward and reverse RPA primers all exactly matched 100% of B.1.351 and
P.1 genomes (Table A.1). The E484K gRNA and RPA primers also exactly matched
to nearly 100% of B.1.1.7 genomes, but because B.1.1.7 lacks the G23012A SNP that
causes E484K and therefore the TTTN PAM site, our E484K assay will have sig-
nificantly reduced activation by B.1.1.7 genomes. We confirmed clear differentiation
between E484K mutant and wildtype viral full-length RNA spiked into water at an
LOD of 10,000 copies/mL after a reaction time of 55 minutes (Fig. 2-5E-F).

2.2.3 SHERLOCK assay optimization and instrument-free vi-
ral RNA capture and concentration

For POC testing targeted toward non-specialist users, it is critical to minimize the

number of user steps in order to reduce the likelihood of user error and contamination.

We applied several engineering solutions to simplify and enhance sample preparation,
one-pot SHERLOCK reactions, signal readout, and result interpretation.
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SHERLOCK reaction conditions were extensively optimized by varying buffers [35,
106, 11], reverse transcriptases, and reporter concentrations to obtain the lowest LOD
(Fig. 2-6A-C). In agreement with a prior report (15), we found that the addition of
RNase H to the SHERLOCK reaction improved reaction kinetics and increased overall
fluorescent output (Fig. 2-6 D), likely due to enhanced reverse transcriptase efficiency
via degradation of inhibitory RNA:DNA hybrid intermediates.
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Figure 2-6: Optimization of multiple reaction conditions of SHERLOCK
assays in solution. We optimized different reaction conditions in one-pot SHER-
LOCK reactions that combined RPA with Casl2a amplicon detection. (A) Buffer
with HEPES and PEG had a higher signal-to-noise ratio as compared to standard
RPA buffer supplied by commercial vendor TwistDx. (B) RT enzymes from different
manufacturers were tested in one-pot SHERLOCK reactions. Protoscript from NEB
was used in miSHERLOCK as it led to higher signal-to-noise ratios. (C) Quenched
fluorescent reporter concentrations for SHERLOCK reactions were optimized. (D)
RNase H (0.05U/uL) improved the signal-to-noise ratio in SHERLOCK assays. Er-
ror bars represent standard deviations of triplicate technical replicates.

We next adapted SHERLOCK assays for use with saliva, which has been identified as
an alternative to nasopharyngeal and nasal swabs for SARS-CoV-2 diagnosis. Saliva
has several advantages, including being readily available, easy to self-collect, and not
requiring swabs or other collection equipment aside from a simple container, which
enables mass collection [234, 21]. Unprocessed saliva cannot be used directly in a
SHERLOCK assay without pre-treatment due to salivary nucleases that hydrolyze
quenched fluorescent reporters and lead to high false positive signals (Fig. 2-7). Un-
processed saliva is also viscous and typically requires several sample preparation steps
including centrifugation and a series of manual manipulations in order to release ge-
nomic material from viral particles and purify them from inhibitors of nucleic acid
amplification and detection reactions [21]. POC nucleic acid tests generally require
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prior sample preparation via commercial kits [6, 234, 21|, which are not suitable for
applications in resource-limited settings or for at-home use by non-specialist users.

SARS-CoV-2 in water

SARS-CoV-2 in unprocessed saliva
20000+

1 0000; ‘
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Figure 2-7: Unprocessed human saliva non-specifically activates SHER-
LOCK assays. SARS-CoV-2 RNA spiked in unprocessed human saliva (orange)
and in water (blue) demonstrate that saliva sample pre-treatment is required to avoid
false positive signals in SHERLOCK assays.

To avoid nucleic acid purification kits that are costly, labor-intensive, and require
specialized equipment and user training, we developed a novel technique to inacti-
vate nucleases in unprocessed saliva, lyse viral particles, and concentrate resultant
nucleic acids onto a porous membrane that can be directly added to SHERLOCK
detection reactions. We started by testing a variety of buffers and heating conditions
(Fig. 2-8) to inactivate nucleases and release nucleic acids from viral particles. We
found the addition of 10 mM dithiothreitol (DTT) and 5 mM ethylene glycol-bis(2-
aminoethylether)- NN, N’ N’-tetraacetic acid (EGTA) followed by heating to 95°C for
3 minutes effectively eliminated the false positive signal associated with salivary nu-
cleases without inhibiting the performance of downstream SHERLOCK-based target
nucleic acid detection.

Nucleic acid capture and concentration onto porous membranes compatible with in
situ amplification has been described previously as a sample preparation method for
nucleic acid tests [130, 185, 191]. We engineered a column that collects 2 mL of
user saliva (Fig. 2-1) and flows the saliva to a 4 mm polyethersulfone (PES) mem-
brane (Millipore) through gravity and capillary action from an absorbent cellulose
filter applied under the membrane. The overall efficiency of nucleic acid capture is
determined by the transfer rate of RNA from bulk solution to the capture matrix
and the subsequent and separate binding rate of RNA to the capture matrix. We
found that the highest capture efficiency is achieved by transport rates of at least 1
min/mL (Fig. 2-9). The RNA flow rate can be finely tuned by changing the diam-
eter of the PES membrane (Fig. 2-9). Slowing the flow rate to 1.5 min/mL did not
significantly increase RNA recovery, but given the sharp drop-off in RNA recovery
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Figure 2-8: Chemical and heat pre-treatment inactivates salivary nucleases.
Healthy human saliva alone and saliva spiked with 1fM full-length synthetic SARS-
CoV-2 RNA were pre-treated with a range of buffers and 95°C heating for 5 min.
Buffers that contained EGTA and DTT showed the highest signal-tonoise ratios in
subsequent SHERLOCK reactions. Error bars represent standard deviations of trip-
licate technical replicates.

at flow rates faster than 1 min/mL, we aimed for a total flow time of 3-6 minutes to
maximize RNA capture from our 2 mL sample volume, which was achieved by flowing
through a 4 mm-diameter PES membrane (Fig. 2-9). The PES membrane contains
0.22 um pores and is functionalized with a hydrophilic surface treatment that serves
as a porous matrix to capture and concentrate nucleic acids including SARS-CoV-2
RNA. The simplicity of this design allows instrument-free, intuitive liquid-handling
while simultaneously achieving significant specimen concentration to enable 2-20 fold
improvement in overall signal.

2.2.4 Construction of the miSHERLOCK integrated POC di-
agnostic device

We next endeavored to combine our instrument-free method of heat- and chemical-
based inactivation of salivary nucleases and viral lysis and our instrument-free method
of nucleic acid recovery and concentration from saliva into a low-cost, easy-to-use,
integrated diagnostic device. To this end, we created miSHERLOCK, which incorpo-
rates our sample preparation methodology with SHERLOCK reactions and enables
direct visual readout. In miSHERLOCK, on-device sample preparation and RNA
concentration onto a PES membrane are followed by on-device physical transfer of
the RNA-containing capture membrane into one-pot SHERLOCK reactions.
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Figure 2-9: PES filter flow rate characterization. A. Flow rate through PES
membranes affects RNA capture efficiency. We measured the capture efficiency of 5
aM synthetic, full-length SARS-CoV-2 RNA in water filtered through a PES mem-
brane at different flow rates. PES membranes that contained concentrated RNA were
then added to one-pot SHERLOCK reactions. Flow rates slower than 1 min/mL were
ideal to concentrate SARS-CoV-2 RNA. Error bars represent the standard deviation
of triplicate technical replicates. B. Human saliva flow rate is faster with larger aper-
ture diameters of the PES membrane. The flow rate in miSHERLOCK’s sample
preparation chamber was optimized by flowing 2.5 mL of human saliva through dif-
ferent aperture diameters (mm) of impermeable tape covering the PES membrane at
the bottom of the flow column. Smaller apertures led to slower flow rates. Error bars
represent the standard deviation of triplicate technical replicates.
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Figure 2-10: miSHERLOCK device schematic. A. Exploded schematic of an
integrated duplexed miSHERLOCK device with the two modules shown. B. Pho-
tograph of miSHERLOCK device after reaction with positive and negative saliva
samples. Human saliva flow rate is faster with larger aperture diameters of the PES
membrane.
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We designed the device with two zones: a high-heat 95°C lysis area that contains an
absorbent cellulose filter that wicks saliva for filtration, and a low-heat 37°C reaction
area that regulates SHERLOCK reaction temperature. The low-heat area contains
LEDs and an orange acrylic optical filter for transillumination and fluorescent readout
(Fig. 2-10, A-2). A duplexed device (for two SHERLOCK reactions) is demonstrated
and validated here (Fig. A-3, 2-11), but the platform was designed to be scalable
and modular, and we also constructed triplex (three reactions) and quadruplex (four
reactions) miSHERLOCK versions (Fig. A-1). The heater and temperature regulator
units are detachable and reusable. Our diagnostic device is estimated to cost $15
(Table A.3), but reuse of electronics/heaters lowers costs to $6 per duplexed assay,
which is mostly comprised of the cost of commercially obtained enzymatic compo-
nents of the amplification and detection reactions (Tables A.3, A.4).

Step 1: Add saliva Step 2: Activate and incubate Step 3: Read reaction
(3-6 minutes) reaction (55 mins)

06 60®H HE
SARSCoV-2 SARS-CoV-2 SARS-CoV-2

not detected  non-variant variant
detected detected

Figure 2-11: Workflow timing and representative examples of MiSHER-
LOCK reaction.

In the miSHERLOCK diagnostic workflow, the user introduces 2 mL of saliva into the
collector, which contains preloaded lysis reagents. The user activates the heater on
the device, and after 3-6 minutes, viral particles have been lysed, salivary nucleases
have been inactivated, and the saliva has been wicked into the filter, leaving concen-
trated purified RNA on the PES membrane. The user then removes the collector and
transfers the sample preparation column to the reaction chamber. The user pushes a
plunger into the column, which punctures a water reservoir to rehydrate and activate
the SHERLOCK reaction as well as deposits the PES membrane inside the reaction
chamber. The user returns in 55 minutes to observe the visual fluorescence readout
through the transilluminator (Fig. A-1), 2-12, 2-11).

While SHERLOCK results are easily visually assessed by most users, we created a
companion mobile phone application (app) to help provide automated quantitation
and simplified interpretation of SHERLOCK results. The app uses the embedded
camera in a smartphone in combination with a color segmentation algorithm to detect
and quantify observed fluorescence at the end of the incubation period as compared
to a fluorescence standard placed on the same reader (Fig. 2-12). Our app quantifies
the number of pixels corresponding to the selected fluorescence color to provide a
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Figure 2-12: Fluorescence readouts in the miSHERLOCK app are compa-
rable to those measured in standard laboratory plate readers. A. Repre-
sentative photo of visual fluorescence signal of a single pair of negative and positive
reactions in the miSHERLOCK device. A dilution series of reactions was performed,
and fluorescence values were quantified utilizing a BioTEK NEO HTS plate reader and
used as a comparison to B. quantitation using our custom-built phone app and C. Im-
ageJ quantitation of the fluorescent area of the photo. We observed that both methods
can be used to interpret the results from miSHERLOCK devices semi-quantitatively.
Error bars represent the standard deviation of triplicate measurements.

simple qualitative metric of “positive” or “negative” result (Fig. A-3). Test results
can also be sent to an online database for real-time distributed disease reporting and
strain tracking as required.

2.2.5 Evaluation of miSHERLOCK performance and valida-
tion with clinical samples

To assess the analytical sensitivity of our assays, we performed LOD studies to de-
termine the lowest concentration at which greater than or equal to 95% of all (true
positive) replicates test positive. For initial tests of miSHERLOCK performance,
we used heat-inactivated SARS-CoV-2 (ATCC VR-1986HK) spiked into commer-
cially obtained healthy human saliva to measure the LOD of our N gene universal
SARS-CoV-2 assay in the integrated device. The miSHERLOCK device functioned
well across a range of concentrations and showed a LOD of 1,240 copies/milliliter
(cp/mL) [95% confidence interval (CI): 730 — 10,000] on the device (Fig. 2-13, A-4).

To ensure that saliva samples contain enough genetic material for testing, we de-
signed a SHERLOCK assay that targets the human RNaseP gene and validated
its performance using clinical samples (Fig. A-5). This assay serves as a posi-
tive control for RNA extraction and reagent stability in the miSHERLOCK plat-
form. We tested full-length synthetic RNA representative of the SARS-CoV-2 variants
B.1.1.7 (Twist B.1.1.7_601443), P.1 (Twist EPT_ISL 792683), and B.1.351 (Twist
EPI ISL 678597) containing N501Y, Y144del, and E484K mutations, and spiked
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Figure 2-13: SARS-CoV-2 Assay Limit of Detection. A. Table summarizing
performance near the LOD of four SARSCoV- 2 assays in the miSHERLOCK device.
B. Universal SARS-CoV-2 assay using 100,000 cp/mL spiked in saliva compared to
healthy saliva negative control (NC).

them into commercially obtained healthy human saliva.
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Figure 2-14: Characterization of SARS-CoV-2 mutant assays. A-C.Sequences
of the wild type (WT) and N501Y, Y144del, and E484K mutant SARS-CoV-2 ge-
nomic regions and gRNAs. Mutation-specific gRNAs show high SHERLOCK activity
when tested against full-length viral RNA containing each of the indicated mutations
(orange), but only minimal SHERLOCK activation when challenged with wild-type
full-length SARS-CoV-2 RNA (gray). For (A) to (C), WT control reactions were
tested with WT full-length SARS-CoV-2 RNA (2,000,000 cp/mL). Error bars repre-
sent the SD of triplicate experiments.

The miSHERLOCK platform worked well across a range of concentrations and also
lowered the LOD 2-20 fold, as compared to one-pot SHERLOCK assays performed
with equivalent concentrations of synthetic full-length SARS-CoV-2 variant RNA
spiked in water (Fig. 2-5). Using the miSHERLOCK device, we determined the LODs
with observed positive rates > 95% for the N501Y, Y144del, and E484K assays were
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49,000 cp/mL (95% CI: 21,000-81,000), 1,100 c¢p/mL (95% CI: 590 — 15,000), and
1,200 cp/mL (95% CI: 660 — 19,000) (Fig. 2-13, 2-14, A-4). Given the successful
integration of sample handling, salivary nuclease inactivation, viral RNA extraction,
purification, and concentration, and one-pot SHERLOCK in the miSHERLOCK de-
vice with improved overall signal output, we obtained clinical saliva samples from
27 RT-qPCR positive COVID-19 patients (Boca Biolistics) to test the performance
of miSHERLOCK with clinical samples. We also tested 21 healthy human saliva
control samples (BioIVT). The miSHERLOCK device demonstrated 96% sensitivity
and 95% specificity (Fig. 2-15A) for the detection of SARS-CoV-2 in clinical saliva
samples across a range of viral loads as confirmed by concurrent RT-qPCR (cycle
threshold (CT) range 14-38) (Fig. 2-15B).
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Figure 2-15: [MiSHERLOCK performance on patient samples. A. Receiver
operating characteristic curve analysis of the patient sample data collected for the
universal SARS-CoV-2 assay using results from 27 RT-qPCR confirmed positive and
21 negative human saliva samples. B. Clinical COVID-19 saliva sample RT-qPCR
cycle threshold (CT) plotted against fluorescent readout on miSHERLOCK demon-
strates dose-dependent semiquantitative results. RT-qPCR-positive saliva samples
(CT range: 14 to 38) are plotted in orange, and RT-qPCR-negative samples (CT >
40) are sorted by fluorescence and plotted in gray.

2.3 Discussion

We describe the design of miSHERLOCK as a low-cost, portable, self-contained, and
integrated diagnostic capable of highly sensitive universal detection of SARS-CoV-2
that equals CDC RT-qPCR performance guidelines, as well as being the only POC
diagnostic capable of specific detection of SARS-CoV-2 variants. Several innovative
features of our design address critical limitations of current diagnostics in the ar-
eas of assay sensitivity, ability to detect viral genomic mutations, simplicity of use,
and prevention of laboratory amplicon contamination. One key feature of our de-
sign is the incorporation of a unique instrument-free method of RNA isolation from
saliva that does not require laboratory equipment, yet achieves specimen filtration
and concentration of sample RNA and increases assay sensitivity 2-20 fold. This was
accomplished with a simple low-cost membrane by engineering the flow-rate mediated
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by gravity and capillary action. Other CRISPR-based diagnostics for SARS-CoV-2
have been described, but used commercial RNA extraction kits for sample prepara-
tion {180, 50], or use simplified lysis that still require several pipetting steps in order
to perform the detection reactions [6, 160].

Another innovative feature is the ability of the miSHERLOCK device to accept mod-
ular target assay components that can be easily exchanged and scaled for multi-
plexing as needed. Consistency of signal output interpretation is enhanced via an
automated mobile phone app, which also allows distributed tracking and report-
ing. We demonstrate highly sensitive universal detection of SARS-CoV-2 as well as
three high-performance variant diagnostic modules. Notably, these can be easily and
rapidly adapted for future variants or pathogens and deployed in accordance with
local conditions and diagnostic goals. The reusable heater and temperature regulator
electronics minimize the cost, waste, and environmental footprint of miSHERLOCK.
The device can be printed using off-the-shelf 3D printers with commonly available
biodegradable polylactic acid to further reduce plastic waste. Cost analysis indicates
the miSHERLOCK device has a total cost of $15, but reusing the electronics and
heaters would reduce the cost to $11 per duplexed assay, mostly due to commer-
cially obtained enzyme reagent costs that may be significantly reduced with large
scale purchasing and manufacturing (Table A.4). Lastly, amplicon contamination in
nucleic acid testing is a pervasive problem that has affected several COVID-19 clin-
ical and research laboratories [184]. By eliminating the need to handle and transfer
post-amplification reactions, we significantly reduce the risk of cross contamination,
which is especially important for non-specialist users.

Limitations of our study include the small set of clinical COVID-19 saliva samples
tested due to the fact that saliva is not routinely collected in most biorepositories and
was difficult to obtain within the context of a proof-of-concept exploratory study. Sim-
ilarly, we were unable to test clinical samples of SARS-CoV-2 variants due to lack of
availability. However, miSHERLOCK showed highly sensitive and specific detection
with commercially sourced full-length variant RNA spiked into control human saliva
and showed near-perfect concordance with RT-qPCR when detecting SARS-CoV-2
from clinical samples of unprocessed saliva. Our E484K variant testing relied on the
difference in signal obtained in the presence of a mutated Casl2a PAM site. As-
Casl2a and LbaCas12a have both been shown to exhibit reduced but still present cis
nucleic acid cleavage despite a TTTV to TTCV mutation, with reductions of 80%
and 60% in cleavage efficiency in human cells, respectively [36]. However, the effect
of PAM mutations on collateral cleavage is unclear. Collateral cleavage in the ab-
sence of a TTTG PAM site has been reported for LbaCas12a [160], but we observed a
significant difference in collateral cleavage signal between a mutated PAM site and a
canonical PAM site. It is conceivable that a PAM site mutated at a single SNP (i.e.,
TTTA to TTCA) has a larger inhibitory effect than the complete absence of a PAM
site. It is possible that eventually the genetic linkage between different mutations
amongst variants would disappear as genetic drift continues. It is also possible that
background mutations surrounding clinically important mutation sites may eventu-

95



ally make non-sequencing-based nucleic acid diagnosis of these mutations challenging.
However, the number of genomes that show even a few background SNPs adjacent
to the clinically relevant mutations mentioned above is extraordinarily small, and we
anticipate that CRISPR-based SARS-CoV-2 mutation characterization will continue
to have meaningful utility.

Given the rapid time to result of one hour, we believe that miSHERLOCK POC
testing for SARS-CoV-2 variant strains will be highly useful for the control and man-
agement of the COVID-19 pandemic. For example, one duplex configuration could
include modules for universal SARS-CoV-2 identification as well as identification of
the N501Y mutation, which would detect the B.1.1.7, B.1.351, and P.1 variants. This
may trigger decisions about increased social distancing or lockdowns in response to the
increased infectivity associated with N501Y variants. Another possibility is to detect
the E484K mutation in order to guide the distribution of potential vaccine boosters
targeted to this variant due to the observed reduction in vaccine efficacy associated
with the B.1.351 and P.1 strains [229, 212|. As ongoing clinical studies progress,
mutation-specific diagnostics may also guide specific protocols in treatment and hos-
pital infection control. For example, we anticipate that our diagnostic may be most
useful at the point of care in low-resource settings. While commercially prepared ther-
apeutic cocktails of monoclonal antibodies are unlikely to be widely available in such
environments due to cost, convalescent sera is expected to be more readily available
and has been shown to be effective in reducing the progression to severe COVID-19
[128]. However, current studies indicate that B.1.1.7 variants remain generally sus-
ceptible to convalescent sera while E484K-containing variants are highly resistant to
neutralization by convalescent sera [212|. The use of our variant-focused diagnostic
may therefore optimize the usage of this treatment or guide infection control policies.
Although targeted to specific known mutations, miSHERLOCK may also be used as
a method to triage clinical samples for further analysis with full genome sequencing
for detailed epidemiological monitoring.

As new SARS-CoV-2 variants continue to evolve, the ability to identify variants and
rapidly adapt diagnostics to track them will be critical to the successful treatment
and containment of the ongoing COVID-19 pandemic. The streamlined workflow and
flexible modular design of miSHERLOCK represent important, timely advances in
the translation of CRISPR-based assays to field-applicable POC tests, particularly
for low-resource settings.
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2.4 Materials and Methods

2.4.1 Bioinformatic analysis of SARS-CoV-2 genomes and
gRNA and RPA primer design

For universal SARS-CoV-2 detection, 43,305 full-length sequences were downloaded
from NCBI and aligned using MAFFT [109]. For B.1.1.7 SARS-CoV-2 variants,
50,001 full-length high-quality sequences (>29,000 nt, <1% Ns, <0.05% unique amino
acid mutations) genomes were downloaded from GISAID [57] and aligned using
MAFFT. For B.1.351 SARS-CoV-2 variants, 577 full-length, high-quality sequences
were downloaded from GISAID and aligned using MAFFT. For P.1 SARS-CoV-2
variants, 78 full-length, high-quality sequences were downloaded from GISAID and
aligned using MAFFT.

Casl2a gRNAs consist of two parts: the handle region (UAAUUUCUACUAAG-
UGUAGAU) that the Cas protein recognizes and binds, and a user-defined spacer
region added to the 3’ end of the handle that determines the specificity to the target.
Spacer regions were selected following established guidelines [74]. For RPA amplifica-
tion, we designed 10 to 21 forward and reverse RPA primers for each variant target.
RPA primers for the universal SARS-CoV-2 assay [167] were selected after testing
a range of RPA primers, including some obtained from the literature. Primers were
25-40nt and total amplicon size was 100-200 bp.

Sequences were analyzed using Biopython [39] and JalView [230]. Exact binding
percentages of gRNAs and RPA primers for each assay to SARS-CoV-2 and variant
genomes are shown in A.1. All gRNA and RPA primer sequences are listed in Ta-
ble A.2).

2.4.2 Clinical samples and ethics statement

De-identified clinical samples from the Dominican Republic were obtained from Boca
Biolistics under their ethical approvals. RT-qPCR was performed by Boca Biolistics
using the Perkin Elmer New Coronavirus Nucleic Acid Detection kit. The Institu-
tional Review Board at the Wyss Institute and Harvard University as well as the
Harvard Committee on Microbiological Safety approved the use of the clinical sam-
ples in this study.

2.4.3 Simulated clinical samples

Simulated SARS-CoV-2 (wildtype) samples were prepared by diluting commercially
purchased heat-inactivated SARS-CoV-2 (ATCC VR-1986HK) quantified by qPCR
into water or commercially purchased human saliva (BioIVT). Specificity targets of
purified genomic RNA for Human Coronavirus OC43 and Human Coronavirus-229E
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were purchased from the American Type Culture Collection (ATCC) and diluted in
water.

Simulated variant SARS-CoV-2 samples were prepared by spiking full-length com-
mercially purchased variant strains for B.1.1.7 (Twist Biosciences B.1.1.7_601443),
P.1 (Twist Biosciences EPI ISL 792683), and B.1.351 (Twist Biosciences EPI ISL
678597) in water or human saliva (BioIVT) followed by serial dilutions. Synthetic
RNA of mutant target regions were also generated for initial assay characterization.
To produce mutant RNA target sequences, synthetic DNA with an upstream T7 pro-
moter sequence (5" GAAATTAATACGACTCACTATAGGG 3’) was purchased from
Integrated DNA Technologies (IDT) and in vitro transcribed to generate 150-500
base-pair RNA targets for different mutant regions using the HiScribe T7 High Yield
RNA Synthesis kit from New England Biolabs (NEB). Reactions were incubated for
16 hours at 37°C, treated with DNase I (NEB), and purified using the RNA Clean &
Concentrator-25 kit (ZymoResearch). RNA was quantified (ng/pL) on a Nanodrop
2000 (Thermo Fisher Scientific). The concentration of target RNA was calculated by
RT-gqPCR, using a standard curve with quantified gene block DNA. Table A.2 lists
the synthetic targets and qPCR primers.

2.4.4 SHERLOCK RPA primer and gRNA screening

RPA primers were ordered from IDT and the design strategy for the nucleoprotein
and variant spike gene regions is described in the Results. To synthesize gRNA, DNA
sequences with an upstream T7 promoter sequence (IDT) were transcribed with the
HiScribe T7 High Yield RNA Synthesis kit (NEB). Reactions were incubated for 16
hours at 37°C, treated with DNase I (NEB), and purified using the RNA Clean &
Concentrator-25 kit (ZymoResearch). We performed gRNA screens in 10 pL volumes
using 100 nM Casl2a (NEB), 200 nM gRNA, 1x NEB 2.1 buffer (NEB), 1 uM ss-
DNA fluorescent quenched reporter (56-FAM/TTATT /3IABKFQ, IDT) and 100 pM
spiked target DNA standard diluted in water. Reactions were incubated at 37°C
for 30 minutes and fluorescence kinetics were measured using a BioTek NEO HTS
plate reader (BioTek Instruments) with readings every 2 minutes (excitation: 485
nm; emission 528 nm). For the SARS-CoV-2 wildtype assay, gRNAs with the high-
est fluorescent signal to be tested against RPA primer combinations were selected.
For variant assays, we additionally tested gRNAs against 100 pM concentrations of a
wildtype dsDNA gene block template of the target region to ensure that Casl12a could
effectively discriminate between the two targets. Best performing gRNAs with the
highest fluorescent signal and discriminating ability were screened against multiple
RPA primer sets (Fig. 2-4). RPA screens were performed as per manufacturer’s
instructions using 7.5 puL reaction volumes from the RPA Liquid Basic kit (TwistDx)
with addition of 10 U/uL of Protoscript reverse transcriptase (NEB). 10 puL of RPA
primer screen reaction was added to a 1.25 uL. Cas reaction with the same reaction
conditions as described for the gRNA screen. Selected RPA primers and gRNAs are
shown in Table A.2.
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2.4.5 Sample preparation and concentration

To demonstrate paper-based RNA capture and concentration, we used an Aladdin
single-syringe infusion pump (World Precision Instruments) to test different rates of
low-concentration RNA flow through PES membranes (Millipore, cat. GPWP04700).
We used an Integra surgical biopsy punch (Fisher Scientific) to create a 3 mm PES
membrane disc that was compressed into the tip of a 21-gauge hypodermic needle
(Becton Dickinson) and secured onto the tip of a 5 mL syringe (Becton Dickinson).
The syringe was loaded onto an Aladdin infusion pump and 2 mL volumes of SARS-
CoV-2 RNA (Twist Biosciences MT106054.1) at a concentration of 500 copies/mL in
water were flowed at rates of 0.25 min/mL, 0.5 min/mL, 1 min/mL, and 1.5 min/mL
through the syringe.

To optimize the flow column parameters, a 1 cm x 1 cm square of PCR sealing
tape (ThermoScientific) was cut and fitted to the bottom of the column. Different
flow-through apertures were punched into the squares using Integra surgical biopsy
punches at 1 mm, 3.5 mm, 5 mm, and 7 mm diameters, and the flow columns were
loaded with PES membranes at 2 mm, 4 mm, 6 mm, and 8 mm diameters, respec-
tively. One mL, 2 mL, and 2.5 mL of SARS-CoV-2 RNA (Twist Biosciences) at a
1000 copies/mL concentration in saliva were then flowed through the column. To test
the sample pre-treatment reagents to lyse virions and to inactivate the nucleases, we
tried multiple detergents with and without the addition of 5mM EGTA including 0.5%
Tween-20 (Sigma Aldrich), 1% Tween, 0.5% Sodium dodecyl sulfate (SDS) (Sigma
Aldrich), 1% SDS. We tested a lysis buffer comprised of 4 M guanidinium thiocyanate
(GITC, Sigma Aldrich), 55 mM Tris-HCI (Sigma Aldrich), 25 mM EDTA (Ethylene-
diaminetetraacetic acid, Sigma Aldrich), and 3% (v/v) Triton X-100 (Sigma Aldrich).
We tested the reducing agent, dithiothreitol (DTT, Thermo Fisher Scientific), at 10
mM, 50 mM, and 100 mM.

2.4.6 One-pot lyophilized SHERLOCK assay

CRISPR-based sensor reactions were prepared using 200 nM EnGen Lba Cas12a (New
England Biolabs), 400 nM gRNA, 1x NEB buffer 2.1, 430 nM each of the RPA primers
(IDT), 5 U/uL Protoscript reverse transcriptase (NEB), 0.05 U/uLl RNase H (Am-
bion), 20 mM HEPES pH 6.8 (Thomas Scientific), 60 mM NaCl (Sigma Aldrich),
5% PEG (Sigma Aldrich), 1 uM fluorophore-quenched ssDNA fluorescent reporter
(56-FAM/TTATT/3IABKFQ) (IDT), 14 mM magnesium acetate (TwistDx), and 1
TwistAmp Basic RPA pellet (TwistDx). Prepared sensor reactions excluding the
magnesium acetate were deposited into 0.2 mLL PCR tubes that were snap-frozen.
Magnesium acetate was then added to the pellet and the PCR tube was snap-frozen
again prior to lyophilization (Labconco) for 4-6 hours. In-device activation of sensors
was achieved by rehydration with 50 nL. water and deposition of the PES membrane
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with captured RNA into the reaction. SHERLOCK reactions were activated by RNA
triggers diluted in water alone. Reactions proceeded for 60-120 minutes at 37°C and
fluorescent readout was measured either continuously in a Biotek NEO HTS plate
reader (BioTek Instruments) or at the beginning and end of a run when reactions
were performed in the miSHERLOCK device. Measurements from the miSHER-
LOCK device were performed via extraction of 3 pL aliquots from the reaction tube
and quantitation in the plate reader, although naked eye visual fluorescent readout
was also observable in the device.

2.4.7 Construction of point-of-care diagnostic device

We designed the miSHERLOCK platform using Autodesk’s Fusion 360 3D CAD soft-
ware. The housing and components were printed using a Formlabs Form 3 printer
(FormLabs). Black resin was chosen to print the housing to minimize reflectance
when reading the fluorescence assays. A 2 mm orange acrylic sheet (McMaster-Carr)
was laser cut (Universal Laser Systems VL.S2.30) to 2.75 cm x 2.25 cm, 2.75 cm x 3.2
cm, or 2.75 cm x 4.0 cm for the duplex, triplex, or quadruplex transilluminator filter,
respectively. Double-sided tape (Scotch) was used to tightly line the water reservoir
with aluminum foil (Reynolds) and 50 pL of nuclease-free water was loaded for each
run. Twenty sheets of Whatman gel blotting paper GB003 (Sigma Aldrich) were
loaded into the sample preparation zone for absorption of filtered saliva. Electronic
components for the polyimide heaters (Alibaba), temperature controller (DigiKey),
and LED lights (Adafruit) were soldered, with heat shrink applied to all wires. Prod-
uct numbers are listed in Table A.3. The set point for the temperature controller
circuit was programmed to 37°C by selecting a 120 k  resistor (DigiKey) and con-
firmed using a Dallas DS18B20 digital temperature sensor. The LEDs were soldered
in series with a 220 €2 for the duplex, a 100 €2 resistor for the triplex, with no resistor
needed for the quadruplex (DigiKey) to allow for a current of 25 mA when attached
to the 12 V battery source. The temperature sensor circuit and LEDs were mounted
to the housing and connected to the battery pack. Fig. A-6 illustrates the miSHER-
LOCK circuit diagrams, Fig. A-7 shows the electronics placement in the device, and
Fig. A-1 shows triplexed and quadruplexed versions of the miSHERLOCK platform.

2.4.8 Point-of-care diagnostic device mobile application

In this study, we built a mobile app using Xcode, C++, Objective-c, OpenCV 3.1
and Swift for iOS ((Fig. A-3). The mobile application architecture consists of a
camera interface that assists in continuous capturing of fluorescence images as pro-
duced by the testing device, which are segmented based on the image colors selected
by the user when the user clicks over the screen showing the fluorescent regions in a
standard sample. The OpenCV libraries were primarily used for image processing,
which included pixel-level color detection, filtering, binarization, and masking. From
a usability perspective, the software is presented as an iOS native app icon. Upon
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loading the app, the user can select the desired color for detection from the standard
assay, to then proceed towards measuring fluorescence on user-collected test tubes
(Movie S1). The analysis events can be screenshot and saved on the smartphone to
report assay results for epidemiological purposes.

2.4.9 On-device miSHERLOCK reactions

We performed experiments on the miSHERLOCK platform to validate the sam-
ple preparation and one-pot lyophilized SHERLOCK reaction with patient samples.
First, the 95°C heater was attached to a 24V battery source (two 12V batteries) and
the 37°C heater, temperature regulator, and LEDs were attached to a 12V battery
source. The LEDs were inserted into their slots above the reaction chamber (Fig. A-
7B) and the temperature regulator was inserted into the electronics box (Fig. A-7C).

The water reservoir was covered with a piece of foil held in place with double-sided
tape and filled with 50pL of water for reaction rehydration, the lyophilized reactions
were placed within the reaction chamber, the transilluminator filter was slotted into
place, the cellulose absorbent filter was placed at the bottom of the lysis chamber,
and the PES filters were attached to the bottom of the sample preparation column
(Fig. 2-10A).

