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ABSTRACT

DEVELOPMENT AND DEVICE INTEGRATION OF ELECTROCHEMICAL AND COLORIMETRIC

SENSORS TOWARDS IMPROVED LARGE-SCALE POINT-OF-NEED TESTING CAPABILITIES

Safe and clean water is the most important resource in the modern world, and is not
guaranteed, with around 40% of the world population living without access to a reliable clean
water source. Without clean water, foodborne pathogens also become much more prevalent as
sanitation practices become ineffective. Globally water access and safety is improving on
average, primarily driven by infrastructure investment. However, as infrastructure ages and
more people are introduced to on-demand clean water options, widespread monitoring is
essential to ensure continued safety and progress. Domestically, water and food quality
monitoring is becoming increasingly relevant in 2026 as climate change and policy decisions
impact the availability and safety of water and food in the United States. Bacterial and heavy
metals contaminants are common in older drinking water systems, and local contamination can
be overlooked.

Chapter One examines this issue, the complexities that arise from the implementation of
widespread monitoring, and recent technological and scientific developments towards point of
need monitoring for these issues.

Chapter Two presents a bead-based electrochemical immunoassay for bacteria
detection in food and water samples, allowing an end-user to test a liquid or solid sample for

the presence of specific whole-cell bacteria. The assay was developed at Colorado State



University and characterized externally at the US Army Combat Capabilities Development
Command (DEVCOM) to evaluate Limit of Detection (LoD), ease-of-use, and applicability
towards food pathogen monitoring in the field. The assay is based on a traditional ELISA,
allowing swapping of biorecognition elements for alternative targets, as shown in the
adaptation of the assay between Escherichia coli and Salmonella enterica.

Chapter Three presents the design and optimization of a 3D-printed electroanalytical
sensor for point of need detection of 3,4-

Methylenedioxymethamphetamine (MDMA) in unknown tablet samples. The low-cost
fabrication, ease-of-use, and disposable electrode design of the sensing system allows
utilization at the point of need for unknown sample characterization. By 3D-printing the
electrode, low-cost and disposable sensors are easily manufactured at scale in-lab, allowing
extensive field deployment and testing. The electrode system was used for MDMA
standardization, and subsequent detection of MDMA content in real-world seized unknown
samples.

Chapter Four presents a 3D-printed preconcentration system in combination with a
foldable reagent delivery and colorimetric readout card for instrumentation-minimal detection
of heavy metals in water samples. By using specific chromogenic reagents for each heavy metal
and pre-concentrating on paper, EPA-relevant limits of detection are achieved at a fraction of
typical lab analysis cost. A smartphone is utilized for data analysis and readout, allowing usage
of the device at the point of need within 30 minutes, as compared to the typical method of

sample storage and transport to a central lab.



The development and implementation of pathogen, heavy metal, and drug compound
sensors into point-of-need devices and testing programs has the potential to radically transform
the availability and ease of collection of a wide range of critical data. By utilizing easily
swappable and commercially available components, we found that our cost-effective
electrochemical assay for bacterial pathogens could be transferred to an external lab and
utilized in complex and varied samples for successful bacterial quantification and detection. The
use of 3D-printed electrodes for MDMA detection allowed us to analyze real-world samples and
easily determine drug dosage, an important step towards point-of-need testing for harm
reduction. Finally, the use of a low-cost detection card and preconcentration system, and a
smartphone-based quantification method allows an easier path to widespread environmental
testing for heavy metal contaminants at relevant limits. Overall, the work in this dissertation
demonstrates the power of simple and reliable engineering improvements to analytical systems
for point of need testing. It is my hope that this work furthers the fields of analytical,
environmental, and biochemistry by providing a small stepping stone towards widespread usage

of low-cost analytical devices.
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CHAPTER ONE: INTRODUCTION

1.1 Food and Waterborne Diseases

Globally, food and waterborne pathogens are estimated to cause more than
400,000 deaths annually, with the majority in low and lower middle-income countries (LMIC).*
These resource-limited areas are particularly vulnerable to pathogen outbreaks, often due to a
systemic lack of access to reliable clean water sources.?* The systemic nature of the problem
complicates mitigation efforts, and monitoring of new and ongoing outbreaks can be beyond

the means of local health services.**

Domestically, the annual cost of foodborne pathogens was estimated at 74 billion USD in
2023.5 While the pathogen detection and monitoring system in the US is strong in comparison
to many parts of the world, the ubiquity of pathogenic bacteria means that the problem can
never be truly erased.> Additionally, recent transitions in the US Food and Drug Administration
(FDA),'* the US exit from the World Health Organization (WHO),*? and the embracing of
alternative health practices by the Department of Health and Human Services (HHS)*3'* may
foreshadow an increase in domestic US foodborne bacteria concerns.

Escherichia coli, Salmonella enterica and Listeria monocytogenes make up a large
portion of pathogenic bacteria found in food sources due to their hardiness and ease of spread.
Approximately 45% of global deaths due to food pathogens are attributed to these bacteria.!
Food is typically contaminated during preparation or packaging by human workers. While

Salmonella and Listeria are typically only expelled during active infection, E. coli is ubiquitous in



the lower intestine of most mammals and is therefore used as an indicator organism for

potential fecal contamination.

One of the major factors in foodborne iliness and bacterial contamination is access to
clean water and sanitation facilities.> Great progress has been made on access to basic water
sources, with the global population of people lacking an improved source of drinking water
dropping from 18% in 2000 to 8.5% in 2024.3 However, much of the global population still lacks
safely managed water. As infrastructure improvements age, weaknesses are being revealed in
the form of bacterial or chemical contamination issues. Even if a practical and convenient
source of water is available, bacterial contamination can make handwashing ineffective for food
protection.?*” Cooking with contaminated water is also in

many cases hazardous, even if mitigation procedures such as boiling are utilized.*”

Some local water access improvements, such as rooftop tanks, can be susceptible to
bacterial contamination, especially when maintenance is neglected.” However, largescale
bacterial or chemical contamination across a region is also prevalent, especially in the wake of
mismanagement, environmental damage, or natural disaster.®® Finally, both outdated plumbing
and incorrectly manufactured or installed new fixtures can cause

dangerously increased levels of heavy metals in drinking water.°

Unfortunately, testing for both bacterial and metal contamination issues is extremely
complicated due to the low relevant pathogen concentrations, widely prevalent background
bacteria, and complex sample mediums. While ‘off’ flavor or smell may be reported, in many

cases there may be no external indication that water is unsafe.® Coliform analysis via agar



plating is the most common bacterial test on drinking water and must be done in a lab
environment to accurately assess bacterial contamination.¢ Singlehousehold sampling involves
collection of 100 mL per sample for bacterial tests, often from multiple water sources. The
logistics of properly collecting, shipping, and analyzing in a central facility are complicated and
costly to implement on a large scale, which can hinder scientific research, regulatory

monitoring, and personal testing.’

As recently highlighted by the COVID-19 pandemic, widespread analytical testing is often
the only solution to tracking and understanding large-scale disease.® Similarly, in environmental
monitoring often the questions being studied necessitate large-scale testing. The traditional
model of sample collection, storage, transportation, and eventual testing is inefficient and
impractical in many situations, especially in LMIC where public health and laboratory resources
are often severely limited.*® Timeliness of results and ease of use are two of the most important

factors in large-scale data collection.®

To address these challenges, point-of-need testing devices have come into the forefront
of health and environmental research in resource-limited settings.'® In 2003, the WHO Special
Programme for Research and Training in Tropical Diseases published the ASSURED (Affordable,
Sensitive, Specific, User-friendly, Rapid, Equipment-free, Delivered) criteria, a set of real-world
guidelines for developing ideal assays for use in the developing world at the point of care.?° In
the years since, advances in device materials, detection methodologies, and miniaturization
have led to a wide variety of commercial point-of-need analytical devices for health and

environmental testing, and great improvements in resource-limited testing availability.>?



However, point of need devices for monitoring bacteria in food and heavy metals at regulatory

limits in drinking water remain relatively underdeveloped.

1.2 Point-of-Need Analysis in Food and Water

Bacteria are complicated targets for point of need assays. They typically require signal
amplification in the form of antibody tagging with nanoparticles or enzymes to yield a
detectable signal in a point of need device.?? While this enhances sensitivity, it can also lead to
issues in the form of false positives when encountering complex samples. Most food samples
are not ‘clean’ enough to run through typical point of need devices without prior sample
preparation, which complicates the assay procedure, especially for untrained users.? Even in
water samples, where the matrix is simple, lateral flow assays for bacteria tend to have very
high limits of detection due to the need for bacterial concentration onto a test line to develop

signal.?>23

Similarly, ‘test strips’ for heavy metals are readily available but are typically not capable
of detecting down to guideline levels for drinking water safety. In this case, while the matrix is
relatively clean, the limits for heavy metals in drinking water are very low, often ppb, which is
typically lower than is practically detectable on a colorimetric test strip.2* Portable heavy metal
testing kits are available but are often economically unfeasible for personal use or widespread
use in LMIC, and require sample prep work.?*?> Some work has been done in creating affordable

point-of-need sensors for heavy metals, but most can



only detect a single ion, and are typically optimized for precise and targeted sampling of

contaminated water sources, rather than widespread screening usage.?

Electrochemical sensors are an attractive option for point of need testing due to their
sensitivity, multiplexing performance, and the ease of integration into both electronic and flow
devices. However, their usage is often limited by a lack of specificity, or by surface fouling due to
complex matrix compounds.?® One mitigating technique is the use of enzymes for target tagging
in an ELISA format, and the subsequent turnover of an electrochemically active substrate
molecule. Recent developments in hollow-channel passively driven microfluidic ELISA systems,
27 as well as work in passive sample preconcentration from complex matrices utilizing magnetic

beads?® have helped to bring non-LFA ELISA closer to practicality in a point of need setting.

1.3 Passive Microfluidic Devices for Point of Need Testing

In contrast with typical microfluidics, which often utilize syringe pumps, external
detection elements, and computer control, passive point of need microfluidic devices utilize a
no-moving-parts approach to fluidic control. Gravity-driven??, capillary-driven?’, and passive-
pump devices?”3 provide opportunities to repeatably preconcentrate samples, mitigate
complex matrices, and conduct lateral flow or bulk flow assays in the field. Common system
variables, such as flow rate, reactant concentrations, and timing can be controlled by
engineered design of the device, allowing assay optimization towards

ease of use and reliability.3!



However, the complexity of buffer optimization, biological recognition dynamics, enzyme
kinetics, and fluid flow mean that the ‘sweet spot’ of optimization on a particular assay, device,
or combination of the two is often extremely narrow. This can manifest as sample preparation
sensitivity. Out-of-spec samples can cause complete system failure; clogging issues in lateral
flow, deactivation of biorecognition elements, or elevation of background signal are all
commonly seen failure modes.3! Additionally, point of need assays often necessitate direct
sampling by the end-user, compounding the likelihood of

issues with each sample preparation step.

In Chapter Four of this work, a novel passive microfluidic system is developed for
preconcentration of heavy metal ions onto paper pads in preparation for colorimetric analysis,
allowing the end user to prep sample by simply adding to a preconcentration tank and allowing
it to drain through the detection card. This enables a single-step, no-movingparts 2500x
preconcentration of the target, substantially lowering the limit of detection of the assay. The
relatively clean intended matrix of drinking or river water combined with easily accessible large-
volume samples allowed us to achieve simultaneous detection of 8

heavy metals at regulatory-relevant concentrations.

1.4 Electrochemical Point of Need Devices

The first successful electrochemical point of need testing device was the blood glucose
strip, developed in the 1970s.32 The success of the device is due to the high concentration of

available glucose in the bloodstream (700 — 2000 mg/L, 3.9 - 11 mM, in a typical healthy adult)



and the extremely stable and reliable performance of glucose oxidase and the 1:1 ferrocene-
mediated electron transfer. However, commercial electrochemical biosensors are still relatively
rare given the 50 year history. Simply, most analytes of interest in biosystems are not at
electrochemically friendly concentrations in target matrices and are not directly measurable via

enzyme-mediated reactions.?

More typically, analytes of interest are in lower concentrations than most other matrix
components and analyte recognition elements must be utilized for preconcentration onto a well
plate, bead, or other matrix.?¢ Labeling is often necessary for signal amplification, requiring the
use of a calibration curve for quantification.® The loss of 1:1 electron transfer typically
somewhat harms the ability of the assay to quantify accurately over a single run. However,
electrochemical optimization, statistical data fitting, and replicate pooling can help make up for
this. Electrochemical enzymatic assays performed in a well plate often perform as well as
colorimetric plate-based enzymatic

assays when provided a large pool of fitting data.