The sample preparation column was placed within the lysis chamber and topped with
the saliva collector. For a duplexed (two-target) reaction 4 mL of saliva, 40uL of a
1 M DTT and 500mM EGTA solution was added (final concentration 10mM DTT
and 5hmM EGTA) and then deposited into the saliva collector whereupon saliva was
separated by gravity into separate sample preparation and lysis chambers. Within
the lysis chamber, the saliva was inactivated by the 95°C heater and the RNA was
captured on the filter at the bottom of the column (Fig. 2-11, step 1). Following the
concentration, the saliva collector was removed and the sample preparation column
was moved above the water reservoir. The plunger was used to deposit the filter and
the water within the reservoir into the lyophilized reactions in the reaction chamber.

The plunger additionally acted as a cover for the reactions and prevented evaporation
during incubation (Fig. 2-11, step 2). The SHERLOCK reactions incubated for 55 to
120 minutes and were periodically monitored visually by observing the fluorescence
through the transilluminator (Fig. 2-11, step 3). Results were typically visible within
55 minutes of incubation and were further confirmed through the mobile application.

2.4.10 Data analysis

Fluorescence values are reported as absolute for all experiments used for LOD calcula-
tion. Background-subtracted fluorescence, in which the fluorescence value at the ini-
tial time point (0 minutes) is subtracted from the end time point (usually 60 minutes)
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is reported for initial screening experiments. Due to different baseline initial fluores-
cence units between runs, it was more effective to compare background-subtracted
fluorescence than raw fluorescence. The relationship between the proportion of repli-
cates testing positive and the corresponding sensitivity was examined using Probit
regression to estimate 95% LOD and 95% CI of each target. Image analysis of the
fluorescence intensities by ImageJ (Fig. 2-12): images of the tubes inside a miSHER-
LOCK device were captured with a mobile phone camera. We measured grayscale
signal intensities of the areas inside the tubes and subtracted the values from back-
ground noise to obtain normalized grayscale intensities. All data were plotted and
statistical tests were performed using GraphPad Prism 8. Figures were created using
Biorender or Adobe Illustrator 2020.

Author contributions: H.d.P., R.A.LL., D.N., and X.T. designed and performed ex-
periments, analyzed the data, and wrote the manuscript. L.R.S., N\M.A.-M., N.M.D.,
N.EW., C.F.N., P.Q.N., A.O., ASM., T.CF., G.L.,, H.S., and J.N. performed ex-
periments and edited the manuscript. J.J.C. directed overall research and edited the
manuscript.
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Chapter 3

Minimally Instrumented SHERLOCK
for Waterborne Pathogen Detection

In this Chapter, I describe research that I contributed to on adapting our miSHER-
LOCK system for low-resource environmental sample types. Helena de Puig led the
data collected on the E. coli sensors and magnetic bead-based concentration method.
I would like to thank Helena for all her support — the waterborne pathogen biosensors
were the first project I worked on when I joined the Collins lab in Fall 2019. My con-
tributions to this work include the experimental design, testing, and optimization of
all SHERLOCK assays detailed, troubleshooting the overall sample-to-answer work-
flow, and designing and building the miSHERLOCK devices. The work described in
this chapter work was funded in part through grants from Natick Soldier Systems
Center and NASA TRISH Seed grant through the Media Lab’s Space Exploration

Initiative. I would like to thank them both for the support in this research endeavor.

3.1 Introduction

To sustainably manage our planet, we will need to develop and implement environ-
mental monitoring programs that provide deeper insights on how local ecosystems
are changing due to the impacts of climate change, industrial activity, urbanization,
and globalization. One of greatest determinants of ecosystem health is the presence of
microbes in food and drinking water, with pathogens posing a greater threat as pollu-
tion and storm events interact with our food and water [215]. Biosensors can provide
critical information on ecosystem threats through monitoring chemical, physical, and
microbial population changes, as well as gathering longitudinal data needed to ad-
vocate for increased environmental protections. Therefore, increasing the availability
of biological sensors for environmental monitoring in general, and community-steered
microbial monitoring in specific, can increase the number of people who can track
ecological changes.

Though there has been an increase in low-cost and open-source electronic and chemical
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sensors that hobbyists, concerned citizens, and grassroots organizations have access
to for gathering longitudinal data on air and water contaminants, [181], biological
sensing has lagged behind. This is primarily due to the high costs associated with
laboratory-grade testing, need for specialized equipment, and requirements around
miniaturization [139, 27|. The ability to use biology to better sense in the biological
dimension is key to generating a higher-resolution portrait of our microbial ecosys-
tems, helping us to monitor and react more quickly to changes that are occurring.

An additional burden for microbial monitoring is that many environmental pathogens
are in a state referred to as “viable but not culturable” (VBNC), which means that
the transcriptome of the organism is in a semi-dormant state [126, 178|. Because
these VBNC microbes are functioning on an altered metabolism, using a system that
senses through enrichment (culturing) or through proteins (antibody or antigen-based
test), would prove to be difficult or impossible. Therefore, we need nucleic acid-based
biosensors that can be quick and reliable. Similar to resource-limited field contexts,
the International Space Station has expressed interest in finding new methods for
microbial analysis, with the current state of the art being performing PCR exper-
iments or culturing microbes on-board, or else sending samples to be processed in
labs on Earth [170, 33, 195, 34]. NASA has proposed integrating low-cost and dis-
posable methods into the microbial monitoring for ISS, but has been slow to act on it.

One promising technology recently discovered has been the application of CRISPR-
Cas sensor systems towards a programmable enzymatic approach to nucleic acid de-
tection. CRISPR-Cas — an immune-like response employed by bacteria to defend
against viral invasion — requires only two components: a Cas enzyme, which acts as a
pair of molecular scissors, and a guide RNA, which acts as a set of instructions that
directs the Cas enzyme to the target region of DNA or RNA to cut [81]. Synthetic
biologists have adopted the system to more easily edit, activate, and repress genes
across a range of organisms [52, 118, 143, 105].
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Figure 3-1: Low-resource CRISPR biosensor workflow. CRISPR biosensors
run with a variety of sample inputs, use lyophilized Cas-based enzymes for nucleic
acid detection, can be read using low-cost hardware, and results can be mapped for
spatially-localized data aggregation.

CRISPR biosensors can provide localized, low-cost, robust, easy-to-interpret data
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on the order of minutes to hours, which makes them ideal for out-of-laboratory use
(Fig. 3-1) [127, 105]. Recently, we published a project called miSHERLOCK [47],
which demonstrated that SHERLOCK biosensors can be run as a one-pot combined
amplification and detection reaction in low-cost and easily fabricated housing that
performs all of the necessary steps to go from raw sample to signal. Applying these
CRISPR biosensor systems for monitoring purposes can hopefully be one in a broad
and diverse landscape of monitoring methods and modalities that can help communi-
ties continue to identify baselines and changes in their local environments and foster
a continued culture of stewardship and sustainability.

3.2 Results

3.2.1 SHERLOCK assay optimization for pathogen detection

Common pathogens associated with waterborne and foodborne illness are of great
concern to human and environmental health. One of the unique benefits of designing
a SHERLOCK biosensors is that it senses nucleic acids, which allows the sensor to
discriminate between subspecies and serovars of microbes that have both pathogenic
and non-pathogenic states. We focused on designing a system that not only targeted
pathogen species, but programmed the sensors to target specific genes directly im-
plicated in the pathogenicity of these microbes. The targets chosen for our set of
exemplary SHERLOCK sensors were: Cryptosporidium parvum (|87]), Giardia lam-
blia ([224]), Salmonella enterica (|9]), and Escherichia coli ([120].

RPA was chosen as the amplification method for these biosensors [203] to keep the
assays compatible with the miSHERLOCK platform and retain the potential for a
one-pot reaction. We chose SHERLOCK genomic target sites based both on the im-
plication in pathogenicity as well as for the availability of published RPA primers
available for those sites. For Cryptosporidium parvum, we chose the 18s TRNA gene,
which is a unique genomic site used for C.parvum identification and had the addi-
tional benefit of published and validated RPA primers [42|. For Giardia lamblia, we
chose the beta giardin gene, which is species-specific gene integral to the structural in-
tegrity of the parasite [100]. For Salmonella enterica, we chose the InvA gene, which is
implicated in the pathogenicity of salmonella serovars and also had the benefit of pub-
lished and validated RPA primers [131]|. For Escherichia coli, we chose the stz-1 and
stz-2, which are two related toxins that are present in enterohemorrhagic E. coli [120].

After identifying the candidate RPA primers, we designed Cas12a gRNA guides that
were within the primers’ amplified products. The candidate guides were tested at a
range of high concentrations (pM) with short synthetic DNA that contained the tar-
get. While all of the guides performed well, we chose to move forward with Salmonella
guide 2, Cryptosporidium guide 2, and Giardia guide 1 (Fig. 3-2. It should be noted
that there have been published reports of assays that employ multiple guides for the
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same target to increase signal or time to answer, which can be explored in these assays

if desired [67].
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Figure 3-2: Waterborne pathogen guide RNA assays. We tested the guides
on high concentrations of synthetic DNA target. While all of the guides made good
choices, we chose to move forward with Salmonella guide 2, Cryptosporidium guide
2, and Giardia guide 1.

Following guide selection, we combined the RPA amplification with the CRISPR
detection into a two-pot SHERLOCK assay. We used serially dilutions of short syn-
thetic DNA targets to test the limit of detection for the sensors. The assays showed
attomolar sensitivity and clear signal within one hour of the CRISPR assay activa-
tion (Fig. 3-3, 3-4), indicating that these sensors can detect clinically relevant levels
of pathogens in samples. The finalized primer and guide sequences can be seen in
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Table 3.1.
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Figure 3-3: SHERLOCK limit of detection for waterborne pathogens. The
limit of detection for G.lamblia, S.enterica, and C.parvum were all seen to be at single
attomolar sensitivity.
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Figure 3-4: SHERLOCK limit of detection for shiga toxins. The limit of
detection for shiga-1 and shiga-2 were also seen to be at single attomolar sensitivity.

Following the success of the SHERLOCK assay on the synthetic targets, we began
testing individual assays on genomic DNA or cell extracts of our target organisms.
Below, we will focus on the S.enterica and E.coli sensors, which were chosen first

to be further characterized and were used to validate the pre-concentration methods
used in this research.

3.2.2 SHERLOCK assays on genomic DNA targets

Shiga toxin sensors were tested against shiga toxin producing E. coli (STEC) strain
O157:H7, which produces both stz-1 and stz-2. We used the enteropathogenic (EPEC)
strain O127:H6, which does not produce shiga toxin, as a negative control. The F.coli
were cultured and diluted into neutral pH water solution (containing 0.2g/1 of sea
salts, 0.5pM Tannic acid and 2mM sodium bicarbonate at pH 7) and inactivated
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Sequences for waterborne pathogen SHERLOCK assays.
Name Sequence

ssDNA-FQ /56-FAM/ TTATT /3IABKFQ/
T7 promoter GCGCTAATACGACTCACTATAGG

Se-RPA-F GGCGATAGCCTGGCGGTGGGTTTTGTTGTCTT

Se-RPA-R ACTTCATCGCACCGTCAAAGGAACCGTAAA

Se-gRNA GGCGAAGCGTACTGGAAAGGATCTACACTTAGTAGAAATTACC

GI-RPA-F CTGGAGCTGCGAGTGCTGCACAGAGATTCC

GI-RPA-R TGAGCGTACGGGTGGAGGTGAACATAGACATCCTT

Gl-gRNA TGGGCTCAAATTTTTGCGCGATCTACACTTAGTAGAAATTACC
Cp-RPA-F GTGGCAATGACGGGTAACGGGGAATTAGGG
Cp-RPA-R AATTGATACTTGTAAAGGGGTTTATACTTAACTC

Cp-gRNA ATACAGGGAGGTAGTGACAAATCTACACTTAGTAGAAATTACC
Stx1-RPA-F TTTTTCACATGTTACCTTTCCAGGTACAACAGCGGTTACA
Stx1-RPA-R AACCGTAACATCGCTCTTGCCACAGACTGCGTCAGTGAGG
Stx1-gRNA | GGGUAAUUUCUACUAAGUGUAGAUUCUGCAUCCCCGUACGACUG
Stx2-RPA-F ATATATCAGTGCCCGGTGTGACAACGGTTTCCATGACAACGG
Stx2-RPA-R AACTGCTCTGGATGCATCTCTGGTCATTGTATTACCACTG
shiga2-gRNA | GGGUAAUUUCUACUAAGUGUAGAUAUCAUAUCUGGCGUUAAUGG

Table 3.1: Sequences for waterborne pathogen SHERLOCK assays.

with heat before experimentation. Our experiments show a limit of detection lower

than (103) cfu/ml (Fig. 3-5).
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Figure 3-5: Shiga toxin sensor sensitivity. SHERLOCK reactions against (L)
stz-1 and (R) stz-2, on E. coli strains. O157:H7 (produces both shiga toxins) and
EPEC strain O127:H6 (does not produce shiga toxin).

We then tested our Shiga toxin sensors against STEC F.coli strain O157:H7, as well
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as other shiga-toxin producing FE.coli strains (Fig. 3-6). We validated the perfor-
mance of our sensors against a panel of non-O157 STEC serogroups. Our panel (from
ATCC: MP-9 and MP-10) provided a robust combination of shiga toxin gene expres-
sion from varied FE.coli sources. Genomic extracts from the FE. coli serogroups, as well
as O157:H7 as a positive control and a non-STEC negative control F. coli, were tested
with our SHERLOCK sensors. We observed that both stz-1 and stz-2 sensors accu-
rately identified the correct E. coli shiga toxins within the strains, showing that the
SHERLOCK sensors provide shiga-dependent activation. Furthermore, both sensors
accurately detected stz-1 and stz-2 genes in a variety of E. coli serogroups, indicating
that the genomic detection regions we chosen for both stz-1 and stz-2 sensors were
highly conserved among serogroups.

Shiga toxin-containing E.coli strains
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Fluorescent RFUs (528nm)

Negative 0O157:H7 O111  0121:H19 O103:H11 026:H11 045:H2 0145
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information O127:Hé6 0157:H7 o111 O121:H19 O103:H11 026:H11 045:H2 0145

stx-1
stx-2

Figure 3-6: Shiga toxin panel. Sensors stz-1 and stz-2 tested against different
strains of shiga toxin producing F. coli. The bar graph shows the fluorescence readings
for sensors stz-1 (light purple) and stz-2 (dark purple). The table below shows the
expected results according to E. coli strain information. Results indicate excellent
correlation between the shiga sensors and expected toxin presence.

The S. enterica SHERLOCK sensor was tested with quantitative genomic DNA for S.
enterica, serovar Typhimurium (ATCC 700720DQ). We followed the same workflow
as previously described for the synthetic DNA targets, but spiked varying concen-
trations of S. enterica genomic DNA, with the estimation that one genomic copy of
S. enterica represents one colony forming unit (CFU) of S. enterica, given that the
InvA gene is a single-copy gene [64]. The results of these experiments showed that
we were able to detect a clearly distinguished signal from as few as 50 CFU/ml of
genomic DNA before implementing any concentration protocols, which indicated that
our S.enterica sensors did not lose any sensitivity when transitioning to a more com-
plex sample type (Fig. 3-7).
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Figure 3-7: S. enterica genomic DNA sensitivity S. enterica genomic DNA in
a two-pot SHERLOCK reaction showed a sensitivity of 50 CFU/ml. The endpoint
was taken at 60 minutes.

3.2.3 Pre-concentration of pathogen target

Following the success of the SHERLOCK sensors, we focused on developing a novel
pre-concentration method to allow for high volume sample concentration, which is
particularly important for dilute samples. Though there are many methods for sample
concentration, the two most common laboratory techniques used are functionalized
magnetic bead-based concentration and filter membrane-based spin column concen-
tration, both touched upon in Section 1.2.2. We experimented with both methods to
determine which would be most successful for our research goals. The first method
that we optimized was magnetic bead-based concentration. Magnetic beads, which
often range from 10—7-10—5m in diameter, are a convenient method to capture, pu-
rify, and concentrate biomolecules or organisms of interest. Magnetic beads have
a magnetic core, which allow for simple concentration in a sample through the the
presence of a magnet, with a variety of surface coatings and conjugates that allow
the beads to more easily and specifically attract their intended target. In our case,
we looked for a system that would allow us to attract pathogenic species, which led
us to use magnetic beads functionalized with FeMBL(the Fc region of human IgG1
linked to and engineered mannose binding lectin (MBL) protein), which was a cap-
ture method initially developed for broader range nonspecific pathogen concentration
from septic patients [31].

First, we generated a calibration curve that could allow us to correlate E. coli concen-
trations (CFU/ml) determined by plated agar cultures and fluorescence of the labeled
bacteria. We then repeated the experiments to validate that E. coli O157:H7 could
also be bound to FcMBL-coated magnetic beads, by culturing E. coli O157:H7 and
introduced it at varying known concentrations into aqueous buffer solution. Mannose
was used as a positive control to verify FcMBL-magnetic bead binding, as well as
a calibrant representing MBL binding units (Fig. 3-8A). We were able to quantify
concentrations of E. coli on the order of 103 CFU/ml of E. coli O157:H7 (Fig. 3-8B)
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through using FceMBL-coated magnetic beads. Our results correlated well with prior
data obtained calibrating capture of nonpathogenic E. coli results.
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Figure 3-8: Magnetic concentration of microbial target. a) Mannose calibration
shows that less than 1ng/pl mannose can be detected by using magnetic beads coated
with FcMBL. b) calibration on increasing concentrations of E. coli O157:H7 indicate
that 103 E. coli O157:H7 CFU /ml can be detected by using FeMBL-coated magnetic
beads.

Following this, we compared two different brands of functionalized magnetic beads,
Dynabeads and TurboBeads, to test for improved concentration efficiency. Both beads
were conjugated with streptavidin before conjugating them with biotinylated MBL
(the Fc region of the IgG1 was removed for the second round of our experiments after
concentration was seen to work well using only the MBL). We performed a titration
for each bead type to determine the ideal quantity in a 50ml reaction, and deter-
mined that 100pg of Dynabeads and 20pug of TurboBeads provided the best results.
We then determined the limit of detection for the bead using a range of concentra-
tions from 10°-10~! CFU/ml of short synthetic DNA for the stz-1 and stz-2 targets.
The TurboBeads had a lower limit of detection than the Dynabeads, with an ability
to concentrate down to 107! CFU/ml of target (Fig. 3-9). In previous SHERLOCK
experiments, we determined that up to 5ug of beads could be added to a SHER-
LOCK reaction without significantly impacting reaction kinetics. These experiments
should be repeated with the TurboBeads to determine whether higher concentrations
of beads can be added to the reaction. It should be noted that the background signal
for the experiments in Fig. 3-9 were higher than usual, which could be due to the
presence of nucleases that were not completely inactivated in the sample lysis. Hope-
fully this background can be be minimized by chemical additives to assist in proper
nuclease denaturation.

Next, we aimed was to evaluate filter-based capture methods for the concentration
of pathogens and nucleic acids to improve assay sensitivity. Filter membranes are a
method for simple and selective capture and concentration of biological material [207]
and offer a wide range of properties including pore size, mechanical strength, surface
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Figure 3-9: Comparison of magnetic beads for MBL-mediated target con-
centration. Dynabead-streptavidin conjugates (L) and TurboBead-streptavidin con-
jugates (R) coated with biotinylated MBL were used to concentrate a titration of
bacteria from 50ml to 100ul for stz-1 (top) and stz-2 (bottom). TurboBeads were
seen to be more efficient at concentrating the target species. All experiments were
performed in triplicate.

charge, wettability, and functionalization which can be tuned for a variety of uses.
Recent advances in filter-based nucleic acid concentration emphasize their benefits
in a resource-limited settings [168, 207|, with the added benefit that filters are eas-
ily disposable and can be incinerated, which is useful when outside of a laboratory.
Based on the literature, as well as previous research in nucleic acid capture published
by our group, [130, 121, 47|, we chose a 0.22 uM polyethersulfone (PES) membrane.
The combination of mechanical strength, wettability and hydrophilic surface allow
for PES membranes to have a higher flow rate of liquid sample with high binding
affinity for nucleic acids while maintaining low affinity to proteins.

We tested the PES filter nucleic acid capture efficiency using the S. enterica ge-
nomic DNA as the target. We placed three 4mm diameter PES filters in 50ml of
DPBS solution spiked with known quantities of quantitative genomic DNA solution
to shake and incubate at 37°C for 30 minutes. Following this, we removed the filters
and assayed the supernatant and filters separately in a two pot SHERLOCK reaction
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Figure 3-10: Filter concentration of microbial target. Varying concentrations
of genomic DNA were spiked into 50ml of PBS. Results indicate that the PES filter
was able to bind nucleic acids and increase sensitivity of the assay by two orders of
magnitude.

(Fig. 3-10). While we were able to pick up signal at 5000 CFU/ml from both the
filter and supernantant samples, only the filtered samples were able to generate signal
for concentrations as low as 50 CFU/ml. This indicates that the filter membrane did
successfully bind and concentrate nucleic acids to its surface and allows for improved
signal without increasing background signal.

While these concentration results are promising, further experimentation can be per-
formed to understand how the SHERLOCK reaction can be modified to accommodate
higher volumes of magnetic beads into a sample, as well as whether adding the filter
together with magnetic beads can offset the impacts of higher magnetic bead concen-
trations within the reactions.

3.2.4 Construction of miSHERLOCK integrated device for field-
based biosensing

After we confirmed the sensitivity and efficacy of both the magnetic bead and filter-
based concentration methods, we designed a modified miSHERLOCK device [47] for
environmental water samples that combined both methods to increase the poten-
tial capture capability of the system. The device has three components: a cap that
screws on to a 50ml conical tube and contains a slider where a 4-5mm PES filter
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can be fitted, a base containing a magnet and blotting paper, and a reaction cham-
ber for two PCR tubes that has a resistive heater and two royal blue LEDs (Fig. 3-11).

PES filter

Connected
magnetically

magnet for bead
concentration

-

resistive heater LED lights

Figure 3-11: miSHERLOCK for waterborne pathogen detection. Images of the
fabricated modified miSHERLOCK device for waterborne pathogen samples, showing
(L-R) concentration of pathogen through magnetic beads and PES filter, transfer of
the PES filter with magnetic beads into the lyophilized SHERLOCK reaction, and
reaction chamber with incubation and LED-based transillumination to visualize the
assay results.

The workflow is as follows: The sample is collected in the 50ml conical tube and
5 ug of MBL-conjugated beads are added and the tube and incubated in a shaking
incubator for 30 minutes. Following this, the custom cap with PES filter membrane is
screwed to the tube and placed onto the blotting paper/magnet, where the magnetic
beads are concentrated onto the PES filter. The slider is then removed from the cap
and the filter is dropped into the lyophilized SHERLOCK reaction in the reaction
chamber. 50u of water are added to each tube and then the tubes are sealed. The
resistive heater is turned on and the magnetic concentration acts as a cover for the
reaction chamber to keep temperature consistent during incubation. One hour later,
the blue LED lights together with the orange acrylic transilluminator are used to
determine whether the pathogen was present in the sample through visual detection
or image processing software or app. A simplified illustration of this workflow can be
seen in Fig. 3-12.

3.2.5 Construction and evaluation of miSHERLOCK integrated
device for biosensing in microgravity

We built a second modified miSHERLOCK reader to test SHERLOCK biosensors
in a simulated microgravity, another low-resource environment in need of quick and
simple biological sensing. The device contains a sample deposition chamber which
moves on a track, which allows for a nucleic acid concentration step to be incorpo-
rated prior to the reaction if a user requires it. The deposition chamber also has
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Figure 3-12: miSHERLOCK for waterborne pathogen summary. This anima-
tion shows a summary of the methods used for magnetic bead-based sample prepa-
ration, CRISPR-based sample detection, and sample readout.
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Figure 3-13: Zero-G miSHERLOCK device. The miSHERLOCK device designed
for use in microgravity. All of the components are connected, preventing the device
and assay from disassembling during the run.

two plungers that swicel, which force the filtered sample into the lyophilized assay
(similar to the original miSHERLOCK design) and additionally prevent the reaction
from escaping the tube while the assay runs in microgravity. A polyimide heater sits
beneath the housing and is controlled by a trip-point temperature sensor, providing
a 37°C chamber for reaction incubation. Two blue LEDs angled beneath the sample
reservoir together with an orange acrylic act as a transilluminator are used to deter-
mine whether the pathogen was present in the sample through visual detection or
image processing software or app. Images of the CAD model and an annotated image
of the fabricated device can be seen in Figs. 3-13a, 3-13b.
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Figure 3-14: The microgravity miSHERLOCK during flight testing on a Zero-G flight
in May 2021.

3.2.6 Flight testing the miSHERLOCK in microgravity

We had the opportunity to flight-test our microgravity miSHERLOCK device through
MIT Media Lab’s Space Exploration Initiative to confirm that it would function prop-
erly in low gravity settings. The experiment was coordinated and approved with the
Zero-G Corporation to assure appropriate containment and safety measures were
taken. Two readers were assembled, one containing two lyophilized reactions with
the S. enterica sensor and the other containing two lyophilized reactions with the
E. coli sensors. Power for the heater and LEDs were provided by a 9V battery.
Pipettes pre-loaded with either deionized water or deionized water spiked with tar-
get were assembled before take-off and dispensed into the reaction chamber at the
start of the flight. Below are images taken from a GoPro inside of our experimental
set-up, containing the zero-G miSHERLOCK devices (back left). (Fig. 3-14a, 3-14b ).

The device functioned well, with the 9V efficiently powering the LEDs and heater
on the device. The plungers stayed inside the tubes and the sample preparation lid
stayed closed during the duration of the flight through the 20 cycles of simulated zero
gravity, indicated that the designed miSHERLOCK device was properly connected
and can be used without concern for separation in a low gravity environment.

3.3 Discussion

After the success of our miSHERLOCK device for SARS-CoV-2 detection from raw
saliva samples, we wanted to extend the utility of the underlying device platform to
other sample types. Our goal was to design of tools for environmental monitoring and
baselining that could be used in resource-limited settings where there is no routine ac-

cess to laboratory equipment or wall wart power sources. We designed ultrasensitive
SHERLOCK assays that can be run in custom miSHERLOCK devices that allow for
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the detection of the key waterborne and foodborne pathogens G. lamblia, S. enterica,
C. parvum, and E. coli. These biosensor systems were simple to fabricate and can be
cheap when produced at scale.

We made modifications to the original miSHERLOCK device design to allow for use
in microgravity or with dilute environmental samples. While the device is designed
to minimize user actions, there is still more work to be done before the modified
miSHERLOCK devices can be be field-ready outside the laboratory. Further research
should be done to determine whether there are alternatives to a shaking incubator for
the bead and filter membrane-based concentration in the waterborne pathogen miSH-
ERLOCK workflow. It is possible that a low-power coil-based mixer using AC power
and a polyimide heater can mimic the environment. A variety of sample preparation
methods can also be designed and tested for the miSHERLOCK for microgravity
samples, which were not tested on the zero-G flight. Further testing in microgravity
of the overall zero-G workflow should be done, particularly on whether plunging the
rehydration solution from a reservoir is sufficient for activation of the reaction similar
to the method used in the flight of pipetting. It is possible that a paper-based sys-
tem, which allow for flow by way of wicking and capillary action, can be incorporated
into the miSHERLOCK system to allow for efficient rehydration of reactions while
avoiding mixing. Additionally, the SHERLOCK biosensors are currently optimized
for a two-pot reaction and would benefit from additional testing to determine the
formulation that is best suited for the sample type.

The design of the original miSHERLOCK reader and the modified designs were all
influenced by ethnographic and field work performed with two water monitoring com-
munities (see Chapter 5). However, because the device fabrication took place during
the COVID-19 pandemic, it was not possible to test these devices with these commu-
nities. In the future, it would be useful to design multiple versions of the device and
perform user testing to assure the device is as intuitive and easy to use as possible.
Instructions to fabricate the devices can also be shared with communities that have
access to soldering and 3D printing facilities to allow them to test the devices on their
own and provide feedback.

3.4 Materials and Methods

3.4.1 SHERLOCK RPA primer and gRNA screening

RPA primers were ordered from IDT based off of the literature research and guide de-
sign described in the results. To synthesize gRNA, DNA sequences with an upstream
T7 promoter sequence (Integrated DNA technologies (IDT)) were transcribed with
the HiScribe T7 High Yield RNA Synthesis kit (NEB). Reactions were incubated for
16 hours at 37°C, treated with DNase I (NEB), and purified using the RNA Clean
& Concentrator-25 kit (ZymoResearch). We performed gRNA screens in 10 pL vol-
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umes using 100 nM Cas12a (NEB), 200 nM gRNA, 1x NEB 2.1 buffer (NEB), 1 uM
ssDNA fluorescent quenched reporter (56-FAM/TTATT /3IABKFQ, IDT) and 0-100
pM spiked target DNA standard diluted in water. Reactions were incubated at 37°C
for 30 minutes and fluorescence kinetics were measured using a BioTek NEO HTS
plate reader (BioTek Instruments) with readings every 2 minutes (excitation: 485 nm;
emission 528 nm). For the assay, gRNAs with the highest fluorescent signal and low-
est background signal to be tested against RPA primer combinations were selected.
RPA screens were performed as per manufacturer’s instructions using 7.5 pL reaction
volumes from the RPA Basic kit (TwistDx). 10 puL of RPA primer screen reaction
was added to a 1.25 uL. Cas reaction with the same reaction conditions as described
for the gRNA screen. Selected RPA primers and gRNAs are shown in Table 3.1.

3.4.2 Magnetic concentration of microbes in simulated water.

Varying concentrations of E. coli species were added to 50ml of aqueous buffer so-
lution (0.2g/1 of sea salts, 0.5uM Tannic acid and 2mM sodium bicarbonate at pH
7) and mixed them with 5 pg of magnetic beads coated with FcMBL fusion. A
KingFisher Flex (Thermo) was used to collect and wash the bacteria-coated mag-
netic beads. Captured F.Coli were detected with MBL-conjugated to horse radish
peroxidase (MBL-HRP). E.Coli detection was visualized by incubation with tetram-
ethylbenzidine (1-step Ultra TMB-ELISA). TMB development was terminated by
adding 1M sulphuric acid, and the absorbance was determined at 450nm wavelength.

3.4.3 Filter concentration of microbes in simulated water.

Varying concentrations of S. enterica genomic DNA (ATCC 700720DQ) were added
to 50ml of DPBS buffer (Thermo Fisher 14190144) and incubated with 1-3 PES filters
(Millipore, cat. GPWP04700) that were punched using 4 mm Integra surgical biopsy
punches for 30 minutes at 37°Cin a shaking incubator. Following this, the filters were
removed using sterile tweezers and added to an RPA reaction, which was was per-
formed as per the manufacturer’s instructions using 25 uL reaction volumes from the
RPA Basic kit (TwistDx). 10 puL of RPA primer screen reaction was added to a 1.25
uL Cas reaction with the same reaction conditions as described for the gRNA screen.

3.4.4 Construction of waterborne pathogen miSHERLOCK
device

The miSHERLOCK platform was designed using Autodesk’s Fusion 360 3D CAD
software. The housing and components were printed using a Formlabs Form 3 printer
(FormLabs). Black resin was chosen to print the housing to minimize reflectance
when reading the fluorescence assays. An orange acrylic sheet (McMaster-Carr) was
laser cut to fit within the slot. Double-sided tape (Scotch) was used to line the water
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reservoir with aluminum foil (Reynolds) and 50 pL of nuclease-free water was loaded.
A neodymium magnet (0.25" x 0.25" x 0.25") (McMaster-Carr 5848K91) was added
to the sample preparation area, followed by 2-3 sheets of Whatman gel blotting pa-
per GB003 (Sigma Aldrich) for absorption of water. A PES filter between 4-5mm
was loaded into the top of the 50ml conical tube attachment. A high-power resistor
(Digikey 355018RJT) was used for the heating element. The LEDs (Adafruit 301)
were soldered in series. The heater and LEDs were mounted to the housing and con-
nected to a 3.7V 2500mAh LiPo battery (Adafruit 328).

3.4.5 Construction of zero-G miSHERLOCK device

The miSHERLOCK platform was designed using Autodesk’s Fusion 360 3D CAD
software. The housing and components were printed using a Formlabs Form 3 printer
(FormLabs FLM-PLA- 175-BLK). Black resin was chosen to print the housing to
minimize reflectance when reading the fluorescence assays. A 2 mm orange acrylic
sheet (McMaster-Carr) was laser cut (Universal Laser Systems VLS2.30) to 2.75 cm
x 2.25 cm for the transilluminator filter. Double-sided tape (Scotch) was used to
tightly line the water reservoir with aluminum foil (Reynolds) and 50 uL of nuclease-
free water was loaded. Electronic components for the polyimide heaters (Alibaba),
temperature controller (DigiKey TC622VAT), and LED lights (Adafruit 301) were
soldered, with heat shrink applied to all wires. The set point for the temperature
controller circuit was programmed to 37°C by selecting a 120 k € resistor (DigiKey
S120KCACT) and confirmed using a Dallas DS18B20 digital temperature sensor. The
LEDs were soldered in series with a 200 € resistor (DigiKey S200CACT) to allow for
a current of 20 mA when attached to the 9V battery source. The temperature sen-
sor circuit and LEDs were mounted to the housing and connected to the battery pack.

3.4.6 Data analysis

Fluorescence values are reported as absolute for all experiments used for LOD cal-
culation. Background-subtracted fluorescence, in which the fluorescence value at the
initial time point (0 minutes) is subtracted from the end time point (usually 60
minutes) is reported for initial screening experiments. All data were plotted and sta-
tistical tests were performed using GraphPad Prism 8. Figures were created using
Adobe Illustrator 2020.
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Chapter 4

Multiplexed electrochemical sensor
for point-of-care simultaneous RNA
and antibody detection

This chapter has been adapted from:

Najjar, D.*, Rainbow, J.*, Timilsina, S. S.* Jolly, P.*, de Puig*, H., Yafia, M.,
... & Ingber, D. E. (2022). Lab-on-a-chip multiplexed electrochemical sensor enables
simultaneous detection of SARS-CoV-2 RNA and host antibodies. Nature Biomedical
Engineering.

*Equal contribution

In this Chapter, I describe research that I contributed to in designing a lab-on-a-
chip microfluidic platform that incorporates multiplexed electrochemical sensing of
nucleic acids and antibodies from a raw saliva sample. This project began around
2018 with a collaboration between the Collins and Ingber lab. I joined on in Spring
2021 to help design, optimize, and validate the LAMP primers and CRISPR guides
for the CRISPR-based RNA detection, as well as perform the assays for all of the
saliva patient samples for RNA detection in the initial set of experiments. In Fall
2021, I worked closely with the team to integrate the saliva-based RNA and antibody
detection into a lab-on-a-chip microfluidic system, which was critical for automating
the extraction, amplification, and detection of the RNA in particular. I should note
that "chip" in this context is that of a microfluidic chip, which tend to be on the
order of centimeters in size with channels that are on the order of microns in width.
I would like to thank Mohamed for all the time that he took to constantly change
the chip design each time I ran an experiment and had slight modifications. I worked
with Mohamed and Sanjay to run all of the clinical samples on the LOC microfluidic
system, re-wrote the manuscript, and re-designed and figures. I am grateful to all
those who were involved in this (very long) process and provided so much guidance
and insight. It was a wonderful team effort.
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4.1 Introduction

The COVID-19 pandemic has highlighted the need for cost-effective diagnostics for
SARS-CoV-2 RNA as well as for detection of antibodies generated by the host in
response to infection. This type of multi functional detection platform will be par-
ticularly useful for diagnosis of both acute and convalescent infections, as well as for
assessing patient immunization status following vaccination. The clinical timeline of
SARS-CoV-2 infection consists of an acute phase, when viral RNA is detectable in
clinical samples, such as saliva or nasopharyngeal swabs, followed by a convalescent
phase when serology biomarkers, such as IgG antibodies, are present in saliva and
serum [98|. Therefore, simultaneous analysis of these different biomarkers in clini-
cal samples as the disease progresses could provide more accurate results for disease
monitoring and management.

Molecular (nucleic acid) diagnostics that detect the presence of viral RNA are key to
detecting the virus during the first 5 days of infection, with a viral load peak around
day 4 (Fig. 4-1) [233, 166, 243|. Following the first few days of infection, the host
produces IgM, IgA, and IgG antibodies in a process known as seroconversion. These
antibodies often become stable after the first 6 days of seroconversion and their titers
can remain stable over months[86, 72|.

....................................................................

Direct pathogen detection Indirect detection: Serology |
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Figure 4-1: Direct pathogen detection approaches detect the virus, its
genome or viral antigens. These assays are useful during the acute phase of
disease, typically 0-7 days after symptoms. Serology assays measure the presence of
host antibodies, such as IgG, IgM or IgA, that the patient generates during adaptive
immune response to the disease. Data replotted from [98, 180]
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The presence of different antibody types varies during infection [222] and correlates
with disease severity [51, 159|. In particular, extensive cohort studies in hospitalized
patients show that IgG antibodies against different viral proteins (e.g., nucleocapsid
or spike proteins) correlate with disease severity and outcomes. For example, anti-
bodies against the spike (S) protein are more specific [63] and correlate with virus
neutralization [51], while antibodies against the nucleocapsid (N) protein have longer
clearance rates [142] and might appear earlier during infection [150|. Therefore, sero-
logical assays that detect the host’s antibodies developed after an infection can widen
the testing window for SARS-CoV-2 beyond the molecular diagnostic time frame and
provide insights into the patient’s progression.

Such assays also may be used to determine whether titers are maintained over time
and thus the effectiveness of vaccination responses. For example, SARS-CoV-2 vac-
cine efficacy trials have highlighted a direct correlation between the titer of antibodies
targeting the Receptor Binding Domain (RBD) found in the S1 subunit of the S pro-
tein, the neutralizing antibody titer, and vaccine efficacy |78]. Thus, the development
of serological assays targeted to individual SARS-CoV-2 viral antigens could have
important implications for predicting the efficacy of vaccines and estimating the need
for boosters.

Molecular diagnostics, on the other hand, commonly involve methods such as quanti-
tative Polymerase Chain Reaction (qPCR), which require rigorous sample preparation
and temperature control, cold storage of reagents, expensive instrumentation (requir-
ing routine maintenance), and trained personnel to run the tests. While there are
home diagnostic tests approved for use by the U.S. Food and Drug Administration
(FDA), many of these tests either involve self-collection and mailing to a central lab-
oratory or are based on rapid antigen tests, which have shown to be less accurate
than nucleic acid tests, such as qPCR [141].

During the last few years, powerful diagnostic techniques that capitalize on CRISPR
(Clustered Regularly Interspaced Short Palindromic Repeats) technology and asso-
ciated programmable endonucleases have gained significant interest, due in part to
their high specificity, programmability, and capacity to work at physiological condi-
tions [35, 81, 80, 121, 106]. CRISPR-based diagnostics capitalize on endonucleases,
such as Casl2a, which has a specific cleavage activity towards double-stranded DNA
(dsDNA) fragments matching its guide RNA (gRNA) sequence. Once the Casl2a-
gRNA complex binds to its dsDNA target, it activates and subsequently engages in
indiscriminate collateral hydrolysis of nearby single-stranded DNA (ssDNA) [74, 58].

Electrochemical (EC) methods of CRISPR-based nucleic acid detection typically com-
bine nucleic acid probes conjugated on an electrode with CRISPR Cas effectors and
have detection limits in the picomolar-femtomolar (10712-10715) range [29, 88, 235,
125, 240]. Unfortunately, those detection limits are inadequate for diagnosing SARS-
CoV-2 in clinical samples, which require ultrasensitive RNA detection at the atto-
molar (107'®) scale. To overcome this limitation, amplification techniques such as
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loop-mediated isothermal amplification (LAMP) can be performed prior to Casl2a
detection, which improves the sensitivity of fluorescent CRISPR-based assays by or-
ders of magnitude [35, 81, 80, 106, 58].

The combination of serological and nucleic acid diagnostics can improve the overall
accuracy of SARS-CoV-2 diagnosis [132] and provide qualitative data on the patient’s
disease severity and state of progression. However, workflows for SARS-CoV-2 diag-
nosis that integrate serological and nucleic acid tests are currently limited as these
assays require laboratory equipment such as pipettes, centrifuges, and heating blocks,
as well as specialized technical skills. Despite the advances to make SARS-CoV-2
tests as widely available as possible, a lab-on-a-chip (LOC) platform for point-of-care
(POC) use that can detect both SARS-CoV-2 RNA and serological markers is not
yet available.

EC biosensors offer a particularly promising solution to achieve ultra-sensitive, selec-
tive, multiplexed, quantitative, and cost-effective LOC detection of both nucleic acids
and proteins; they also offer the potential to interface with electronic medical records,
integrated cloud systems, and telemedicine. Despite their potential, EC diagnostic
platforms have only been used to detect either nucleic acid or proteins individually
[29, 217| and have been limited to platforms that require multiple liquid handling steps
and specialized equipment. Here, we describe a low-cost, 3-D printed, self-contained,
LOC diagnostic platform that is capable of concurrent detection of both SARS-CoV-2
nucleic acids and host antibodies directed against the virus from unprocessed saliva
samples. This device integrates microfluidics that enable automated liquid handling
for sample preparation and a simple and sensitive read-out for both viral RNA as well
as host antibodies. The simplicity of this device makes it user-friendly and should
enable its use for POC testing within hospitals and in COVID-19 testing clinics.

4.2 Results

4.2.1 Design of the microfluidic electrochemical lab-on-a-chip
platform

In considering the design of an LOC diagnostic device, we focused on accuracy, ease
of use, and a capacity to integrate with digital health platforms. Towards this goal,
we fabricated a microfluidic chip capable of processing untreated saliva to detect both
viral RNA and host antibodies on the same EC sensor chip (Fig. 4-2).

We chose saliva over the more common nasopharyngeal swab specimens on our device
due to saliva’s ease of self-collection and increased clinical sensitivity due to a high
viral load [234, 165]. Because unprocessed saliva is viscous and contains nucleases
that could inhibit a downstream reaction, viral RNA is typically purified from saliva
using costly and complicated nucleic acid purification kits. However, to eliminate the
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Figure 4-2: Overview of microfluidic chip for LOC EC-based multiplexed de-
tection of SARS-CoV-2 biomarkers. Overview of the microfluidic chip designed
for LOC sample-to-answer saliva detection of SARS-CoV-2 RNA and antibodies.

need for purification prior to reaction, we experimented with various sample prepa-
ration workflows that would allow for viral lysis and nuclease inactivation (Fig. 4-3).
Among different buffers tested, we found that incubating the saliva sample with a
Proteinase K [119] solution at 55°C followed by a 95°C inactivation effectively lysed
the sample and eliminated false positive signals without inhibiting the performance
of the downstream LAMP and CRISPR-based detection steps.

Following the sample preparation step, we needed a method to capture the nu-
cleic acids from the saliva sample. We found that a polyethersulfone (PES) mem-
brane was able to concentrate the RNA without inhibiting the downstream reactions
[185, 130, 191, 47]. Overall, the device incorporates a 500ul. sample preparation
chamber which is used for the saliva-based RNA detection, a 50uL reaction chamber
that contains the PES membrane, a 25ul. LAMP reservoir, a 22ul. CRISPR reservoir,
and a 20uL reservoir for direct saliva-based antibody detection. The compact design
allowed for the use of two high-power resistors as heating elements (Fig. 4-4, B-1), one
beneath the sample preparation reservoir and the other beneath the reaction cham-
ber. The LAMP and CRISPR reservoirs were isolated from the sample preparation
reservoir and reaction chamber to assure that there was no carryover heating from
the heated elements during the sample preparation and concentration.

To optimize chip functionality, we tested a variety of reservoir and channel dimensions
and placements to ensure uniform heating and precise fluid flow (Fig. B-2). The chip
was designed with different channel dimensions to establish resistors to the fluid flow
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Figure 4-3: Lysis testing for saliva sample preparation A. Proteinase K in-
cubated with saliva at a 1:10 concentration for 15 mins at 55°C followed by a 95°C
inactivation for 5 min, was found to be an effective strategy for lysing the salvia
sample and inactivating nucleases. B. A mixture of 100mM DTT and 500mM EGTA
caused a false negative signal when run with the LAMP reaction.

Figure 4-4: Photograph of the microfluidic system. Photograph of the mi-
crofluidic system, consisting of the EC sensor chip, LOC microfluidic chip, and power
resistor heaters.A quarter dollar is provided for scale.

while the fluids were controlled by a small, fingertip-sized DC peristaltic pump with
a maximum flow rate of 200 ul/min controlled by an Arduino microcontroller. The
channels leading to the reservoirs were designed with higher resistance to avoid any
backflow or cross-contamination with the reservoirs (400 x 150 um) (Fig. 4-5), while
the ends of the channels leading to the reservoirs were designed with a stepped stop
valve to stop any flow from the reaction chamber to the reservoirs.
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Stepped stop valve

Figure 4-5: Dimensions of the microfluidic chip. Dimensions of the microfluidic
chip. The width of the channels on the microfluidic device were designed to have
precise control over the fluid movements within the chip.

We tested a variety of reaction chamber geometries to ensure that the PES mem-
brane surface area was adequate for nucleic acid capture and that the chamber had
optimal fluid retention over the course of the reaction, settling on a serpentine shape
(Fig. B-2) and designed higher resistance on the flow path to the EC sensor chip to
avoid unwanted flow before the desired time point.

The workflow of the sample-to-answer microfluidic detection device is as follows, with
all pumping steps referring to the use of the Arduino-controlled small peristaltic pump
and all heating steps referring to the high-power resistors beneath the microfluidic
chip (Fig. 4-2): The user manually inputs saliva onto the antibody detection reservoir
(Fig. 4-2, 5) and the RNA sample preparation reservoir (Fig. 4-2, 1). In the RNA
sample preparation chamber, the saliva combines with a Proteinase K solution and
is heated to 55°C for 15 mins followed by 95°C for 5 mins to allow for virus lysis and
nuclease inactivation [119]. The saliva sample is then pumped over the PES mem-
brane within the reaction chamber, where the RNA binds to the membrane. The
reaction chamber is heated to 95°C for an additional 3-5 min to ensure denatura-
tion of potential reaction inhibitors. The LAMP solution is then pumped from the
reservoir into the reaction chamber and incubated at 65°C for 30 min, followed by
the CRISPR mixture and incubated at 37°C for an additional 30 min, after which
it is pumped over the EC sensor chip to incubate. Saliva for antibody detection is
then directly pumped over the EC sensor chip and incubated. The chip is washed
with Phosphate Buffered Saline with Tween® 20 (PBST) followed by the addition of
Polystreptavidin-Horseradish Peroxidase (HRP) and a precipitating form of tetram-
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ethylbenzidine (TMB), after which the chip is read using a potentiostat. A more
in-depth visual of the microfluidic chip and its workflow is provided in Fig. B-3).

4.2.2 Integrated CRISPR-based molecular diagnostic assay

The CRISPR-Cas RNA detection experiments reported here capitalize on Casl2a
from a Lachnospiraceae bacterium, which has specific cleavage activity towards ds-
DNA fragments matching its guide RNA (gRNA) sequence. Upon target binding,
activated Casl2a-gRNA engages in collateral cleavage of nearby single-stranded DNA
(ssDNA) [35] that can be read optically as an increase in fluorescence due to the hy-
drolysis of a fluorophore-quencher labeled ssDNA reporter. As a result, the signal
obtained from the fluorescent assay will be high in the presence of its SARS-CoV-2
target and low when it is not detected. LAMP primers [175, 138, 186, 156, 237] and
Cas12a-gRNAs were evaluated from a range of conserved regions in the SARS-CoV-2
genome to determine the most sensitive combinations using commercially available,
synthetic full-length SARS-CoV-2 genomic RNA. The ORF1a assay, which targets a
highly conserved region in the SARS-CoV-2 viral genome, had a limit of detection
(LOD) of 2.3 viral RNA copies/uL with a reaction time of 50 min (Table B.1, Fig. 4-6).
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Figure 4-6: Limit of detection of the CRISPR-based assay with a fluores-
cence output. A. Serially diluted full-length SARS-CoV-2 RNA was spiked in water
and amplified by RT-LAMP. Results show that dilutions down to 12.8 cp/uL of viral
RNA had a clear positive signal (Student’s t test p value <0.001) in our fluorescence-
based assays. Error bars represent the standard deviation of triplicate experiments,
biological replicates. B. Sensitivity of the viral RNA electrochemical assay was higher
than the fluorescence output by comparing logit regression curves and their fit char-
acteristics. Serially diluted full-length SARS-CoV-2 RNA was spiked in water and
amplified by RT-LAMP. Results show that dilutions down to 0.8 c¢p/uL of viral RNA
had 95% probability of leading to a clear positive signal in our electrochemical plat-
form (red)as compared to the fluorescence-based platform of 2.3cp/ul (black). Ta-
ble B.1 contains the raw data used to fit the logit function. Each concentration was
probed with five independent biological replicates.

This LOD is comparable to high-performance SARS-CoV-2 reverse transcription
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quantitative polymerase chain reaction (RT-qPCR) assays [62|, with half the time
to result. To confirm that the assay was able to detect SARS-CoV-2 active virus, the
ORF1a assay primers and guide RNA were further validated using 11 SARS-CoV-2
RT-qPCR negative patient saliva samples and 19 SARS-CoV-2 RT-qPCR positive
saliva samples with a range of cycle threshold (CT) values (Fig. 4-7, Table B.2).
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Figure 4-7: Clinical patient saliva sample characterization. A. Clinical SARS-
CoV-2 saliva samples with a wide range of RT-qPCR cycle thresholds (CT) plotted
against the number of samples tested in our device. (blue squares at RT-qPCR
positive and orange circle is RT-qPCR negative). B. CRISPR-based fluorescence
assays can diagnose SARS-CoV-2 positive and negative clinical samples. SARS-CoV-
2 RT-qPCR positive saliva (+, yellow square) shows a high fluorescence signal whereas
negative samples (-, purple circle) show a low fluorescence signal. Unpaired Student’s
t test p<0.0001 for differences in fluorescence between SARS-CoV-2 positive and
negative samples.

To integrate the CRISPR-based molecular assay onto the EC sensor platform, we
designed a biotinylated ssDNA reporter probe (RP) that partially hybridized to pep-
tide nucleic acid (PNA) capture probes immobilized on the surface of the antifouling
composite-coated gold electrodes [245| (Fig. 4-8). Functionalized EC biosensors were
incubated with samples containing the LAMP /Cas12a mix which includes the biotiny-
lated ssDNA RP. In the presence of SARS-CoV-2 target RNA, Casl2a collaterally
cleaved the biotinylated ssDNA reporter, leading to a reduction of binding of poly-
HRP-streptavidin and thus, a reduction in the precipitation of TMB deposited locally
on the surface of the electrode [245].

Reduced precipitation of TMB was recorded as peak current, which was measured
using cyclic voltammetry (CV) by sweeping the voltage between -0.5 and 0.5 V (Fig. 4-
9A). As a result, the signal obtained from the EC platform demonstrated an inversely
proportional relationship with target concentrations. It should be noted that the
LAMP amplification prior to the CRISPR-based sample detection increases the sen-
sitivity of the sensor, allowing for a consistently distinguishable signal from samples
that are at or above the limit of detection (LOD) of the sensor (Fig. 4-9B).
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Figure 4-8: Schematic illustrating the surface chemistry of the EC assay.
Without viral RNA present, the biotinylated ssDNA reporter probe is not cleaved;
therefore, the poly-HRP streptavidin binds to the PNA /biotin-DNA duplex when
added to the EC sensor chip and consequently precipitates TMB resulting in an
increase in current. In contrast, the biotinylated reporter ssDNA is hydrolyzed in
the presence of viral target RNA, cleaving the biotin group. Consequently, poly-
HRP streptavidin does not bind to the surface of the chips, resulting in no TMB
precipitation and no increase in current.

To optimize the binding efficiency of the PNA-based CRISPR-EC sensor platform,
we varied the concentration and incubation time of the RP to obtain a rapid, high
signal-to-noise ratio (Fig. B-4A, B-5). Among all the concentrations tested, InM
RP and 5-min incubation produced a high signal with no background. Interestingly,
the CRISPR-EC sensor platform gave a single molecule LOD of 0.8 cp/uL, which
was nearly four times more sensitive than the initial fluorescence-based assays used
to validate the primer and guide pairs (Supplementary Table S1, Figs. 4-6B and
B-4B.

To determine the potential clinical value of the optimized CRISPR-EC sensor plat-
form, we extracted RNA from 19 patient saliva samples that were positive for SARS-
CoV-2 based on RT-qPCR with a range of CT values and 11 RT-qPCR negative
clinical saliva samples (Fig. 4-7A). The current measured in the form of the output
signal from the electrodes was clearly distinguishable (p-value <0.0001) when com-
paring the SARS-CoV-2 positive and negative samples (Fig. 4-9B). In addition, ROC
curve analysis demonstrated an impressive correlation with RT-qPCR and CRISPR-
based fluorescent detection, with 100% accuracy, and AUC=1 (Fig. 4-9C).
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Figure 4-9: Performance of the CRISPR electrochemical assays using clin-
ical samples. A. Cyclic voltammogram showing the typical current peak signal
achieved after incubation of samples from both SARS-CoV-2 negative (orange) and
positive (blue) clinical samples. B. Clinical samples that contained SARS-CoV-2 viral
RNA (+, blue) had low signals in our device and were clearly distinguishable from
the high signals obtained for samples that did not contain viral RNA (-, orange).
Student’s t-test p value <0.001 (***). C. Summary table listing the numerical values
of the receiver operating characteristic (ROC) curve analysis of the patient sample
data collected for the SARS CoV-2 assay. The table shows a summary of the results
from 19 RT-qPCR confirmed positive and 10 negative human saliva samples. AUC:
area under the curve; 95% conf. Int.: 95% confidence interval; Sens: sensitivity;
Spec.: specificity; N pos.: number of RT-qPCR SARS-CoV-2 positive samples; N
neg.: number of RT-qPCR SARS-CoV-2 negative clinical samples.

4.2.3 Integrated CRISPR-based molecular diagnostic assay

Multiplexed assays that diagnose disease by combining viral RNA with serology mark-
ers can lead to a more robust understanding of the progression of diseases, including
SARS-CoV-2 [210]. The primary antigens that elicit antibodies during coronavirus
infection are the N and S proteins [63]. The N protein is the most abundant vi-
ral protein and is highly conserved among the coronavirus family [188], with several
studies indicating that IgG antibodies targeting the N protein may be more sensitive
due to their early appearance and longer clearance rates during and post-infection
[150, 222, 142|. While the S protein is less conserved than N, it is highly immunogenic
due to the S1 subunit which mediates attachment to target cells [96]. Studies indicate
IgG antibodies against the S1 subunit (S1) are more specific and strongly correlate
with virus neutralization [171, §].

Antibodies targeting the S1 subunit and the ribosomal binding domain within the
subunit (S1-RBD) may also be used to ensure the effectiveness of vaccination re-
sponses and titer maintenance over time, with SARS-CoV-2 vaccine efficacy trials
highlighting a direct correlation between the titer of antibodies targeting the RBD
of the S protein, the neutralizing antibody titer, and vaccine efficacy [78|. Therefore,
to maximize our assay’s accuracy, we leveraged the multiplexing capabilities of our
EC sensor and fabricated a multiplexed serology assay capable of measuring antibod-
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ies against the S1, SI-RBD, and N proteins for detection of a patient’s immunity,
whether through prior viral infection or vaccination.

We began by using an Enzyme-Linked Immunosorbent Assay (ELISA) to optimize
the reagents prior to assembling the multiplexed serology EC sensor chip (Fig. B-
6, B-7, B-8, 4-10). Initially, a small set of high-titer and low-titer positive clinical
plasma samples were used to optimize the assay over a broad range of IgG titers. The
best performing capture antigens were S1, SI-RBD, and N, and the best performing
detection antibodies were biotinylated goat anti-human IgG, rabbit anti-human IgM,
and goat anti-human IgA. We validated the ELISA accuracy with 58 SARS-CoV-2
plasma samples from patients with a prior positive SARS-CoV-2 RT-qPCR result
and 54 SARS-CoV-2 negative samples. Out of the 54 negative SARS-CoV-2 samples,
22 were collected before the onset of the SARS-CoV-2 pandemic. The ROC curve
analysis of the ELISA results yielded areas under the curve (AUC) between 0.68 and
0.89 for IgG, IgM and IgA (Fig. 4-10).
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Figure 4-10: ROC curve for SARS-CoV-2 ELISA from patient plasma sam-
ples. (A, C, E). ROC curve analysis of the patient sample data collected for the IgG,
IgA, and IgM SARS CoV-2 assay, respectively. (B, D, F). Table listing numerical
values of the ROC curve analysis. AUC: area under the curve; 95% conf. Int.: 95%
confidence interval; Sens: sensitivity; Spec.: specificity; N pos.: number of RT-qPCR
SARS-CoV-2 positive samples; N neg.: number of RT-qPCR SARS-CoV-2 negative
clinical samples.

Next, we used the optimized reagents to develop a multiplexed EC sensor to measure
the humoral response against SARS-CoV-2 from patient plasma samples. We fabri-
cated an EC sensor with an antifouling coating composed of bovine serum albumin and
reduced graphene crosslinked with glutaraldehyde (BSA/rGOx/GA) [235, 29, 217]
25-27, where each electrode was individually functionalized with S1 (electrode 1), S1-
RBD (electrode 2), N (electrode 3), or BSA as an on-chip negative control (electrode
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4) to perform a multi-antigen sandwich EC ELISA (Fig. 4-11).

Spike Receptor Binding Nucleocapsid Control
Domain

Target human

"Spike ®) Nucleocapsid (N) ™"~~~ (@ o6 )53% Poly Streptavidin A antibody
-HRP

¥ Receptor Binding ‘
! Domain (S1-RBD) Control (BSA) l | |

Biotinylated

-~ Precipitating TMB A detection antibody

Figure 4-11: Schematic of the multiplexed serology assay. Schematic illus-
trating the multiplexed EC serological assay to assess host antibody responses on
electrodes functionalized with SARS-CoV-2 antigens. Host antibodies bind to the
SARS-CoV-2 antigens immobilized on the chips. Subsequently, biotinylated anti-
human IgG secondary antibodies bind, followed by poly HRP-streptavidin binding
and TMB precipitation on the chips.

We used an affinity-based sandwich strategy for the EC sensor assay, meaning that
when SARS-CoV-2 antibodies were present, they bound to both the surface antigen
and secondary antibody, leading to an increase in the EC signal. Each immunoglob-
ulin isotype (IgG, IgM, IgA) was detected individually on the multiplexed EC sensor
chips. Fig. 4-12 shows typical CV results obtained with the multiplexed EC sensor
chips for detection of anti-SARS-CoV-2 IgG using SARS-CoV-2 positive and negative
clinical samples.

We optimized the assay conditions of the serology EC assays to obtain the highest
signal-to-noise ratios on both high- and low-titer clinical samples by varying factors
such as plasma dilutions, sample incubation times, and TMB precipitation times
(Fig. B-9, B-10, B-11). We found that a 30-min sample incubation at a 1:9 plasma
dilution with a 3-min TMB precipitation time resulted in the highest sensitivity and
specificity for detection of SARS-CoV-2 antibodies in clinical plasma samples (Fig. B-
10C).

We then evaluated the accuracy of the EC serology platform using plasma samples
from patients with a prior SARS-CoV-2 RT-qPCR positive result. We performed
an ROC curve analysis utilizing the 58 SARS-CoV-2 positive plasma samples and 54
SARS-CoV-2 negative samples used to optimize the ELISA assay (Fig. 4-15A, 4-13A).
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Figure 4-12: Representative raw cyclic voltammetry data for the multi-
plexed serology assay. Typical cyclic voltammograms for the four different elec-
trodes that target host antibodies against A. Spike 1 subunit (S1), B. Spike 1-receptor
binding domain (S1-RBD), C. nucleocapsid (N), and D. BSA negative control
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Figure 4-13: Electrochemical serological assays can detect SARS-CoV-2-
specific IgA and IgM antibodies in plasma samples. Electrochemical sero-
logical assays can detect SARS-CoV-2-specific IgA and IgM antibodies in plasma
samples. A. Receiver operating characteristic (ROC) curve analysis of the patient
sample data collected for the IgA and IgM SARS CoV-2 electrochemical assay using
results from 54 RT-qPCR confirmed positive and 58 negative human plasma samples.
B. Table listing numerical values of the ROC curve analysis. AUC: area under the
curve; 95% conf. Int.: 95% confidence interval; Sens: sensitivity; Spec.: specificity;
N pos.: number of RT-qPCR SARS-CoV-2 positive samples; N neg.: number of RT-
gPCR SARS-CoV-2 negative clinical samples.
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The clinical samples had a wide range of IgG levels that were shown to have excellent
correlation with our assay (Fig. 4-14). Overall, the AUC for anti-SARS-CoV-2 IgG
(Fig. 4-15B) was higher than IgM (Fig. 4-14B), whereas IgA’s AUC was lowest (be-
tween 0.57 and 0.78) and did not add diagnostic value (Fig. 4-14B). The specificity
of each individual sensor modified with either S1, N or RBD was over 95% for IgG.
Further analysis of the multiplexed assay’s ROC curves showed S1-RBD was the most
accurate capture probe (AUC=1 for IgG), followed by N and S1 (Fig. 4-15B, 4-13).

IgG range in serology positive clinical samples

N
(&)
]

RBD
B N

N
o
1

-
(@)}
1

Absoorbance (a.u.)
o
—l

0_5_|||IIWII il

0011 TTT11 !I!I!l:.:.f.:-:-'l""""i‘f‘l T T TTT1

Individual clinical samples

Figure 4-14: IgG range for several SARS-CoV-2 antigens detected within
58 positive clinical plasma samples. Levels of IgG directed against N (purple),
S1 (grey) and RBD (yellow) detected by ELISA are plotted for each of the positive
clinical plasma samples. The samples were collected were from convalescent patients
at different stages post-disease and contained variable antibody titers, allowing us
to validate that our multiplexed electrochemical sensors perform well across a range
possible antibody levels.

In addition, we found that combining the results of the three antigens as a multi-
plexed readout resulted in a slight increase in accuracy when assessing a patient’s
immune status (AUC=1 for IgG) (Fig. 4-15). The combined EC IgG assay had an
excellent correlation with prior SARS-CoV-2 infection and was shown to be 100%
accurate (100% sensitivity and specificity); we therefore used this for subsequent ex-
periments on the multiplexed EC sensor chips. We also found the EC sensor-based
serology platform to be more accurate in detecting samples from patients with prior
SARS-CoV-2 infection than the ELISA. The high specificity of the EC sensor plat-
form may be attributed to the low non-specific binding on our nanocomposite-coated
EC electrodes.
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Figure 4-15: ROC curve for IgG EC serology assay performance on patient
samples. A. ROC curves generated from the patient sample data obtained for the
IgG EC serology assay.B. Table listing the numerical values of the sensitivity and
specificity results. AUC: area under the curve; 95% conf. Int.: 95% confidence
interval; Sens: sensitivity; Spec.: specificity; N pos.: number of gold standard SARS-
CoV-2 positive samples; N neg.: number of gold standard SARS-CoV-2 negative
clinical samples.

4.2.4 A Multiplexed viral RNA and antibody diagnostic in a
3D-printed LOC platform

We next worked to combine both EC sensors to create a multiplexed assay for simul-
taneous viral RNA and serological biomarker detection on-chip to facilitate increased
sensitivity and specificity of SARS-292 CoV-2 detection [210]. Saliva is an excellent
source of both viral RNA as well as host antibodies (IgG, IgM, IgA) in SARS-CoV-2
patients [202|, and hence is an ideal sample for a multiplexed assay for viral RNA
and serology. Unfortunately, the patient saliva samples used for this study had to
be heat-inactivated before use as saliva from SARS-CoV-2 infected patients are of a
highly contagious nature. Because high heat denatures the antibodies [98], we spiked
a National Institute for Biological Standards and Control (NIBSC) SARS-CoV-2 IgG
calibrant into heat-inactivated saliva samples at 1:20 dilution to simulate the ratio
of IgG present in saliva. After confirming that the signal outputs from the spiked
saliva samples were consistent with the signals generated from the plasma samples
(Fig. 4-16), we modified the EC sensor chip so that the four electrodes could be used
individually to detect the three antigens (S1, 301 N, SI-RBD) and PNA (Fig. 4-17).

To study the performance of our multiplexed EC sensor, we first conducted a two-step
assay where antibody-spiked saliva was split into two volumes: 15ul was incubated on
the chip for multiplexed serological detection of the host’s anti-SARS-CoV-2 antibod-
ies and 280ul was used for RNA extraction followed by the LAMP-CRISPR-based
assay and incubation on the same chip. Following incubation of both samples on
the electrodes, we simultaneously measured the SARS-CoV-2 viral RNA and host
antibodies on-chip with the EC sensor readout of precipitating TMB following the
addition of poly-HRP streptavidin. We validated the assay performance by testing the
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Figure 4-16: Example of raw CV output for saliva sample. An example of the

raw CV output data when testing the serology EC sensor on saliva spiked with IgG
calibrant.

S S1-RBD N PNA

Figure 4-17: Schematic of the multiplexed chip. Schematic of the multiplexed
chip surface conjugated with SARS-CoV-2 antigens: Spike (S1), S1-Receptor binding
domain (S1-RBD), and Nucleocapsid (N); as well as peptide nucleic acid (PNA) for
the detection of SARS-CoV-2 viral RNA on the LOC microfluidic system.

four possible combinations of serology and RNA-positive and RNA-negative clinical
samples (Fig. 4-18). We achieved a very high probability (student’s t-test p<0.0001)
in distinguishing positive from negative samples with an ultra-low background signal
in all the combinations tested. Taken together, these results showed excellent multi-
plexing capacity for SARS-CoV-2 viral RNA and host antibodies on the chips with
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100% correlation in specificity and sensitivity.
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Figure 4-18: Electrochemical platforms can be used for simultaneous de-
tection of SARS-CoV-2 viral RNA and host antibodies against the virus.
Electrochemical readout for clinical samples that contain different host antibody and
viral RNA combinations:A. Clinical samples negative for both serology and viral
RNA. B. Clinical samples with negative host antibody levels and positive for viral
RNA. C. Clinical samples that contain host antibodies against SARS-CoV-2 but are
negative for viral RNA, and D. clinical samples with both positive host antibodies
and viral RNA. The RNA signal significantly decreases (P value = 0.0006, Student’s
t test) when comparing IgG-positive and viral RNA-positive (d) and RNA negative
samples (b and d).

Following these validation experiments, we integrated the multiplexed EC sensor chip
into the compact LOC microfluidic platform to test the capabilities for automated
viral RNA preparation prior to the EC sensor readout. Using the same functionalized
chip assay as described above, each clinical saliva sample was split between the RNA
and antibody reservoirs and the assay was performed as described in Fig. 4-2 and
Supplementary Fig. B-3. Similar to the initial validation of the multiplexed assay,
the assay performance of the LOC microfluidic system with integrated EC sensor chip
was validated by testing the four possible combinations of serology and RNA-positive
and RNA-negative clinical samples (Fig. 4-19).
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Figure 4-19: EC sensor chip results using the LOC microfluidic platform.
Current (A) EC readout from the LOC microfluidic chip for clinical samples con-
taining different host antibody and viral RNA combinations: A. Clinical samples
negative for both serology and viral RNA. B. Clinical samples with negative host
antibody levels and positive for viral RNA. C. Clinical samples that contain host
antibodies against SARS-CoV-2 but are negative for viral RNA. D. Clinical samples
with both positive host antibodies and viral RNA.

Clinical IgG negative samples showed no EC signal for the N, S1 and S1-RBD antigen-
conjugated electrodes (Fig. 4-19A,B), whereas clinical samples from patients exposed
to SARS-CoV-2 showed high IgG loads in all three antigen test areas (student’s t-
test for S1 and S1-RBD p<0.0001 and for N p=0.0004) (Fig. 4-19C,D). Moreover,
we measured high signals on the PNA conjugated electrode for all clinical samples
that were negative for SARS-CoV-2 viral RNA (Fig. 4-19A,C) and low or no currents
on the PNA electrode for SARS-CoV-2 RT-qPCR RNA positive samples (student’s
t-test p=0.0002) (Fig. 4-19B,D).