For enzymatic assays, electrochemical sensors perform particularly well due to the
versatility of usage provided by even a basic potentiostat for data collection, allowing
substantial method fine-tuning.3® Interest in electroanalytical methodologies for use in LMIC has
given rise to several low-cost alternatives to traditional instrumentation for analysis.3*
Standalone or phone-driven potentiostats can be acquired for < $500 as of
March 2026, low-cost NFC-driven potentiostats are available for $50,3° and open-source PCB

designs are readily available,?® drastically lowering the barrier for entry to electrochemical



analysis. Finally, the other main benefit offered by electrochemical detection modalities is ease
of multiplexing. Many electroanalysis techniques are ready for integration into a multiplexed
system, either by physical separation on discreet working

electrodes, or by simultaneous multiple peak analysis.?”

In Chapter Two of this work, an electrochemical assay is developed for whole-cell
bacteria in complex matrix samples. In this case, the electrochemical assay is designed for
future implementation into a self-driven multiplexed flow assay system. Electrochemical signal
analysis enables the future use of enzyme mixtures for multiplexing. In Chapter Three of this
work, 3D-printed electrodes are developed for MDMA content analysis in seized pills.
Electrochemical optimization allows specific targeting of the MDMA peak in the complex matrix,
achieving sensitive and specific measurement of the target analyte utilizing a low-cost

alternative electrode material.

1.5 Contributions

The bulk of this work (Chapters Two, Three, and Four) is comprised of research papers
submitted for publication, in preparation, or published. Please see below, or corresponding title
pages for information. All three papers were collaborative efforts with colleagues, with
substantial contributions from all parties. Jason Boes directed and led the work in Chapter Two
and equally collaborated with Prakash Aryal in developing the work presented in Chapter Four.
Elisa Botelli led the work presented in Chapter Three, with Jason Boes designing the assay,

manufacturing electrodes, conducting electrochemical analysis, and editing the paper.



The first paper presented in this work is in preparation for submission to Analytical
Chemistry and appears as in Chapter Two. The paper was prepared and developed in
collaboration with the US Army DEVCOM for external validation testing. The work was
coauthored with Shannon McGraw-Manza, Charles S. Henry, and Alan Kennan. Jason Boes was
responsible for conceptualization, design, engineering, data collection and analysis, drafting,
and editing. Charles S. Henry was responsible for funding, conceptualization, editing, and
advising. Alan Kennan was responsible for editing and advising. Shannon McGraw-Manza was

responsible for external validation data collection, and editing.

The second paper presented, a 3D-printed electrochemical sensor for MDMA analysis in
seized pill samples, has been submitted to Analytical Chemistry and appears as in Chapter
Three. The work was coauthored with Elisa Botelli, Maxwell D. Bridges, Thaisa A.

Baldo, Lucas F. de Lima, Larissa M. A. Melo, Wendell K. T. Coltro, Luciano C. Arantes, William R.
de Araujo, and Charles S. Henry. Jason Boes was responsible for conceptualization, engineering
and design, electrochemical analysis, and manufacturing of electrodes. Elisa Botelli was
responsible for conceptualization, electrochemical analysis, manufacturing and activation of
electrodes, data collection and analysis, drafting, and editing. Chuck Henry was responsible for
conceptualization, funding acquisition, advising, and editing. Other authors were also
responsible for drafting and

editing, as well as supporting data collection, analysis, and experimental design.

The third paper presented has been published in ACS Sensors and appears in

Chapter Four as published. The work was coauthored with Prakash Aryal, Chuck Henry,



Eric Brack, and Todd Alexander. Jason Boes was responsible for conceptualization, engineering
and design, manufacturing, drafting, and editing. Prakash Aryal was responsible for
conceptualization, engineering and design, manufacturing, data collection

and analysis, drafting, and editing.
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CHAPTER TWO: A BEAD-BASED ELECTROCHEMICAL IMMUNOASSAY FOR
PATHOGENIC BACTERIA TOWARDS POINT OF NEED MONITORING OF FOOD AND WATER

1. Introduction

Foodborne pathogens are one of the global leading causes of disease, with more than
400,000 deaths yearly, mostly in young children and older adults; populations which are
particularly susceptible due to lowered immune system response.’ Low and lower middle
income countries (LMICs) as well as rural communities are especially vulnerable to bacterial
outbreaks, and often local public health infrastructures are not prepared for large-scale
monitoring or response.* Escherichia Coli, and Salmonella Enterica are among the most common
foodborne illness-causing bacteria, and can cause nausea, diarrhea, systemic infection, and
death. To combat this, many areas implement bacterial testing of food and water sources, but
this is challenging in resource-limited settings.>®

Coliform analysis on agar, polymerase chain reaction (PCR) screening, and plate-based
enzyme linked immunosorbent assay (ELISA) are all current commonly used techniques for
pathogenic bacterial detection, but bring distinct disadvantages in assay complexity and cost,
requiring dedicated scientists and lab environments to ensure accuracy.” PCR and ELISA are also
heavily dependent on instrumentation, making them challenging to implement in a resource-
limited setting.®1°

Some point-of-need lateral flow assay (LFA) based detection methods have been
developed, but often lack the sensitivity required for pathogen screening, especially in food

samples.!! Additionally, foodborne pathogens are found in a wide variety of complex sample
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matrices, which can greatly complicate sample preparation and hinder detection efforts.??13
LFAs are particularly susceptible to physical matrix effects such as particles and fat globules due
to their need for consistent flow behavior.1%13

Due to the ubiquity of nonpathogenic bacteria in food samples, specificity in any
pathogenic bacterial assay is paramount.'**> Agar-colonization detection methodologies often
require the use of selective agar materials to inhibit growth of non-targeted bacteria in the
sample.'* Use of biorecognition elements such as the antibodies often used in ELISA
methodologies can improve selectivity significantly. However, plate-based ELISA detection, while
often effective for bacterial targets, typically necessitates extensive sample preparation steps for
complex matrix removal.'® Additionally, manual ELISA performance is heavily influenced by
operator skill and requires the use of microbiological lab facilities. Automated

solutions are typically expensive and not practically deployable to a field setting.®’

Lateral flow assays for point-of-need bacterial detection have also recently come into
usage, however they typically suffer a lack of sensitivity to whole-cell bacteria as well as
interference from complex matrices such as those found in food samples.>'%12 These issues are
typically due to the fundamental working principles of the assay, where antibody-tagged gold
nanoparticles must build up to a visually detectable level, and consistency in flow is important
for repeatable bacteria-antibody interactions.'! This limits their usage to clean highly
concentrated bacterial samples, or, in the case of alternative targets such as DNA, necessitates

extensive sample preparation involving bacterial lysing and removal of matrix material.*316
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Antibody-functionalized magnetic microbeads have been used for bacterial separation
from complex matrices extensively in the literature.’-2 The small size of the beads allows them
to disperse through a complex sample matrix efficiently, and they can be magnetically separated
from matrices containing a large portion of solids, rather than relying on removal of solids
during sample preparation.!” However, the processing of these beads is typically still completed
manually by lab personnel, and actual detection is accomplished via colorimetric plate ELISA,
PCR, or agar colonization, resulting in similar lab and personnel requirements as the

aforementioned bacterial assays.®

In order to help bridge this gap, we developed a magnetic bead-based electrochemical
ELISA for bacterial pathogens to take advantage of the sensitivity, ease of miniaturization, and
increasingly low cost of electrochemical measurement devices.?>?® The assay was specifically
designed as a foundational, easily modified tool for bacterial detection, enabling simple target
customization by swapping out antibodies without requiring protocol modification. This allows
end-users to train for this system once, expanding the potential usage of the assay for
alternative targets without expanding the technical knowledge required to generate high quality
data. We aim to integrate this testing assay into a point-of-need (PoN) device, enabling in-field
screening for bacterial pathogens.

The assay developed in this work is based around a magnetic microbead (MMB),
conjugated with pathogen-specific antibodies to specifically capture bacteria from a complex
matrix. After incubating the MMB with the sample (Figure 1 A), the beads are removed via
magnetic separation, and the supernatant containing non-targeted bacteria and complex media

components is discarded (Figure 1 B). The MMB-bacteria mixture is washed to further ensure
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only targeted bacteria remain attached to beads and is then labeled with an enzyme-conjugated
secondary antibody that is also specific for the target bacteria. After another wash to remove
unbound antibody, the MMB-bacteria-enzyme sandwich is transferred to a solution containing
enzyme substrate. Oxidized substrate is detected via chronoamperometry, with the total charge
transfer correlating to bacterial concentration (Figure 1 C).

The sandwich ELISA format ensures excellent specificity in the assay, as both capture and
labeling antibodies must remain bound through the wash processes to produce a positive signal.
The use of an enzyme as the labeling component allows for signal amplification based on
substrate incubation time as the substrate molecules are continually turned over by enzyme
exposure, allowing tuning of the sensitivity of the assay.’®2728 The use of a magnetic bead as the
base for the sandwich ELISA allows improved capture dynamics when compared to a flat plate
ELISA, since the beads can distribute throughout a complex matrix sample more efficiently, and
have an increased chance of contacting and capturing each bacterium.!” These factors allowed
us to effectively optimize the assay for whole-cell bacteria in complex matrices, achieving
improved LoDs when compared to typical point-of-need bacterial assays, and allowing a
minimally trained end user to successfully detect and quantify bacterial contamination in food.

The assay was developed in collaboration with the United States Army Combat
Capabilities Development Command (DEVCOM), for deployment in resource-limited settings
where traditional laboratory techniques for food pathogen analysis are logistically challenging.
DEVCOM independently evaluated operator use and performance of the assay in their own lab
environment for detection of Escherichia coli 0157:H7 and Salmonella enterica serovar

Typhimurium in pure culture dilutions as well as in multiple food types. DEVCOM evaluation was
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performed directly from protocols, methodologies, and materials lists provided by CSU
(Appendix A). Electrode arrays were provided by CSU, with the rest of the assay materials

procured directly by DEVCOM.

2. Materials and Methods

To make the assay as accessible as possible, common commercially available materials
were selected for use when possible. Electrodes were manufactured in-house at CSU, but the
assay does not rely on the specific electrode utilized. Commercially available single-use
electrodes such as Screen Printed Electrodes (SPEs) manufactured by Dropsens or others should
also perform similarly in the assay format. Written protocols were prepared at CSU for assay

validation by DEVCOM.

Assay Materials and Preparation

Phosphate buffered saline (PBS) tablets (11340439) and tetramethylbenzidine (TMB)
substrate solution (N301) were purchased from Thermo Fisher Scientific (Waltham, MA). Tween-
20, bovine serum albumin fraction V (BSA), sodium hydroxide, and hydrochloric acid were
purchased from Sigma-Aldrich (St. Louis, MO). Microcentrifuge tubes (1.5mL) were purchased
from VWR (Radnor, PA). PBS was prepared as instructed from tablet, adjusted to pH 7.4 with

NaOH or HCI, sterilized via autoclaving, and stored at 4C. Washing buffer (PBST) was prepared
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from above PBS with the addition of 0.1% W/V Tween-20 and stored at 4C. Full buffer

preparation protocols are available in Buffer & Solution Preparation (Appendix A).

Bacterial Strains & Media

Bacteria strains of E. coli 0157:H7 (ATCC 43895), E. coli DH5a (ATCC 47093), and
Salmonella Enterica (ATCC TA 1535) were purchased from ATCC (Gaithersburg, MD). Dry LB
broth (Miller), dry BHI broth and agar were purchased from Sigma-Aldrich and prepared as per
manufacturer instructions. Agar plates were prepared using 1.5% agar and respective growth
media and were stored at 4C until use. Bacteria were grown to exponential phase, aliquoted,
frozen, and stored at -20C. Prior to use in assay, bacteria were thawed, spiked into 100 mL
growth media in a 500 mL Erlenmeyer flask, and grown to exponential phase with continual
mixing. Bacteria were diluted to working concentrations in PBS. Triplicate serial dilutions and
subsequent agar plating post spiking were utilized to confirm whole cell bacterial concentration

in the tested samples.

Antibodies and Conjugation Materials:

Primary and secondary antibodies for capture and labeling (See Table 1) were purchased
from Bioss (Woburn, MA), LS Bio (Seattle, WA), Sino Biological (Beijing, China), Abcam
(Cambridge, UK), Virostat (Westbrook, Maine), and Invitrogen (Washington, DC). Primary
antibodies were conjugated with biotin Lightning-Link conjugation kits from Abcam (Cambridge,
UK) as needed for streptavidin bead systems and remained unconjugated for tosylactivated

beads; secondary antibodies were labeled with HRP as needed utilizing HRP Lightning-Link
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conjugation kits from Abcam (Cambridge, UK). Manufacturer instructions were followed for

lightning-link conjugations. Conjugated antibodies were diluted to working concentrations with

PBS buffer.