Taken together, the results show that the LOC system can effectively prepare and
deliver unprocessed saliva samples containing both SARS-CoV-2 viral RNA and host
antibodies for on-chip simultaneous multiplexed detection with 100% correlation in
specificity and sensitivity. A cost analysis of the LOC multiplexed diagnostic can be
seen in Table B.4).
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4.3 Discussion

Molecular diagnostics for detection of pathogen RNA and serological assays for as-
sessment of host antibody responses are complementary tools that provide critical
information to respond to disease outbreaks, assess vaccination status, and manage
patient care and risks. While detection of SARS-CoV-2 RNA can be an important
indicator of viral shedding during the infectious phase of the disease, factors such as
sample types, virus variants, and infection severity [242, 239, 30, 61, 223, 79, 173| can
impact diagnostic efficacy during the course of an infection and complicate patient
management. Including serological assays can improve understanding of a patient’s
clinical status following viral infection and can also be used to assess a patient’s re-
sponse to vaccination. For example, currently available SARS-CoV-2 vaccines induce
antibody production against SARS-CoV-2 S and S1-RBD proteins, and vaccinated
individuals who have not been infected with SARS-CoV-2 are expected to develop
measurable antibodies against the S, but not the N protein [53|. Therefore, multi-
plexed serology assays that target antibodies against several viral antigens can become
key for seroprevalence studies to estimate the proportion of people in a population
that have been infected, including asymptomatic infection, and/or immunized with
vaccines. This information is key to estimate herd immunity and vaccine efficacy 78],
which is critical for the decision to reopen economies [157, 49].

In the present study, we described a sample-in-answer-out diagnostic platform that
integrates ultrasensitive and highly specific multiplexed EC sensors within an LOC
microfluidic platform to rapidly and simultaneously detect both clinically-relevant
quantities of SARS-CoV-2 viral RNA and antibodies within patient saliva samples.
This platform incorporates multiple innovations including: (1) engineering of a high-
specificity and high-sensitivity multiplexed EC sensor chip that enables detection of
both proteins and nucleic acids with clinically relevant samples of biological fluids
perfused through a single microfluidic channel; (2) development of a CRISPR-based
detection assay optimized to function in a multiplexed EC assay in parallel with
antibody-based detection assays that is amenable for POC applications; (3) devel-
opment of methods for automated microfluidic extraction and amplification of RNA
from raw patient saliva samples; and (4) fluidic integration of sample preparation
process with the EC sensor chip.

While other CRISPR-based diagnostics (e.g., for SARS-CoV-2) have been described
[28, 180, 11], they are typically limited to fluorescence and lateral flow readouts.
Similarly, while there have been CRISPR-based EC sensors published [88, 240, 125],
none have been sensitive enough to detect clinically relevant quantities of target nu-
cleic acid. A key difference between our work and that of other recently published
POC CRISPR-based electrochemical detection platforms is in our use of poly-HRP
streptavidin/ TMB-based reaction chemistry for readout, which enables further am-
plification of the EC signal for both the serological and CRISPR-based RNA sensors.
Some EC-based sensors, such as a novel graphene FET-based EC biosensors for SARS-
CoV-2, have displayed similar levels of sensitivity to the 0.8 ct/ul LOD shown here
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[228], however those assays were only validated for VTM-based nasopharyngeal swab
samples and more significantly, do not have multiplexing capabilities.

In this study, we also designed a customized molecular assay for nucleic acid de-
tection that combines isothermal nucleic acid amplification with CRISPR-based en-
zymatic detection to target SARS-CoV-2 viral RNA in saliva. This was possi-
ble through the development and optimization of RNA-dependent Casl2a cleavage
of a biotinylated ssDNA reporter, which interacts with the chip-based poly-HRP
streptavidin/ TMB-based reaction chemistry that allows for target detection more
sensitively than fluorescence-based CRISPR-Casl12a assays, but with a similar time
to result. The customizability of the EC chip’s BSA/rGOx/GA-based antifouling
surface chemistry allowed for a novel multiplexed sensing system that generates high
conductivity and low nonspecific binding signals across a variety of biomolecular tar-
gets, aided by the sensitivity of the poly-HRP streptavidin/TMB reaction chemistry.
Through optimization of reaction conditions, our EC assay has ultra-low background
as well as improved sensitivity necessary for clinically relevant diagnostics that detect
both nucleic acid and antibody targets [175, 213].

We validated the EC sensor platform for serology and obtained an accuracy of 100%
(100% sensitivity and 100% specificity) for IgG as compared to traditional ELISA,
with S1-RBD showing the highest accuracy in detecting IgG in clinical samples. This
increased specificity for SI-RBD may be explained by the RBD domain being a highly
immunogenic epitope for development of neutralizing antibodies to SARS-CoV-2 dur-
ing the humoral response 47. In addition, we characterized a multiplexed EC sensor
that detects antibodies against relevant viral structural proteins (S1-RBD, S1, and
N) for a variety of antibody isotypes (IgG, IgM, and IgA), which enables a more ro-
bust understanding of the humoral response in patients. Importantly, we also found
that simultaneous multiplexed detection of different viral antigens led to increased
diagnostic sensitivity.

Finally, we designed and tested a novel microfluidic LOC platform that integrates
with the multiplexed EC sensor for simultaneous detection of both RNA and IgG
in clinical saliva samples. Saliva is an excellent alternative to nasopharyngeal swabs
and nasal swabs for SARS-CoV-2 diagnosis, as it is simple to collect, does not re-
quire extensive collection equipment, and has been shown to provide both nucleic
acid and serological data during and post infection or vaccination (98, 234, 122]. The
microfluidic chip eliminates the need for RNA extraction kits by automating raw
saliva sample preparation, RNA amplification, and CRISPR-based RNA detection
steps. With its compact and sealed design, our LOC platform limits user steps to
avoid possible sources of contamination or human-introduced error to allow for device
use by untrained end-users and further increasing its potential as a POC testing sys-
tem. With our integrated device, we are able to perform both serological and RNA
detection from a saliva sample, which does not require specialized collection reagents
or equipment, and the results are reported concurrently. To our knowledge, this is
the first report of an EC diagnostic device that is multiplexed, highly sensitive, and
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capable of processing raw biological samples such as saliva.

We tested our microfluidic LOC platform on four categories of SARS-CoV-2 clinical
saliva samples: RNA negative and antibody negative; RNA positive and antibody
positive; RNA negative and antibody positive; and RNA positive and antibody nega-
tive. Clear differentiation was seen between IgG negative and positive samples for N,
S1 and S1-RBD antigen-conjugated electrodes (student’s t-test for S1 and S1-RBD
p<0.0001 and for N p=0.0004) as well as between SARS-CoV-2 viral RNA (student’s
t-test p=0.0002) within two hours after inputting the unprocessed saliva sample, high-
lighting the utility of our platform.

Limitations to our study include the small set of clinical COVID-19 saliva samples
available due to the difficulty in acquiring saliva through biorepositories that do not
routinely collect this sample type. However, the fact that we were able to obtain 100%
accuracy with clinical samples that contained a wide range of viral loads strongly sug-
gests that our CRISPR-based EC sensor platform could become a faster, simpler, and
cheaper non-invasive strategy compared to RT-qPCR and traditional fluorescent diag-
nostics. Additionally, to assure that our multiplexed system was sensitive for clinically
relevant levels of the biomarkers in question, we devised a system that would provide
simultaneous qualitative results to generate a more robust and accurate estimation
of a patient’s infectious and immune status. Future work can be directed towards de-
signing a multiplexed system capable of providing semi-quantitative or quantitative
data on biomarkers of interest.

While our LOC platform is promising, there are bottlenecks that need to be addressed
before this technology can be readily adopted for clinical POC settings. Currently,
our system uses peristaltic pumping for fluid movement and a potentiostat for the
readout of the EC sensor chips. Further integration of the electronics, peristaltic
pumping, and potentiostat-based readout would allow for a robust reusable system
that could make these multiplexed diagnostic useful for healthcare and clinical POC
settings. Similarly, the 3-D printed microfluidic chips can be made at scale by transi-
tioning to injection molding techniques, with the LAMP and the CRISPR detection
reagents pre-measured, lyophilized, and sealed within the cartridge for streamlined
assay use.

As the COVID-19 pandemic has shown, there is a critical need to rapidly adapt
current testing strategies to more quickly and easily monitor both the infection and
immune status of patients. Knowledge of infection stages can help curb disease spread,
while insights on antibody titer levels can help with understanding how novel variants
may affect individuals with immune protection through infection, vaccination, or a
combination of the two. The streamlined workflow and multiplexing capabilities of
our EC sensor represents important steps towards building the infrastructure neces-
sary to provide this information to clinicians and members of the public alike.
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4.4 Materials and Methods

4.4.1 Chip preparation

Gold chips were custom manufactured by Telic Company using a standard pho-
tolithography process with deposition of 15 nm of chromium and 100 nm of gold
on a glass wafer. The area of electrodes was controlled by depositing a layer of 2 um
of insulating layer (SU-8). Prior to use, gold chips were cleaned by 5-min sonication in
acetone (Sigma Aldrich, USA, no. 650501) followed by isopropanol (Sigma Aldrich,
USA, no. W292907). To ensure a clean surface, the chips were then treated with
oxygen plasma using a Zepto Diener plasma cleaner (Diener Electronics, Germany)
at 0.5 mbar and 50% power for 2 min.

4.4.2 Nanocomposite preparation and activation

Nanocomposite coating was prepared using the previously described method43. Briefly,
amine-functional reduced graphene oxide (Sigma Aldrich, USA, no. 805432) was dis-
solved in 5 mg/mL BSA (Sigma Aldrich, USA, no. 05470) in 10 mM PBS solution,
pH 7.4 (Sigma Aldrich, USA, no. D8537), and ultrasonicated for 1 h using 1-s on/off
cycles at 50% power. The solution was then denatured by heating at 105°C for 5
min and centrifuged to remove the excess aggregates. The nanomaterial solution
was then crosslinked by mixing with 70% glutaraldehyde (Sigma Aldrich, USA, no.
GT7776) at a ratio of 69:1, deposited on the glass chip with the gold electrodes and
incubated in a humidity chamber for 20-24 h to form a conductive nanocomposite65.
After nanocomposite deposition, gold chips were washed in PBS by agitation (500
rpm) for 10 min and dried with pressurized air. EDC (Thermo Fisher Scientific,
USA, no. 22980) and NHS (Sigma Aldrich, USA, no. 130672) were dissolved in 50
mM MES buffer (pH 6.2) at 400 mM and 200 mM, respectively, and deposited on
nanocomposite-covered gold chips for 30 min. After surface activation, chips were
quickly rinsed with ultra-pure water and dried, and the capture probes were spotted
on top of the working electrode area.

4.4.3 Clinical samples and ethics statement

De-identified clinical saliva samples from the Dominican Republic were obtained from
Boca Biolistics under their ethical approvals. Because the saliva samples were col-
lected from actively infectious patients, Saliva samples were heat-inactivated at 95°C
for 10 min to inactivate SARS-CoV-2 virions present in the samples, which dena-
tured the antibodies present within the samples. RT-qPCR was performed by Boca
Biolistics using the Perkin Elmer New Coronavirus Nucleic Acid Detection kit. De-
identified clinical plasma samples were obtained from the Crimson Biomaterials Col-
lection Core Facility at Partners Healthcare (currently Mass General Brigham). Ad-
ditional de-identified clinical plasma and saliva samples were obtained through the

103



Massachusetts Consortium on Pathogen Readiness (MassCPR); these samples had
been collected by Prof. Jonathan Li and Prof. Xu Yu. Additional pre-SARS-CoV-2
pandemic samples were obtained from the Walt Laboratory at Brigham and Women’s
Hospital. The Institutional Review Boards at the MGH, MGB, and Harvard Univer-
sity as well as the Harvard Committee on Microbiological Safety approved the use
of the clinical samples in this study. All clinical plasma samples were collected from
convalescent patients and were inactivated by heating at 65°C for 30 min prior to use
to denature any potential SARS-CoV-2 virions that might be present in the samples;
this lower temperature denaturation method allows us to retain antigenicity of anti-
bodies present within the samples.

4.4.4 CRISPR-based RNA assay with fluorescent reporter

CRISPR-based assays require the selection of both LAMP isothermal amplification
primers and gRNAs to detect the LAMP amplicons. LAMP amplification primers
(Table B.3) were selected after testing a range of LAMP primers, including some
from the literature [175, 138, 186, 156, 237]. Casl2a gRNAs consist of two parts: the
handle region (UAAUUUCUACUAAGUGUAGAU) that the Cas protein recognizes
and binds, and a user-defined region at the 3’ end of the handle that determines the
specificity to the target. Spacer regions were selected following established guidelines
[74]. To synthesize the gRNA (gRNA sequence: UAA UUU CUA CUA AGU GUA
GAU GGU GAA ACA UUU GTC ACG CA), synthetic DNA with an upstream T7
promoter sequence (5" GAAATTAATACGACTCACTATAGGG 3’) was purchased
from Integrated DNA Technologies (IDT) and in vitro transcribed using the HiScribe
T7 High Yield RNA Synthesis kit from New England Biolabs (NEB). Reactions were
incubated for 16 h at 37°C, treated with DNase I (NEB), and purified using the RNA
Clean & Concentrator-25 kit (ZymoResearch). gRNA was quantified (ng/puL) on a
Nanodrop 2000 (Thermo Fisher Scientific).

Simulated SARS-CoV-2 samples were prepared by serially diluting full-length SARS-
CoV-2 viral RNA (Twist Biosciences, MT106054.1) in nuclease-free water. Viral RNA
extracted from saliva samples was used after purification via the QiAmp viral RNA
extraction kit, as explained above. RNA was then amplified by LAMP and further
detected by collateral cleavage of the fluorophore-quenched ssDNA reporter probe.
Briefly, 5 uLi of the diluted genomic DNA, or clinical sample RNA extract was added
to 2.5 pL of the 10X primer mix (Table B.3), 12.5 uL of the LAMP master mix
(NEB), and 5 pL of water. LAMP mixtures were incubated for 30 min at 65°C. After
LAMP amplification, 4 uL of the amplified LAMP mixture were mixed with 11 pL
of nuclease-free water and 5 uL of the CRISPR mixture, which contained 1 puM ss-
DNA fluorophore-quencher reporter (sequence: 6-FAM/TTATT /TABKFQ), 100 nM
Cas, 200 nM gRNA in 10X NEB 2.1 buffer. Reactions were incubated at 37°C for 20
min and fluorescence kinetics were measured using a BioTek NEO HTS plate reader
(BioTek Instruments) with readings every 2 min (excitation: 485 nm; emission 528
nm).
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4.4.5 Chip functionalization for the CRISPR-based RNA as-
say with electrochemical reporter

For CRISPR sensors, custom-synthesized amine-terminated peptide nucleic acid (AEEA
-ACAACAACAACAACA) where AEEA is an O-linker was obtained from PNAbio,
USA. PNA is a synthetic analog of DNA with a backbone utilizing repeating units of
N-(2-aminoethyl) glycine linked through amide bonds. PNA contains the same four
nucleotide bases as DNA (adenine, cytosine, guanine, and thymine) but are connected
through methylene bridges and a carbonyl group to the central amine of a peptide
backbone66. Stock PNA was diluted to 20 uM in 50mM MES buffer and spotted on
the working electrode. One electrode was spotted with 1 mg/mL BSA as a negative
control. The spotted chips were incubated overnight in a humidity chamber. After
conjugation, chips were washed and quenched in 1 M ethanolamine dissolved in 10
mM PBS, pH 7.4 for 30 min and blocked with 1% BSA in 10 mM PBS containing
0.05% Tween® 20.

4.4.6 CRISPR-based RNA assay with electrochemical reporter

The reporter sequence for CRISPR-based EC assays was a ssDNA (sequence: /5Biosg/
AT TAT TAT TAT TAT TTG TTG TTG TTG TTG T) conjugated to a biotin that
bound to poly-streptavidin-HRP. Upon Casl2a activation, the ssDNA-biotin reporter
is cleaved in solution, thus preventing binding to the complementary PNA sequence
on the surface. Poly-streptavidin-HRP is then added and able to bind to the ssDNA
reporter-biotin. The concentration of HRP bound to the electrode was read by HRP-
dependent oxidation of precipitating TMB (TMB enhanced one component, Sigma
Aldrich, US, no. T9455). TMB precipitation forms an insulating, non-soluble layer
on the electrode surface. Full-length genomic RNA (Twist Biosciences, MT106054.1)
was serially diluted and amplified with 2X LAMP master mix (NEB) for 30 min at
65°C. Viral RNA was extracted from saliva via purification with the QiAmp viral
RNA extraction kit. Similar to the protocol explained above, 5 uL of the viral RNA
was added to 2.5 uLi of the 10X primer mix (Table B.3), 12.5 uL of the LAMP master
mix (NEB), and 5 puL of water. LAMP mixtures were incubated for 30 min at 65°C.
After LAMP amplification, 4 uL of the amplified LAMP product was mixed with 10
uL of nuclease-free water and 5 puL of the CRISPR mix, which contained 4 nM re-
porter, 100 nM Cas, 200 nM gRNA in 10X NEB 2.1 buffer. Mixtures were incubated
for 20 min at 37°C, during which time the ssDNA biotinylated reporter was cleaved.
After that, 15 uL of the LAMP /reporter/Cas mixtures was deposited on the chips for
5 min. Thereafter, the chips were washed and incubated with poly-HRP streptavidin
and TMB for 5 min and 1 min, respectively. Final measurement was then performed
in PBST using a potentiostat (Autolab PGSTAT128N, Metrohm; VSP, Bio-Logic)
by a CV scan with 1 V/s scan rate between -0.5 and 0.5 V vs on-chip integrated
gold quasi reference electrode. Peak oxidation current was calculated using Nova
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1.11 software. Cyclic voltammetry allowed us to measure attomolar concentrations

of SARS-CoV-2 target RNA.

4.4.7 Serology ELISA assay

ELISA assays were optimized in a 96-well plate format. 100 uL of 1 pg/mL anti-
gens: Spike S1 (SinoBiological, China, no. 40591-VO8H), Nucleocapsid (RayBiotech,
US, no. 130-10760) and Spike (S1) RBD (The Native Antigen Company, UK, no.
REC31849) were prepared in a 10 mM PBS buffer at pH 7.4 and added to Nunc™
MaxiSorp™ELISA plates (BioLegend, no. 423501) and immobilized on the plates by
overnight incubation at 4°C. The plates were washed three times with 200 pL of
PBST followed by the addition of 250 uL of 5% Blotto for 1 h. After washing the
plates, 100 nL of the clinical plasma samples diluted in 2.5% Blotto was added and
incubated for 1h at RT. Plates were further washed and HRP conjugated anti-human
IgA /IgM or biotin-conjugated anti-human IgG detection antibodies were added for
1h. The secondary antibodies used were: HRP conjugated anti-human IgM (Human
[gM mu chain rabbit Antibody, Rockland, us, no. 109-4107) or IgA (AffiniPure Goat
Anti-Human Serum IgA, « chain specific, Jackson ImmunoResearch, US, no. 109-
005-011) or biotin-anti-human IgG (AffiniPure Goat Anti-Rabbit IgG, Fc fragment
specific, Jackson ImmunoResearch, US, no. 111-005-008). The IgG plate was further
mixed with 100 pL of Streptavidin-HRP (1:200 dilution in 2.5 % Blotto) and washed.
100 puL of turbo TMB (Thermo Scientific, no. 34022) was added for 20 min followed
by the addition of 100 uL of sulfuric acid (0.1M H5SO,4 in Water) to stop the reaction.
The absorbance of the plates was immediately read using a microplate reader (BioTek
NEO HTS plate reader, BioTek Instruments) at 450 nm.

4.4.8 Electrochemical serology assay

To translate the ELISA assays to EC readouts, Spike S1, Nucleocapsid and Spike-
RBD were diluted to 1 mg/mL in the PBS buffer and spotted in three electrodes of
the EC chip. An additional electrode was spotted with 1 mg/mL BSA as a negative
control. The spotted chips were incubated overnight in a humidity chamber. After
conjugation, chips were washed and quenched in 1 M ethanolamine (Sigma Aldrich,
US, no.E9508) dissolved in 10 mM PBS, pH 7.4 for 30 min and blocked with 5%
Blotto (Santa Cruz Biotechnology, US, no. sc-2324) in 10 mM PBS containing 0.05%
Tween® 20 (Sigma Aldrich, US, no. P9416). The fabricated sensor was then used to
detect immunoglobulins from clinical samples. Each sensor was either used to detect
IgG, IgM, or IgA against the three antigens that were immobilized on the chips. 1.5
uL of clinical plasma samples were mixed with 13.5 uL of 2.5% Blotto and incubated
on the chips for 30 min at RT followed by a rinsing step. After that, HRP conju-
gated anti-human IgM /IgA/ biotin-anti-human IgG was added for 30 min at RT. 1
ug/mL of poly-HRP-streptavidin (ThermoScientific, US, no. N200) diluted in 0.1%
BSA in PBST was added to chips with IgG for 5 min. The chips were rinsed and
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precipitating TMB was added for 3 min followed by final rinse and EC measurement
using a potentiostat by cyclic voltammograms with a scan rate of 1 V /s between -0.5
and 0.5 V vs on-chip integrated gold quasi reference electrode. Additional antibodies
were screened, including: F(ab’)s Goat anti-Human IgG-Fc Fragment Antibody Bi-
otinylated (Bethyl Laboratories, no. A80-148B), Goat anti-Human IgG Fc Secondary
Antibody, Biotin (ThermoFisher Scientific, US, no. A18821), Purified anti-human
IgG Fc Antibody (BioLegend, no. 409302), Purified anti-human IgG Fc Antibody
(BioLegend, no. 410701), and AffiniPure F(ab’)s Fragment Goat Anti-Human IgG,
Fery fragment specific-biotin (Jackson ImmunoResearch, US, no. 109-006-170).

4.4.9 Multiplexed electrochemical serology and CRISPR-based
RNA detection

Multiplexed sensors for both nucleic acid and host antibody detection were prepared
by spotting three electrodes of the EC chip with proteins: Spike S1, Nucleocapsid
and Spike-RBD; and spotting the amine-terminated peptide nucleic acid (AEEA-
ACAACAACAACAACA) reporter on the fourth electrode. The spotted chips were
incubated overnight in a humidity chamber. After conjugation, chips were washed
and quenched in 1 M ethanolamine (Sigma Aldrich, US, no.E9508) dissolved in 10
mM PBS, pH 7.4 for 30 min and blocked with 1% BSA in 10 mM PBS containing
0.05% Tween® 20 (Sigma Aldrich, US, no. P9416). The fabricated sensor was then
used to detect IgG’s as well as viral RNA from clinical samples.

Multiplexed chips were used to detect viral RNA as well as IgG against the three
antigens that were immobilized on the EC sensor chips. Negative control saliva (RT-
qPCR negative) was heat-inactivated and spiked with plasma at a ratio of 1:20 to
simulate IgG concentrations in saliva. Two experiments were done in parallel on each
chip, as follows: (1) 15 ul of plasma-spiked saliva was used for the serology assays
as explained above. Briefly, 0.75 ul of the plasma sample was mixed with 14.25 ul
of control saliva and incubated on the chips for 30 min at RT followed by a rinsing
step. After that, biotin-anti-human IgG was added for 30 min at RT. Chips were
then rinsed. (2) In parallel, RNA extracted from RT-qPCR positive and negative
clinical samples was amplified by LAMP for 30 min at 65°C as explained above.
Then, 4 uL of the amplified LAMP product was mixed the CRISPR mix, which
contained the biotinylated reporter and incubated for 20 min at 37°C. 15 uL of the
LAMP /reporter/Cas mixtures was deposited on the chips after the chips had been
exposed to SARS-CoV-2 IgG. Thereafter, the chips were washed and incubated with
poly-HRP streptavidin and TMB for 1 min. Final measurement was then performed
in PBST using a potentiostat (Autolab PGSTAT128N, Metrohm; VSP, Bio-Logic)
by a CV scan with 1 V/s scan rate between -0.5 and 0.5 V vs on-chip integrated gold
quasi reference electrode. Peak oxidation current was calculated using Nova 1.11 soft-
ware. Cyclic voltammetry allowed us to measure both the presence of IgG antibodies
as well as attomolar concentrations of SARS-CoV-2 target RNA.
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4.4.10 Microfluidic chip for multiplexed electrochemical serol-
ogy and CRISPR-based RNA detection

A microfluidic chip for a point-of-care diagnostic that integrated the multiplexed
chip was designed using Autocad software and printed on a Formlabs Form 3B 3D
SLA printer in grey resin, Version 4 (Formlabs RS-F2-GPGR-04). The layer thick-
ness chosen for the 3-D printing parameters is 50 pum. The chip is cleaned in an
isopropanol bath for 20 min, then cured in a heated UV chamber for 1 h at 60°C
(Form wash and Form cure, Formlabs). The chip was designed with chambers for
saliva, LAMP reagents, and CRISPR reagents, as well as a reaction chamber lined
with a PES membrane and a waste port. The PES membrane (Millipore, catalog
no. GPWP04700) was laser cut using Epilog Fusion edge 24 laser cutter to fit within
the serpentine reaction chamber. The chambers were designed to be connected to the
reaction chamber through channels that are closed when under vacuum. Additionally,
the chip has a channel and waste port which allow for the integration of the EC sensor
chip. The chip was sealed using a clear delayed tack adhesive tape (3M 9795R) to
prevent evaporation. Two high-power resistors were used as heating elements for the
sample preparation camber and reaction chamber (Digikey 355018RJT) and placed
in a custom-printed backing to assure accurate and repeatable heading was provided.
A full list of parts along with cost analysis can be found in Table B.4. The voltages
used for each temperature are provided in Supplementary Fig. S5 and were generated
using an Agilent E3631A DC power supply. A complete view of the microfluidic chip
can be seen in 4-2 and B-3.

A small DC pump (Takasago RP-Q series) connected to an Arduino Uno was used
for the pumping. The workflow for the multiplexed EC assay on the microfluidic chip
is as follows: (1) The microfluidic chip was sealed with clear delayed tack adhesive
tape. (2) Saliva from patient samples (BiolVT) was inactivated at 95°C for 5 min
and mixed with 10% by volume of Proteinase K (NEB P8107S) that was diluted 1:10
in nuclease free water. (3) 450 pL of the saliva mixture was added into the sample
preparation chamber and the chamber was heated to 55°C for 15 min, followed by 95°C
for 5 min. (4) The sample was pumped over the PES membrane within the reaction
chamber at a speed of 50-100pL /min. (5) The reaction chamber was heated to 95°C
for 3 min. (6) 25uL of LAMP reaction (12.5 puL of NEB 2X WarmStart Mastermix,
10 pL of nuclease-free water, and 2.5 puL 10x of LAMP primer mix) was pumped into
the reaction chamber and incubated at 65°C for 30 min. (7) The heat was decreased
to 37°C and 22 pL of the Cas mix (15 pL nuclease-free water and 7 uL of the CRISPR
mix, which contained 4 nM reporter, 100 nM Cas, 200 nM gRNA in 10X NEB 2.1
buffer) was pumped into the reaction chamber and incubated for 30 min. (8) The
LAMP /CRISPR reaction was pumped over the EC sensor chip at 4 uL/min for 5
min followed by 20 uL of PBST at 15 puL/min. (9) 20 uL of saliva sample spiked
with NIBSC antibody calibrant mixed with anti-IgG detection antibody linked with
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biotin was flowed through the EC sensor at 4 pL/min for 5 min. (10) The EC sensor
chip was washed with 20 uL. of PBST at 15 pL/min followed by addition of 20 uL
streptavidin-poly HRP at 6 puL/min. (11) The EC sensor chip was washed with 20
uL of PBST at 15 puL/min and 20 puL of TMB at 8 uL/min. (12) The EC sensor chip
was washed with 30 puL of PBST at 15 uL/min. (13) The EC sensor chip was read
on a potentiostat and the cyclic voltammogram was generated.

4.4.11 Data analysis

Fluorescence values are reported as absolute values for all experiments used for
CRISPR-based fluorescence assays. Absorbances for the ELISA assays are reported
as background-subtracted values to normalize for plate-to-plate variability. Peak ox-
idation current for EC CRISPR and serology assays was calculated using Nova 1.11
software. All data were plotted and statistical tests were performed using GraphPad
Prism 9. Gold standards for ROC curve analysis: the individual samples for both
serology and viral RNA detection were validated using SARS-CoV-2 RT-qPCR. For
molecular assays, SARS-CoV-2 positive saliva samples were RT-qPCR positive at the
time of saliva collection. For serology assays, SARS-CoV-2 positive plasma samples
were RT-qPCR positive at the time of plasma or at an earlier date. Receiver operat-
ing characteristic (ROC) curves were used to evaluate the performance of diagnostic
assays as a function of the discrimination threshold, plotted as sensitivity (%) versus
100 specificity (%). The areas under the ROC curve (AUC) are a proxy of test perfor-
mance, where 1 represents a perfect test and 0.5 represents a random predictor. ROC
curve analysis was done in GraphPad Prism 9 using a 95% confidence interval and
the Wilson/Brown method. Figures were created using Prism 9 and Adobe Illustrator.

Author contributions: D.N., J.R., S.S5.T., P.J., Hd.P., M.Y., N.D. and H.S. con-
ceived the study under the guidance of J.A.P., P.E., J.J.C. and D.E.I. Experiments
were performed and validated by D.N.; J.R., S.S.T., P.J. and H.d.P. H.d.P. and P.J.
formulated the idea, organized the experiments and managed the project. M.Y., N.D.,
D.RW., G.A., J.Z.L.. and X.G.Y. contributed to the collection and characterization of
clinical serum and saliva samples. All authors contributed to manuscript preparation
and editing.
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Chapter 5

Sensors in the Field: How Data
Figures into Local Monitoring

5.1 Introduction

In recent years, researcher have published much work in the field of biology and bio-
engineering that claims to be intended for "low-resource settings," though much of
this work is never actually field-tested in the settings that they claim to be built for.
My work is no exception, with much of my biological research concerning around
biotechnology built for a lab-free environment and a non-scientist user but contain-
ing no user testing by non-scientist users. While the primary reason why my work
was not more thoroughly validated due to a global pandemic and consequently the
time-sensitive nature of the work that was being developed, it left me feeling part
of the problem. I want biosensors that are validated in the resource-limited settings
that are discussed in these papers to confirm the claims of robustness, ease of build-
ing, ease if use, and ease of interpretation. But the truth is, most researchers do
not want to use systems designed for non-laboratory equipment, they want to design
low-cost technology in papers while providing data that primarily comes from from
high-cost specialized instruments. This is because data, and data quality, is typi-
cally of the utmost priority (and of primary concern when meant to be performed
on non-proprietary instruments). Unsurprisingly, it is the output that people care
most about. Data, what it is, how much of it we have, how much of it we want, and
what we can do with it, is the topic of this section. Within environmental monitoring
in particular, we are building more and more tools that provide data at a variety of
different resolutions and are attempting to (somehow) find ways to make sense of it all.

The focus on data seems to have reached a fever pitch in the past two decades. It
has pushed us into the realm of “Big Data,” which Kitchin and McArdle describe
as being a fairly amorphous category, albeit one that should have data sets which
possess the three V’s of: volume, velocity, and variety (although that is not always
the case) [115]. The Big Data boom can be attributed to computing and storage,
both of which have become increasingly cheap, fast, and ubiquitous. This desire for
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data has certainly made its way to environmental monitoring, with long-term sensing
research projects like the Center for Embedded Networked Sensing (CENS) [60] and
National Ecological Observatory Network (NEON) [111] collecting longitudinal data
sets meant for understanding our surroundings, countless environmental monitoring-
related citizen science projects designed to aggregate large quantities of data through
grassroots methods [40, 148|, satellite networks that aim to image the entire planet
every day, and governments that work internet of things-powered devices into urban
planning projects. All of this builds into a planet full of data (hoarded on server
farms at a significant environmental cost [55]), more data than anyone knows what
to do with, in the hopes that it can someday be useful.

This is not to say that the aggregated data is not useful, because more and more
machine learning has attempted to massage and process these large data sets without
human oversight in an attempt to discover patterns that can aid in decision making,
predictive modeling, and management. However, peeling back the veneer of utility, it
is clear that the underlying desire to amass larger and larger data sets likely goes a
bit deeper than utility. In her essay The secret life of big data, Genevieve Bell asks:

“What is going on right now that makes us say we need data, more and
more and more of it? What is the anxiety, the fear, the instability, the
place that the world has moved in such a way that the thing that we think
will be comforting, although we would never use that language, is more
data. Why is this so comforting and so seductive, or, why is it that this
is the moment in which more data seduces?” [19]

I think the answer, in addition to the usual desire for technological and societal ad-
vancements that allow for these data streams and the demonstrations thereof, as well
as the promise that this information may be useful at some point in some way, is
a heightened sense of urgency due to an increasingly globalized world in crisis. At
present, I am writing this dissertation during the third year of a global pandemic as
temperatures have reached record-breaking heights in many parts of the world. There
are forest fires raging from California to Spain, events that are somehow a bit anti-
climactic now that they have been happening more and more frequently in the past
few years. There are already climate refugees and those who are at risk of dying due
to heat, draught, storm, and poor public health infrastructures. The species on our
planet — from the microscopic plankton to large land mammals — are going extinct,
some before we even have the chance to catalog them (the ethics of our desire to
catalogue things being a discussion for another time).

I believe that the fields of biology and environmental studies are searching for more
and more data in a hope that it will allow them to better decode the world around
us as quickly as possible. Time is of the essence, this is a moment for quantity over
quality, if one had to choose. Researchers are rushing to collect as much data as
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possible to feed into computational model hungry for data in the hopes that a gen-
eralizable trend can be established and a plan devised. As Prof. Jennifer Gabrys
notes in Practicing, materializing and contesting environmental data, “...the state of
the planet in crisis is often met with the response to gather more data.” [70].

5.1.1 Political ecology and environmental data

The question of data and its utility can be explored in countless ways, however for
the purposes of this chapter I will be exploring it through the lens of political ecology,
which works to understand our environment within the context of the political and
economic structures that our environment has become embedded in. Political ecology
takes a high level view of the systems that overlay our environment — from the local
to the global — and underlie the decisions that are made with the data collected from
those systems. As digital technologies make it possible to gather data sets previously
considered unfathomable and unprocessable, the question becomes: what do we do
with all of it? Is it necessary? Is it useful? Is it helping?

In “A political ecology of data,” Eric Nost and Jenny Goldstein consider these ques-
tions, and address the governance, materialization, and practice of environmental
data collection as well as the development of infrastructure that takes the above
into consideration when developing data or data analysis protocols for future systems
[161]. They state that “Part of the problem with ‘data technologies will help us save
the planet’ discourses is that they rarely consider how data will actually be devel-
oped, deployed, maintained, or otherwise circulated.” Data is not neutral, not free of
context, and can be dangerous when used wrong (or even lazily). Data collection is
therefore a process that needs to be considered in the environmental observation-to-
action pipeline.

Data collection is critical to the process of assembling data infrastructures that pro-
vide the right kinds of information, which is not necessarily predicated on volume or
sensitivity or locality, to assist with decision making at all levels, from the personal
to the governmental. Sentiments such as these are what drove me to more closely
study how the biosensors I develop could work within the local monitoring framework
I claim they are best suited for. In particular, this work focuses on the role that ma-
teriality and context play in local environmental monitoring and citizen science, and
how the resulting data may be made useful within the large deluge of environmental
data.

5.1.2 Considering Big Data and datadiversity

Designing data infrastructures is not only an issue in political ecology, because the
datafication of most every part of life has already been underway for decades. Datafi-
cation is a topic shared between city planners, technologists, and social scientists,
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who question the relationship between data and cities, working to understand if, and
how, data can bring about utility, equity, democracy, governance, and accessibility
within civic processes [18, 179, 43, 24, 92]. One of the reason that datafication and
data infrastructures is most relevant to the field of environmental sciences is due to
the aggregation of data sets under the roof of “Big Data,” which has become one of
the most recent tools that public and private actors use to try and get a handle on the
changing landscapes (literally). However, as Geoffery Bowker notes in Biodiversity
Datadiversity, though archiving data is important as a way of contributing to science
and future research inasmuch as “the working archive is a management tool,” these
archives also need a level of historical and ontological complexity that is commensu-
rate with the worlds that it is mapping [26].

Bowker focuses on the state of biological and environmental data, which happen to
also be the focus of this dissertation. Within the larger conception of biodiversity, the
realms of biology and environmental studies are distinct fields of study, albeit ones
that overlap. Both are quite broad, with biology encompassing all kingdoms of life
— microbes to megafauna, and environmental studies lying at the intersection of the
natural and built world, including all of the abiotic and biotic relations that continue
to build and rebuild them. They are both interested in data sets that are longitudinal
and implement highly standardized protocols and precise instruments (oftentimes the
same instrumentation and protocols for chemical and biological studies). They are
both interested in gathering data not only on their object of interest, but also on the
conditions that the object of interest exists within and how that information may add
dimensionality to the overall study. They are both also dealing with difficulties in
reproducing results, often because the conditions within biology and environmental
sciences are difficult, if not completely impossible, to replicate exactly [14, 149]. But
more importantly, Bowker notes that both fields have undergone a transformation in
an era that heralds collection and analysis of large-scale data science, whereby much
of the work published in these fields are focused more on gathering data not just as a
means to an end, but as the end itself. Data has become the scientific product, rather
than the raw material upon which to produce a paper or theory within these fields.

This sentiment is emphasized by Sabina Leonelli, who further probes this desire for
researchers to pursue data as a means to an end in the era of “Big Data.” Leonelli
describes the “data journey” that goes into turning a data set into one that is part
of the world of Big Data, which involves three steps: (1) data de-contextualization,
where the data is integrated into the larger database, (2) re-contextualization, where
the decontextualized data is given a new life by being used in a different context from
the initial experiments that collected the data, and finally (3) reuse, where the recon-
textualized data is used for novel discoveries that would be otherwise impossible if the
data set had not been assembled [124]|. This conceptual framework is in agreement
with Leonelli’s previous claims that data are not necessarily “local”, or embedded in
their context, because of the ability of researchers to “free” data sets collected in a
different research context and use it for their own research, as long as the data set
is packaged in a way that provides a way for researchers to gauge the relevance and
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reliability [123].

Leonelli not only highlights the difficulties present in the data journey, of which there
are many specific to Big Data in the context of biology, such as successfully stan-
dardizing and integrating the protocols and methods of data collection and metadata
needed to properly de-contextualize and re-contextualize the data, but further notes
that the pursuit of large-scale data sets and Big Data as a means to an end can
ultimately skew the kind of data collection and context-specific research that is most
useful to fields for drawing unbiased results and correlations that can allow for these
scientific data sets to be useful in the first place. In their book Big Data: A Revolu-
tion That Will Transform How we Live, Work, and Think, Viktor Mayer-Schonberger
and Kenneth Cukier point out that in the field of Big Data, “...we’ll often be satisfied
with a sense of general direction rather than knowing a phenomenon down to the inch,
the penny, the atom.” [144]. The scaling up of data creates an environment where
correlations drawn from Big Data are not necessarily capable of fine-grain detail, but
only a general idea of things. More often than not, researchers in the field of biology
will not take the generalized correlations found in the re-contextualization and re-use
process as publishable results, but as the basis for the development of a new set of
experiments that will collect yet another data set, which will be compared with the
results seen in the correlation from the Big Data set.

Indeed, this is a common critique of Big Data found in Critical Data Studies. As
Dalton and Thatcher state, “...a reliance on volume to justify import plays into the
mythologies of 'Big Data’ wherein larger is always more clear, more comprehensive,
and generally better, furthering a seductive pseudopositivist research orientation in
which 'raw’ data becomes epistemic reality.” [45]. Which is to say, not only is it a
potentially useful but logistically difficult and energy consuming process to turn data
into a product that can be used within a larger data infrastructure, but it is also not
necessarily something that is going to end up even being useful for the task at hand.
In fact, for biological and environmental data sets, just properly contextualizing a
data set and providing the requisite metadata is often as useful, if not more useful,
than collecting a much larger data set which is not properly logged or organized.

This brings us back to the question of data collection, contextualization, and infras-
tructure. In a world where more is not better, which is to say that the size of data
and the utility of data are not linked, designing experiments or a protocol should be
most focused on answering the research question at hand as best as it can, rather than
prioritizing that the data generated be easily integrated into the Big Data network.
But how does one try and design a system of data collection that is at the appropriate
scale and resolution?
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5.1.3 Multi-modal local sensing and "just-good-enough" data

To begin answering the questions of data collection, which includes the scale and
resolution of that data, requires scoping. It is a particularly difficult endeavor in the
age of endless data streams to work on methods that provide a more sparse data set,
or sets of interrelated more sparse data sets, albeit one(s) that may more easily or ef-
fectively answer a question. There are a few parts to this equation: (1) the method(s)
used to generate the data (2) the method(s) used to process the data (3) the data
product and its format.

The area of focus for this research is in developing new tools that can be used for bio-
logical sensing, in specific sensing nucleic acids, ideally in a way that can be amenable
for use outside of a highly instrumented and staffed laboratory. Though the fields of
molecular and synthetic biology have developed highly sensitive protocols that can
allow for truly unprecedented levels of resolution on the invisible microscopic worlds
that exist alongside and within us, these protocols operate on clean (or cleaned up)
samples that are run on calibrated and standardized pieces of technology that ulti-
mately generate computationally-intensive data streams. Which is to say, biological
sensing is, as of yet, fairly unprepared for the field. (The COVID-19 pandemic has
only highlighted the issues of biology remaining centralized in laboratories, with the
need for testing and analysis of viral samples almost immediately overwhelming the
system).

Biological organisms, and microbes in particular, are the foundation of our biosphere
[200]. These microbes are key nutrient cyclers and chemical regulators, as well as
biological sensors in and of themselves. But more broadly, there are a range of micro-
to-macro bioindicator species that scientists have incorporated into their study of
environments |76]. Just focusing on a bioindicator alone can provide for a holistic
view of the chemical and physical environmental changes that are occurring in an
area. Linking these together highlights the complicated and often sensitive relation-
ship between organisms and their surroundings. These relationships have the ability
to teach us not only about how reliant living things (like humans) are on other living
things, but just how critical those other living things are in making sure that ecosys-
tems continue to function.

Similar to environmental sensing, biological sensing often requires the participation,
indirectly or directly, in multi-species encounters that shift perspectives and ways
of relating and being in the world. Importantly, it allows for encounters that allow
humans to question the roles we play within our ecosystems; it is one of opportunities
where we have the chance to reach across the aisle of the kingdoms of life. Therefore,
designing tools that can be used for the direct identification of these microorganisms
in-situ can, and should, be able to collect data streams that are as complex as the
relationships being established through the sensing.

A multi-modal approach to sensing, where information from multiple overlapping
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data streams are combined, is not new within the fields of environmental sensing or
biology. As fields of inquiry, both contain research areas that focus on the merg-
ing of people and place, and the things that govern those relationships. To get at
these relationships, there are a range of research methods that can be used to in-
corporate the scientific with the social. These research areas may touch on biology,
chemistry, physics, and geology, as well as history, archaeology, sociology, and politics.
Multi-modal sensing allows for the consideration of the human and more-than-human
interactions and experiences that can contribute to ways of knowing and understand-
ing a place over time, and how that colors the sensing data that is collected.

These thoughts can be summed up as a desire and need for context to be incorpo-
rated into environmental data generation methods, or as Geneveive Bell writes, "data
has a country.” [19]. Nost and Goldstein further emphasize that “contexrt—inclusive
of history, place, and scale—matters, in contrast to the universality and novelty of-
ten associated with data technologies.” [161]. But context in the larger, non-Leonelli
sense, which is to say, not just providing a metadata trail that can allow for the use
and re-use of the data, but multiple streams of data that can overlay a data set and
provide critical information which helps to understand and untangle relationships.
These streams of multi-modal data are difficult, if not completely impossible, to cap-
ture through the deployment of autonomous sampling systems which cannot provide
data beyond the qualitative or quantitative measurements it is programmed to cap-
ture.

Two areas of research that have collected multi-modal data streams are the fields of
citizen science and participatory monitoring. Citizen science is the crowdsourcing of
data, typically relating to the natural world, by the general public. It is often done
in collaboration with a research scientist or research group, who generate tools, pro-
tocols, and data collection methods that support the large-scale effort [137]. Partici-
patory monitoring is another method that engages locals as stakeholders in a process
to gather data that can be used to improve management and practices within an area
[59]. Though locals should to have more oversight in setting the research agenda and
methodology in a participatory monitoring process, there is also the spectre of other
stakeholders, be it governments, NGOs, or funders, that loom and can impact the
program and the type of data and monitoring in performs.

Having samplers who have lived experiences with the environment being monitored
allows for the addition of their own observations, often informal or qualitative, which
can be used as metadata to further situate the data collected by these samplers.
Clifford Geertz bring up Heidigger’s question, “who knows the river better, the hy-
drologist or the swimmer?” [75] He refers to the swimmer’s knowledge as “the local
variety,” and emphasizes that it certainly holds its own against that of the knowledge
that the hydrogeologist has (or claims will develop). Citizen Science and participatory
monitoring is not only collecting data from the point of view of the swimmer, it is
also, at times, giving those swimmers the instruments and methods of the hydrologist
and having them use it towards their goals.
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Researchers who engage in participatory monitoring or citizen science programs can
sometimes emphasize how these methodologies allow for the creation of “data sto-
ries” [71] and “data narratives” [54], ways of acknowledging that data alone does not
have the ability to interpret itself. Data often needs to be in proximity to other data
in order for meaning making to happen. Emphasizing an ethnographic approach to
data gathering not only allows for easier re-contextualization and re-use of the data,
it also allows data that might be otherwise considered too low quality to become
useful. The latter type of data collection has been termed “just good enough” data,
whereby “...citizen gathered data is often ‘just good enough’ to establish patterns
of evidence that can mobilize community responses in terms of communicating with
regulators, requesting follow-up monitoring, making the case for improved regulation
and industry accountability, and keeping track of exposures both on an individual and
collective level.” [71]). “Just good enough” data merges the data set with the “data
setting” [136], making the collected information compelling for further study. Open-
ing up monitoring and sensing to data streams that take advantage of lower cost and
possibly lower quality ad-hoc tools for collection purposes opens up the accessibility
of environmental monitoring to communities who otherwise may feel the barrier of
entry is too high.

However the benefits of multi-modal local sensing go beyond just a more highly-
contextualized data set, exposing how “different modes of sensing and experience
provoke not just different ways of being in and for worlds” as well as “that different
worlds and environmental relations are at stake” [69]). These “different ways of be-
ing in and for the world” [70] that stem from local participatory data makes room
for more generous, creative, and expansive solutions. It also highlights the ways in
which changing environments and social relations are always intertwined and often
co-produced [199] Not only does participatory sensing allow for richer data sets, it
also has real and obvious impacts in how those local monitors think about and act in
their surrounding environment on an individual and collective basis.

5.1.4 Decolonized research practices

Often with citizen science and participatory-led monitoring programs, there is some-
thing that is changing or broken within the community that galvanizes them to study
it deeper. The changes being monitored are ones that can impact, or threaten to
impact, the community’s way of being physically and culturally. Taking a local an
participatory approach to sensing, one that allows for the opportunity for commu-
nity members to set the research agenda through the lens of their lived experiences
and historical connection, is (hopefully) a move away from parachute science, where
a scientist drops into an unfamiliar community and sets a research agenda without
listening to or engaging with locals. Participation in local monitoring programs of-
fers the opportunity for people to decolonize their conception of what science can
be and engage in an ecological intimacy that can, and should, be a call to bring all
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parts of oneself to the process. This is echoed in the perspective of Robin Wall Kim-
merer, who notes that “ecological restoration is inseparable from cultural and spiritual
restoration, and is inseparable from the spiritual responsibilities of care-giving and
world-renewal.” [113].

A decolonized research methodology emphasizes bringing all parts of yourself to a
process — body, mind, spirit, emotion [113]. Many who participate in citizen science
and participatory monitoring are already equipped with tools that can help them
with their work, because they are the ones who have been swimming in the river (lit-
erally and metaphorically). Monitoring processes have the opportunity to physically
heal the natural landscape as well as the opportunity to heal much deeper relation-
ships between locals and the land, which can span generations and centuries. Within
indigenous traditions, there is no clear separation between humans and the rest of
the natural world. We are all one large organism, bound by a culture of reciprocity.
Reciprocity — between researchers, communities and the areas they are monitoring,
is critical to the work. Environmental monitoring, like research, works best when
there is generosity of time and spirit involved, as well as a sense of gratitude for that
generosity. This is why designing a monitoring project that incorporates narratives
and stories in the data gathering process is so necessary; data gathering should al-
ways grapple with and respect the ways in which culture is embedded within every
measurement collected [54]

However, there is more to learn when aiming to decolonize research practices than ac-
knowledging that we should be taking a human-centered approach that demands (and
celebrates) that multiple ways of knowing and monitoring be respected and that gen-
erosity of time and spirit be a given. In the seminal text Decolonizing Methodologies,
Prof. Linda Tuhiwai Smith provides an indigenous perspective towards research and
knowledge production that works to decouple the colonial and imperial underpinning
of much of the academic and formalized research has been performed. She provides
guidelines that researchers can follow in their work, a framework that I believe can
also be applied to community-guided research. She has a set of questions that she
considers important for those engaging in research to as themselves, namely:

who s participating in the process of this work?

Who is this process serving?

What is the process serving?

Who will benefit from the work being done?

What are the potential risks?

Is the process supportive to those who are participating and who are at the center of
this work? [197].

These questions get at the root of a research endeavor by trying to understand who
stands to benefit from the work and who is most at risk. It works to establish a
project’s values, its desires to protect or expose its subjects, and the power dynamics
that will govern who makes decisions and how.
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With that in mind, I will provide what amounts to an ethnographic overview of my
time shadowing and learning from communities who are participating in local moni-
toring of water bodies. The first is an attempt to understand how citizen science and
human sampling allow for the Mystic River Watershed Association to gather a data
set that monitors have been volunteering to contribute to for 20 years. The second
is an attempt to understand how the Mahia Maori Committee have been working
to establish a research agenda and monitoring goals when forming their monitoring
program, making sure that indigenous and traditional values are at the forefront
of their work. I would like to make it clear that though I have engaged in water
monitoring and sampling with both communities, I have not deployed any of the
CRISPR biosensors described in the earlier chapters or chapters to come within this
dissertation. The goal of my research with these communities was not to try out my
technologies and see how it would work, but to better understand the places that my
technology may eventually live in. Understanding how these groups decide what data
is important or useful to them, as well as the methodologies that they are currently
using and may want to use to collect that data, was the goal. The ability to learn
from these communities over the past few years not only impacted the devices and
methods that I worked on within my biological engineering research, but it gave me
continued support that trying to get these sensing systems to work outside the lab
was useful and important to many, and that it was a goal worthy of further study.

5.2 Mystic Monitors: The Production of Citizen Sci-
ence

5.2.1 Mystic River Watershed Association

The Mystic River (from the Native American MissiTuk, meaning “great tidal river”)
watershed covers 76 square miles and 21 communities in the Greater Boston area [1].
The headwaters begin in Reading, MA with the Aberjona River and flow from Upper
Mystic Lake to Lower Mystic Lake, where the Mystic River winds and eventually
reaches Boston Harbor. Between the eighteenth and twentieth century, the Mystic
River ran through a heavily industrialized area, which left heavily polluted waters
that lingered even after the industry was long gone[56]. In the mid-1960s, there were
two large public infrastructure developments that further impacted the water quality
of the Mystic: the construction of I-93 dredged and re-aligned much of the lower river
while the new Amelia Earhart Dam separated the once-tidal Mystic River into an
upper freshwater basin and a lower tidal body [192].

Around this time, the formation of the Environmental Protection Agency and the
passing of the Clean Water Act (1972) created a push from community organizations
to monitor water quality in the Boston area. MyRWA was one of the community
groups that began organizing for improved quality and monitoring in the area be-
ginning in the 1970’s with members of the Tufts University community beginning

120



WILMINGTON

READING

BURLINGTON A
RLNGTD WAKEFIELD

WOBURN
STONEHAM

Pand

MELROSE
Middiesex
WINCHESTER [~/ Falls
LEXINGTON Resenvasion
ipge
Mysti
Lake
it MALDEN
b MEDFORD,

=i\ ARUNGTON

BELMONT SOMERVILLE

REVERE

EVERETT

Fresiy p
99 CAMBRIDGE WINTHROP!

WATERTOWN

MYSTIC RIVER WATERSHED

) 25 5 mi > 9
— . 4 N

Figure 5-1: Mystic River Watershed. A map of the Mystic River Watershed
(https://mysticriver.org/maps).

an informal sampling process to test water quality [129]. After the court-mandated
cleanup of Boston Harbor, the Massachusetts Water Resource Authority (MWRA)
began a compulsory water monitoring program set up by the EPA for all water bodies
that lead into Boston Harbor [189]. To complement this data, MyRWA organized their
own volunteer-based monitoring within the Mystic River and its tributaries (Fig. 5-1)
to add further data that would add dimension to MWRA’s readings. MyRWA co-
ordinated with the MRWA to deliver the water samples collected by their monitors
so that the samples from the mandated sampling sites and the additional monitor-
ing sites could be processed using the same protocols. There have been additional
efforts to collect water quality data from the Mystic, such as an EPA buoy near the
Blessing of the Bay Boathouse, which is meant to provide real-time water quality
data, but crucially does not have the ability to provide real-time bacterial informa-
tion (at the time of this dissertation’s writing, the data can be accessed through
https://www.epa.gov/mysticriver /live-water-quality-data-mystic-river).

Currently, the way that the watershed can provide insights to the public on current
bacterial levels is through algorithms that have been developed through collecting
water samples periodically, but particularly before, during, and after rain events.
These algorithms are currently used to understand the safety in boating on various
water bodies (it should be noted that the EPA has different water quality require-
ments for boating vs. swimming, with boating allowing for relatively higher levels
of contamination) but become less accurate as climate change significantly impacts
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water qualities such as water levels due to drought, water temperature, pH, and the
impacts of wet weather events. For example, in the summer of 2021 there were so
many wet weather events that it was difficult to find a day through July and August
where the algorithm didn’t indicate that there were likely high levels of bacterial con-
tamination. Conversely, the summer of 2022 has seen drought conditions throughout
Massachusetts, which made it impossible for the algorithm to provide data on the
predicted bacterial water quality.

MyRWA has been running a monthly water sampling program, referred to as the
Mystic Monitoring Network (MMN) since 2000, with some of the volunteer water
monitors having participated for as long as the program has run. The sampling sites
were chosen based on the different tributaries that feed into the Mystic and have
varying flow rates, depths, and levels of accessability depending on the tributary. For
monitors, their monthly encounters with the river consist of waking up at 6AM to
get ready and meet your sampling partner between 6-8AM at your site or 2 hours
after low tide for the sampling that occurs in the lower Mystic; taking the sam-
ples with either a pole given by MyRWA or a sampling device of their own design;
taking both the air and water temperature; placing all of the collected samples in
a cooler on ice while performing the Winkler test for dissolved oxygen, assigning a
water color and smell based on predetermined options; driving the sample over to
the MyRWA offices in Arlington or to a meet-up spot near the Lower Mystic; and
signing off on the chain of custody. The collected samples are then delivered to the
MWRA laboratory on Deer Island, which tests for bacteria, salinity, total suspended
solids, nitrogen, and phosphorus. The full water monitoring manual can currently be
found at https://staticl.squarespace.com/static/563d6078e4b0396¢216603c8/t /5850
5b87b8a79b7128bfdfc1/1481661332133/2014 MyRWA WQ Manual.pdf.

I was interested in studying the MyRWA monitoring group because the data set is a
great example of effective longitudinal citizen engagement with monitoring which has
had directly positive impacts on the watershed it is monitoring. In particular, I was
interested to learn whether the monitors used or developed any knowledge specific to
their sampling site as they returned month after month to perform their sampling, a
place-based knowledge that they used as a tool to better understand and analyze the
site. I was curious, did those qualitative insights made it into the data set they were
collecting? Did it change the way that they see their site? The watershed? Their
towns? Did it change where or how they wanted to do their sampling? Did looking
at the quantitative data collected at their site further refine their ability to monitor
their site over time? My inquiry can be more or less described as at the intersection
of datafication, water, and citizen science and participatory monitoring.

Water resources have a long history within the social sciences, where it has been
studied as a body of politics and culture |7, 107, 177 as well as community resource
[164, 15, 190], a slippery thing that is always moving and changing. Citizen science,
where volunteers provide time, expertise, and momentum behind civic researcher ef-
forts, has been studied by researchers who have an interest in, how they are forms,
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how citizens participate, and the quality of data the programs generated [40, 176, 158].
There have been some who have tread in the specific waters of citizen water monitor-
ing [3, 101, 114], analyzing motivation, participation, data generation, and outcomes
from citizen science water monitoring efforts. 1 hope that my approach to under-
standing this local water monitoring effort from the perspective of the monitors can
contribute some small insights into this larger effort.

5.2.2 Research Methods

In early April 2020 I interviewed M1, who is a water scientist for the MyRWA and
responsible for this volunteer program. In completing this interview, I was able to
better understand the scope and context of the monitoring program and generate a
set of semi-structured interview questions which became the centerpiece for all later
interviews which were conducted between April and May 2020 by telephone (with
the exception of M5, which was conducted via email). Each interview typically lasted
between 30 to 60 minutes. I contacted all 32 current volunteer monitors, received
a response from 17, and interviewed 15, 13 of whom have an assigned site and two
of whom are substitute monitors. Sampling is completed in pairs; I interviewed four
pairs of monitors separately as part of the interview process. In total, the respondents
covered ten sites within the watershed out of the 15 sites covered in the sampling pro-
gram. The transcriptions of these interviews are the basis of this paper.

Due to the COVID-19 pandemic, April 2020 was the first month in twenty years of
sampling that the Mystic River Watershed Association (MyRWA) will not have data
points for the 15 sites they monitor. April was also the month that I began my re-
search with the volunteer monitors, some of who have gathered water samples for as
long as the program has existed. During my days indoors, interviews with monitors
led me to Google Maps, a tool I used to take virtual tours of the watershed and
sites they mentioned. In this virtual environment, I attempted to retrace the steps
of the monitors, locating the bridges and banks used as entry points for the Mystic
and its tributaries. I reflected on the different experiences I had in the past within
the watershed: walking down to the muddy banks of the Mystic River and looking
out to the newly built Encore Casino before heading to a movie at Assembly Row;
walking along the reeds at Alewife Brook Reservation and watching ducks and great
blue herons enjoying the water; helping a friend test out a boat prototype at Chelsea
Creek; watching students in a Sunday program I volunteer with collect water samples
from the detritus-filled Mill Brook for analysis.

I began each interview by asking the respondent how long they had lived in the Mys-
tic River watershed and what initially brought them to the area. Following this, I
asked when and why they initially got involved with the monitoring program to bet-
ter understand their interest in the program and their decision to be trained. I then
inquired about the length of time they had been a volunteer water sampler, their site
location, as well as the routine they follow when they are sampling their site. These
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questions were to allow the respondent to choose what they felt was mundane and
interesting in their sampling site and process, as well as to allow them to reflect on the
instrumentation, protocols, and sampling parameters that constitute this monthly ac-
tivity. I further asked whether there are ever times they wish they deviated from the
sampling schedule based on any observations they made in their daily lives, whether
they incorporate any qualitative observations into the their monitoring protocol that
are useful for the understanding and interpreting their site, whether there are any pa-
rameters or locations they would like to add to the program, and whether they look
at the quantitative results of their samples once they are analyzed by the laboratory.
The semi-structured interview questions can be found in Appendix C.

Through these questions I sought to understand the boundaries of the program; that
is, whether the respondents felt at all constrained by the focus on repeatability and
consistency as part of their monitoring activities and whether they see themselves
as having agency in the water monitoring process, or merely collectors or keepers of
data? Finally, I asked whether there was a specific title that they would assign to
themselves based on the work that they do, whether it be a citizen science, a field
technician, a volunteer, or otherwise. I typically pushed the respondents to further
explain why they chose the title they did in order to get a better sense of how they
see themselves and their work situated within the larger picture of the watershed and
the work that they do to generate data. After respondents answered the questions, I
let them know I was complete but would love to hear a sampling story they felt was
memorable or answer any questions they had on my research within water monitoring
technologies. This open-ended statement was to allow a non-structured environment
for the respondent to share anything that they found important or interesting, but
that might be out of the scope of the questions that were asked.

Once I completed the interviews, I read through three transcripts for themes and
wrote a codebook which I used to code the rest of the interviews, which can be seen
in Appendix C. These codes included references to water sampling, water contami-
nation, bacteria, nutrients, following protocols, urbanization, development, rain, the
watershed, consistency, convenience, quantitative, qualitative, the data set, citizen
science, as well the reason that the monitor began sampling. These codes were added
to the interview text in a computer file and then these coded pieces of text were
extracted and organized by code for analysis. The results of this analysis will now be
discussed.

5.2.3 In service of "The Data Set"

At the heart of MyRWA’s monitoring program is, unsurprisingly, the data. The
monitors had much to say on the data set, as well as the specific water quality mea-
surements that are processed each month. M1, the watershed scientist and the sample
coordinator for the program, provided insights on how the sampling program was set
up, which reflected the close ties that the program has to the EPA-mandated sam-
pling (involving the collaboration between MWRA, EPA, DEP, and USGS among
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others). He refers to the sampling work that MyRWA does as one that attempts to
“add value” to the data set being gathered on Boston Harbor, and mentioned that the
water quality metrics were chosen to correspond with the Boston Harbor tributary
sampling. Many of the water samples are even processed on the same instrumentation
as the EPA-mandated samples by the same water scientists.

I found it interesting that focusing on the water sampling within the context of the
larger data set put limitations on the sampling processes of the MyRWA volunteers,
even though there are no formal regulatory requirements on their sampling. For ex-
ample, I brought up to M1 that I was surprised to see that pH was not part of the
water quality panel done, because this measurement is one of the most common done
in water monitoring context. He responded that he didn’t know why pH was not a
part of the baseline work, and followed that by saying “..there may be some pH data
that’s acquired over the years, but it’s not part of that main data set” (M1: 189-190)

There is a distinction being made between data and “that main data set.” Which is
to say, even if a MyRWA monitor has an interest in collecting specific types of data
that would be relevant to the health of the watershed, that data would be categorized
and considered differently (likely less valuably) because it does not have a neat place
within the larger data set. This, of course, falls into the larger discourse around the
“datafication” of the watershed, and how the goal of generating data that can neatly
fit into the Big Data set can distract. I will offer a qualification though, which is
that “datafication” and “big data” are often terms applied to things like apps, cell
phones, Fithits, and latent air quality monitors, i.e. things that can produce data
points every second or minute. The entire data set of monthly water sampling mea-
surements over twenty years is actually quite sparse when compared to the standard
data sets discussing Big Data. However, I believe that the generalized procedure of
social-action-to-quantitative-data pipeline for the optimization of future actions and
outcomes does still hold in this case.

Indeed, T saw this mindset throughout the responses of the water monitors when
asked what kept them sampling from month to month as a volunteer. The monitors
consistently mentioned the data set, praising the value of the data they were collect-
ing in the context of the longitudinal record that could be used for future benefit.

“Yeah. And so the data’s the a kind of witness or like, you know, the
sort of like the history and it’s, it’s as you were saying this like impartial,
non-politicized and I mean you can obviously politicize it and people can
decide whether or not they want to accept it, but is this like very quanti-
tative, um, sort of like, you know, documentation witness for whatever’s
happened and you know, anyone at any point can go back and sort of like

look at it and sort of listen to what it’s saying and see what, where to go
from there." (M4: 355-361)
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“..being a biologist or an ecologist, I sort of know the value of these long-
term data sets. You can’t recreate it. I mean, people can try doing some,
you know, taking an algorithm and plotting everything, but it’s kind of
amazing to have it.” (M6: 447-450).

“ I think the critical part is to have verified record that when you need to
act, give you a basis to act successfully” (MT7: 174-177)

“MyRWA has been around for a while now, so they have a data set that the
state or the cities would otherwise not have and it shows you progressions
that you can then maybe relate to what’s going on in the community and
see effects of changes in regulations.” (M8: 89-93).

“It’s always great to have these longitudinal records, you know that we have
established through methodology that you just keep doing and then you can
see, that is really one good aspect that we have a long track record now.
(M13: 121-123)

“Yeah. It’s incredible. I was talking to somebody who is from a different
town and he’s also a sampler. He was saying how he doesn’t have a lot
of faith in his town to do anything. But, just knowing that this database
exists and having it as sort of impartial, maybe like some sort of thing
that’s not caught up in politics is so important for him because even if he
doesn’t feel confident in the town, he knows they’re still gathering all this
data that can then be used into the future. Even if right now people aren’t
making use of it. (M10:316-323)

I realized quickly that the data set had become to the monitors, as Bowker and others
had warned, the product of this volunteer monitoring endeavor. This was seen not
only in the ways that the samplers viewed the process of sampling, but also in the
ways that they described the data set itself as the lever for change within governmen-
tal and local spheres.

“We can use [the data] to influence public opinion and public decision
making, and...you [EPA] can use that information to find out where you
should apply your resources to investigating pollution sources and getting
rid of them with your powers as a government agency.” (M1: 213-222)

“..the fact that we had this consistent sampling record going back far
that said that the waterways were a problem and we kind of knew what
was wrong with them but nobody would fix them, created that pressure to
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fix them. And, and so it’s a very powerful policy tool.” (M10: 208-211)

“I mean, I gquess I, I'm very glad that they have that amount of data be-
cause I think it, it definitely helps inform various policies throughout the
watershed and how to go about cleaning up particular areas” (M14: 165-

167)

What I found especially interesting was that even with the admission by many that
the goal of their monthly volunteering was the collection of data for a data set, they
also readily admitted to the fallibility inherent in collecting and relying on one set
of measurements per site per month as an accurate picture of the watershed. Data
quality was often discussed in the context of attempting to collect a representative
sample (this will be discussed at length in the next section on citizen field techs)
and in the context of rainfall. Within the watershed, a storm event (wet weather
event that sees 0.25 inches or more of rain within 48 hours, causing a large influx of
stormwater into local water bodies) impacts the baseline data collected.

These wet weather events are so problematic that MyRWA has a special hot spot mon-
itoring program where they try and collect water samples after these storm events,
typically to have an upper bound estimate of the levels of contamination within the
watershed. Significant water contamination during a wet weather event is fairly com-
mon within urban watersheds, where a significant portion of the ground is nonporous.
Stormwater runs on pavement and asphalt, picking up whatever contaminants are
present (fertilizer, dog feces, trash etc.), before entering storm drains and urban wa-
ter bodies. On top of that, Massachusetts’ aging sewer infrastructure, which includes
cracked underwater pipes and combined sewers, add further contamination to these
urban water bodies. Simply put, unpredictability of weather as a factor in the con-
sistent monthly timing of water sampling makes parsing the data “a signal to noise
problem” (M4: 227), which in turn makes it difficult to make qualitative called like
whether things are improving within the watershed.

While there are certainly databases that researchers can cross-reference to try and
understand why some data points were so vastly differ from others, I think this does
raise a question about how these data sets are contextualized and used. M4, who has
been sampling for 20 years, mentioned in regard to the data collection process:

“..for 20 years I had a feeling it was useless, but I was going to do it
anyway because I thought it was going to be useful someday, and I still
haven’t seen that day.” (M4: 267-269)

There was further uncertainty both in the measurements that were being collected
as well as the utilization of qualitative data streams (assessing weather as well as the
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color and odor of water) within the monitoring process expressed by M15.