Table 1: Antibodies Utilized for Capture & Labeling
Manufacturer Bacterial Target Manufacturer ID
Bioss E. coli bs-2033R
LS Bio E. coli LS-C507846-100
Sino E. coli 13102-MMO09
Sino E. coli 40066-RP0O1
Abcam E. coli Ab20640
Abcam E. coli Ab35292
Abcam Salmonella Ab69255
Abcam Salmonella Ab35156
Abcam Salmonella Ab20506
Abcam Salmonella Ab8274
Bioss Salmonella bs-4581R
Abcam Listeria Ab20506
Abcam Listeria Ab20766
Abcam Listeria Ab35132
Bioss Listeria bs-4801R
Invitrogen Listeria MA5-33271
Sino Listeria 40067-T16
Sino Listeria 40067-MMO06
Virostat Listeria 4201
Virostat Listeria 4204
Virostat Listeria 4211
Virostat Listeria 4212
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Bead Functionalization Materials & Preparation

Two types of magnetic beads were utilized for functionalization with antibodies;
streptavidin-coated and tosyl-activated. Streptavidin coated beads (SVM-05-10) were purchased
from Spherotech (Green Qaks, IL). Tosylactivated beads (Dynabeads M280) and a Dynamag-2
bead separation magnet were purchased from Invitrogen (Waltham, MA). Borate buffer (0.1 M
boric acid, 0.025 M sodium hydroxide, pH 8.5) was used for tosyl-activated bead
functionalization with materials purchased from Thermo Fisher. Blocking buffers were prepared
from PBS with the addition of 0.5% or 0.1% w/v BSA. Full buffer preparation protocols are
available in Buffer & Solution Preparation (Appendix A).

Tosyl-activated beads were prepared according to bead preparation protocols (Appendix
A). Briefly, 30 mg/mL bead stock was vortexed to homogenize and 335 pL of beads were
transferred via micropipette to a microcentrifuge tube and magnetically separated from
supernatant, which was discarded via aspiration. A 1 mL borate buffer wash with 10 second
vortex mix was performed, and beads were again magnetically separated and the supernatant
discarded. 50 pL of 4 mg/mL antibody mixture was added to the beads, and total volume was
adjusted to 250 pL with borate buffer. The resulting solution was mixed on a rotator for 24 hours
at room temperature. Beads were magnetically separated and resuspended to 1 mL in 0.5% BSA
blocking solution for 3 hours. Beads were washed twice with 1 mL 0.1% BSA blocking solution
with magnetic separation and discarding of supernatant. Beads were resuspended in 0.1% PBS

to a concentration of 20 mg/mL and stored at 4C until use.
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Antibody Capture Screening

To screen antibodies for capture performance, beads were prepared with each tested
antibody, and 100 pg beads were used to capture bacteria from a 1 mL sample at 103 CFU/mL
for 1 hour at room temperature with rotator mixing. After capture, three 1 mL PBST washes with
magnetic separation were completed to remove unbound bacteria. Beads were sampled and

plated in triplicate on agar to quantify bacterial carryover utilizing the following equation

Bead Mixture Total CFU
Equation 1: % Capture = 100% * (n=3)
Original Sample Total CFU

Nonspecific Binding Analysis

Functionalized streptavidin and tosyl-activated beads were tested for nonspecific binding
to HRP-conjugated secondary antibodies. Six wash steps were completed with 1 mL PBST, with
50 ul supernatant from each wash sampled and tested for HRP with 150 uL TMB solution in a
microplate to track wash effectiveness in removing conjugated antibody. After these six wash
steps, beads were again separated, resuspended to 100 uL in PBS, and a 10 pL aliquot was
tested with TMB solution in a microplate. This was repeated for a range of bead dosages
between 0.5 ug and 500 ug of beads.

In order to verify that TMB turnover was due to bound HRP, background measurements
of 50 uL aliquots of PBS buffer, 0.1 pg tosyl-activated beads in PBS, and 5% W/V Tween-20 in
PBS were taken in a wellplate with 150 pL TMB, incubated for 30 minutes. All showed response

within standard deviation of TMB solution alone.
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Electrode and Device Materials

TC303 Graphite was purchased from Asbury Carbons (Asbury, NJ). Polystyrene and
dichloromethane (DCM) were purchased from Sigma-Aldrich (St. Louis, MO). Conductive paint
was purchased from SPI Supplies (West Chester, PA). 3D printed electrode shells were
manufactured in-house, utilizing a Formlabs Form 3 SLA Printer with Grey V4 and Clear V4 resins
from Formlabs (Somerville, MA). Wells were manufactured in-house from double-sided
adhesive (468MP) and diagnostic film (9962), purchased from 3M (Saint Paul, MN). Polymethyl
methacrylate (PMMA) %4” sheets and 2-part epoxy were purchased from Grainger (Lake Forest,
IL). DSA, film, and PMMA templates were cut using an OMTech AF2028-60 laser cutter, with
parameters optimized to ensure clean cutting performance with minimal deformation of
materials and no scorching. Full details can be found in Electrode and Channel Technical

Specifications (Appendix A).

Electrode Manufacturing

Electrodes were prepared as previously reported.?® Briefly, to prepare electrode material,
2.0 g of polystyrene was dissolved in 10 mL DCM and combined with 4.0 g of TC303 graphite.
Solution was mixed on a silicon wafer while DCM evaporated until a gummy PS/graphite
composite resulted, which was molded into a ball and kneaded until dry and fragile to the
touch. The composite was dried at room temperature overnight to remove residual solvent,
then pressed into a laser-cut PMMA electrode mold at 200 and 2000 PSI utilizing a dual-platen
heat press. Excess TPE material was removed with 150 grit sandpaper mounted to a flat glass
surface, and electrode was smoothed with 600 grit sandpaper on a flat glass surface. Copper
wire was attached to electrodes using conductive paint and coated with 2-part epoxy after
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drying overnight. After setting epoxy overnight, electrodes were sealed into 3D printed casings
with 2part epoxy. Electrodes were tested with multimeter to ensure resistance < 100 ohms from

wire to TPE surface.

TPE Methodology

Thermoplastic electrodes were used with a TPE pseudoreference.?° Electrodes were
polished between use on 600 grit sandpaper in a ‘figure-8 motion to remove the top layer of
electrode material and fouling compounds. When working with live bacterial samples,
electrodes were sterilized with a 2% chlorine bleach solution before polishing to prevent
contamination and bacterial exposure. After polishing, electrodes were rinsed in deionized
water and stored in a sealed container until use. To complete electrochemical analysis, a DSA
and hydrophobic diagnostic film well was placed on the device surface around the electrode
pads, and a 40 pL droplet of sample after incubation with TMB was pipetted onto the electrode
surface to cover all 3 electrodes. Electrochemical analysis was controlled with a Palmsens 4
potentiostat. Cyclic voltammetry was used for setting of initial electrochemical parameters.
Chronoamperometry (CA) was tested for use in the assay against known HRP concentrations in

TMB solution and was used for detection in the final assay.

Optimization of Electrochemical Analysis
Initial CA parameters were set based on CV results of HRP-reacted TMB. Measurement
potential was set at -200 mV versus pseudo reference, interval of 0.1 seconds, and run length of

120 seconds with no initial equilibration. Data points were extracted from each run,
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representing total charge over time. Data points were generated for time intervals from 0 — 120
seconds, and SNR for each increment was utilized to determine optimal sampling interval.

For evaluation of capture and labeling performance of live bacteria in buffer, wellplate
detection of 50 pL of final bead solution in 150 pL of TMB with a 30 minute incubation was
completed. Samples from 2.9 * 103 CFU/mL to 3.0 * 10* CFU/mL were utilized to achieve a linear

dose-response fit.

On-Bead Electrochemical Assay Methodology

Full protocols for the assay can be found in Appendix A. Briefly, 1000 pL samples spiked
with targeted bacteria were taken and added to microcentrifuge tubes. 100 pg
antibodyfunctionalized beads were added to each tube, and they were incubated for 1 hour at
room temperature with constant rotation. Beads were magnetically separated for 1 minute on
the magnet and supernatants were discarded. Two 30 second vortex rinses in 1 mL PBST with
magnetic separation were completed to remove unbound bacteria. To label bacteria, beads
were resuspended in 50 uL HRP-conjugated secondary antibody solution at an antibody
concentration of 25 pg/mL. Tubes were vortexed for 10 seconds to mix and incubated for 20
minutes at room temperature with constant rotation. Beads were magnetically separated for 1
minute, excess secondary antibody solution was discarded, and three 30 second vortex washes
with 1 mL PBST were completed, with 1 minute magnetic separation between each. Labeled
beads were resuspended in 1 mL PBST, vortexing to mix. To measure HRP concentration, 10 pL

of bead mixture was added to 40 uLTMB in a microcentrifuge tube. This was allowed to incubate
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15 minutes, pipetted into the well on the electrode, making sure to fully cover all 3 electrode

contacts, and measured via chronoamperometry at -200 mV for 120 seconds.

Complex Matrix Materials and Preparation

Ground beef, collard greens, whole milk, and apple juice were purchased from King
Soopers (Denver, CO). Sterile Whirl-Pak filter membrane homogenizer bags (4 oz) were
purchased from Sigma-Aldrich (St. Louis, MO). To prepare complex matrix samples, 10 g
complex matrix material was placed into the homogenizer bag and 100 ulL aliquots of bacterial
solution were spiked directly onto the matrix material. 90 mL of extraction buffer was then
added to the bag, the bag was sealed and massaged vigorously by hand for 5 minutes. After

preparation, samples were withdrawn from the filtered side of the sampling bag for analysis.

Assay Optimization Methodology

Secondary antibody concentration, bead dosage, and capture time were selected for
optimization to maximize signal to noise ratio and repeatability. Secondary antibody labeling
concentration was tested in triplicate at zero and 28000 CFU/mL with secondary antibody
concentrations from 0.1 — 200 pg/mL with a 20 minute labeling time. Other than antibody
concentration, assay was performed as per protocol. Bead dosage optimization was completed
at 0, 103 CFU/mL, and 10® CFU/mL with a 1 hour capture time. Signal to noise ratio was
determined via comparison with triplicate results at 0 CFU/mL (Equation 2) for dosages of 20 —

500 pg beads in a 1 mL sample. Capture time was investigated at 2800 CFU/mL with 100 pg
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beads, from 30 minutes to 6 hours. Result was quantified by plating beads on agar after

secondary antibody labeling step.

Data Analysis Optimization

Collected 120 second chronoamperometry curves were analyzed for optimal data
processing method via signal to noise ratio over the entire collected dataset for live bacterial
analysis results in buffer. Sections of data were selected for total charge transfer analysis, and

SNR was computed by the following equation for each increment:

o Avg(Sample)
Equation 2: SNR =

Avg(Blank)+3# (Blank)

Salmonella and Listeria Assay

To utilize assay for Salmonella and Listeria detection, the same protocols as for E. coli
detection were followed. Capture and labeling antibodies specific to Salmonella or Listeria were
utilized, and beads were conjugated using bead conjugation protocols. Capture antibodies were
screened using the same methodology as E. Coli, with plating on LB broth (Sa/monella) or BHI

broth (Listeria) agar plates for concentration and capture efficiency characterization.

DEVCOM Evaluation Materials & Methods
DEVCOM evaluation used materials from Consumables & Equipment Purchasing List

(Appendix A), in addition to electrodes supplied by the team at CSU. For complex matrix testing,
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EPA General Test Water (GTW), apple juice, raw ground beef, and fresh romaine were utilized.
Whirl-pak bags (1627 mL) were used for matrix preparation.

DEVCOM evaluation was completed from Bead Preparation Protocol V3 and Singleplex
Assay Protocol V4.1 (Appendix A). A QUANTOM Tx Microbial Cell Counter system was used to
determine bacterial concentration in the stock solution, which was then serially diluted to
working concentrations. Concentrations were not quantified post-dilution. In E. Coli LOD testing,
aliquots from this serial dilution were tested in triplicate. In Salmonella LOD testing, testing of
aliquots from the serial dilution was not replicated. For complex matrix testing, a ‘standard
cutoff’ was implemented for the E. coli assay utilizing all measurements taken in complex

matrices and buffer, setting the cutoff 3 standard deviations above the blank average.

3. Results & Discussion

Antibody Screening Results

Antibody screening in bead-sandwich format was completed with E. coli DH5a using
streptavidin coated magnetic beads, using SNR of the assay at 103 CFU/mL as the performance
indicator. Initial screening showed the limiting factor of assay performance was the ability of the
antibody to keep bacteria bound to the bead through the final three wash steps of the assay,
which was confirmed by agar plating of final bead mixtures. This enabled a higher throughput
screening for E. coli 0157:H7, Salmonella, and Listeria antibody screening, whereupon post
capture and wash bead samples were serially diluted and plated, and bacterial retention was

quantified by direct counting of resultant bacterial colonies. Salmonella and Listeria were
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screened on tosyl-activated beads only, due to high nonspecific secondary antibody binding
found with streptavidin beads.

This procedure was able to identify optimal antibodies for E. coli 0157:H7 as well as
Salmonella. It was unable to identify a working antibody for Listeria, which we hypothesize to be
due to the gram-positive nature of the bacterium requiring the antibody to target pili rather
than cell wall epitopes, which may not provide enough stability to retain whole cell bacteria
through the washing sequence. This issue may be able to be overcome with a larger screening
set of antibodies. Beads without antibodies did not carry over any nonspecifically bound whole
cell bacteria, shown by lack of growth on agar. Additionally, in the cases of E. coli antibodies
Ab20640 and Ab35292, optimal antibody was chosen based on percentage of bacteria retained

through the assay.