“The fact is, 1t’s a bit of a black box to me. We collect these samples, we
write down the data, our observations, you know, is it cloudy? Is it partly
cloudy? Clearly that’s a subjective call. But, um, but we write them down
and we submat them, and they go away and I don’t know what happens to
them.” (M15: 123-127)

I found it quite interesting that there were volunteers who had little idea of the results
from the water that they were collecting (for the first 15 or so years before M1 became
the watershed scientist, the results weren’t aggregated or sent out to the monitors)
and still participated, month after month, some for two decades. There were even
monitors who doubted the utility of the data that they were collecting and still par-
ticipated, month after month, some for two decades! And yet, the data set persists
through the will of these monitors and their hope that there will be an ultimate use
for the data; that sometime in the future, someone will be able to find this data set
and improve the watershed through it. (Some of the water quality data can be seen
aggregated in the EPA’s report card for the Mystic River, which at the time of this
dissertation’s writing can be found through https://www.epa.gov/mysticriver and the
rest is aggregated by MyRWA in their water quality database).

There were even questions as to why humans were participating in the sample process
at all (this quote is quite long, but it is too relevant to the topic at hand to cut shorter):

“Periodically at MyRWA, I go over and wave my arms and advocate for
automation of some of this stuff. One of my pet peeves is, so we’ve got
a water temperature reading to do. We collect a sample, we drop the
thermometer in the sample, by now the sample is sitting in a bottle on
the sidewalk and it’s either warming up or cooling off, depending on the
difference in the water temperature and the air temperature of the sur-
roundings. But the thermometer’s in there. And while it’s in there, the
thermometer is getting closer to the real temperature that the water was
when it was collected. And then we pull out the thermometer and read it
and we pull it out of the water and hold it in the air and the water, the
temperature now is changing to the air temperature and the quicker we
can read it the better. So we read the water temperature and there’s an
opportunity for misreading it. And then we write it down on the data sheet
and there’s an opportunity for mis-transcribing there. And then we turn
in the data sheet and someone looks at it and there’s an opportunity for
them to misread my handwriting that could have been shaky because it was
too cold to be getting water samples. And they take that water temperature
and they transcribe it and put it into some computer program and there’s
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an opportunity for them not only to misread it but also to mis-enter it.
And then it goes into a computer database. So I, I wonder what is the
likelihood that, that, that datum, uh, bears close resemblance to the real-
ity. But that’s a depressing thought. So I prefer not to prefer not to think
about it very much. So I wonder in this age of technology, why s it that
my phone hasn’t taken the temperature of the water sample and directly
entered into the database without any opportunities for misreading, mis-
transcribing, misentering, and so on and so on?”’(M15:222-246)

It’s hard to imagine that someone else might take these measurements seriously if the
samplers themselves don’t, but it’s also possible that they’re skeptical because they’re
watching the sausage get made. But considering the participation of volunteers in
this monitoring program became a significant fascination after realizing that the par-
ticipation was not contingent on some sort of scientific product or instant gratification
due to a result. I decided to probe more deeply into the concept of monitoring and
the production of “science” to try and understand more deeply where the monitors
saw themselves in the pipeline from nature to data.

5.2.4 Citizen field techs and (citizen) science as a vocation

I had always felt that the MyRWA volunteer monitoring program was a clear example
of citizen science at work. Citizen science brings together members of the public who
engage in scientific work, typically in collaboration with or under the direction of
scientists or scientific institutions. The MyRWA program, supported by local non-
profits and aided by city infrastructure, centers around the monthly citizen volunteer
sampling at a variety of sites around the watershed. However, when I brought up the
role of volunteers in the monitoring process to M1, the watershed scientist, particu-
larly whether their experiences during their sampling in the watershed ever impact
the protocols for sample collection. He provided the following insights:

“We call it a citizen science program in, and it certainly is. This is volun-
teer citizen engagement in data collection. But I sometimes think of it as
citizen field tech rather than citizen scientists. I happen to be a birder so
I take part in this big database at Cornell called eBird where people con-
tribute data and it’s a citizen science project, but there, the observer in the
field is making judgment calls, you know, how many, how many starlings,
where at that location, was that a black crowned or yellow crowned, like
heron or whatever. There, the observer is being asked to add, to contribute
expertise at the site...and they’re not making, well, they're making some
qualitative judgments about whether the sample has an odor or whether it
has, what it’s appearance is, but the goal of the protocol for our samplers
1s to acquire a repeatable representative sample of the stream, of what’s in
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the stream.” (M1: 310-330)

MT1’s assessment of what constitutes a "citizen scientist" is someone who has spe-
cialized knowledge that can be used to make real-time judgment calls, though he
did acknowledge that the MyRWA monitors do, in fact, make qualitative calls each
month on the status of the water (though the qualitative data collected seems to
be secondary to the quantitative data from the collected water sample is obvious).
But how does collecting samples (and collecting it well — which is to say a repeatable,
representative sample) count as less “citizen science” than the technicians or scientists
at Deer Island who are simply receiving labeled bottles and processing the samples?
One of the difficulties with water monitoring that may be a part of M1’s separate
conception of a birder and a water monitor is that unlike a birder, the subject of
monitoring in the watershed is a set of characteristics that are invisible to the naked
eye. The water monitoring efforts therefore require additional steps through off-body
sensors to move from from sampling/observing to result. It seems that when off-body
sensing is required, those who participate in the sample collection are not considered
to be where the "science" is happening — that designation is saved for the sensor that
is generating the data. Undervaluing the work of technicians and others who, with
their embodied and contextual knowledge, are critical in the production of science, is
unfortunately common when held up against the formal knowledge held by the "sci-
entist" [17].However I was curious how the monitors themselves chose to identify their
role in the monitoring program and whether that had any impact on the work they do.

The monitors each had different ways that they related to their roles, some feeling
very close to the term “citizen scientist,” others feeling it was too grandiose for the
type of quick work they do once a month in the morning before going about their
day. However, there was always a great deal of pride in the work performed and a
fastidious attention to detail and consistency when describing the sampling process
that I believe underscores the type of intimate knowledge and deep connection that
these monitors have with their site and with the data that they are collecting. Many
of the volunteers happen to be active or retired scientists with familiarity on the pro-
cesses or the type of data that the program is trying to collect. It is possible that
their knowledge of (or at minimum idea of) the technical definition of what a formal
“scientist” is may be a significant factor in the definitions they provided. Often the
distance from the term "citizen science" by the monitors stems both from the distance
from the data that results from the sampling, as well as the lack freedom to choose
what is sampled, where, and when.

“Well, we don’t have to be scientists to be sampling the river. .. but it can
be a baker who does the sampling, you know, once you’re trained you’re
good. You don’t have to be a scientist to do the sampling.” (M2: 51-59)

“Sure, it’s citizen science, but I'm not engaged in any way in changing
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anything or rethinking, you know. .. .citizen science for sure, but not en-
gaged in changing anything about how anything’s done. (M3: 71-81)

“I sample the water, I deliver the samples and log information with the
samples, I pick up next month’s supplies. I like the term Water sampler
or water quality monitor volunteer. No point in making it fancy, it is what
it 1s. (Mb)

“Oh yeah, I think it’s citizen science. Yeah. You know citizen science
with a fairly, I mean it’s a good citizen science project cause is pretty good
quality control.” (M6: 278-280)

“I don’t, you know, I'm not doing the upstream portion, I'm only taking
the samples, but I would call it citizen science, it’s pretty cool. I mean,
for me it’s satisfying to get out and do and I feel like it’s a good cause,
especially when I see how well the folks manage it, and they manage the
data well too, it’s pretty impressive. (M12: 136-140)

“I don’t know if I would say it’s citizen science because we’re not doing
the lab work. Um, we’re just collecting. So I guess I personally view this
as closer to a field tech kind of thing and it just happens to be done by a
bunch of volunteers. So in terms of citizen science, no, but maybe citizen
field tech guy, I don’t know. Yeah, I gquess I don’t view this as like hard
science per se, but it is definitely a crucial part to be able to get the, um,
get the samples necessary so that you can take them off to the labs. (M14:
183-189)

“You know I guess I think the term citizen science is a bit of a grandiose
term anyway, knowing what I do.” (M15: 112-113)

“I know they like to use the word citizen scientist. I feel, um, tech is like
an interesting word. I'm, I mostly feel like I'm a volunteer that shows
up once in a while and I got trained on doing the procedure properly, but
mostly I feel like a volunteer. Um, but tech is kind of an interesting, inter-
esting word for it... most of the science is happening, most of the testing,
the actual testing and things like that are happening, you know, once we
return those wvials. So I think tech makes more sense because we’re doing
kind of the, the, the, the collecting bit of it and not necessarily the testing
and analysis of it.” (M16: 123-133)

In his lecture “Science as a vocation,” Max Weber is lamenting what he sees as the
current state of science (in this case he is referring to the social sciences and the
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humanities in 1917). Of course, a citizen science program is not the target audience
for this lecture — the monitoring program in question is certainly not a vocation (it
is all volunteer), nor is it really the type of “science” that Weber is referring to when
he uses the term “science.” However, I do believe that some of the points raised are
relevant and reflect some of the questions that monitors had with their monthly work.
When describing the importance of passion and inspiration, Weber notes:

“Among young people nowadays the idea is very widespread that science
has become a question of simple calculation, something produced in labo-
ratories or statistical card indexes, just as ‘in a factory,” with nothing but
cold reason and not with the entire ‘soul.” Though of course we should
note in passing that for the most part there is very little understanding
of what actually goes on in a factory or a laboratory. In both places it is
necessary for something, and the right thing at that, to occur to people if
they are to achieve anything worthwhile.” (Weber, 8)

Weber feels that “scientists” are responsible for the technical what that they are work-
ing on and considers whether they should also be on the hook for the conceptual why.
I think this framing of “science” is quite interesting when applied to the MyRWA
water monitoring program, where citizens distance themselves from the term because
they don’t have full oversight in the process. However, from the Weberian standpoint,
it seems that involvement in the production of data (i.e. the water monitors) would
fall into the category of a scientist, performing the daily tasks of consistently collect
samples that lead to results (the “scientist” term would also extend to those at the
end of the chain of custody who process and log the results for the samples). Within
the routine work that the monitors perform, there was a significant amount com-
plexity, rigor, and consistency that is described which is a large part of the resulting
high-quality data that is generated.

All of the monitors have developed a sense of how to get the right kind of data, which
is to say, a sample that is representative of the body of water they are tasked with
sampling. From the MyRWA side, this is somewhat coordinated through training
monitors on best practices for collecting, measuring, icing, and delivering the sam-
ples. But for many of the monitors, the collection process is informed not only by the
training, but by the other experiences in the lab and in the field in which these moni-
tors have participated. Almost all of the volunteers that I spoke with (14/15) have at
some point been involved in the sciences, if they were not still active. Monitors’ back-
ground ranged from PhD’s in environmental studies and biology to Masters degrees in
hydrogeology and ecological management. Many mentioned that they were modeling
their actions off of a combination of previous experiences (both from their previous
professional backgrounds, the training, and years at their site). M12 described how
within the sampling, “the protocols that we follow are pretty much what I followed
professionally.” (M12: 223-224). M15 acknowledged “/he’s] an engineer by trade and
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by training, and [he| think[s| [he] bring[s| an approach that is more scientifically ori-
ented just out of habit. (M15: 114-115). Below is an example of the descriptions that
the samplers provided as they described sampling at their sites:

“The water from the stream tends to be clearer than the pond. The pond is
turbid. So you can actually see where you’'re sampling the actual stream.
Instead of having the stream contaminated, just be sampling the water of
the pond. However, you’re not ensured that some of that water isn’t ac-
tually swirling over and getting in, I mean it’s not a perfect flow. But to
do the best you can, we do duplicates and they came back consistently So
whatever we’re doing is reproducible.” (Mj: 117-123)

“We, in fact when I started sampling, I said we really need to be sampling
upstream of the bridge rather than downstream because the person who had
been sampling it couldn’t tell what was up or down stream because it often
depends on which way the wind s blowing, rather than how much water
is going down the Malden, so it’s pretty stagnant.” (M10: 247-251)

“We actually, we used to use a pole and we used to do one bottle at a
time with the sampling poles, but in our site, since we’re over a dock, we
started using a shower caddy” (M11: 74-76)

“At some point the real scientists at MyRWA decided that it might be ad-
equate to take samples from the bridge itself. I gather they’ve been doing
that sort of thing on the Charles River for some time and had decided that
it was not a risk to the integrity of the samples. So, they came up with
this contraption, that I call SC-1: that stands for shower caddy, some-
thing originally intended to be used in the shower to hold your shampoo
and whatnot. So, they showed me that and suggested that we consider
using that in Alewife Brook. I looked at it and decided that I could do bet-
ter. And that’s when I started tinkering around in my garage with PVC
pipe and various exercise weights. Then I created RS-1, which stood for
ring stand, because I thought that looked like that kind of an instrument.”
(M15: 193-205)

“I mean, I think my technical background helps with my awareness of why
consistency and precision are necessary when doing this. I think it helps
with my awareness of why we’re doing the same sampling, same places,
same time of the month, same time of the day, every single month and
we, you know, you don’t go scoop it out of the muddiest part of the bank.
You try to get the water that’s flowing and stuff like that. I think it helped
with my understanding for why’s” (M16: 136-141)
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(a)

Figure 5-2: (a) Alewife Brook Reserve monitoring site. (b) A monitor using a custom
sample collector over the bridge at the Alewife Brook Reserve site.

It should be noted the M15 and his sampling partner have a particularly tricky site
to sample, which is either accessed through walking down a steep muddy bank that
is often strewn with trash and debris, or by dropping a sampling device from a bridge
that is above the stream (Fig. 5-2a, 5-2b). The two monitors constructed multiple
rigs that they tested out before settling on their current set up, which allows for a
representative sample that is safe and easy to collect. I spent time with M16 and his
monitoring partner, watching how they use their device. When at their site they are
comfortable, brisk, and efficient in their work. They first collect some water that they
drop a thermometer in to get the relative temperature. Then, they look at the kit
picked up from the MyRWA offices that provides the containers necessary for sending
to MWRA facilities and they add those to their rig. They drop the rig down into the
water and take a moment to do a holistic survey of the site for the color and odor
of the water, as well as to notice anything else that might be out of the ordinary,
before pulling the rig back up. Then they cap up the water samples and place them
on ice, fill out their chain of custody slips, note the weather and are off to deliver the
samples to M1 before returning to their day.

I would consider the level of detail and thought put into the sampling that these
monitors go through to be paramount to the success of the data, having a far greater
impact on the quality of the data that then the MWRA scientist on Deer Island ever
could. The very success of the monitoring program is, in fact, contingent upon this
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understanding, and the performance of science. That is science, at its core. The
monitors are the ones that make sure the downstream data are representative, repro-
ducible, and accurate (critical to a longitudinal data set) not the MWRA laboratory
staff and scientists. However, as mentioned above, it is common for work done by
technicians to be undervalued within the larger scientific endeavor. The mentality of
not putting the label of “science” on earlier in the data generation pipeline could be
correlated to the fact that the overwhelming majority of the volunteers come from
quantitative science backgrounds. It is almost as if the scientists are too familiar with
the idea of "science" to feel that this counts. Personally, I believe that there is no
less skill and training required in the proper collecting and handling of the samples
in the field as there is to run a reaction in a laboratory, having tried both. It would
be interesting to have an opportunity to speak with those who work in the labora-
tory on Deer Island and inquire whether they felt they had any ownership of the data.

However, the fact that the sensor technologies used for MyRWA'’s water quality mea-
surements were unavailable to these monitors and therefore the resulting perception
that they were not the ones performing "science" in the same ways as those with
the sensors certainly was surprising and was an idea that I thought a lot more about
when designing sensors that try and cut out the laboratory middle man. Providing
low-cost or easy-to-use sensors that local monitoring can use in the field is something
that not only keeps the the sample-to-answer pipeline short and the data close, but
it also gives the monitors a greater feeling of ownership over their work and a feeling
that they are engaging in "citizen science".

5.2.5 The Structuration of Citizen Science

However, beyond the ontological and epistemological complexity of "science" and
how citizen science figures into the may ways of engaging in a monitoring program,
there is still the question brought up by monitor M15, namely, why is it that my
phone hasn’t taken the temperature of the water sample and directly entered into the
database without any opportunities for misreading, mistranscribing, misentering, and
so on and so on?). Why does it matter that citizens figure into the monitoring at all?
There are many examples of citizen science projects where there are volunteers who
are "collecting data," wherein the data is actually autonomously collected by a device
that saves the information or else is connected to a nearby computer an uploads the
findings ([41, 25, 193, 231, 140], among countless examples). Is there something that
is gained from having humans into this process in such an intimate way? Perhaps
something unique that the monitoring program wouldn’t otherwise have?

I would like to further this question through the lens of a comment that M1 made,
one that most any manager for a participatory monitoring program may be able to
resonate with, that speaks to the difficult nature of trying to build a quality data set
through a decentralized process.
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“.. that it reminds me of something that you often say that like, you

know it’s my job to go and get data, but sometimes I'm in the field and
I say Oh, that’s interesting. And I kick myself and say, [M1], it’s not
your job to get interesting data, It’s your job to get useful data. If it’s not
useful, please move on.” (M1: 540-545)

Though I do not like the framing of data as either "useful" or "interesting" (a false
dichotomy), I do think that it is a really good case for why having a human in the
monitoring process can go above and beyond an automated sampling, even if brings
the risk of data consistency along with it. This is because when humans are engag-
ing in a data collection process, especially one that is outdoors, there is inevitably
what Mike Michael refers to as "overspill" that occurs, something that participants
engage in that is outside the prescribed intention of the event [151]. I believe that
the "overspill" is similar to the "interesting" data M1 referred to, information that is
outside of the purview of the data set that the monitors are collecting but nonetheless
something worth noting and useful it its own right.

MyRWA’s water monitoring program, in the absence of cheap and easy sensor technol-
ogy that can be deployed for autonomous sensing in the ways of air or noise pollution,
still requires bodies in a space. Once at the site, the monitors can’t help but look
around. These monitors, even when collecting their "useful" data before going about
their day, also happen upon all sorts of "interesting" data, which can be part of an
ad-hoc monitoring process that goes on at each site at the same time as longitudinal
samples are being collected. As mentioned previously, some of these volunteer moni-
tors have been returning to the same site for upwards of two decades. They have an
intimate knowledge of their small piece of the watershed, the type of local knowledge
that is impossible to put in a data set but is easily activated when the landscape
shifts in some way. Month by month, they are calibrating their own on-body sensors
to their surroundings, increasing their sensitivity with each passing month. Monitors
mentioned noticing anomalies like illegal pipe connection, gas and oil spills, hydraulic
fluid, fish kills, sewage overflows, laundry suds, and a variety of garbage when doing
their monthly monitoring. As M10 noted,lt’s two sets eyes watching a river on a
reqular basis, even if it’s just monthly. And I think that has an impact.”"(M10: 72-
79). Even M15, who was the monitor most skeptical of the role of humans within the
sampling program, admits “There are dead pipes that are visible from the place where
we stand when we go to collect our samples. And if all of a sudden one of those pipes
started flowing, both [M7] and I would notice it. It wouldn’t be until the next time we
went for sampling, but we would notice it.” (M15: 416-421).

I was concerned, however, that this "interesting" data may fall through the cracks,
because it is outside the structure of the monitoring program. However, it seems
that just by participating in the monthly monitoring program, the participants also
learned more about the larger municipal infrastructure that exists within their city
and felt more comfortable reaching out to report events when they encountered "in-
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teresting" overspill data. This means the monitoring program is not only producing
a data set for water quality, it is also producing informed and engaged locals who
have the ability to perform ad-hoc monitoring in their local environment and know
how to report this data to those who can make use of it. These ad-hoc observations
often fall into the category of "just-good-enough" data, something that can push for
further monitoring or specialized analysis within the watershed.

Considering how intertwined the ad-hoc monitoring is with the monthly monitoring
program, as well as how prevalent the different types of life experiences and knowl-
edge are to the monitoring, I was reminded of social scientist Anthony Giddens’
structuration theory [77], which emphasizes that social phenomena are controlled by
a combination of social structure and the agents within that society (not through
either one imposing a force on the other, as postulated by various sociologists). So-
cial structure and agents are in a dance together, leading them both to evolve due to
pressures that they exert on one another. This pressure is what allows for the con-
stant making and remaking of our social existence. I will briefly explain a bit about
structuration theory as I feel it applies to this monitoring program, though this is
by no means an exhaustive summary of the theory. It should also be noted that this
theory fits well because it is, as some have noted, more of a meta-theory (a way of
thinking about the world, than a theory that could tested and proven [102]. I use it
here as a way of acknowledging and attempting to understand the ways in which the
monitors (agents) and the monitoring program (social structure) have had influences
on each other and how that, in turn, has influence on the watershed.

As monitors go about their daily routines, they are building “memory traces.” There
are typically three types of memory traces: “legitimation,” which provide information
on what should happen in a given situation, “signification”, which is how to make
meaning or interpret an event, and “domination,” which refers to the means (people
or object) needed in order to accomplish something [77]. All of these memory traces
provide a level of “capability,” wherein the agent has the ability to act on, ignore, or
change their behavior within the structure (even while limited by it) and “knowledge-
ability,” which is an actor’s awareness of their actions. Knowledgeability is informed
by both “discursive consciousness”’, which is when an agent can verbally express why
they are doing something, as well as "practical consciousness”, which is knowledge
that is so ingrained due to everyday life that they hardly notice it until someone
brings it up. Finally, Giddens emphasizes both time and space as critical components
within structuration, as they allow for what he refers to as “regionalization,” or “the
movement of life paths through settings of interaction that have various forms of spa-
tial demarcation.” [218].

For many of these monitors, the knowledgability that they bring to their monitoring
work comes not only from their history with the site and interactions with the water-
shed scientist who leads the sampling program, but from their previous experiences as
scientists, researchers, and professionals collecting high quality data sets. Sometimes
they have ways of verbalizing how they know what to do when they arrive at a site,
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whether it be the type of sample they are trying to gather or the way in which they
can assure there is repeatability, but others times it is something they just seem to
know how to do without even thinking about it. They is also a regionalization specific
to their specific sampling site that allows for a deeper, intuitive understanding of the
locale and the ways in which the monitors can understand an engage with the space.
All of this comes together into a type of “practical consciousness,” things the samplers
and the watershed scientist might even take for granted (such as the importance of
replicability and reproducibility of data, consistency between measurements, and the
utility of data sets as a lever for policy and regulatory change).

M14, a substitute monitor and therefore rotates sites and sampling partner (rare
within the monitoring program), provided a useful description for the type of knowl-
edgeability and regionalization within the volunteer water monitors:

“Yeah, so in general, most of the people, at least the ones who had been
there for longer than a year, they generally have a sense of whether or not,
based on the recent weather conditions or whatever was going on in that
area, they would have a good sense about whether or not there’d be high
levels of DO for example, or something like that. So they would kind of get
a sense of how to handle that. There’s other people who have a good sense
of how to actually handle the samples better. For example, like with the
DO [dissolved oxygen] samples, when we’re fizing them in say January,
it’s so, so cold. There’s one gquy who taught me this trick that in order to
get it to actually participate out really quickly, you actually need to hold it
wm your hand or in a pocket or something, it needs to be a little bit warm,
it’s going to take forever or possibly never separate if it’s in the air or just
sitting there. So, just little tips and tricks like that I've learned from some
people. And then in terms of the clarity of the water, sometimes what’s
been going on in the watershed, like there’s a couple where people just had
a good institutional knowledge of airport operations or the container ships
or something that go up, down through Chelsea Creek. So that kind of stuff
some people have definitely paid attention to. But I think that usually it
takes people, I don’t know, a year or so to kind of get a handle on what
are the various patterns of their site.” (M14: 113-130)

While T initially viewed the structure of the monitoring program as something that
limited the monitors, the structure and consistency of the program is likely what
enables them to develop the type of sensitivity towards their site that allows for
interesting ad-hoc monitoring. For each monitor, their assigned sampling location
and sampling time (7TAM on the third Wednesday of the month for freshwater, TAM
on a tidal-dependent date for the saltwater) creates a type of regionalization and a
routinization. There are memory traces, knowledgeability, and capability stemming
from their educational and professional background, the trainings they participated
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in, the observations of their sampling partner performing tasks, and their own per-
sonal experience of engaging in the sampling on a monthly basis. All of these create
a complicated social practice which cannot, now that I think about it, be properly
conveyed through a label like “citizen scientist.”

From within this structure, though, monitors can be flexible. The very structure of
the program allows at least two trained sets of eyes to engage with the landscape
and react or respond to it as needed each time they sample. While monitors collect
their water samples in labeled containers to generate the consistent quantitative data
set, they also leave room for spontaneous qualitative observations and analysis by
the monitors that can allow for new interventions within the landscape, and possibly
even the sampling process. They can push on the structure each and every time they
return to the site both because they know more each time, but also because the site is
always the same and always changing. Below are a few choice quotes from a monitor
that reflects these ideas:

“One is we’re getting a good record of how these changes are impacting the
water quality in the Malden. Um, I'm not sure if it shows up so much as
the bacteria, but there’s all the different indicators we have. And so some
of this development may actually make water quality worse if we’re seeing
a lot more landscaping. Right. But we’re also a set of eyes on the river
in that, in the past I have, I caught several spills of things like hydraulic
fluid and the washing of the buses and all of these things that were put
into the river that we might have missed it, but because I was there every
month and I could see what was going on and I would take pictures, and
we had a fish kill one year too, I mean, it’s just stuff like that . Um, it’s,
you know, two sets eyes watching a river on a reqular basis, even if it’s
just monthly. And I think that has an impact. And I think that also just
that we have data for the river going back 20 years is pretty important as
well.” (M10: 68-80)

“You know it’s funny though cause I like I said, ['ve been working with
these guys a long time as a volunteer and I have noticed a few things
cause I do know the watershed pretty well cause I, part of my professional
career I actually walked entire Upper Mystic watershed doing, we were
doing mapping, so I know the watershed pretty well, certainly right near
my hometown near Arlington. So I did notice a couple of times where
there was like suds and things, it Look like someone’s laundry detergent
essentially, and it was where there’s an illegal connection from a sewer,
it’s highly industrialized in this part of the world and so looks like some-
one had somehow inadvertently connected their piping from their washer
to this small creek that runs around town. So I called the guy who’s the
monitor now and he said okay, we’ll check it out. ” (M12: 189-197)
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“You’re plugged in, you know what’s going on and if something happens, 1
know the people, my local representative and local Senator, or know those
people. Some cases you personally, so if there’s any issue with the river,
and there have been some issues in the past, I can just call them up and
say, Hey, you know, are you aware of this? You know, something needs to
be done and you know, they, they will respond. So, you know, being, being
part of this whole network of people that are involved around the river or
you know, makes you do something, but it’s kind of this chicken and eqg
problems, you know?” (M13: 175-184)

In summary, whether or not monthly monitors refer to themselves as citizen scientists
or a field tech or monitor, all of these terms are likely unable to hold the epistemo-
logical overspill that comes from personal and historical experiences both in and out
of the field. Regardless, locals are participating in a highly structured program that,
while somewhat limited in scope, provides a social scaffold that they can consequently
stray from and identify curious things at their sites. Robotic and automated sam-
ples are forever limited to attempting to gather their pre-programmed "useful" data,
not able to reach the more interesting, and anomalous, data that relies on humans,
with all of their idiosyncrasies, schedules, subjectivity, and fallibility. Robots are also
less flexible than humans, unable to change their sample methodologies or location
depending on qualitative characteristics of the water, which is critical to the overall
integrity of the site monitoring. The Mystic monitors have gone above and beyond
the definition of their position, contributing to a long-standing, rigorous, and highly
standardized set of data that are used by municipalities and governmental agencies
while picking up local anomalies along the way.

5.3 Horokaka Mataitai: Multi-species monitoring

I will now spend some time talking about a very different monitoring program that
is at a much earlier stage within its process. The world’s oceans are some of our
planet’s most biologically diverse and complex ecosystems, with most being managed
by indigenous communities [10, 221]. Unfortunately, these ecosystems are currently
under threat due to to changes in climate, overfishing, and pollution among other
stressors [89]. The second monitoring group that I have been learning from is the
Horokaka mataitai on the Mahia Peninsula, under the control of the Mahia Maori
Committee (Fig. 5-3). I was initially connected with members of the Mahia Maori
Committee through a collaborator who led Te Herenga, which is the national Maori
network and a forum for Maori engagement with New Zealand’s EPA. The Maori of
Aotearoa New Zealand are the indigenous people of the land and have a history of
environmental monitoring and management that long predates modern environmen-
tal protection laws through the implementation of matauranga maori, or the Maori
indigenous wisdom that has been passed down through generations [12, 38, 146, 226].
Being invited to learn about how the program was founded and their monitoring
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goals, T hoped for the opportunity to learn how the tangata whenua (people native
to the land) have managed their environments for hundreds of years and expand my
understanding of the types of cultural tools a community-led water monitoring could
implement alongside modern sensing strategies.

Figure 5-3: Horokaka mataitai This is the indicator that delineates the boundaries
of a mataitai, where tangata whenua locally manage the fishing (Credit: Avery Nor-
mandin)

Working with this program was exciting not only because of my deep interest in lo-
cal monitoring practices, particularly ones that emphasize the type of cultural and
historical sensing that occurs over time (years to generations) which allow for con-
nections that may otherwise be missed, but also because I felt a bit frustrated by
how set in their ways the MyRWA monitoring program was. Though I acknowledge
the importance that a long-term data set has for legacy, legitimacy, and substantive
outcomes that can improve an area undergoing environmental and ecological changes,
I was also curious how a program might decide which directions they wanted to go
in and what parameters they might choose if not bound to an existing data set or
attempting to replicate a Western science-based approach.

(A note: Within this section, words that are in Te Reo Maori will be italicized, with
an approximate definition in parenthesis. As a pakeha (foreigner), I acknowledge that
I have only a crude understanding of these concepts and will never fully understand
the breadth and depth that these words carry. I am deeply grateful to the time and
patience that my Mahia whanau has shown me in explaining these concepts and I
recommend spending time researching the the work of Maori scholars who have spent
their careers on these topics.)
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5.3.1 The Mahia peninsula and Rongomaiwahini Iwi

The Mahia Maori Committee is made up of members of the Rongomaiwahine iwi,
who whakapapa (trace their ancestry) to the Mahia peninsula and are considered the
tangata whenua (indigenous people to the area), a small piece of land that protrudes
from the southeast side of the North Island of Aotearoa New Zealand. Rongomai-
wahine iwi members are descendants of Rongomaiwahine, who was a navigator, and
a commander, and one of the few women who had more mana (cultural and spiritual
authority or influence) than her husbands, one of which being Kahungunu, an iwi in
the same region but that Rongomaiwahine iwi members do not consider themselves
to be a part of. The Rongomaiwahine iwi has hundreds of years of deep physical and
spiritual connection to their land, which traditionally holds great spiritual significance
as the site of the Takitimu waka landing as well as the site of a school of sorts where
people could come to spiritually connect and learn karakia (prayers and rituals for
guidance and protection) from their ancestors.

Geologically, the peninsula is an incredibly active site. It is on the eastern edge of
the Zealandian continental fragment, in an area that is being actively subducted [23],
causing frequent earthquakes in the area that result in the peninsula growing higher
and higher over time. The soil is rocky and prone to erosion, particularly following
the clearing of dense forest during the introduction of farming to the area. When an
earthquake does come, sometimes in the form of "slow slip" events where the earth-
quake happens over the course of weeks, it brings soil down into the water, which can
be risky for the survival of intertidal species [20, 153]. The waters in the area are a
mix, oceans that lead inland and turn to freshwater rivers and streams, teeming with
clams, mussels, urchin, rock lobster, abalone, and others.

For Maori, ancestry and heritage is tied up not only in people, but in the nonhuman
species and natural landmarks that they have developed with over the years [182].
These relationships are built on the reciprocity between humans and the land, forever
indebted and bound to protect. The key species within an area which are culturally
important are know as taonga species, and there is a concept of guardianship, kaiti-
akitanga, that exists within the whole community and particularly among the chosen
kaitiaki, or guardians, who are appointed to protect these taonga so they can continue
to thrive [183]. One of the many methods that Maori and kaitiaki have implemented
to protect the waters has been through restrictions and special monitoring status for
water bodies. Two common methods are a rahui, which is a temporary restriction
on accessing an area either for political control, to separate from something that is
tapu (typically if someone died in an area), or more commonly for conservation pur-
poses, and a mataitai, which is a an area of water whose fishing is under the control
of tangata whenua, who can set restrictions on the species and numbers that can be
fished within an area. There are currently processes within the New Zealand Ministry
for Primary Industries (who control the commercial fishing in the country) for iwi to
apply to designate an area of water a mataitai and consequently be allowed to have
control over all of the non-commercial fishing, using tikanga maori (maori cultural

142



customs and practices based on matauranga maori) as their guide for creating the
bylaws.

5.3.2 Taking a species-centered approach to monitoring

I first visited the Mahia Peninsula with my colleague Avery, a fellow graduate re-
searcher in the Media Lab who I have collaborated with on bioengineering project
and educational programming, in October 2018 to learn more about the community’s
recent plans to develop the mataitai and monitor the waters around the peninsula.
The visit came just as the Mahia Maori Committee was finalizing its bylaws. The
reason for designating the mataitai was to protect the culturally important taonga
species such as karengo (a type of seaweed), paua (abalone), kina (sea urchin), and
koura (rock lobster) among others that were being depleted due to overfishing, ero-
sion, and climate change [147]. The main goal of this visit was in to learning more
about how the community set their goals for the monitoring of their mataitai and
what more they hoped to do.

Figure 5-4: Culturally important species) (L-R) seaweed, sea urchin, abalone
shell.

We attended community discussions at the marae which focused on the tangata
whenua’s long history on the Mahia peninsula and the ways that the peninsula’s
beaches and intertidal waters have been used over time. Group discussions such
as these, where there were multiple generations from the iwi sharing thoughts and
insights both on the historical changes to the reefs together with their hopes for re-
plenishment through implementing the mataitai, provided level of detail and nuance
that feels impossible to put in any technical document describing the bylaws. We were
able to learn more about the community’s current monitoring program and technical
capacity with respect to visual monitoring approaches such as transect- and scuba-
based, as well as watershed-related concerns due to changing land use (primarily to
agriculture) which has caused increased sedimentation in the intertidal zone in recent
years.