Nonspecific Binding Results

Microwell plating of wash supernatant with TMB showed that Ab-HRP was no longer
being removed from beads after three washes (Figure 2). The fourth through the sixth wash
supernatant showed no statistically significant difference in HRP concentration from blank.
Additionally, there was no statistical difference between 0.1% and 5% Tween-20 after the 3™
wash. Based on this, three washes utilizing PBST at 0.1% Tween-20 was deemed sufficient for

removal of unbound Ab-HRP and was implemented in assay protocol.
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Figure 2: Microwell TMB Analysis of HRP in Supernatant Following PBST Washes

Microwell plating of the beads after 6 washes showed marked difference between streptavidin-
coated and tosyl-activated beads (Figure 3). This drastic difference in nonspecific binding led us to
choose tosyl-activated beads for the assay going forward in order to minimize background signal

while still using enough beads in the assay for efficient capture performance.
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Figure 3: Microwell TMB analysis of HRP bound to MMBs following PBST washes

HRP Detection on TPE Electrodes

Cyclic voltammetry (CV) was utilized to determine CA parameters for initial testing. CV
analysis in unreacted TMB solution showed mixed results, with potential shifts of up to 75 mV
between runs on separate electrodes (Figure 4). At the most negative potentials, peaks were
located at — 190 mV vs pseudo reference. Peak current repeatability was also somewhat
inconsistent, with differences of up to 1 BA (30 % of peak height) between electrodes in TMB
solutions. Due to the potential shifting, CA was selected for assay use, eliminating the need for

identification of multiple shifting peaks within the dataset.
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Figure 4: Representative Cyclic Voltammograms of TMB redox process on 3 separate TPEs in TMB reagent solution.

Based on CV results, the potential for CA measurement was set at - 200 mV vs. pseudo
reference, to ensure that any oxidized TMB would be reduced regardless of shifting reference
potential. Analysis of SNR throughout the range of the assay showed that signal from total
charge transfer from 60 - 120 seconds was optimal, eliminating the early timepoints that could
cause instability and increased background signal, and collecting data over a large range to

maximize sensitivity (Figure 5).
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Figure 5: Analysis of total charge transfer over different time periods

Assay Optimization Results

At high concentration of bacteria (10° CFU/mL), SNR was inversely proportional to bead
dosage, indicating that the limiting factor was background signal from nonspecific binding, and
that the increased capture efficiency at high bead concentrations did not outweigh the negative
effects of increased background (Figure 6). At moderate bacterial concentration (103 CFU/mL),
SNR peaked at 100 (g beads per sample. At 20 [Bg beads per sample, capture efficiency was low
(< 5% by agar plating of beads and initial sample), which we hypothesize was due to a lowered
number of bead-bacteria interactions during the capture step. Accordingly, SNR was poor. At
500 Blg beads, SNR was slightly reduced compared to the 100 g datapoint, due to an increase in
background signal driven by nonspecific binding that was unable to be overcome by the

increased capture efficiency at the high bead concentration. 100 [Bg beads per sample was
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determined to be optimal to keep capture efficiency high at low bacterial concentrations

without limiting the assay due to increased background signal.
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Figure 6: Bead dosage optimization results utilizing tosyl-activated beads.

Capture timing optimization revealed that capture efficiency increased linearly with
incubation time between 15 minutes and two hours at a bacterial concentration of 103 CFU/mL
(Figure 7). Beyond the two-hour mark, increase in incubation time provided no significant
benefit. In order to manage total assay timeframe, a one-hour capture was utilized, which
provided an increased capture efficiency compared to a 20-minute incubation, while still

keeping the total assay time to under 2 hours.
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Figure 7: Capture time optimization results in a 10° CFU/mL e. Coli solution

Secondary antibody labeling concentration optimization showed that at low antibody
concentration (0.1 & 1 Big/mL), large deviations were seen from run to run (Figure 8).
Additionally, SNR averaged ~4 at both these concentrations and at 200 Eg/mL, the highest
concentration tested, indicating that the low concentrations were unable to fully label all bound
bacteria, and the highest concentration could not overcome increased background signal from
nonspecifically bound secondary antibody. The two moderate concentrations (10 & 25 Bg/mL)
had an average SNR of 11.26 and 12.85 respectively, and 25 BEg/mL was chosen to utilize in the

assay based on the increased SNR and highly repeatable results.
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Figure 8: Secondary Antibody Concentration Optimization Results in a 2.8x10* CFU/mL
e. Coli solution

Limit of Detection Estimation

Live bacterial testing of assay performance found that the assay gave a linear response in
well plate between 0 and 3x10* CFU/mL, with the lowest tested concentration at 2.9x103
CFU/mL (Figure 9). At 0 CFU/mL, response was within standard deviation of blank TMB sample
with no beads. LoB and LoD of the assay were estimated from this data to be 8 CFU/mL and 180

CFU/mL, respectively.
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Figure 9: Linear response of Assay to E. coli from 0 to 3x10* CFU/mL.

Salmonella Study Results

Modifying the assay for Salmonella utilizing the optimal antibody identified in Antibody
Screening Results, above, yielded a similar working assay for whole cell Salmonella detection
using identical protocols, procedures, and detection modality to the E. coli assay. The assay was
tested at 0, 103 104, and 10> CFU/mL, all showing very positive results (SNR of 32 at 2,300

CFU/mL, Figure 10). LoD was estimated to be the lowest of these results, 2300 CFU/mL, due to
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nonlinearity of the collected data. At this lowest tested datapoint, increased SD was seen, likely

due to a steep dose-response curve at this concentration.
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Figure 10: Nonlinear response of assay to Salmonella enterica in PBS buffer 200000

DEVCOM Results

Total charge transfer evaluation was used for quantification of live bacterial concentration in
Butterfield’s buffer (Figure 11). Analysis of assay results from 60 — 120 seconds was completed
in triplicate at zero and between 10 - 10° CFU/mL in a 10x dilution series. At 13 and 130 CFU/mL,
the assay gave a response above the standard cutoff in only 1 out of 3 cases. At 1300 CFU/mL
and above, the assay responded above cutoff in 100% of cases, indicating a positive sample. At
10°® CFU/mL, deviation in assay response increased when compared to previous points. Above

107 CFU/mL, average assay response decreased moderately, indicating that at extremely high
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concentrations secondary antibody labeling was insufficient to provide a quantitatively accurate
result. Other than the decrease seen at high bacterial concentrations, the data followed the
expected sinusoidal result. Based on the 100% success at the 103 datapoint, the LOD of the

assay was estimated to be 1,300 CFU/mL.
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Figure 11: Assay dose response in Butterfields buffer on electrodes collected by DEVCOM

Live E. Coli bacterial testing in complex matrices was evaluated via total charge transfer
from 60 — 120 seconds at zero, 10%, 10°, and 10% CFU/mL (Figure 12). In leafy green washings

and ground beef washings the assay was successfully able to identify a positive sample in 100%
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of cases at 1.3x10% CFU/mL, the lowest tested concentration. General test water was not
identified as positive at 10* CFU/mL but had a strong positive response in 100% of cases at 10°

CFU/mL and above. Apple juice was identified as positive in 50% of cases at 10* CFU/mL and

100% of cases at 10° CFU/mL and above.

300

N guffer
I H Apple Juice
General Test Water
100 Leafy Green Washings
i I I I ¥ Ground Beef Washings
0 Bm=-m= = i

0.0E+00 1.3E+04 1.3E+05 1.3E+06
E. Coli Concentration (CFU/mL)

N
o
o

Charge (HC)

Figure 12: Assay results for complex matrices collected by DEVCOM

Based on this data, the LoD of the assay at DEVCOM was estimated to be 10> CFU/mL for
all complex media samples, or 10* CFU/mL in solid media samples. The discrepancy between
solid samples and GTW or apple juice could be due to the presence of complex media
components such as proteins in the sample, which may further buffer sample solutions and
provide a better environment for antibody recognition of targeted bacteria.

Analysis of the blanks collected for each of the complex matrices showed that
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Butterfields buffer showed the highest blank of all the tested samples (Figure 13). For LoD
estimations, all tested blanks were pooled for averaging and standard deviation analysis to

provide the most accurate estimation of overall assay performance.
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Figure 13: E. Coli assay blanks collected for each complex matrix

Salmonella system analysis was performed identically to the E. coli assay in buffer, with E.
Coli antibodies swapped out for identified optimal Salmonella antibodies (Figure 14). The assay
showed similar results, with positive detection of Salmonella at 10°> CFU/mL and above, and
blanks averaging -4.3 BIC, within the range of typical blank results as shown above in Figure
11. It should be noted that the hook effect for Salmonella was much more intense than for E.coli,
with a 50% drop in signal at 108 CFU/mL and above. At 10’ CFU/mL and below, the data followed

the expected sinusoidal curve.

43



800

700

)
2]
8

500 -

400 |

300

Total Charge Transfer (uC
O

N
(=]
o

100

0 (o) ) O 0 O | | | | 1
0 1 2 3 4 5 6 i 8 9 10

Sample Concentration (CFU/mL)

Figure 14: Salmonella Dose-Response in Butterfields buffer (n = 1).

4. Conclusion

Performance of the assay at CSU was exemplary, with an estimated LoD of 180 CFU/mL.
This puts it on the same magnitude for quantification as agar plating, which is most accurate
from 200 — 2000 CFU/mL with a 100 BIL tested aliquot, and is much more sensitive than a typical
plate ELISA.*33! The specificity of the assay was excellent, showing no positive response to non-
targeted bacteria or components of the typical food matrices tested. As shown by the linear

response from 0 to 3x10* CFU/mL, the assay can be used for quantification and bacterial
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content estimation at moderate concentrations and could be used to monitor bacterial growth
in media or food samples. Additionally, the assay is much faster than typical culture or
ELISA procedures, taking less than 3 hours from test to result.3

Overall performance of the assay at DEVCOM was successful, achieving estimated LoDs
of 1300 CFU/mL in typical buffer, 10* CFU/mL in leafy greens and beef washings and 10> CFU/mL
in GTW or apple juice. While this represents an order of magnitude increase from the results
found in the CSU lab, this discrepancy could be caused by a number of factors. Primarily, we
hypothesize the differing concentration analysis methods may provide fundamentally different
results. Plating of samples directly before analysis with the bead assay shows the total whole
cell bacteria concentration at the time of analysis. Testing of an aliquot of growth media before
dilution as done at DEVCOM should provide an accurate cell count but does not account for cell
degradation during and after dilution and resuspension in matrix media. Additionally, the low
buffer strength of Butterfields buffer (0.31 mM phosphate) and GTW (1.47 mM bicarbonate)
versus PBS (12 mM phosphate) may have contributed both to bacterial degradation as well as
the binding dynamics of the bead system during the capture step.3? Washed leafy greens and
ground beef release various compounds that may buffer the solution in the same way that the
high phosphate concentration does.*>33 Finally, further training and study on the
electrochemical system may reveal other important technique differences between the CSU and
DEVCOM procedures that could contribute to the discrepancy. Large-scale testing involving both
methods would reveal this difference and could help improve the LoD of the assay as a

whole.?*
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The ability of the assay to be converted to Salmonella detection easily is a major benefit,
as many testing methodologies require extensive reworking to be suitable for alternative
bacterial targets.'? Ease of use is one of the primary hinderances towards widespread adoption
of testing methodologies in resource-limited settings, and a ‘universal’ solution such as this has
the potential to overcome the initial barriers in implementing effective monitoring programs.3>

Automation of the assay via microfluidic flow driving and automated magnetic
separation could be promising for use in a point-of-need setting, and would reduce the need for
manual washing currently present in the assay.'? Use of automatic pipetting methods could also
increase the repeatability and therefore sensitivity of the assay, but would require initial
investment in engineering and fluid handling solutions to replace the manual pipetting currently
required. This could be especially helpful for initial screening of antibodies for assay usage, as
this is one of the most time and labor-intensive processes required for the assay development.

Finally, if increased sensitivity is required for the assay, it could be combined with a
sample preparation step of spiking into growth media. This would allow bacteria some time to
equilibrate and multiply, allowing detection at lower sample concentrations.3® We do not
believe that the assay currently would be greatly effected by increases in substrate incubation
time, as turnover is already significant across all positive concentrations.

In summary, we believe that this approach and assay contribute greatly to the ability of labs
and researchers to monitor and analyze bacterial contamination in food and water samples at
the point of need, as well as in a lab setting. The fact that no specialized training was required to

get positive and specific results for E. Coli and Salmonella showed that the engineering of this
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assay goes a great way towards simplifying and bringing electrochemical bead-based ELISA
bacterial detection into a universally achievable technique.

Finally, we believe that the tunability of the assay represents a step forward in modular
lab tools for bacterial detection. The assay could be expanded to multiplex with the integration
of multiple capture antibodies onto the bead, or a mixture of activated beads, and labeling with
multiple enzymes could enable a direct single-step multiplexed bacterial assay. The integration
of the assay with a point-of-need capable low cost electrochemical potentiostat such as those
controlled via NFC by smartphone or on-board potentiostats such as the Sensit Wearable from
Palmsens would be the next step forward in a truly point-of-need bacterial assay, and would
open the door to near real-time monitoring of bacterial contamination on a large scale, such as
across multiple drinking water sources in a geographical area, or tracking of point sources of

contamination in a river or stream.
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CHAPTER THREE: A PORTABLE 3D-PRINTED SYSTEM FOR IN-FIELD

ELECTROCHEMICAL DETECTION OF MDMA IN UNKNOWN TABLETS"

1. Introduction

During the past decade, there has been a 28% increase in drug consumption
worldwide, with a global estimate of 316 million people using drugs in 2023.* After the COVID-
19 pandemic, an increase in the use of synthetic drugs, such as amphetamine-type stimulants
(ATS), cocaine, and “ecstasy”, was especially observed. Synthetic drugs are more attractive to
the drug market, considering their production doesn’t require large areas of land and has
shorter production times when compared to plant-based drugs.!

MDMA (3,4-methylenedioxymethamphetamine), also known as “ecstasy”, is a
stimulant and hallucinogenic drug that is widely used in recreational settings, mainly by young
adults due to its effects, such as euphoria, increased sociability,? feelings of well-being, and
empathy.> However, MDMA consumption is also associated with health risks, such as
increased motor activity (muscular tension, tremors, and involuntary teeth clenching),

alertness, heart rate, and blood pressure, while overdose can lead to organ failure and death.*

This work is submitted for publication in Analytical Chemistry under the title ‘Portable 3D-Printed System
for in-field MDMA electrochemical detection’. It is coauthored by Elisa D. Botelli, Jason Boes, Maxwell D. Bridges,
Thaisa A. Baldo, Lucas F. de Lima, Larissa M. A. Melo, Wendell K. T. Coltro, Luciano C. Arantes, William R. de

Ataujo, and Charles S. Henry.
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In 2023, it was estimated that MDMA had 21 million users worldwide,* meaning rapid
and affordable detection methods are needed to facilitate the screening and seizure of this
drug. Traditional MDMA detection techniques include chromatography and spectroscopy,
which provide accurate results but require expensive instrumentation, extensive sample
preparation, and specialized personnel.>” * In contrast, portable sensors have attracted
interest across many research areas due to their simplicity, including easy fabrication, short
analysis times, low reagent and sample volumes, high sensitivity, and minimal user training.®
Besides that, compared to traditional detection methods, the possibility of miniaturization and
the low-cost of these portable devices make them ideal for in-field analysis. Many
manufacturing techniques for electrochemical portable sensors have been reported in the
literature, such as Laser Induced, or Laser-Scribed Graphene (LIG, or LSG),°>™*! screen

printing,'>13 and pencil lead-based devices,'* among others.

A study by Alves and collaborators used a carbon screen-printed electrode to detect
MDMA in agueous media by Linear Sweep Voltammetry (LSV), which demonstrated linearity
over the concentration range of 10 to 100 umol L' MDMA, a linear coefficient of
determination of 0.99 and limits of detection (LOD) and quantification (LOQ) of 1.83 umol L~
Land 6.11 umol L MDMA, respectively.'> Teé6filo and collaborators reported a boron-doped
diamond electrode for MDMA detection using Differential Pulse Voltammetry (DPV). The
authors obtained a linear concentration range of 1.0 to 500 umol L™ and an LOD of 0.3 umol
L"* MDMA.® Duan and collaborators developed an electrochemical sensor based on a

Larginine membrane for MDMA detection in urine samples by Square Wave Voltammetry

(SWV), with a linear concentration range of 0.1 to 35 umol L™t and an LOD of 0.33 umol L™
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MDMA.Y

Recently, the use of 3D-printing for electrochemical sensor manufacturing emerged as
a promising approach for large-scale production. The possibility to create a wide range of
designs, manufacture electrodes with virtually any geometry, and minimize both waste

generation and human intervention represents some of the main advantages of this
technique.'® 20 However, as-printed electrodes rarely provide acceptable electrochemical
performance;

therefore surface treatments, including chemical?=23 and electrochemical?*?® strategies have been
widely described in the literature to enhance electrochemical performance by removing plastic
residues from the filament on the electrode surface.

In recent years, surface treatment using laser irradiation has been studied because it is
a reagent-free method and requires less time than the previously mentioned treatments.2®
Rocha et al. described a photothermal approach using a CO: laser to enhance the
electrochemical response of carbon-black/PLA-based 3D-printed electrodes. This treatment
partially removed the insulating PLA layer, exposing conductive carbon black nanoparticles, as
confirmed by
Field Emission-Scanning Electron Microscopy (FE-SEM), Fourier Transform Infrared Spectroscopy
(FTIR), Raman Spectroscopy and X-ray Photoelectron Spectroscopy (XPS).2®

This work describes the development of a portable electrochemical 3D-printed system
for the quantitative and qualitative detection of MDMA in forensic-seized samples. To enhance
the device’s electrochemical behavior, the surface was treated using a CO; laser under
optimized lasing conditions. The affordable system comprising the 3D-printed electrochemical

device, 3D-printed support for simple and rapid electrode connection, and the portable
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potentiostat offers a compact and efficient alternative approach for in-field MDMA detection.
Designed for ease of use, the system fits in the palm of a hand and enables non-specialized
personnel to perform in-field smartphone-based electrochemical analysis, making it a valuable

tool for forensic and law enforcement applications.

2. Materials and methods

Chemicals and solutions
Non-conductive filaments (Basic PLA) of 1.75 mm diameter were purchased from

Bambu Labs (Shenzhen, China), and conductive PLA (CDP11705) was purchased from
Protopasta (Washington, USA). Potassium ferricyanide, potassium ferrocyanide, glacial acetic
acid, boric acid, caffeine, benzocaine, and hexaammineruthenium (lll) chloride were
purchased from Sigma-Aldrich (Missouri, USA). Sodium hydroxide, potassium chloride, and
85% orthophosphoric acid were purchased from Synth (Sdo Paulo, Brazil). P150 and P600
sandpapers were purchased from RMC Abrasives (Changzhou, China). The MDMA standard
solution was purchased from Absolute Standards Inc (Connecticut, USA). The MDMA powder
standard was obtained from the United Nations Office on Drugs and Crime (UNODC) (Vienna,
Austria) and was used for real sample experiments. Seized samples of MDA
(3,4methylenedioxyamphetamine) and amphetamine were obtained from the Criminalistics
Institute of the Scientific Police of Sdo Paulo and were used in the sensor’s selectivity study.
Seized samples of MDMA were provided by the Criminalistics Institute of the Civil Police of the
Federal District. The ketamine standard solution was purchased from LGC Standards
(Teddington, UK). Silver/silver chloride (Ag/AgCl) conductive ink was purchased from Creative
Materials Inc (Massachusetts, USA). All diluted solutions were prepared using ultrapure water

(Synergy®UV Water Purification System, France) with an electrical resistivity of 18.2 MQ cm at
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25 °C. Britton-Robinson (BR) buffer solution was prepared at 0.1 mol L™, and the pH values
were adjusted using 1 mol L™t NaOH solution. The MDMA standard solution was diluted in 0.1
mol L™! BR buffer (pH 3.0) prior to the analyses. A stock solution of MDMA (2 mg mL™) was
prepared by dilution in HPLC-grade methanol. Ketamine stock solution (1.0 mmol L™) was
prepared in a 1:1 v/v (water/absolute ethanol) solution and was diluted in

0.1 mol L™! BR buffer solution (pH 3.0) prior to the analyses.

Apparatus

The 3D-printed electrochemical sensors were designed using Bambu Studio software
and printed with a Bambu Labs P1S 3D printer. Under optimized conditions, a CO; pulsed laser
(50 W Router VS4040C, Visutec, Brazil) was used to treat the working electrode surface. The
electrochemical measurements were performed using a Palmsens 5 galvanostat/potentiostat
and a Sensit Wearable from PalmSens with PSTouch 5.11 software running on a Galaxy M53
smartphone. The electrochemical measurements of seized MDMA samples were performed
using a Sensit Smart from PalmSens (Houten, Netherlands).

Morphological characterizations were performed by Scanning Electron Microscopy

(SEM using a JEOL JSM-IT800 (HL) and a FEI Quanta FEG 250, Field Emission Gun
Scanning Electron Microscope (LIMicro-IQ - Microscopy Core Facility, RRID:SCR 024633).
Contact angle measurements were performed using a Kriiss Drop Shape Analyzer 30 with a
sessile drop method and a 12 pL droplet of deionized water. Fourier Transform Infrared
Spectroscopy (FTIR) was performed using a Thermo-Nicolet iS50 using attenuated total

reflectance (ATR) mode.
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3D-printed device manufacturing

Electrode manufacturing was accomplished with a Bambu Labs P1S 3D printer with
Automatic Material System (AMS) to allow for multi-material printing. Bambu Studio software
was utilized for slicing and printer control. Both non-conductive and conductive materials were
printed simultaneously using a 0.4 mm nozzle. The textured build plate was utilized to improve
print adhesion. Electrodes were printed with the ‘working surface’ oriented downwards
against the build plate to minimize material changes (the main source of filament waste) and
to ensure a consistent electrode surface. The build plate was able to fit 80 electrodes for
simultaneous printing, using 70.2 g of nonconductive filament and 4.75 g of conductive
filament per batch. Bambu Labs ‘Basic PLA’ in green or white was utilized for the
nonconductive sections. Conductive PLA (CDP11705) from Protopasta was utilized for the
electrode sections. Nonconductive electrode sections were printed using the default PLA
settings. Conductive sections were printed at a slower speed, 50 mm s, with 100% infill to
create a homogenous electrode. The slower speed and high infill were necessary for good
electrical connection between filament layers. Additionally, electrodes were printed using a
minimum workable thickness of 1 mm to ensure low electrical resistance while maintaining
reproducibility. To facilitate rapid replacement of electrodes between analysis, electrodes
were fitted with a standard 3-pin male header, allowing quick connection to a 3-pin female
header attached to the electrode stand.

The 3D-printed electrodes were sanded 10 times using P150 sandpaper and 10 times
using P600 sandpaper. After the sanding process, the electrical contacts were positioned on
the device and Ag/AgCl conductive ink was applied to enhance the adhesion and paint the
pseudoreference electrode. The device was then cured at 50 °C for 30 minutes. After that, the

sanded working electrodes were submitted to a laser activating procedure using a CO; pulsed
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laser at a distance of 10 mm from the laser output to the 3D-printed device. Laser parameters,
such as laser power (7.8, 8.0 and 8.5%) and laser speed (30, 35 and 40 mm s™!), were previously
optimized to obtain the most conductive material (8% and 35 mm s71). For those optimizations,
3D-printed electrodes were submitted to laser irradiation at different conditions and were
analyzed using Cyclic Voltammetry (CV). A solution of 5 mmol L™ [Ru(NHs)e]** in 0.5 mol L™
potassium chloride was used as the redox probe and the anodic peak current and peak-topeak
potential separation were analyzed. All sanded/laser-treated electrodes were stored in a

desiccator containing silica.

Electrochemical characterizations

The non-treated (bare; BE), sanded (SE), and sanded/laser-treated (SLTE) 3D-printed
electrodes were electrochemically characterized using 5 mmol L™ [Ru(NH3)s]3* in 0.5 mol L™
KCl as a redox probe. Electrochemical Impedance Spectroscopy (EIS) studies were performed
at room temperature (~25 °C) using 10 mV as the amplitude potential, 10 frequencies per
decade, and a frequency interval between 10° and 0.1 Hz. CV measurements were performed
using a potential range of 0.5 V to —1.0 V (vs. Ag/AgCl), with a potential step of 0.01 V and a
scan rate of 50 mV s,

The developed SLTEs were used to carry out a mass transport study via CV at scan rates
ranging between 5 and 200 mV s and with 5 mmol L™ [Ru(NHs)e]3* in 0.5 mol L™ KCl as a
redox probe. The mass transport was also evaluated using a solution of 75 pmol L™

MDMA in 0.1 mol L™ BR buffer (pH 3.0).

The effect of pH on MDMA'’s electrochemical properties was carried out by DPV
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within the potential range of 0.5 V to 1.75 V (vs. Ag/AgCl), 0.004 V as the potential step, 0.15
V as the potential pulse, 0.02 s as the pulse time and 20 mV s™* as the scan rate. The pH was
varied from 3.0 to 11.0, while using a solution of 200 umol L™ MDMA in 0.1 mol L™ BR

buffer.