During the discussions, the community expressed a desire to to design a community-
led marine monitoring program that used on-body and off-body sensing technology

143



Figure 5-5: Learning about the mataitai. Spending time on the reefs with (a)
Wikitoria and (b) Sophie.

that prioritizes their values, goals, and vision for their marine ecosystems. We also
spent time discussing methods of storing and analyzing the data that are generated
and making sure that it was accessible locally within the Mahia community. We also
mentioned the possibility of organizing wananga (a traditional Maori method of gen-
erating and sharing knowledge and provides a space for garnering diverse, iterative,
and culturally-sensitive community input [208]) for the program that focused on both
Western-based electrochemical sensor systems together with traditional monitoring
techniques and would be open to the entire Mahia community. The goal that was
mentioned often was to collect data with the express purpose of designing a species
reintroduction program for paua (abalone) from the peninsula that are now rare to
find in the waters on the East Coast. There was, of course, a kai (a meal) as a break
during the discussions and/or once we wrapped up, which gave more time for informal
conversations with members of the iwi around these topics.

When not at the marae, Avery and I organized one-on-one meetings with community
members, typically through day trips to the areas in their watershed that were most
meaningful to them. These meetings allowed us to develop a better understanding of
individual goals and interests for the monitoring, as well as to learn more about life
on the peninsula then and now and how local and regional politics could impact the
mataitai and programs overall ((Fig. 5-ba, 5-5b). We saw childhood swim spots now
almost entirely filled with sand only a few decades later, chitinous middens exposed
on the beach from eroding soil that speak to the centuries of large Maori meals on
the peninsula, sacred beaches where whales would wash up and a special karakia was
performed to determine an appropriate burial location, as well as favorite overlooks
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and diving spots. We spent a significant amount of time on the mataitai, where we
heard wave dynamics, tidal conditions, sedimentation, seaweed populations, and more
on possible locations for monitoring and future transplantation.

One of the key insights on this initial trip was understanding that this monitoring
program would be one that does not center human health or water quality directly,
but the health of key taonga species as proxies for health (Fig. 5-4. This methodology
is in line with the Cultural Health Index, a method first developed to assess freshwa-
ter streams and waterways within Aotearoa New Zealand by Gail Tipa and Laurel
Teirney [214]. It was one of the first programs that the New Zealand EPA developed
alongside Maori that prioritized the historical and cultural knowledge that the Maori
have within environmental monitoring. The cultural assessment considers the long-
standing spiritual and importance of a place, the historic activities that Maori did
within these waters, most importantly the health and presence of culturally-important
aquatic species within the area.

Specifically, the Cultural Health Index considers the health of waterways through
the lens of (1) whether the site holds special importance within Maori culture, (2)
traditional use of the waterway, and (3) whether it can still be used for traditional
activities. It prioritizes cultural health indicators just as much as scientific health
indicators, recognizing that the environmental monitoring is not isolated, so water
monitoring necessarily involve monitoring the larger environment, from farming prac-
tices to erosion. This resonates with experiences on the marae, where kaitiaki made
it clear that you need start at the highest point of the land and end in the sea when
studying issues related to water. What is on land ends up in the waters, and if that
is not incorporated into the monitoring and considerations of watershed planning, it
will be impossible to get to the root of the problem.

Building a water monitoring program on understanding how changing the environ-
mental conditions impact culturally important species in the area, with a goal of trans-
planting those species, moves the community from a mind set of depletion towards
one of potential abundance. Centering these species also highlights the important
ecological functions that keystone species perform [152], so taking a species-centered
approach to monitoring and rehabilitation can have more of a significant impact in
the overall health of an ecosystem then just focusing on water quality alone. In the
words of Donna Haraway, “Co-constitutive companion species and co-evolution are
the rule, not the exception” [90]. The approach that matauranga maori and tikanga
maori take by emphasizing the deep connection between the humans and natural
world, be it nonhuman animals, plants, streams, or mountains, means that it is a pri-
ority to live in a way that honors and protects those connections and the reciprocal
relationships.
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5.3.3 Intergenerational sensing: developing the next genera-
tion of kaitiak:

After our first visit to the peninsula, the community was excited to try out water
monitoring methods that integrated electronic and chemical sensing to add another
dimension to their monitoring program (multi-modal sensing!). During a series of
meetings with Paul Ratapu, the chairman of the Mahia Maori Committee, we dis-
cussed the evolving needs to of the community and how that should determine the
type of sensors and events we would plan. We came to realize that it was best to
have a sensor that could be easily moved to many locations to allow for a survey of
the reefs and allow for residents to get hands-on experience with the probes. In ad-
dition, Paul was also interested in sensor systems that could allow for a more holistic
understanding of what the sensor is doing, maybe having an output that was more
descriptive than a digital output. I reached out to a fellow Media Lab PhD student,
Laura Perovich, who focused her research on designing a remote-controlled boat with
low-cost water sensors connected to programmed LED sensors that changed colors to
provide real-time visual water quality outputs. [169].

In preparation, I received further funding to buy materials and assemble the sensor
systems. The sensor for reef surveying used a set of Atlas Scientific sensor probes
together with a Raspberry pi and a mountable 77 touch screen which could be easily
calibrated and moved from location to location to take scientifically relevant and ac-
curate measurements of temperature, dissolved oxygen, conductivity, and pH. The in-
teractive probes for water monitoring education in collaboration with Laura Perovich
was driven by an Adafruit feather that had probes for temperature and conductivity
connection to the LEDs and housed in a waterproof sphere.

The second visit to Mahia happen took place in July 2019 and was framed as a set
of wananga led by kaitiaki and other community members. These wananga were
meant to be the first in a series of community-led prototyping activities, but due to
the COVID-19 pandemic this was the only one that we were able to organize (the
second set had been schedule for late March 2020). The sensors that were part of the
first workshop included tablet-based kits for testing nutrient, pH, dissolved oxygen,
and coliform bacteria, the analytical-grade probes for pH, dissolved oxygen, tempera-
ture, and conductivity, and the visual-based sensors that were attached to LEDs and
changed color in response to changing water quality (Fig. 5-6).

The first wananga focused on understanding the history of the tangata whenua on the
peninsula and using these stories as a way to choose sites for water sampling later in
the day. The participants ranged from 10-80 years old and even included a member of
the Regional Council and an employee of the Department of Conservation who came
to the peninsula specifically for the wananga. The structure of the event allowed for
those who had never been to the marae to be welcomed (which is required before
any new person enters into the building), followed by a karakia from kaumatua (an
elder in the community) once everyone was inside. After this, we spent time on intro-
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Figure 5-6: Sensors at the wananga.The chemical, probe, and LED based sensors
set up on the table in the marae.

Figure 5-7: Kaumatua leading the wananga. Sophie Dodd (standing) sharing
thoughts during the morning session of the wananga.
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Figure 5-8: At the wananga.(a) Collecting samples on the mataitai (b) Testing the
water quality in the marae.

ductions, which involves stating iwi associations, heritage, connections to the Mahia
peninsula, and the reason for attending the meeting. Once this was completed, the
kaumatua led the conversation around changes to the coast and the intertidal and
subtidal zones that they have seen over the decades, including customs and practices
that their parents and grandparents implemented while they were children and ex-
plaining the purposes and meaning behind some of the practices as they pertained to
protection of the marine life. They took time to try recalling or understanding the
reasons for stopping some of the practices that were traditionally kept, which some-
times had to do with the New Zealand government’s role as a regulator of primary
industry and can also be attributed to the increase in demand for seafood such as
abalone and sea urchin in the country.

We also discussed the changes to the local population, with many residents no longer
tangata whenua and therefore not bound by tikanga maori as it pertains to the en-
vironment. Many of the kaumatua were over seventy years old, so their history on
the peninsula stretched back to at least the 1940’s, sometimes earlier. Following this
discussion, we took a break for a kai. Following lunch, Avery and I gave a presentation
on the sensors that we brought over and provided context for how the sensor data
can relate to water and reef health. Following this, the community identified spots
within the surrounding area where they thought the water sampling would be useful,
and we left the marae (which is conveniently across the street from the ocean) to go
collect the samples (Fig. 5-8a, 5-8b).

After returning with the water samples, we took probe-based readings, performed
tablet-based colorimetric water monitoring tests for nitrates, phosphates, and col-
iform bacteria, and played around with the LED-based sensors using the temperature
probes. After collecting and consolidating all the probe-based data for each water
sample, we came together as a group and discussed the results for each site and make
sense of it (Fig. 5-9a, 5-9b).
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Figure 5-9: Collecting and discussing sensor data.(a) Wikitoria using the color-
changing sensor (b) Paul leading a discussion on the probe-based sensor results

The color-changing LED water sensors were the most exciting and engaging of all
the sensors tried during the workshops. The immediate color change during readings
made it easier to communicate monitoring principles with participants who may not
find the topic very engaging. The sensors were also useful when discussing how one
body of water can have areas with locally different water qualities depending on fac-
tors such as pipes, runoff sites, sun exposure, and plant life. Playing around with
the LED sensors also naturally jump-started conversations by community members
on locations they would want to put long-term monitoring probe and the types of
results they might see there over time. I didn’t expect it to be as useful for planning
monitoring locations, because the sensor itself is not meant to be left out long-term
due to its battery life, but the intuitive conceptual understanding it provided for par-
ticipants and visual appeal made it easier to approach.

Between the first and second wananga, Avery and I spent more time with commu-
nity members discussing the changes within the community, taking a tour of the
Whangawehi river clean-up effort, which is a fresh water restoration project centered
on developing riparian zones, in the area, as well as surveying the reefs.

The next wananga was also held at the marae, where we discussed data management
and analysis methods for the sensor data and discussed changes that could be made
to have future workshops run more smoothly. We then continued our brainstorming
on areas that were best suited for more frequent monitoring with the probe-based
sensors, as well as monitoring methods to prepare for a potential paua transplanta-
tion. The kaumatua attending gave their input on site selection, culminating in the
selection of two sites in the mataitai that are going to be sampled more frequently to
prepare for a transplantation program.

Intergenerational monitoring was a priority for the mataitai leaders and informed the
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schedule of activities for the wananga that we organized. For the kaumatua, their chil-
dren and grandchildren are the inheritors the role of kaitiaki and must be prepared for
when that time comes. It is even more critical now, as more iwi members are moving
away from peninsula towards bigger cities within New Zealand and beyond, meaning
that many of the children within the iwi do not have the type of lived experience
and long-term monitoring knowledge that the older generations hold. However, as
New Zealand has worked to right the historic wrongs of the Crown through acknowl-
edging Maori rangatiratanga (right to authority), the younger generation has access
to schooling that teach Te reo and embrace kaupapa maor: principles, which allows
them to proudly step into their heritage in a way that was not possible for previous
generations.

The kaumatua have great hope that the future generations will be the ones to find
balance between the worlds of science and tradition. They learn the ways of western
science as well as tikanga maori, which provides them will a rich a varied set of tools
that they can use in an effort to be better manage and protect their lands. One
comment we heard at the second wananga was to incorporate more monitoring and
sensors into the curriculum in the local kura kaupapa (maori-led school), because if
they do not learn how to manage their lands someone else will come in and do it for
them, and not on their terms. Rather than a pakeha scientist parachuting into the
community and dictating what is best for their lands, they hope for Maori scientists
who can embody the best of both, cutting out the middle man. In her book Braid-
ing Sweetgrass, Robin Wall Kimmerer described reaching a similar point within her
journey in ecological studies:

There was a time when I teetered precariously with an awkward foot in
each of two worlds—the scientific and the indigenous. But then I learned
to fly. Or at least try. It was the bees that showed me how to move between
different flowers—to drink the nectar and gather pollen from both. It is
this dance of cross-pollination that can produce a new species
of knowledge, a new way of being in the world. After all, there
aren’t two worlds, there is just this one good green earth.(p.47)”
[113]

The structure of the first wananga, where the kaumatua were able to share their ex-
periences and the history of the waterways before the younger participants took the
lead in sampling and testing the water, reflected the ways in which the community
hope to keep the traditional ecological knowledge within the community add have a
monitoring and management program that can have benefits for generations to come.
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5.4 The Citizen Science of Showing Up

Both experiences with monitoring programs were hugely informative and meaning-
ful as a technologist interested in understanding the inner workings of community-
centered monitoring efforts. Outside of the change of scenery and break from the
tedium that repetitive wet lab work can induce, there were also insights that I gain
from these experiences that would have been difficult to get in any other way. Some
of them seemed obvious to me, while others I wasn’t necessarily cognisant of until I
found myself in meetings with my bioengineering colleagues, disagreeing with their
suggestions over a user-related concern. Below are some of the major takeaways that
I would like to highlight.

1. You don’t need a lot of data, but you do need consistent, trustworthy
data. Data for data’s sake is not very useful, particularly because people are not
necessarily looking at it (or at least not immediately). What is important is the trust
that people (monitors, community, municipality, etc.) have in the data and the pro-
gram and in the consistency inherent in the measurements. Data is not created in a
vacuum, and it is not much use unless it can be acted upon in some way. This requires
trust in the measurements, in the people who are measuring, and in the analysis of
the measurements. This trust needs to work in both directions, from the monitors
to the program managers and the managers to the monitors, to make sure that the
methodologies used for monitoring are appropriate for the program and that they are
being correctly implemented in the field. Depending on who this data is meant for
— communities, government organizations, universities, etc. — it will be important to
effectively communicate these procedures and create materials or databases that are
easy to access and interpret. Different monitors and programs will want to access
and understand the data differently — be in conversation as a group on the cadence
that seems to be best fit for the program. If participants feel that the overall data
collected by the program is quality, it can motivate them to keep collecting quality
data and participating in the program, even if the utility is not immediately apparent
(which it often isn’t for long-term monitoring).

2. Multi-modal monitoring can be more than the sum of its parts. Bringing
together data streams, especially qualitative and quantitative data streams, can pro-
vide a more in-depth picture than collecting streams of data in isolation. It provides
contextualization, which can make data analysis and interpretation easier. However,
it is worth taking the time to explain to citizen scientist/monitors what the point of
the different data streams are and how they are logged /taken into consideration, to
make sure that there is a clear understanding of how to collect the data and what it
is used for.

3. Short-term and long-terms data can both be important. It is helpful to
take time discussing both short-term and long-term monitoring goals, as well as the
sensors and methods that would work best to serve reach them. It’s possible two
different tools or methods are needed to produce data at those two different resolu-
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tions, because there is no one-size-fits-all approach to data collection. For instance,
I can imagine a world where a CRISPR, biosensor (which provides qualitative yes/no
data) can be useful for for short-term or ad-hoc monitoring applications, while in the
same monitoring session a sample can be taken and sent to the MWRA laboratories
for traditional culture-based assay which is useful for a long-term data set. Both
provide data about the water, one in an hour and the other in two days, and there
are reasons and benefits to having both. Don’t fall into the trap that a monitoring
program should only do things one way. However, it is also important to be mindful
of the capacity of the participants in the programs and make sure that all are aligned
on what is being collected, why, and how.

4. Monitors like devices, but not complication. If you are going to have vol-
unteers participating in data collection or analysis, it is best to try and minimize
steps between sample and answer. This gives monitors further confidence that there
aren’t errors being generated (either by them or other participants) that are impact-
ing the quality of the data set (which goes back to point 1) and gives the program
the best chance of collecting error-free data. I have seen an increase in confidence
when electronic-based sensors are used in a monitoring process from both of the com-
munities that I learned from. While initially a bit disappointed (I am uncomfortable
with the ways in which people defer to outputs of electronics and technology when
it is placed in their hands), it is also important to acknowledge that there is some-
thing exciting about a new tool that has technical abilities we don’t carry ourselves.
People also just like cool gadgets! Many of the people who volunteer to participate
are excited about new monitoring tools and want to try them out. Finding ways to
incorporate tools that are easy to use and produce reliable data can be a motivating
factor for volunteers. Having sensors that perform automated or electronic analysis
also takes some pressure off of the monitor and make them feel like there are other
capable things sharing the burden of data collection and processing, though I would
argue in a way that keeps more agency over the data and "scientific" process with
the monitor than a method where samples are sent to a lab for analysis.

5. Controls and replicates when possible! It’s good practice to collect replicates
(in biology, triplicate is standard) and to have positive and negative controls. Some-
times the kit you're using is a dud! Sometimes things get contaminated! Sometimes
the sample you collected is not — as hard as you tried — representative. For programs
that are only collecting a few data points a year (like monthly programs) it is worth
a bit of extra effort to make sure that the results of you data are coming from the
site itself and not from a broken sensor or a bad batch of kits. Having sanity checks,
particularly when readings are not what was expected, are helpful when the goal for
monitoring is understanding fluctuations and changes. This is especially critical if
the data set is to be used for policy decisions.

6. Visual and experiential aids whenever possible. Visual aids are typically

useful for demonstrations regardless of the educational endeavor. Want to explain a
monitoring or scientific concept to a group of volunteers? Visual aids can be hugely
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helpful is trying to communicate concepts that otherwise might be a bunch of unfamil-
iar words, equations, or lines of code. Want to make an easy sensor for anyone to read?
Try using a visual-based output (colorimetric or fluorescent) to help guide intuition
on the result (and avoid tests where the results are producing non-intuitive outputs!).
Want to teach a group of monitors how to use a new tool? Plan a workshop and go
through it step-by-step and providing written instructions for them to reference after.

7. People belong in monitoring programs! As you might gave gathered from
the points mentioned above, I believe that people absolutely belong in monitoring
programs! I admit I believed this before I started working with these communities,
but now I believe it even more strongly. Science is in the business of developing tools,
but it is people who direct those tools. Involving locals and incorporating traditional
and historic knowledge into a monitoring program is a great way of learning what
or where to direct these tools towards, because often programs are constrained by
budget and equipment. Additionally, monitoring programs are not only collecting
data sets (which is, to me, the boring part), they are also generating informed, en-
gaged, and skilled citizens (who are all walking sensors in their own right), who have
developed (or are developing in the case of monitors who are assigned sites that are
outside of their local area) a nuanced and intimate knowledge of their surroundings
just by going about their daily lives. Biosensors and microbes are ecological sentinels
— and humans can be too! We all can do our part. Someone paying close attention,
even for ten minutes, in a place once a month seems like a very small thing — but it’s
not! That’s what it takes! That’s what it’s all about!

8. Monitor the monitors. The citizen scientists and monitors within a program
are collecting a lot of extra data — the overspill data that was discussed previously.
It behooves a program to find ways of accessing that data, be it through a periodic
check-in at a local meeting, a form that’s sent out, a running log that people have
access to, a paper on a bulletin board, whatever works best for the monitors. Re-
gardless of the method, don’t sleep on that data! Checking in with monitors is a
way of not only learning how the program is going, but also whether there are any
adjustments that may be needed with the methodology or practices.

9. Automated monitors are not the enemy! While I call into question the
utility for the endless data streams that technology promises us, automated and la-
tent sensing can be tremendously useful for environmental monitoring, particularly
programs that do not have access to volunteer or who work in locations where it is
difficult to collect samples. Collecting baseline data on water quality (such as pH,
temperature, dissolved oxygen, turbidity, and conductivity) with sophisticated or or
even DIY sensors can help contextualize a watershed and the data that comes out
of it. While more is not always more (as discussed previously) with data, there is a
balance that can be struck between automated and in-person monitoring methods. I
wrote this chapter primarily because I fear there may be an over-reliance on auto-
mated data collected through latent sensing methods, which I find to be lacking in the
type of multi-dimensionality that is available for in-person citizen and participatory
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monitoring. In their work, sociologist speak about developing "thick description" (a
phrase coined by Gilbert Ryle and made popular by Clifford Geertz) within their
areas of study — I find that sensor data is fine, but it tends to be thin. However, I
do think that an integrated methodology, which can combined automated monitoring
with in-person measurements and observations, can allow for the best of both world.
Citizen and participatory monitoring provide sanity-checks for automated sampling
and together, these methods can allow for high-quality and rich data streams.
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Chapter 6

Next Steps

It seems as if is never enough time to accomplish what one sets out to do. It feels
doubly true when living through a time where being around others is considered a
high-risk endeavor. In the summer of 2019, I hoped to work on a dissertation that
went from the lab to the community and back, designing and testing sensing tech-
nologies that were useful to people who did not have laboratory backgrounds and
who wanted to get a better sense of the types of organisms within their environment.
What I got was something a bit different — albeit something that I am grateful for
and immensely proud of. COVID-19 was an unfortunate wake up call which empha-
sized how inadequate and unsustainable centralized testing is for pathogens detection
and microbial monitoring. It also forced our small team of researchers to work in
ways that were faster, more focused, and more collaborative than I could have ever
dreamed of. If I could continue my PhD alongside my current lab mates for another
six years, I can’t even imagine how much more we could do. There were so many
lessons learned through this process and so much that can be done to improve on
this work. I hope that this dissertation provides a strong conceptual and technical
foundation for others to use for their biosensing and monitoring efforts.

6.1 Next Steps

I imagine two different use cases for the two CRISPR biosensor technologies that
were described in this dissertation. In both cases, it would be interesting to enable
semi-quantitative or quantitative results for the assays. In many of the use cases,
such as pathogen monitoring, a qualitative yes/no result is sufficient. However, there
are some pathogens of interest where pathogenic load is relevant, therefore it would
therefore be useful to know the relative abundance of the pathogen of interest. This
would require modifications to the amplification steps for either reaction, which is
what currently allows for the high sensitivity of these assays but complicates quanti-
tation.

With regard to miSHERLOCK described in Chapter 2 and 3, it would be of great
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benefit to design versions of these sensors that could perform without the use of any
heating elements, and even better if the assay output does not require any electronic
components in order to be read. This could be done through modifying the amplifi-
cation methods and attempting to develop colorimetric assays (ones that are at least
as sensitive as what we can generate through fluorescent detection). These sensors
could be useful as a more sensitive and specific alternative to a lateral flow diagnostic,
one that can be simpler to design and manufacture because it relies on nucleic acids
rather than antigen-antibody pairs and performed quickly and easily by a user before
being disposed.

With regard to MELODe described in Chapter 4, it would be of great benefit to deter-
mine whether the electrode surface could be washed and the PNA unbound from the
cleaved product after the assay is run, which could allow for a reusable electrochem-
ical biosensor. This could bring the cost down on the system and differentiate from
current single use assays available. Versions of the lab-on-a-chip microfluidic system
that implement a large array of these electrochemical sensors could also open the door
to an automated sensing system that has the capability to perform latent monitoring.
It could be a system set up that is an early sentinel for future pathogens, as samples
like city wastewater have been shown during the COVID-19 pandemic to be a strong
predictor of disease spread. It would also be a welcome addition to current large-scale
monitoring and sensing projects which often do not have the ability to sense biologi-
cal species as a measurement. For example, the Living Observatory at Tidmarsh has
embedded sensor nodes to collect audio, visual, and sensor data on environmental
conditions, but does not yet have biosensing capabilities. While there are plans to
deploy a machine-learning powered analysis and visualization of microscopic aquatic
organisms such as plankton(|241], there have been no plans for nucleic acid sensors.
The array of MELODe electrochemical sensors could be a promising option to allow
for microfluidic-based microbial and nucleic acid monitoring at a remote site such as
Tidmarsh.

With regards to participatory engagements with the Mystic water monitors and Mahia
Maori Committee, it would be of great benefit to leverage the ethnographic under-
standing of the water programs and the data streams that are of interest to them to
further tailor biosensor technology. Ideally, this would include at least one workshop
that explains how the biotechnology works and provide physical prototypes that the
participants can try out to get a feel for the devices. There could be focused discus-
sions on the current and potential features of the device, such as data logging, power
and batteries, size, accessibility, and legibility, to make sure that the device can be
the best fit for the community’s needs and use cases. There could then be a follow-up
workshop where the finalized prototype is demonstrated to participants and used on
samples that are brought by participants or collected during the workshop. Ideally,
the devices used at the workshop would stay with the community, along with a writ-
ten and/or interactive manual, where they can continue to try it out and collect data
with it. Following this, there can be another set of semi-structured interviews with
participants to understand how they felt during the workshop, how they feel about the
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sensing modality and sensor development process, ways in which they would change
the design process or the the device itself if given the opportunity, and thoughts on
any use cases for the device within their daily lives. It would also be interesting to
understand how these novel biosensors integrate into existing monitoring regimes that
these programs implement.

6.2 Lessons Learned

There is so much that I learned both in the wet lab and in the field that has im-
proved the work that I do in both environments. First and foremost, things take
time — sometimes for reasons you expect, and other for reasons you can’t prepare for
(pandemics, broken equipment, reagent delays, discontinued products, etc.). Make
sure you allow yourself enough time to accomplish your goals, but more importantly,
make sure that if you are going to be bringing materials to a workshop that you have
enough time to prepare everything! Community events can take months to organize,
the last thing you want is to not have materials available when the event arrives! If
possible, don’t aim to begin planning a workshop until all of the systems intended
for it are designed and tested (though this is a large and often unrealistic ask)! It is
a way to respect both the community and your work.

Be open to the changes that come with the research process. Even with lots of plans
made, there are opportunities and collaborations that arise that might be worth veer-
ing off-course for. I did not expect to get as involved as I did in the electrochemical-
based CRISPR sensors, but I followed my interest in lab-on-a-chip design and was
able to design and validate a sensing system that, although not in the initial scope of
my PhD, was an incredible learning experience that allowed me to re-think the types
of biosensing systems that could be deployed. At the same time, if you don’t make
time for the projects you are passionate about, no one else will! I have been interested
in water monitoring for many years and it took time and effort to continually bring
myself back to that work during the pandemic-related research, but I am so happy I
did.

Seek out new skills from people who can teach you, even if they might not seem im-
mediately relevant. Learning a new skill during my PhD studies kept me inspired and
prevented me from reaching a plateau state, skill-wise. Taking time to improve my
computational modeling and soldering skills for the probe-based sensors and initial
prototyping with early iterations of the microgravity biosensing system prepared me
to work quickly once we set our sights on a miSHERLOCK device. Experience in
electronics that I picked up from my lab mates and TA-ing classes in the Responsive
Environments group provided me with necessary background that I was able to ac-
tivate for the eRAPID-related electrochemical sensors. I never regretted taking time
to learn new skills and was surprised to see how immediately they were useful for
projects .
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Collaboration is key! I can’t imagine being able to accomplish even a small piece
of what I did without all of the lab mates and collaborators who worked on these
projects. To perform rigorous molecular biology requires huge amounts of time, effort,
and experimentation. Having collaborators to help shoulder the burden, troubleshoot
issues, provide expertise, and push it to the finish line is sometimes the difference be-
tween a project that is published versus one that sits on the shelf indefinitely. It
is a point of great pride that I am co-first author on both of the published papers
that are in this dissertation — I strongly believe in celebrating the ways that multiple
researchers bring their expertise to a single project and hope that others will do so
as well!

158



Appendix A
miSHERLOCK
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Figure A-1: miSHERLOCK triplex and quadruplex 3D printed devices. A.
An assembled 3D printed triplexed miSHERLOCK device with a representative re-
action of SARS-CoV-2 negative saliva showing one positive test (RNaseP positive
control) and two negative tests (SARS-CoV-2 NP and N501Y). B. The components
of the triplexed miSHERLOCK reader (L-R): plunger, saliva collector, sample prepa-
ration column, reaction chamber with heater, LEDs, and orange acrylic transillumi-
nator filter. C. An assembled 3D printed quadruplexed miSHERLOCK device with a
representative reaction showing three positive samples and one negative sample. D.
The components of the quadruplexed miSHERLOCK reader (L-R): plunger, saliva
collector, sample preparation column, reaction chamber with heater, LEDs, and or-
ange acrylic transilluminator filter.
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Figure A-2: Oblique view and measurement of miSHERLOCK device before
use.
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Figure A-3: Adjunctive mobile phone application supports automated quan-
titation and result interpretation.
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Figure A-4: Probit curves for miSHERLOCK SARS-CoV-2 assays. Sensi-
tivity of miSHERLOCK diagnostic for universal SARS-CoV-2 (nucleoprotein or NP
assay), (A-B), N501K (C-D), Y144del (E-F), and E484K (G-H) mutation detection

by comparison of probit regression curves and fit characteristics.
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Figure A-5: Clinical saliva samples tested with miSHERLOCK Human
RNaseP assay. The RNaseP assay performed well when tested with clinical saliva
samples. NC indicates negative control (water only, as there were no non-human
saliva samples available).
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Circuit Design

A Temperature circuit B Temperature circuit
for reaction chamber for lysis chamber
Temperature
MOSFET controller

polyimide 24V Battery
heater

C LEDs for transilluminator

polyimide 12V Battery
heater

12V Battery

Figure A-6: Circuit diagrams for temperature and LED control. A. The reac-
tion chamber temperature circuit consists of a MOSFET transistor that is attached
to the polyimide heater and the trip-point temperature sensor. The temperature
sensor is programmed to 37°C by placing a 120 k{2 resistor between pins 3 and 5.
The heater and trip-point sensor are both attached to a 12 V battery source. B.
The lysis chamber temperature circuit consists of a polyimide heater attached to a
24 V battery source. There is no additional temperature control needed, because the
polyimide heater was shown to maintain the high temperature necessary to lyse viral
particles and denature potential nucleases with an appropriate voltage source alone.
C. The LED circuit consists of two royal blue LEDs in series attached to a 12 V
voltage source by a 270 €2 resistor to keep the current within the optimal range of 20
mA.
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Figure A-7: MiSHERLOCK electronics integrated into a 3D printed device.
A. An assembled 3D printed reusable temperature control housing containing two
heaters for the two distinct temperature zones needed. B. The optics housing con-
tains two LEDs to excite the fluorophores released in the SHERLOCK reaction. C.
The assembled temperature controller circuit beneath the electronics box provides
temperature regulation for the reaction chamber of the miSHERLOCK platform.
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Table A.1: Genomic analysis of gRNAs and RPA primers used to detect key SARS-
CoV-2 variants.

Sequences All B.1.1.7 Short B.1.351 P.1
(NCBI (GISAID | heading | (GISAID | (GISAID
43k 50k 577 78
genomes | genomes) genomes) | genomes)
NP gRNA | Universal 90.7% 99.7% 100% 100%
NP RPA Universal 94.7% 99.8% 99.5% 100%
Forward
NP RPA Universal 97.0% 0.06% 100% 100%
Reverse
Y144del B.1.1.7 0.33% 98.0% 0.00% 0.00%
gRNA
Y144del B.1.1.7 99.2% 99.7% 100% 100%
F2
Y144del B.1.1.7 99.7% 99.8% 100% 100%
R2
E484K B.1.351, 78.3% 99.8% 100% 100%
gRNA P.1
E484K F2 B.1.351, 99.6% 99.8% 100% 100%
P.1
E484K R1 B.1.351, 99.1% 98.8% 100% 100%
P.1
N501Y B.1.1.7, 0.49% 99.8% 98.8% 100%
gRNAG B.1.351,
P.1
N501Y F8 B.1.1.7, 98.7% 98.7% 0.17% 0.00%
B.1.351,
P.1
N501Y R1 B.1.1.7, 97.9% 99.6% 95.3% 100%
B.1.351,
P.1
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Table A.2: Oligonucleotide sequences used in this study.