Electrochemical detection of MDMA using the sanded/laser-treated 3D-printed sensor

The calibration curve of MDMA was obtained by varying the concentration from 2.5 to
200 umol L* of MDMA in 0.1 mol L™ BR buffer solution (pH 3.0), using the SLTE and DPV. The
stability test was performed over a period of 28 days, storing the sensors in a desiccator
containing silica. The measurements were carried out by CV using the SLTE in a solution
containing 5 mmol L™ [Ru(NHs)s]3* in 0.5 mol L™ KCl solution. A reproducibility test was
performed by DPV using SLTEs (n = 5) from different manufacturing batches (n = 5) and a

solution of 75 pmol L™ MDMA in 0.1 mol L™ BR buffer (pH 3.0).

Real samples and selectivity study

The SLTEs were used to analyze seized MDMA samples (51-2019, S2—-2017, S3—
2013, and S4-2015) that were provided by the Criminalistics Institute of the Civil Police of the
Federal District as tablets of different shapes and colors. These tablets were first
photographed, and then one tablet from each seizure was ground using a porcelain mortar,
weighed, and subsequently diluted in 1 mL of HPLC-grade methanol. This solution was
vortexed for 1 min and sonicated for 5 min. From each sample, a 1 pL aliquot was taken for
subsequent dilutions in 0.1 mol L™ BR buffer solution pH 3.0 and analysis by DPV. All seized
MDMA samples were previously analyzed by Liquid Chromatography Quadrupole Time-of-

Flight Mass
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Spectrometry (Q-TOF LC-MS) at the Criminalistics Institute of the Civil Police of Distrito Federal under
routine forensic casework conditions, using parameters previously described in

the literature®®.

Selectivity studies were carried out by DPV to evaluate possible interfering compounds
that are usually found in MDMA seized samples, such as ketamine, benzocaine, caffeine,
amphetamine and MDA. All compounds were evaluated in the same concentration as MDMA

(50 pumol L™ in 0.1 mol L™ BR buffer solution (pH 3.0)).

3. Results and discussion

3D-printed electrodes
Once the 3D-printed device was manufactured (Figure 1A), chemical, electrochemical, and
laser-based pretreatments were evaluated, aiming to reduce the plastic content on the

3Dprinted conductive material. For the chemical treatment, the device was dipped in a 1 mol
L NaOH solution for one hour. For the electrochemical treatment, the electrode was
submitted to chronoamperometry (1.4 V applied for 200 s, followed by —1.0 V applied for 200
s) with 0.5 mol L™ NaOH solution.?” Optimization of the laser parameters was studied using
CV of 5 mmol L [Ru(NHs)e]3* in 0.5 mol L™ KCl. The optimal parameters were selected as
follows: 8% of total laser power (50 W CO; laser tube) and 35 mm s laser speed, as they
presented the highest anodic peak current (/,q) and lowest peak-to-peak potential separation
(AEp) (Figure S3).

All other treatments were studied by CV of 5 mmol L™ [Ru(NHs)¢]3* in 0.5 mol L™?
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KCI (Figure 1B), and the anodic peak current and the peak-to-peak potential were analyzed (Figure
1C). The laser treatment was chosen as the optimal treatment technique, due to its promising results

and considering that it is a fast, reagent-less technique.
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Figure 1. (A) Representation of 3D-printed electrode manufacturing process. (B) CV plots of
5 mmol L [Ru(NHz)s]** in 0.5 mol L™ KCl. Conditions: Blank solution (black line), bare
3Dprinted electrode (gray line), sanded 3D-printed electrode (blue line), sanded/chemically
treated (1 mol L NaOH solution for 1h) 3D-printed electrode (orange line),
sanded/electrochemically treated (0.5 mol Lt NaOH) 3D-printed electrode (green line), and
sanded/laser-treated (8% of total laser power and 35 mm s laser speed) 3D-printed
electrode (red line). (C) Plot of anodic peak currents and peak-to-peak potential separation
(AEp) values as a function of electrode pretreatment. Error bars correspond to the standard
deviation of measurements using 3 different sensors.

Morphological and electrochemical characterizations

The morphology of the developed 3D-printed electrode was characterized by SEM

(Figure 2A and 2B) at magnifications of 30x, 330x, and 1,000x for the bare and sanded
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electrodes and at magnifications of 300x, 3,750x, and 4,000x for the SLTE (Figure 2C). As shown
in Figure 2A, it is possible to observe the layers of filament deposited during the device
manufacturing process and the rugosity of the bare electrode surface. After sanding the
electrode, the surface appears rougher, likely due to partial removal of the plastic content on
the surface (Figure 2B). The images of the SLTE can be seen in Figure 2C. When both
treatments are combined, the electrode surface appears to be completely voided of plastic
content, leading to an even rougher surface than that of a sanded electrode. This leads to a
drastic increase in electrode surface area, which subsequently enhances the performance of
[Ru(NH3)s]* by providing more active sites for the redox species to undergo electron transfer
around the electrode. However, these images cannot be directly compared with those of the
bare and sanded electrodes, since they were obtained on different equipment and with
different magnifications.
Contact angle measurements were performed on the non-treated and treated electrodes

(Figure S1A-B), showing no significant change after the sanding process (CAge = 71.63 0

0.09°, CAse = 83.33 .42"), which was expected given that all the filaments used in the
electrode construction contain PLA in their composition. Additionally, FTIR measurements
(Figure S1C-D) confirmed the exposure of the conductive filament after the sanding process
by the appearance of the bands around 3000 and 1750 cm™2, corresponding to stretching of
the C=C and C=0 bonds, respectively, 28 which are consistent with the chemical composition

of the conductive filament based on PLA and carbon black.
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Figure 2. (A) SEM micrographs of a bare 3D-printed working electrode at magnifications of
30x, 330x, and 1,000x, respectively, from left to right. (B) SEM micrographs of a sanded
3Dprinted working electrode at magnifications of 30x, 330x, and 1,000x, respectively, from left
to right. (C) SEM micrographs of a sanded/laser-treated 3D-printed working electrode at
magnifications of 300x, 3,750x, and 4,000x, respectively, from left to right.

The mass transport process of 5 mmol L™ [Ru(NHz)g]** in 0.5 mol L™ KCl using SE was
evaluated by CV at various scan rates ranging from 5 to 200 mV s! (Figure 3A).
Diffusioncontrolled mass transport was confirmed by the linear behavior in the anodic and
cathodic peak current values as a function of the square root of the scan rate (Figure 3B). A
scan rate study was also performed using SLTE in the presence of 5 mmol L™ [Ru(NHs)s]** in
0.5 mol L™ KCI (Figures S2A and S2B) and in the presence of 75 umol L™ MDMA in 0.1 mol L~
1 BR buffer (pH 3.0) (Figures S2C and S2D), and results from both studies indicate a diffusion-

controlled mass transport in the proposed system.
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Figure 3. (A) CV plots using SEs in the presence of 5 mmol L™ [Ru(NHs)s]3* in 0.5 mol L™ KCl at
different scan rates (5, 10, 25, 50, 75, 100, 150 and 200 mV s72). (B) Plot of anodic and cathodic
peak current values obtained for SEs as a function of the square root of scan rate from Figure
3A. The error bars correspond to the standard deviation of measurements from 3 different
sensors. Conditions: Anodic peak current (black dots) and cathodic peak current (red dots).
(C) EIS Nyquist plots using 5 mmol L™ [Ru(NHs)s]3*in 0.5 mol L™ KCI. Conditions: BE (gray dots),
SE (black squares), and SLTE (red dots). (D) CV plots of 5 mmol L™ [Ru(NHs)g]** in 0.5 mol L™
KClI (scan rate 50 mV s71). Conditions: Blank solution (black dots), BE (gray line), SE (black line),
and SLTE (red line).

Additional electrochemical characterizations of BE, SE, and SLTE were performed by EIS
and CV in the presence of 5 mmol L™ [Ru(NHs)s]** in 0.5 mol L™t KCI. Electrochemical behavior
was significantly enhanced after sanding and laser irradiation, confirming that the treatments
removed the plastic layer from the electrode surface, exposing the conductive filament
material. The Nyquist plots shown in Figure 3C demonstrate an enhancement in the electron

transfer kinetics at the SLTE when compared to the BE and SE, by the decrease in charge
a O
O
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transfer resistance (Rcr) values (Rerjse = 10,500 B, Rerjse = 3,500 @ and Rerjsire = 1,350 B). CV
analysis of the BE, SE, and SLTE revealed that Iy, increases and AE, decreases with each
modification step, leading to the best results after both sanding and laser-treatment (Figure

3D). Values of I, and AE, for each electrode type are outlined in Table 1.

Table 1. Values of I, and AE,, for each 3D-printed electrode modification determined from CV of
[Ru(NH3)e]**

3D-printed Anodic peak Peak-to-peak
electrode type current separation
(Ipo / 1A) (AEp / mV)
Bare 10.71216.83 204 @93
Sanded 16.19 @453 159 @81
Sanded/lasertreated 19.99@l4.17 129 =8

Finally, the effect of pH on the voltammetric response of MDMA was evaluated by DPV
using a solution of 200 umol L™t MDMA in 0.1 mol L™ BR buffer while varying the pH from 3.0
to 11.0 (Figure 4 A-C). The voltammetric response of MDMA was clearly pH dependent, as
indicated by significant changes in peak shape and location as the pH was adjusted. A pH of
3.0 was chosen as the optimal condition since the response is presented as a more well-
defined peak when compared to that of pH values 5.0 and 7.0, which present less defined
peaks in the voltammograms despite having similar current magnitudes to the response at pH

3.0. A broadening of the oxidation peaks is observed from pH 3.0 onwards, which may be
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associated with splitting of electron transfer into two redox processes. The appearance of a

second redox process for MDMA, mainly in less acidic conditions, has already been

documented for other carbon-based electrodes.?®*° The more pronounced dependence in the

voltammetric response at pH 9.0 and 11.0 may be attributed to the pKa value of MDMA being

9.9, with the protonated form exhibiting better electrochemical behavior as seen at lower pH

values.3! When peak potential is plotted against pH, a slope of 36 mV/pH was obtained from

the linear regression, which indicates a 2:1 electron:proton ratio in the electrooxidation of

MDMA on our 3D-printed

electrochemical system, similar to the behavior observed in previous studies.?:3°
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Figure 4. (A) Baseline corrected DPV plots of the SLTE in the presence of a 200 pmol L™ MDMA
in 0.1 mol L™! BR buffer solution at different pH values. Conditions: Blank solution (black dash),
and 200 pmol L™ MDMA in 0.1 mol L™ BR buffer solution (red line). (B) Plot of anodic peak
current obtained from DPV data of Figure 4A as a function of pH value. (C) Plot of anodic peak
potential obtained from DPV data of Figure 4A as a function of pH value.
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The error bars correspond to the standard deviation of measurements across 3 different sensors.

All electroanalytical characterizations and analyses of MDMA were performed on a
Sensit wearable potentiostat connected to a smartphone by Bluetooth (Figure 5), which

facilitates the in-field applications.

Figure 5. (A) Image of the electrochemical setup used for MDMA analysis. (B) QR code for a video
showing the portable electrochemical measurement and wireless data acquisition.

Voltammetric study of MDMA

A calibration curve was built using I, values obtained from the baseline-corrected DPV
plots (Figure 6A) in the presence of MDMA concentrations ranging from 2.5 to 200 pmol L™
(Figure 6B) at around 0.95 V (vs. Ag/AgCl) using the SLTE. A linear response was obtained
within the concentration range of 2.5 to 100 umol L™t MDMA in 0.1 mol L™* BR buffer (pH 3.0),
with a determination coefficient (R?) of 0.99. The LOD and LOQ were calculated according to
the International Union of Pure and Applied Chemistry (IUPAC) equations,3? i.e., LOD = 3 x
(oblank/s) and LOQ = 10 x (Oblank/S), Where Gpiank corresponds to the standard deviation of the
blank solution measurements in triplicate (n = 3), and s is the slope of the calibration curve.

We obtained an LOD of 0.08 pmol L™ MDMA and an LOQ of 0.27 umol L~ MDMA.
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A reproducibility study, using five (n = 5) SLTEs from different manufacturing batches, was
carried out by DPV in the presence of 75 umol L™ MDMA in 0.1 mol L™ BR buffer (pH
3.0) and resulted in a relative standard deviation (RSD) of 5.5%, which is adequate for
3Dprinting electrode manufacturing, considering the surface treatments performed prior the
analysis (Figure 6C).

A stability study over the course of 28 days was carried out by CV in the presence of 5
mmol L™ [Ru(NH3)s]3* in 0.5 mol L™ KCl and using SLTEs stored in a desiccator containing silica.
The anodic peak current was evaluated (Figure 6D), and a 13% decrease was observed on the
28t day, confirming acceptable stability of the device over time in this storage condition. This
behavior demonstrates the acceptable shelf life of the device, eliminating the need for
additional treatments before the electrochemical measurements.