Name Sequence (5’ to 3’)

SARS-CoV-2 CGGCAGTCAAGCCTCTTCTCGTTCCTCATC
Nucleoprotein

Fwd  Primer

(44)

SARS-CoV-2 CAGACATTTTGCTCTCAAGCTGGTTCAATC
Nucleoprotein

Rev Primer

(44)

N501Y Fwd | GGTGTTGAAGGTTTTAATTGTTACTTTCCTTTACAATC
Primer

N501Y Rev | TTTAGGTCCACAAACAGTTGCTGGTGCATGTAGAAGTT
Primer

Y144 Fwd | AAGACCCAGTCCCTACTTATTGTTAATAACGC

Primer

Y144 Rev | AAAGTGCAATTATTCGCACTAGAATAAACTCTGAACTC
Primer

E484K Fwd | CCTTTTGAGAGAGATATTTCAACTGAAATCTAT
Primer

E484K Rev | ACCATATGATTGTAAAGGAAAGTAACAATTAAAAC
Primer

Human GGAGACAGCCGCTCACCTTGGCTATTCAGTTG
RNaseP Fwd

Primer

Human GAAGAAGTTGCTCTCAAAACATTGCAGTGAGATGG
RNaseP Rev

Primer

Nucleoprotein

gRNA

UAAUUUCUACUAAGUGUAGAUUUGAACUGUUGCGACU
ACGU

N501Y gRNA

UAAUUUCUACUAAGUGUAGAUCAACCCACUUAUGG
UGUUGG

Y144del gRNA

UAAUUUCUACUAAGUGUAGAUUGUUUUUGUGGUAAAC
ACC

E484K gRNA

UAAUUUCUACUAAGUGUAGAUACACCAUUACAAGGUG
UGCU

Human

RNaseP gRNA

UAAUUUCUACUAAGUGUAGAUCCAAUUGUACAGGGA
AAAUC

Reporter FQ
Reporter

6-FAM/TTATT /TABKFQ

Continued on next page

168




Name

Sequence (5’ to 3)

N501Y-
Mutant gblock

GCGCTAATACGACTCACTATAGGGAGGTTGGTGGTAAT
TATAATTACCTGTATAGATTGTTTAGGAAGTCTAATCTC
AAACCTTTTGAGAGAGATATTTCAACTGAAATCTATCA
GGCCGGTAGCACACCTTGTAATGGTGTTGAAGGTTTTA
ATTGTTACTTTCCTTTACAATCATATGGTTTCCAACCC
ACTTATGGTGTTGGTTACCAACCATACAGAGTAGTAGT
ACTTTCTTTTGAACTTCTACATGCACCAGCAACTGTTT
GTGGACCTAAAAAGTCTACTAATTTGGTTAAAAACAAA
TGTGTCAATTTCAACTTCAATGGTTTAACAGGCACAGG
TGTTCTTACTGAGTCTAACAAAAAGTTTCTGCCTTTCC
AACAATTTGGCAGAGACATTGATGACACTACTGATGCT
GTCCGTGATCCACAGACACTTGAGATTCTTGACATTAC
ACCATGTTCTTTTGGTG

Y144del-
Mutant gblock

GCGCTAATACGACTCACTATAGGGTTGCTTCCACTGAG
AAGTCTAACATAATAAGAGGCTGGATTTTTGGTACTAC
TTTAGATTCGAAGACCCAGTCCCTACTTATTGTTAATAA
CGCTACTAATGTTGTTATTAAAGTCTGTGAATTTCAAT
TTTGTAATGATCCATTTTTGGGTGTTTACCACAAAAAC
AACAAAAGTTGGATGGAAAGTGAGTTCAGAGTTTATTC
TAGTGCGAATAATTGCACTTTTGAATATGTCTCTCAGC
CTTTTCTTATGGACCTTGAAGGAAAACAGGGTAATTTC
AAAAATCTTAGGGAATTTGTGTTTAAGAATATTGATGG
TTATTTTAAAATATATTCTAAGCACACGCCTATTAATTT
AGTGCGTGATCTCCCTCAGGGTTTTTCGGCTTTAGAAC
CATTGGTAGATTTGCCAATAGGTATTAACATCACTAGGT
TTCAAACTTTACTTG

E484K-
Mutant gblock

GCGCTAATACGACTCACTATAGGGTTAGAGGTGATGAA
GTCAGACAAATCGCTCCAGGGCAAACTGGAACGATTGC
TGATTATAATTATAAATTACCAGATGATTTTACAGGCTG
CGTTATAGCTTGGAATTCTAACAATCTTGATTCTAAGG
TTGGTGGTAATTATAATTACCTGTATAGATTGTTTAGGA
AGTCTAATCTCAAACCTTTTGAGAGAGATATTTCAACT
GAAATCTATCAGGCCGGTAGCACACCTTGTAATGGTGT
TAAAGGTTTTAATTGTTACTTTCCTTTACAATCATATG
GTTTCCAACCCACTTATGGTGTTGGTTACCAACCATAC
AGAGTAGTAGTACTTTCTTTTGAACTTCTACATGCACC
AGCAACTGTTTGTGGACCTAAAAAGTCTACTAATTTGG
TTAAAAACAAATGTGTCAATTTCAACTTCAATGGTTTA
ACAGGCACAGGTGTTC

Continued on next page
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Name

Sequence (5’ to 3)

N501N-
Wildtype
gblock

GCGCTAATACGACTCACTATAGGGAGGTTGGTGGTAAT
TATAATTACCTGTATAGATTGTTTAGGAAGTCTAATCTC
AAACCTTTTGAGAGAGATATTTCAACTGAAATCTATCA
GGCCGGTAGCACACCTTGTAATGGTGTTGAAGGTTTTA
ATTGTACTTTCCTTTACAATCATATGGTTTCCAACCCAC
TAATGGTGTTGGTTACCAACCATACAGAGTAGTAGTAC
TTTCTTTTGAACTTCTACATGCACCAGCAACTGTTTGT
GGACCTAAAAAGTCTACTAATTTGGTTAAAAACAAATG
TGTCAATTTCAACTTCAATGGTTTAACAGGCACAGGTG
TTCTTACTGAGTCTAACAAAAAGTTTCTGCCTTTCCAA
CAATTTGGCAGAGACATTGCTGACACTACTGATGCTGT
CCGTGATCCACAGACACTTGAGATTCTTGACATTACAC
CATGTTCTTTTGGTG

Y144-
Wildtype
gblock

GCGCTAATACGACTCACTATAGGGTTGCTTCCACTGAG
AAGTCTAACATAATAAGAGGCTGGATTTTTGGTACTAC
TTTAGATTCGAAGACCCAGTCCCTACTTATTGTTAATA
ACGCTACTAATGTTGTTATTAAAGTCTGTGAATTTCAA
TTTTGTAATGATCCATTTTTGGGTGTTTATTACCACAA
AAACAACAAAAGTTGGATGGAAAGTGAGTTCAGAGTT
TATTCTAGTGCGAATAATTGCACTTTTGAATATGTCTC
TCAGCCTTTTCTTATGGACCTTGAAGGAAAACAGGGTA
ATTTCAAAAATCTTAGGGAATTTGTGTTTAAGAATATT
GATGGTTATTTTAAAATATATTCTAAGCACACGCCTATT
AATTTAGTGCGTGATCTCCCTCAGGGTTTTTCGGCTTT
AGAACCATTGGTAGATTTGCCAATAGGTATTAACATCAC
TAGGTTTCAAACTTTACTTG

E484E-
Wildtype
gblock

GCGCTAATACGACTCACTATAGGGTTAGAGGTGATGAA
GTCAGACAAATCGCTCCAGGGCAAACTGGAACGATTGC
TGATTATAATTATAAATTACCAGATGATTTTACAGGCTG
CGTTATAGCTTGGAATTCTAACAATCTTGATTCTAAGG
TTGGTGGTAATTATAATTACCTGTATAGATTGTTTAGGA
AGTCTAATCTCAAACCTTTTGAGAGAGATATTTCAACT
GAAATCTATCAGGCCGGTAGCACACCTTGTAATGGTGT
TgAAGGTTTTAATTGTTACTTTCCTTTACAATCATATGG
TTTCCAACCCACTTATGGTGTTGGTTACCAACCATACA
GAGTAGTAGTACTTTCTTTTGAACTTCTACATGCACCA
GCAACTGTTTGTGGACCTAAAAAGTCTACTAATTTGGT
TAAAAACAAATGTGTCAATTTCAACTTCAATGGTTTAA
CAGGCACAGGTGTTC

Continued on next page
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Name Sequence (5’ to 3)

Human GCGCTAATACGACTCACTATAGGGATGGGACTTCAGCA
RNaseP TGGCGGTGTTTGCAGATTTGGACCTGCGAGCGGGTTC
gblock TGACCTGAAGGCTCTGCGCGGACTTGTGGAGACAGCC

GCTCACCTTGGCTATTCAGTTGTTGCTATCAATCATATC
GTTGACTTTAAGGAAAAGAAACAGGAAATTGAAAAAC
CAGTAGCTGTTTCTGAACTCTTCACAACTTTGCCAATT
GTACAGGGAAAATCAAGACCAATTAAAATTTTAACTAG
ATTAACAATTATTGTCTCGGATCCATCTCACTGCAATGT
TTTGAGAGCAACTTCTTCAAGGGCCCGGCTCTATGATG
TTGTTGCAGTTTTTCCAAAGACAGAAAAGCTTTTTCAT
ATTGCTTGCACACATTTAGATGTGGATTTAGTCTGCAT
AACTGTAACAGAGAAACTACCATTTTACTTCAAAAGAC
CTCCTATTAATGTGGCGAT
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Table A.3: Total cost analysis of miSHERLOCK duplexed diagnostic device and

assay.
Sequences | Unit | Quant | Cost ($) Vendor Product
Cost -ity Number
($)
Housing
PLA 20.99 0.055 1.15 Prusa FLM-PLA-
filament 175-BLK
Polyimide 0.2 2 0.40 Alibaba
heater
(2pc)
Transparent| 5.49 0.01 0.05 Inventables 24164-03
orange
acrylic
Battery 0.13 3 0.39 Alibaba
holders
(12V, 9V)
PES 0.02 2 0.04 Millipore GPWP04700
membrane
Temperature Sensor
N-channel 1.02 1 1.02 Digikey IRLB8721PBF-
MOSFET ND
10k Ohm 0.1 1 0.10 Digikey S10CACT-ND
resistor
Temperature 1.95 1 1.95 Digikey TC622VAT-
Sensor ND
120k Ohm 0.1 1 0.1 Digikey S120KCACT-
resistor ND
Protoboard 7.5 0.03 0.23 Digikey 438-1037-ND
LED
Super 0.32 2 0.64 Adafruit 301
Bright
Blue 5mm
LED
220 Ohm 0.1 1 0.10 Digikey S220CACT-
resistor ND
Biochemical Assay
RPA Basic 327 1 3.40 TwistDx | TABASO3KIT
pellet
Casl2a 250 5 pm 0.63 New MO0653T
England
Biolabs
Continued on next page
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Sequences | Unit | Quant | Cost ($) Vendor Product
Cost -ity Number
($)
Reverse 656 250 4.10 New MO0368X
Transcrip- units England
tase Biolabs
RNase H 293 2.5 0.73 Ambion AM2293
units
gRNA, 0
reporter,
buffer
Total $15.03
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Table A.4: Cost estimate of miSHERLOCK duplexed diagnostic device components
at 10,000+ scale.

Sequences | Unit | Quant | Cost | Vendor Product Number
Cost -ity (%)
(%)
Temperature Sensor Circuit
N-channel 0.144 1 0.144 Digikey | TSM240N03CX6RFGTR
MOSFET
10K Ohm 0.055 1 0.055 Digikey 2019-
resistor RK73H2BTTD1002FTR
Temperature¢ 0.580 1 0.580 Digikey 2156-LM26CIM5-
Sensor YPE/NOPB
120K Ohm | 0.055 1 0.055 Digikey 2019-
resistor RK73H2BTTDI1203FTR
LED
Blue b5mm 0.148 2 0.296 Digikey 754-1807
LED
220 Ohm 0.055 1 0.055 Digikey 2019-
resistor RK73H2BTTD2200FTR
Total $1.19

174




Appendix B

Multiplexed Electrochemical sensors
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"EC sensor chip,

microfluidic tape

power resistor,

resistor holder,

Figure B-1: Exploded view of LOC microfluidic platform. An exploded view
of the multiplexed system, which includes a heater system, a sealed microfluidic chip,
and a multiplexed EC sensor chip.
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Figure B-2: Iterations of the microfluidic chip. Five designs with varied reser-
voirs, reaction chamber, channel sizes and layouts that were among the microfluidic
chips tested.
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Figure B-3: Microfluidic chip workflow. a. Labeled image of the microfluidic
chip. b. Printed microfluidic chip. c¢. A detailed description of the movement of
liquid through the device. The workflow is as follows: (1) Add 25 uL of nuclease-free
water to the LAMP reservoir, and 22 pL nuclease-free water the CRISPR reservoir,
20 uL saliva to the saliva-based antibody reservoir and 400 uL saliva to 50 uL of a
1:10 dilution of proteinase k to the saliva-based RNA preparation reservoir. Incubate
in RNA preparation reservoir at 55°C for 15 mins followed by 95°C for 5 min. (2)
Saliva flows through the reaction chamber and after, the PES filter incubates at 95°C
for 3 min to assure there is no more active proteinase k or inhibitors within the saliva.
(3) The rehydrated LAMP mix is pumped into reaction chamber and incubates at
65°C for 30 min. (4) CRISPR mix is pumped into reaction chamber containing the
LAMP reaction and incubates at 37°C for 30 min. (5) The LAMP-CRISPR mix is
pumped over the EC sensor chip. (6) The 20 uL saliva sample from the antibody
detection reservoir is pumped over EC sensor chip.
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Figure B-4: Optimization of CRISPR assay for EC-based SARS-CoV-2
RNA detection. A. Optimization of the reporter concentrations in the CRISPR-
electrochemistry RNA assay. We optimized the concentration of the biotinylated
reporter probe for the electrochemical SARS-CoV-2 CRISPR-based RNA assays. We
tested reporter concentrations between 0-50 nM and obtained optimal performance
of the assays at 1nM final reporter concentration. Error bars represent the standard
deviation of biological triplicate experiments.B. Limit of detection of the CRISPR-
based electrochemical assay. Serially diluted full-length SARS-CoV-2 RNA (purple
squares) was spiked in water and amplified by RT-LAMP. Results show that dilutions
down to 12.8 cp/uL of viral RNA had a clear negative signal in our electrochemi-
cal assays, indicating no deposition of TMB. Unpaired Student’s t-test p<0.0001 for
differences in current (A) between 12.8 cp/pl and 0 cp/ul viral RNA. NC: negative
control (yellow circle), Ocp/ul viral RNA. Error bars represent the standard deviation
of independent triplicate experiments, biological replicates.
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Figure B-5: Optimization of the CRISPR-based electrochemistry assay
time. We optimized the reaction times by incubating (a) 0.5nM, (b) 1nM and (c)
5nM reporter probes over 5, 10 and 15 min. We selected 1nM reporter probe con-
centration and 5-min incubation times for further experiments. Error bars represent
standard deviation of biological independent triplicate experiments.
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Figure B-6: Selection of the SARS-CoV-2 anti-human IgG detection an-
tibody against Spike, NC, and RBD protein in an ELISA format using
SARS-CoV-2 positive and negative samples. A. Biotinylated goat anti-human
IgG Biotin (A80-148B) and (A18821) had high signals for positive sample Pj;,p. All
detection antibodies gave a similar low signal for negative clinical samples and PBS
negative control background (Fig. B-4B). Overall, the anti-IgG Biotin (A80-148B)
had a higher signal-to-noise ratio. B. Comparison of the performance of anti-IgG
Biotin (A80-148B) with anti-IgG Biotin (109-006-170) using antigens S1, N, and S1-
RBD. Anti-IgG Biotin (109-006-170) was selected for further experiments because it
had higher signal-to-noise ratios for all antigens.
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Figure B-7: Optimization of the plasma dilutions using clinical plasma sam-
ples in a 96-well ELISA format. A. Biotinylated goat anti-human IgG Biotin
(A80-148B) and (A18821) had high signals for positive sample P" © 9 " All de-
tection antibodies gave a similar low signal for negative clinical samples and PBS
negative control background (Fig. B-4B). Overall, the anti-IgG Biotin (A80-148B)
had a higher signal-to-noise ratio. B. Comparison of the performance of anti-IgG
Biotin (A80-148B) with anti-IgG Biotin (109-006-170) using antigens S1, N, and S1-
RBD. Anti-IgG Biotin (109-006-170) was selected for further experiments because
it had higher signal-to-noise ratios for all antigens. The dilution factor of 200X (c)
detected the less abundant antibody isotypes (IgM and IgA). Error bars represent
the standard deviation of independent triplicate experiments, biological replicates.
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Figure B-8: Optimization of the plasma dilutions using clinical plasma sam-
ples in a 96-well ELISA format. Serial plasma dilutions were tested in an ELISA
plate format with immobilized SI-RBD to detect human (A) IgM, (B) IgA and (C)
IgG. We observed that dilutions between 200X-1000X show a high signal-to-noise
ratio in ELISA when detecting IgG against both N and S1 protein antigens (a) and
(b), respectively. The dilution factor of 200X detected the less abundant antibody
isotypes (IgM and IgA), similar to results obtained in Fig. B-7C, indicating that a di-
lution factor of 200X was optimal for ELISA experiments. Error Error bars represent
the standard deviation of independent triplicate experiments, biological replicates.
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Figure B-9: A sample dilution of 1:9 is optimal for IgG, IgM and IgA de-
tection in the electrochemical platform. High and low antibody titer plasma
was serially diluted and tested on the electrochemical platform to detect anti-SARS-
CoV-2 human (a, b) IgA, (¢, d) IgM, and (e, f) IgG against S1, nucleocapsid, and
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IgG: 30min sample incubation and 1min TMB precipitation time
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Figure B-10: Optimization of the incubation and TMB precipitation times in
1:9 plasma dilutions. Electrochemical biosensors were conjugated with the three
antigens (S1-RBD, S1 and N) and used to detect IgG in a subset of positive and
negative clinical plasma samples diluted at 1:9. We optimized the incubation and
TMB precipitation times: (a) diluted plasma was incubated for 30 min and TMB
was allowed to precipitate for 1 min (b) diluted plasma was incubated for 1h and
TMB precipitation time was 1 min; (c) diluted plasma was incubated for 30 min
and TMB reactions proceeded for 3 min. We observed that the optimal performance

was obtained for (c¢) 3-min plasma incubation on the electrodes and 3-min TMB
precipitation.
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a IgG: 30min sample incubation and 1min TMB precipitation time

1.2% 106
[ S$1-RBD
< 8.0x1074 mm S1
5 = N
15
3
O 4.0x10"-
O'CIII’T‘IITI rr1T 1T 111 rQrir1Thnid
P1P2P3P4P5N1N2N3 P1P2P3P4P5N1N2N3 P1P2P3P4P5N1N2N3
SARS-Cov-2 Positive (P) and Negative (N) Samples
b IgG: 1h sample incubation and 1min TMB precipitation time
1.5%106m -
] S1-RBD
< 1.0x10° S
5 DN
5
O 5.0x107
| | . =
b DO I D N P L) r 1 1 1 1 n1rnih1
P1P2P3P4P5N1N2N3 P1P2P3P4P5N1N2N3 P1P2P3P4P5N1N2N3
SARS-Cov-2 Positive (P) and Negative (N) Samples
c lgG: 30min sample incubation and 3min TMB precipitation time
0.000003=
[] [ $1-RBD
< 0.000002- m s
5 =1 N
3 0.000001-]
0.000000 [

T T T T T T 11 T T T T T T T 11
P1P2P3P4P5NTN2N3 P1P2P3P4P5N1N2N3 P1P2P3P4P5N1N2N3
SARS-Cov-2 Positive (P) and Negative (N) Samples

Figure B-11: Optimization of incubation and TMB precipitation time at
1:18 plasma dilutions. Electrochemical biosensors were conjugated with the three
antigens (S1-RBD, S1 and N), and used to detect IgG in a subset of positive and
negative clinical plasma samples diluted at 1:18. We optimized the incubation and
TMB precipitation times: (a) diluted plasma samples were incubated for 30 min and
TMB was allowed to precipitate for 1 min; (b) diluted plasma samples were incubated
for 1Th and TMB precipitation time was 1 min; (c) diluted plasma samples were
incubated for 30 min and TMB reactions proceeded for 3 min. Optimal performance
was observed for plasma diluted at 1:9 (Fig. 4-10A,c.)
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LOD (cp/uL)

RNA (cp/ul) 1251625 1 | 03]015] O
Fluorescent assay - 2.3
Replicates (4 /total) | 5/5 | 5/5 | 3/5|2/5| 2/5 |0/5
RNA (cp/ul) 1251625 1 | 03]015] 0
EC assay - 0.8
Replicates (+/total) | 5/5 | 5/5 | 3/5|3/5| 2/5 |0/5

Table B.1: Logit regression curve analysis data for device LOD. Raw data used
for the logit regression curve analysis to measure the limit of detection of fluorescent

and electrochemical CRISPR-based SARS-CoV-2 RNA detection.
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CRISPR fluorescence
AUC 1.00
95% conf. int. [1.00-1.00]

P value <0.0001

Cutoft 8859

Sens. 1.00 [0.83-1.00]
Spec. 1.00 [0.72-1.00]

N pos. 19

N neg. 10

Table B.2: CRISPR-based fluorescent assays accurately detect SARS-CoV-
2 in clinical saliva samples.
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Primer Concentration | Sequence

FIP 1.6 uM TCAGCACACAAAGCCAAAAATTT
ATTTTTCTGTGCAAAGGAAATTA
AGGAG

BIP 1.6 uM TATTGGTGGAGCTAAACTTAAA
GCCTTTTCTGTACAATCCCTTTG
AGTG

F3 0.2 uM CGGTGGACAAATTGTCAC

B3 0.2 uM CTTCTCTGGATTTAACACACTT

LOOP F 0.4 uM TTACAAGCTTAAAGAATGTCTGA
ACACT

LOOP B 0.4 uM TTGAATTTAGGTGAAACATTTGT
CACG

Table B.3: Best performing LAMP primer sequences and their final con-
centrations in LAMP assays. [134]
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Table B.4: Cost analysis for LOC microfluidic device.

Component ‘ Unit Cost ($) ‘ Quantity ‘ Cost ‘ Vendor ‘ Product Number
Microfluidic chip
3D printed resin, | 149.99 0.0058 0.87 Formlabs RS-F2-
1L GPGR-04
Power resistor 1.43 2 2.85 Digikey A143815 TR
Microfluidic tape | 351 0.0009 0.31 3M 70000126
311
PES membrane | 0.02 0.125 0.04 Millipore GPWP04
700
Biochemical Assay
Proteinase K 87 0.0023 0.20 New  Eng- | P8107S
land Biolabs
LbCasl2a 250 0.0025 0.63 New  Eng- | M0653T
land Biolabs
LAMP mix 883 0.002 1.77 New  Eng- | E1700L
land Biolabs
gRNA, reporter, 0
and buffers
Electrochemical Sensor chip
Glass and gold | 6 1 6 Telic Com-
chip pany
Reduced graphene | 379 0.00112 0.42 Millipore 806579
oxide, tetraethy- Sigma
lene  pentamine
functionalized
Bovine Serum Al- | 260 0.000007 | 0O Jackson 001-000-162
bumin (IgG-Free, Immuno
Protease-Free Research
Glutaralde hyde, | 75.10 0.0002 0.02 Millipore G7776
70% Sigma
EDC (1-ethyl-3- | 132 0.001078 | 0.14 Thermo 22980
(3-dimethylamino Fisher  Sci-
propyl) carbodi- entific
imide hydrochlo-
ride)
N-hydroxysucc in- | 21.20 0.000322 | 0.01 Millipore 130672
imide (NHS) Sigma
Poly-HRP  Strep- | 266 0.00008 0.02 Thermo N200
tavidin Fisher Sci-
entific

Continued on next page
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Table B.4 — continued from previous page

Component Unit Cost ($) | Quantity Cost Vendor Product Number
TMB  Enhanced | 103 0.0002 0.02 Millipore T9455
One Component Sigma
HRP Membrane
Substrate
Total $ 13.29
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Voltages for Microfluidic Heating

Temperature (°C) Voltage (V)
95 4.7
95 7
65 4.85
37 2.55

Table B.5: Voltages used for heating the LOC microfluidic device.
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Appendix C
MyRWA Ethnography

Code book for Ethnography of MyRWA monitors
Environment:

Development: having to do with construction and urbanization of the land within
the watershed.

“if there’s one factor that drives the kind of environmental changes we track most
closely, it’s urbanization” (M1:37-39)

Bacteria: relating to the bacteria most commonly found in water contamination
related to run-off and sewage. For freshwater, this is primarily E.coli and for saltwa-
ter this is primarily Enterococcus.

“And it’s E.coli in freshwater, Enterococcus in salt water” (M1: 58)

Watershed: hydrological events or activities that impact or take place within a
watershed (here usually the Mystic River or Charles River watershed)

“material builds up on these surfaces and it’s washed very efficiently to rivers and
streams” (M1: 108-109)

Dam: Relating to the Amelia Earhart Dam

Hydrology: related to the movement of water over land, specifically within the
watershed

“and changes everything about the way water mowves across the landscape and
changes everything” (M1: 45-46)

Infrastructure: Relating to city and urban infrastructure that impacts the local
watershed “So it’s, when the pipe that’s leading to Deer Island becomes, is sort of
filled to capacity with this miz of rainwater and sewage” (M1: 72-73)

Urban: Relating to activities that go on or are influenced by a densely populated

area with mostly paved and non-absorbent surfaces.
« . ‘ . : .
‘phosphorus is driven, the excess phosphorus in urban areas is a function again of
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impervious surface and material builds up on these surfaces” (M1: 107-108)

Rain: relating to rain or rainfall
“CSO’s only trigger in big rainfall events” (M1: 70)

Climate change: environmental changes due to climate change
“the sort of root cause of cyanobacteria blooms which are becoming more frequent
with climate change it turns out” (M1: 91-93)

Development: related to urban development and the environmental impacts thereof
“Uh and so there were saltmarsh there were, you know, exposed wetland
areas that are now Upland developed areas.” (M1: 30-31)
Nutrients: Relating to the presence of nutrients (usually nitrogen, phosphorus,
and/or calcium) in water
“The root cause there is a nutrient, excess nutrient” (M1: 94)

Industrial: Having to do with the presence of industry (non-residential)
“It was, you know, big deserted, empty industrial spaces” (M1: 11-12)

Water Contamination: Of or relating to the polluting of water bodies (chemi-
cal and/or biological) due to primarily to urban influences “We also monitor for
cyanobacteria, which as you probably know can produce these liver toxins and neuro-
toxins, things are again, a public health issue” (M1: 88-90)

Monitoring:

Convenience: Related to the proximity/ease with which a monitoring activity can
be done
“I think prozimity to where I live, I can just walk there pretty easy” (M2: 46)

Inconvenience: Related to the difficulty with which a monitoring activity can be
done

“so we had to actually, like I put a stool in the riwver and I then the winter was
particularly bad.” (M2: 176-177)

Monitoring: Related to the observation over time of water (and related environ-
mental indicators)

“So to say that, you know, if there’s one factor that drives the kind of environ-
mental changes we track most closely, it’s urbanization” (M1: 38-39)

Quantitative: any language that implies a measurement, technical instrument, or
standardized protocol; to be used for water monitoring purposes

“So in, the two big pollutants that we have our eye on in the water quality monitor-
ing program we test for a variety of parameters, but the two main ones are bacteria,
as an indicator of wastewater contamination of storm water” (M1:48-51)
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Organizational: Related to or in service an organized group (governmental or NGO)
that performs a water monitoring-related services
Sub-categories:
Organizational; MyRWA: related to Mystic River Watershed Association activities
Organizational; EPA: related to Environmental Protection Agency activities
Organizational; MWRA: related to Massachusetts Water Resource Authority
Organizational; USGS': related to United States Geological Survey
“And we, we we our annual water quality report card with EPA” (M1: 52-53)
“And there’s a really interesting recent USGS study, did, they did a study in
Madison, Wisconsin”

Water sampling: Relating to the process of taking water for analysis
“but the goal of the protocol for our samplers is to acquire a repeatable represen-
tative sample of the stream” (M1: 328-329)

Water sampling; complicated: When a water sampling event is complicated

Water sampling; automatic: A continuous sampling (usually automated sam-
pler)

Copying: Relating to a methodology or protocol that was copied from another
organization

“so that our, standard water quality sampling, parameters that the state uses and
that the EPA uses to, to, measure water quality” (M1: 174-175)

Copying; CR: Copying the methodology or protocols that the Charles River Wa-
tershed has performed

“This same work was done in the Charles some years ago and that the order of
reduction mandated by EPA is on that same scale more than 50%” (M1: 103-105)

Regulations: Relating to existing or future regulations with regard to water quality
“and there’s a kind of suite of water quality, um, parameters that, that, that, that
sort of carry weight, requlatory weight” (M1: 172-173)

Dataset: Relating to the systematic time series collection of data that will be used
together to assess the water. “And we’ve been doing this now every month for 20
years at 15 sites. So we, I have that data.” (M1: 180-181)

Accountability: holding a person or organization accountable for their actions
“we are both partners with EPA and kind of hold them accountable, you know”

CS vs CFT: citizen scientist vs citizen field tech (a differentiation from being some-

one who does a sampling action vs someone who is can either choose the site of
analysis or contributing to the analysis and interpretation of that sample)
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“they’re not making, well, they’re making some qualitative judgments about whether
the sample has an odor or whether it has, what it’s appearance is, but the goal of the
protocol for our samplers is to acquire a repeatable representative sample of the stream”
(M8326-329)

Collaboration: When two or more people or organization are working together
or sharing information

“But we’re, we’re often allies in helping the project defined by the Clean Water
Act” (M1: 226-227)

Consistency: The standardization of sample-to-sample collection and analysis
“So that’s the same lab doing both, their, their own testing, their own, their own
crews go out and get water and they’re tested in the same lab.”

Adding Value: An action that will increase the existing value of a monitoring
program/dataset

“And so we said, well, how can we add value? Well, we can monitor the tribu-
taries and lakes that are attached to that are continuous with the Mystic River” (M1:
270-272)

Following protocol: Using pre-determined standardized methods in order to ac-
complish a task (in this case, related to water quality measurements and monitoring)

“observer following this protocol to go follow that procedure at that site and get the
same sample.” (M1: 305-306)

Monitoring Location: Referencing a monitoring site

Ad-hoc: When a sampling event happens outside of a regulated schedule
“they just sample wherever they can sample” (M2: 92-93)

Air quality: Related to monitoring or sampling for air quality “And you can, you
know, go on Amazon or anything and you, if you look for
particulate portable, portable air quality monitor” (M2: 235-256)

Logistical difficulty: There is a logistical difficulty involved with sampling or mon-
itoring

“I think the issue is, and it’s maybe it’s expensive or it’s a lot of hassle to get this
sample” (M2: 119)

Scheduled and Storm: Related to a sampling procedure that consists of the sched-
uled samples as well as sampling after a storm event

Temperature sensitive: A sample that is temperature sensitive
“you have to keep the samples no hotter than five degrees Celsius” (M2: 219)
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M1: Referencing M1 and his work with MyRWA
Deer Island: The Deer Island water testing facility
Actor:

Surprise: When something that seems counter-intuitive or unlikely, but is true,
is mentioned

“The, the kind of more surprising one to me though, and it’s beginning now to be
really quantified is organic material that that deposits itself on asphalt.” (M1: 123-
125)

Luck: When an actor expresses that they got lucky

“Sometimes we get lucky, if you count this as lucky, and wet weather events where
if it’s rained for at least a quarter or half an inch, within 12 hours of the sampling
event,” (M2: 65-67)

Hope: When an actor is hoping for something
“I was hoping we would have a more continuous monitoring potential, but appar-
ently, you know, it’s not possible” (M2: 102-103)

Monitoring Reason: Reason that they are participating in a water monitoring
program

Qualification: Qualifying a statement that was made
“but I don’t, I'm not engaged in any way in changing anything or rethinking, you

know, when you have protocols that have been going on for a long time” (M3: 71-72)

Deferring: When an actor defers responsibility or expertise to someone else
“So I've been working, he, it’s his station, I guess you could call it” (M3: 36)

Uncertainty: When an actor is unsure about something
“I don’t know if salinity is important, maybe it’s pH. I don’t. I'm not sure. (M2:
148-149)

Sampling Story: A story told by an actor about a sampling experience

Other civic environmental engagement: Activity that a water monitor par-
ticipates in that relates to their local environment outside of MyRWA sampling

Scientist: When the actor indicates that they are involved in the sciences (through
education and/or profession)

Frustrated with labels: When an actor is frustrated with being confined by a
label
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“I guess, I get frustrated with the names business, like above the lakes It’s not, it’s
called the Aberjona instead of the Mystic” (M3: 421-423)

Notes for myself:
Good Quote: A quote I thought was important

Interesting Thought: Something that I am interested in exploring further or that
was not intuitive

For Memo: Something that I would like to put in a memo
Semi-structured interview questions for MyRWA Monitor

Short interview protocol for MyRWA Monitors. These questions were only used for
my interview with M1. Following that interview I updated the protocol.

Written: 4/13/20

Thank you so much for agreeing to participate in this study! Please feel free to
answer as many questions as you are comfortable, and feel free to reach out if you
have any questions or need clarification. Additionally, I am also happy to ask these
questions over the phone and transcribe the responses for you to read if you do not
have the time/resources to respond in this format. Your personal information will
remain anonymous (and your sampling site as well if it is necessary for anonymity.
Getting to know you:

When did you move to the Boston Area? What brought you here?

In what ways, if any, do you think the demographics of this area have changed over
time?

Did you study anything related to the sciences or environment studies? Are you
currently working within a field related to the sciences or environmental studies?

MyRWA program:

In what capacities are you involved in MyRWA? For how long?

What initially interested you in getting becoming a monitor?

Do you have a specific site or set of sites that you monitor reqularly? Where are
they and how did you choose or get assigned that location? What is the state of water

quality of your site(s)?
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How would you describe your role on a month-to-month basis for MyRWA? Do you
see yourself as a citizen scientist, a citizem field tech, a monitor, or a name of your
own assignment.? Why?

How do you think you incorporate the qualitative aspect of sampling (being in the
physical space and using your senses to understand the environment) into the month-
to-month measurement process, if at all? Do you think that matters?

Do you think your familiarity with the area allows you to participate in monitor-
ing or community-directed activities in addition to the sampling you do?

Was there ever a time when you really wanted to sample a certain area or at a certain
time that wasn’t consistent with the monitoring protocols? What did you do?

Do you look at the water quality results from your sampling site(s)? Does that factor
into your knowledge of the site and the subsequent measurements you take?

If you could choose a parameter or a site that is not the existing dataset to track
(or pick one that already exists) to monitor, what and/or where would you choose
and why?

Wrapping up

We have about 5 minutes left. Is there anything you want to ask me or something
you want to share as we finish up?

Thank you so much for your time looking through and answering these questions! I

am hugely appreciative and look forward to sharing the results (maybe as a MyRWA
meeting!) once I process the data.

Updated Semi-structured interview questions for MyRWA Monitors

Short interview protocol for MyRWA Monitors modofied based on information gath-
ered from interviewing M1.

Written: 4,/23/20

Consent:

I would like to audio record this interview so that I don’t have to take notes while
we speak. If you do not feel comfortable with this, I will be happy to take notes or

not document it. Is this ok? I can send you the transcript from the interview to read
over, correct, and approve. I will be keeping all of this information confidential, so
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your name and identifying information will be hidden as much as possible. I would
be happy to share the resulting report coming from this research.

Getting to know you:
When did you move to the Boston Area? What brought you here?

In what ways do you think the demographics of this area have changed over time?
In what ways do you think the area itself has changed over time?

MyRWA program:
In what capacities are you involved in MyRWA? For how long?

Do you have a specific site or set of sites that you monitor reqularly? Where are
they and how did you choose or get assigned that location?

How would you describe your role on a month-to-month basis for MyRWA? Do you
see yourself as a citizen scientist or a field tech or monitor? Why?

How do you think you incorporate the qualitative aspect of sampling (being in the
physical space and using your senses to understand the environment) into the mea-
surement process, if at all?

Was there ever a time when you really wanted to sample a certain area or at a certain
time that wasn’t consistent with the monitoring protocols? What did you do?

Do you get a copy of the results for the water that you sample? Do you look at
them? Does that factor into your knowledge of the site and the subsequent measure-
ments you take?

If you could choose a parameter that is not the existing dataset to track (or pick
one that already exists) to monitor, what would you choose?

Wrapping up

We have about 5 minutes left. Is there anything you want to ask me or something you
want to share as we finish up?

Thank them profusely for their time. Tell them how much you appreciated sitting
how and how interesting this has been. Tell them the next time you think you will
see them/follow up with them. Ask for information so you can follow up with the
written interviews for analysis
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