The developed 3D-printed, sanded/laser-treated sensor displayed comparable
analytical performance to other electrochemical MDMA sensors reported in the literature
(Table 2). One noteworthy aspect of our sensor is that it is highly comparable to sensors that
use additional surface modifications like molecularly imprinted polymers (MIPs) and
nanoparticles to enhance surface area and sensitivity. However, our sensor does not have any
extra surface modifications and offers other advantages such as easy and scalable fabrication,

being a completely portable system, and potential for in-field screening analysis.

Based on the results of this study, we highlight that our electrochemical device is
suitable for simple, in-field MDMA detection, with measurement times around 1 min. Besides
that, the estimated manufacturing cost of the system is estimated to be US$0.18 per device,
considering only the costs of commercial filaments and materials used for treatment.

Considering the biodegradability of PLA, adequate manufacturing reproducibility, and the low
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cost device construction, the sensor can be used as a disposable, one-sensor-per-analysis
device while facilitating its use by non-electrochemist individuals. Additionally, the sensor
presented good sensitivity and stability towards MDMA, once again confirming its suitability

for in-field MDMA analysis.

1.0

A B 191 | y=o.00sx-0.012
R’ =0.99
0.8 1 0.8 ' —— i
200 pmol L~ /§
7
0.6 0.6 {/
< 2 i
= 5k 2.5 ymol L™ = g $
/ 7/
7
0.2- 0.2 }
'{ ’
0.04 0.0 1
0.6 0.8 1.0 1.2 1.4 0 50 100 150 200
E (V) vs. Ag/AgCI o
W) g/Ag Crpma (umol L)
25
Cc ™ is D )%
o 20 ]
1.0 . |
02 0 a5 oo 05
== 04 / _ 154 % 0 wchetedt
< 081 e e <
- RSD = 5.50% e pese = 104
®
0.6 © ® - @
54
0.4
T T T T T 04
1 2 3 4 5 0 1 2 7 14 21 28
Number of electrodes Day

Figure 6. (A) Baseline corrected DPV plots recorded at different MDMA concentrations (from
2.5 to 200 umol L) in 0.1 mol L™* BR buffer (pH 3.0) using the SLTE. (B) Calibration curve
constructed using the mean of peak current values as a function of MDMA concentration. The
error bars correspond to the standard deviation of measurements using three different
sensors. (C) Reproducibility test (n = 5) with 75 umol L™ MDMA in 0.1 mol L™ BR buffer (pH
3.0). (C’) Baseline corrected DPV plots recorded using five different SLTEs in the presence of
75 pumol L' MDMA in 0.1 mol L™ BR buffer (pH 3.0). Conditions: Blank solution (black dash),

SLTE (red lines). (D) 28-day stability study using the SLTE in the presence of 5 mmol L
[Ru(NH3)6]** in 0.5 mol L™ KCI. (D’) CV plots using the SLTE in the presence of 5 mmol L™
[Ru(NH3)6]3* in 0.5 mol L™t KCI on different days after manufacturing (0, 1, 2, 7, 14, 21, and 28
days). Conditions: Blank solution (black lines), SLTE (from day 0, lighter red, to day 28, darker
red).
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Table 2. Comparison of different electrochemical sensors for MDMA detection in
the literature. Abbreviations: SPE: Screen-Printed Electrode; P-L-arg/GCE: larginine
membrane on Glassy Carbon Electrode; MIP@PDA/Au: Molecular Imprinted
Polydopamine film on Au Electrode; CNHs-CHI@PtNPs/GCE: High Surface Area
Carbon Nanohorns decorated with Pt nanoparticles on Glassy Carbon

Electrode; C-SPE: Carbon Screen-Printed Electrode; 3D-printed Gr/PLA: 3D-printed
Graphite/Polylactic Acid Electrode; 3D-printed CB/PLA: 3D-printed Carbon-black
integrated Polylactide Electrode; SLTE: sanded/laser-treated electrode.

Linear
Electrochemical LOD range
Sensor . (umol Ref.
technique -1
(nmol L) L)
Commercial SWV 4.03 25— 31
Graphite SPE 1,500
(PalmSens)
P-L-arg/GCE SWv 0.033 0.1-35 17
MIP@PDA/Au DPV 0.054 - 32
CNHs- DPV 0.018 2.5- 33
CHI@PtNPs/GCE 354
C-SPE LSV 1.83 10 - 15
100
3D-printed Gr/PLA DPV 0.1 1-175 34
3D-printed CB/PLA CcSwv 1.8 5.8-35 35
SLTE DPV 0.08 2.5- This Work
100
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Electrochemical detection of MDMA in real samples

We applied the SLTE for an in-field analysis of MDMA using seized tablets that were
suspected of containing MDMA, the most common form of the drug’s presentation. All tablet
samples (diluted at least 4,000x in BR buffer solution) showed an electrochemical profile
similar to the 10 umol L™ MDMA standard in 0.1 mol L™* buffer (pH 3.0), with a visible oxidation
process around +1.0 V (vs. Ag/AgCl), as shown in Figure 7A-D. This behavior is reported in the

literature and may be related to the protonated form of the molecule at pH values below 8.0.38

After verifying that the samples exhibited behavior similar to the analytical MDMA
standard, aliquots containing 10 pmol L™ of MDMA (stock solution) were added to the
samples to evaluate the recovery of the electrochemical signal, as shown by the dark lines in
Figure 7AD. The MDMA-containing tablet samples did not show significant matrix effects,

yielding mean recoveries between 81-135%, as shown in Table 3.

As demonstrated, the method shows good accuracy, with acceptable recovery values
using the SLTE. Furthermore, based on the dilution steps and the calibration curve (I, =
0.008*[MDMA] - 0.012), it was possible to quantify and estimate the mass of MDMA present
in the samples. The amounts found, ranging from 10 to 90 mg of MDMA, are consistent with
values reported in seizures, databases such as DrugsData, and reports from the European
Union Drugs Agency (EUDA).3°"*3 Furthermore, as described in section 2.6, the presence of
MDMA in the samples was previously confirmed by Q-TOF LC-MS by the Civil Police of Distrito
Federal. Additionally, the most common adulterants found in seized MDMA samples
(ketamine, benzocaine, caffeine, amphetamine, and MDA), except for MDA, did not exhibit

peaks in the same potential range of MDMA, as shown in the selectivity study in Figure 7E,
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allowing for voltammetric MDMA screening. The voltammetric differentiation between

MDMA and MDA can be achieved by observing the reduction peak of the MDA oxidation

product at around +0.2 V (vs. Ag/AgCl) in the reverse scan, which did not occur for MDMA.?*
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Figure 7. (A) Baseline corrected DPV plots of sample 1 (S1-2019) diluted in 0.1 mol L™ BR (pH
3.0) before (light blue line) and after (dark blue line) the addition of 10 umol L™* MDMA
standard solution. (B) Baseline corrected DPV plots of sample 2 (52—2017) diluted in 0.1 mol
L™ BR (pH 3.0) before (light green line) and after (dark green line) the addition of 10 umol L~
MDMA standard solution. (C) Baseline corrected DPV plots of sample 3 (S3— 2013) diluted in
0.1 mol L™ BR (pH 3.0) before (light orange line) and after (dark orange line) the addition of
10 umol L MDMA standard solution. (D) Baseline corrected DPV plots of sample 4 (54— 2015)
diluted in 0.1 mol L™ BR (pH 3.0) before (light purple line) and after (dark purple line) the
addition of 10 umol L™ MDMA standard solution. Conditions in A-D: Blank solution (black
dashed line). (E) Baseline corrected DPV plots of possible interfering species to MDMA
detection: ketamine, benzocaine, caffeine, amphetamine, and MDA at the same MDMA
concentration (50 pmol L™t in 0.1 mol L™ BR buffer solution (pH 3.0)). Conditions: blank
solution (black dots), interfering species (red dashed line), and the mixture of interfering
species and MDMA standard solution (black line).
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Table 3. Study of MDMA recovery in seized tablet samples using SLTE.

MDMA MDMA
Sample concentration %Recovery BRSD mass in
added (umol L) sample (mg)
S1-2019 10 108 8 9 47.9
$2-2017 10 128 19 10.8
$3-2013 10 81@ 8 38.2
$4-2015 10 13586 86.1

Based on the results, the SLTE developed in this study proved suitable for both
gualitative and quantitative in-field detection of MDMA in tablet samples. Enabled by a
scalable fabrication process, a simple setup that allows rapid analysis (approximately 1 min),
and a low production cost (around USS0.18 per device), the system supports a one-sensor-
peranalysis approach that can be operated by a non-electrochemist analyst using portable and
userfriendly equipment, making it highly suitable for on-site applications. In addition,

considering the LOD, LOQ, and linear range achieved, the proposed voltammetric approach
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presents analytical characteristics that may complement existing MDMA screening
techniques, particularly with respect to specificity and performance at higher analyte
concentrations.

Although the present work focused on seized tablet samples, the obtained performance parameters
suggest that further studies could explore the applicability of this method to

biological matrices, such as urine, blood, and saliva.***’

4. Conclusions

This work reports the development of a sensitive, simple, and portable 3D-printed
electrochemical system for in-field MDMA detection. By sanding the electrode surface with
sandpaper and subsequently irradiating the surface with a CO; pulsed laser, the PLA content
from the conductive thermoplastic filament was partially removed, exposing conductive
carbon-based material, as confirmed by SEM, FTIR, and CA analyses. Electrochemical
characterizations (EIS and CV) demonstrated an enhancement of the electrochemical
performance after surface treatment. The reagent-free treatment method provided sensitive
MDMA detection, with estimated LOD and LOQ values of 0.08 pmol L™ and 0.27 pmol L™
MDMA, respectively. The manufacturing process ensured good reproducibility (RSD = 5.50%,
n = 5) and stability, with only a 13% decrease in peak current after 28 days of storage in a
desiccator with silica. With minimal sample consumption (100 uL of solution for voltammetric
analysis) and waste generation, a large-scale manufacturing approach, and an estimated cost
of USS$0.18 per device, this system presents a promising alternative for on-site MDMA
screening tests. Furthermore, the sanded/laser-treated 3D-printed electrodes demonstrated
adequate performance for both qualitative and quantitative in-field analysis, supporting a

one-sensorperanalysis approach that can be operated by a non-electrochemist analyst. In
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summary, the developed electrochemical sensor provides a sensitive, portable, and low-cost
solution for infield MDMA detection, featuring a palm-sized system that allows non-

electrochemist individuals to perform analyses and obtain results directly on a smartphone.
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CHAPTER FOUR: A LOW-COST 3D-PRINTED PRECONCENTRATION AND FOLDABLE
PAPER CARD DETECTION SYSTEM FOR HEAVY METALS ANALYSIS IN RIVER AND

DRINKING WATER"

1. Introduction

Water pollution is an increasing global concern that poses significant threats to both
human health and the environment. For the past decade, the World Economic Forum has
consistently ranked the degradation of water resources among the top ten most critical global
risks.2 Worldwide, 80% of the wastewater remains untreated, carrying a mixture of home
wastes and harmful industrial pollutants.? These contaminants disrupt the delicate ecosystem
balances and cause widespread environmental damage.* Exposure to these environmental toxins
contributes to a significant portion (almost 1/4th) of the global disease burden with 50% of global

child death attributed to poor water quality.> 8

Among different classes of water contaminants, heavy metals have garnered significant
attention across various sectors due to their detrimental effects on human health and ecological
balance.* While heavy metals can naturally occur in the environment, anthropogenic activities
are the predominant source of water contamination.*® The inherent properties of heavy metals,
including their water solubility, resistance to biological degradation, and high bioavailability,

contribute to their persistent presence in the environment.®

* This work is published in ACS Sensors, titled ‘Fill, Fold, Photo: Preconcentration and Multiplex Detection of Trace
Level Heavy Metals in Water’. The work was coauthored by Prakash Aryal, Jason Boes, Eric Brack, Todd
Alexander, and Charles S. Henry. ACS Sensors 2024, 9(10):5479-5488. doi: 10.1021/acssensors.4c01708
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Heavy metal toxicity can result in various health issues, including gastrointestinal and renal
disorders, neurological disorders, dermatological issues, vascular harm, impaired immune system
function, congenital disabilities, and malignancy.'®'? Despite existing regulations, many
households and public water systems across the United States continue to have elevated levels
of heavy metals present in their water supplies.!31®¢ Numerous studies have shown that drinking
water in the United States can contain toxic metals such as Pb(Il), Cu(ll), and As(l11&V), posing
significant health risks.1”2? The situation is even more dire in underdeveloped countries, where
regulatory frameworks and resources for water quality management are further limited. The lack
of accessible, affordable, and user-friendly water testing systems in these resource-limited

settings further compounds this

problem.1® 2123 Traditional techniques for quantifying heavy metals include Inductive Coupled
Plasma Mass Spectrometry (ICP-MS) and Optical Emission Spectrometry (ICP-OES), as well as
Atomic Absorption Spectrometry (AAS).?4%® These techniques offer notable advantages in
sensitivity, specificity, and precision, especially when measuring low concentrations. Molecular
spectroscopy methods, such as UV/Vis molecular absorption and fluorescence spectroscopy,
provide indirect approaches for detecting heavy metals.?” Other techniques include
electrochemical and chromatographic methods, which have proven valuable in the realm of
heavy metal detection.?®33 Despite the wide range of techniques available for heavy metal
analysis, these methods come with limitations, including time-consuming processes, the need

for costly equipment, and skilled operators. As a result, the practical considerations of conducting
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pointofneed testing in resource-limited and economically disadvantaged areas become
challenging, if not impossible.

The emergence of paper-based analytical devices (PADs) has played a significant role in
bridging the gap between contaminant testing and end-users. These platforms enable point-of-
use analysis with their affordability, diverse designs, and compact size, making them highly
portable.3*3” Common chromogenic agents such as Dimethylglyoxime, Bathocuproine,
Bathophenanthroline, Phenanthroline, Diphenyl Carbazone, Rhodizonic acid, Dithizone,
4(2pyridylazo) resorcinol (par), Ferrozine, Xylenol Orange, Chrome azurol S, natural dyes etc. are

employed for the colorimetric detection of different heavy metals in water.#6->0

While various paper-based analytical systems have utilized these reagents to detect heavy
metals in water, most face challenges in achieving regulated detection limits.3® Developing a
sensor capable of detecting metals at levels compliant with relevant legislative guidelines,
typically in parts per billion (ppb), is necessary to execute a system suitable for monitoring water
contamination. Therefore, developing a simple, cost-effective, and user-friendly technique for
heavy metal monitoring is crucial, particularly for resource-limited locations. The technique
should prioritize ease of use and widespread accessibility while ensuring it adheres to established
legislative guidelines for accuracy and reliability.

A preconcentration technique can be used to detect the analytes at very low
concentrations.>> 2 In a preconcentration system, the capture and concentration of target
analyte onto a preconcentration medium results in accumulating these analytes in a confined
area. Concentrating the analytes increases the overall available mass of the target elements,

leading to an increased color signal from the targeted analyte. Some methods have been
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proposed for preconcentration systems for colorimetric heavy metals detection. Satarpai et al.
devised a costeffective and straightforward method utilizing a PAD modified with Zirconium
Sillicate for the on-site sampling, preconcentration, and analysis of Pb(ll) in water samples.>3
Ninwong et al. developed a sensitive distance-based method for quantifying mercury ions using
fluorescent distance-based paper device coupled with an evaporating preconcentration
system.54 Suarez et al. developed a preconcentration system that uses a chitosan and
superabsorbent pads to preconcentrate and detect Co(ll) in water.> It is crucial to highlight that
non-substrate-modified paper-based multiplexed systems for heavy metal detection often lack
the sensitivity to attain environmentally relevant Limits of Detection (LoD). In contrast,
preconcentration systems achieving the necessary LoD are focused on single heavy metal
detection or require extensive capture substrate modification. Therefore, the challenge lies in
developing a method that overcomes the sensitivity limitations while also allowing for
multiplexed detection, ensuring a more comprehensive and practical solution for environmental
monitoring.

To overcome the aforementioned shortcomings, we developed a 3D-printed
preconcentration system combined with colorimetric paper-based detection, enabling the
simultaneous detection of seven different metal ions at low ppb levels in water. The proposed
system can process up to 250 mL of water to concentrate heavy metals on Ahlstrom Blotting
Grade 319 (AB319) paper. Out of the seven metals analyzed, the system achieved a LoD well
below the legislative guideline values for six metal ions with minimal paper substrate
modification. Our smartphone-enabled system allows for on-site quantification of the color

signals. Various masking strategies were implemented to attain a higher level of selectivity for
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the targeted metals with minimal interference. The sensor demonstrates stability suitable for
batch manufacturing and timely delivery to end-users. Real water samples were tested to validate
the sensor's effectiveness, and the results were benchmarked against industry-standard
inductively coupled plasma mass spectrometry (ICP-MS) data. Spike recovery analysis was also
used to further confirm the sensor's accuracy.
2. Materials and Methods

Materials and Chemicals

All metal standards, reagents, and masking agents were obtained from Sigma-Aldrich (St.
Louis, MO, USA), while hydroxylamine hydrochloride and buffer components were sourced from
Fisher Scientific (Waltham, MA, USA). Double-sided adhesive (DSA, 468MP) and transparency film
(9984) were purchased from 3M (St. Paul, MN, USA), and Whatman paper was obtained from
Fisher Scientific (Waltham, MA, USA). Additionally, PVC foil (0.7 mm) was purchased from
Deecraft company in Wang Thonglang-Bangkok, Thailand. The resin for stereolithography was
purchased from Formlabs.
Instrumentation

The adhesive tapes, PVC sheets, paper circles, glass fiber (GF) circles, and transparency
films were cut using an Epilog Engraver WinX64 Zing laser cutter. The preconcentration tank was
printed using a Formlabs Form 3 3D Printer. Method validation was performed using Perkin Elmer
NexION 350D ICP-MS.
Device Design and Fabrication

The reagent card was fabricated by bonding a white PVC sheet and DSA. The dimensions

of the reagent card are 10 cm X 5 cm. Using the laser cutter, eight 4 mm (diameter) circular
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holes are cut on the left side of PVC and DSA. Between these holes, eight 6 mm AB 319 grade
paper circles were inserted within the layers. On the right side of the DSA, eight 6 mm circular
holes were laser cut. Eight 8 mm circular glass fibers were placed between the layers in this
region, as illustrated in Figure 1A. To ensure controlled water flow and filtration exclusively
through the detection circles, the left side of the reagent card is attached with a 6 mm wide inner
DSA lining. This design element acts as a barrier, preventing lateral water leakage and
guaranteeing that the water sample flows vertically through the intended detection areas. The
reagent card features a laser-cut perforated fold line running precisely through its center. This
fold line allows the left and right sides of the card to be folded together, enabling the delivery of
the colorimetric substrates for analysis. The preconcentration tank measures 4.2 cm x 4.2 cm x
14.2 cm. The tank is connected to the card station using a hinge. Please see supplementary
information Figure S1 for detailed schematic on 3D printed preconcentration tank. To operate,
the top DSA lining is first peeled off, and the preconcentration zone inserted into the card station,
followed by closing the tank. Next, the tank was filled with the sample, and vertical filtration was
allowed until the water reached the 150 mL mark. Once the water reached the 150 mL mark, the
excess water was drained, the card was removed, the back DSA layer was peeled off, and the card
was folded along the perforation line to get the colorimetric signal (Figure 1B).
Colorimetric Metal Detection Reagents

Metal standards, including Nickel(ll) sulfate hexahydrate, Copper(ll) sulfate pentahydrate,
Iron(lll) chloride hexahydrate, Potassium Dichromate (VI), Mercury(ll) Chloride, Lead(ll) nitrate,

and Manganese(ll) Sulfate, were prepared at a concentration of 1000 ppm in 18.2 MQ cm1
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Millipore water. Additionally, 15 solutions containing other non-targeted metallic and
nonmetallic ions were prepared to analyze potential interferences.
Assay Card Preparation

To prepare the assay card, reagent and pretreatment solutions were added to the paper
preconcentration pads & the glass fiber reagent pads. All the respective concentrations for each
assay are outlined in Table S1 and Assays S1, supplementary information. After each reagent
addition, the card was left to dry completely at room temperature. Post-fabrication, cards were
stored as indicated in packaging protocols, below.
Image Analysis

After the optimized reaction time, the MATLAB Phone app captured images under
controlled lighting. The code automates analysis: it identifies the circular region of interest (ROI),
creates a mask to isolate it, calculates its average gray value, and normalizes it using a background

ROI. The normalization step in the code accounts for variations in lighting conditions during

84



A Front View

PVC sheet

Adhesive seal

Back View

Double-sided adhesive

> Ahlstrom blotting Paper

. Reagent treated glass fibers Reagent zone Precor!centrationl
Detection zone

3. Fold card 2. Fill water

Figure 1. Device schematic and running. (A) Lateral view schematic of reagent card (left), front
and back view of the reagent card (right). The detection paper (AB 319) and glass fibers were
attached to the left and right side of the reagent card respectively by laser cutting holes into the
PVC sheet and Double-Sided Adhesive (DSA). (B) Device running. The reagent card is inserted into
the preconcentration tank using adhesive lining. Subsequently, water is added to the tank until it
reaches full capacity. The tank is then allowed to filter until it reaches the 150 mL mark. Following
this, the adhesive on the backside is peeled off, and the card is folded to observe the color signal.

image capture, enhancing the method's applicability in field settings. Additionally, it analyzes
grayscale intensity in specific color channels for optimal sensitivity to different analytes. This
process runs in parallel for all ROIs. Ni(ll), Fe(lll), Cr(VI), Pb(Il), Hg(ll), and Mn(Il) were calibrated

in the green channel, and Cu(ll) in the blue channel (see supplementary information, Figure S2).
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Since the sensor is primarily designed for drinking water systems, the samples used in this study
are colorless water samples. However, if the water already exhibits some color, the 8th circle can
be utilized as the control zone. As shown in equation 1, this approach will address both lighting
inconsistencies and variations in analyte color.

I(reaction zone) -1 (control zone) 39

Relative Intensity = (Eql)

I(reference zone)

3. Results and Discussion
Paper Substrate Optimization

To maximize ionic retention, it is crucial to use an optimal paper substrate that effectively
captures the metal ions and exhibits a sensitive color intensity when the paper is folded. We
examined various paper types (Whatman 1, 3, and 4, Ahlstrom Blotting grade 319), revealing
that the highest color intensity was observed with AB 319 grade paper (see supplementary
information, Figure S3). Although we also tested other Whatman papers (Grade 5 and Grade 6)
with smaller pore sizes, the filtration time was excessively long. As a result, the AB 319 grade
paper emerged as the best compromise between color intensity and filtration time.

We hypothesize that the metal ion trapping ability of Ahlstrom AB 319 paper can be
attributed to its unique combination of thickness, structure, surface area, tortuosity, and
composition The increased thickness of AB 319 (483 um) compared to W1 (180 um) and W4 (210
um) provides a more extended diffusion pathway, increasing the likelihood of metal ions colliding
with the paper fibers, promoting adsorption. Additionally, the denser structure and greater
thickness offer a larger surface area for adsorption and introduce more tortuous paths that metal

ions must navigate. This increased tortuosity hinders the rapid movement of metal ions, thereby
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enhancing their interactions with the fibers and facilitating their retention. Furthermore, the
proprietary nature of blotting paper manufacturing suggests the possible presence of
undisclosed functional groups that may exhibit a specific affinity for metal ions, forming
complexes and contributing significantly to the observed improvement in metal ion trapping
during filtration.
Sample Volume Optimization

The sample volume was optimized to process the maximum volume while maintaining a
consistent flow rate. The preconcentration tank is designed to hold 250 mL of water. Filtration is
facilitated solely by the force of gravity, eliminating the need for an external pump. We observed
that the first 150 mL of water flows within a duration of 11.77 + 1.23 minutes (n=5). However,
filtering the remaining 100 mL would take nearly an hour due to the decrease in water pressure
as the liquid height decreases. Consequently, we halted the process after filtering 150 mL of
sample. The excess water is discarded, and the reagent card is removed from the
preconcentration tank and folded. In instances where the treated preconcentration pads
exhibited hydrophobic properties (in the case of Cu-Bc and Hg-Dtz assay), the reagents were
mixed with PEG-400 to make these regions hydrophilic. This modification was implemented to
guarantee that the flow rate/filtration rate remained consistent across all detection pads (see
supplementary information, Figure S4).
Signal Homogeneity

Because most reagents were immobilized on the glass fibers, establishing a tight seal
between the detection pads and fibers after folding was crucial. In this configuration, the thicker

paper fibers and active evaporation upstream resulted in convective mass transport, causing the
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color compounds to migrate up toward the surface of the detection pad. Glass fibers were chosen
over paper for reagent immobilization due to their higher surface energy, which promotes
expanded interaction sites. Their higher surface energy facilitates improved wetting, adhesion,
and allows for the easy release of reagents into solution.
Reagent Optimization

The concentration of reagents for each assay was optimized to ensure that the analyte
consistently functions as the limiting reactant while allowing for the optimal utilization of
reagents. Reagent optimization figures can be found in Figures S5 through S11 in supplementary
information. The selected optimum concentrations for the reagents are as follows: 60 mM for
NiDMG, 8.5 mg/mL for Cu-Bc, 1.25 mg/mL for Fe-Bph, 15 mg/mL for Cr-DPC, 0.625 mg/mL for
Pb-Rh, 12 pug/mL for Hg-Dtz, and 5 mM for Mn-PAR assay.
Reaction Time

Multiplexed detection involving seven metal ions necessitates consideration of varying
reaction kinetics for each complexation chemistry. While most reactions reached peak intensity
within 3 minutes after folding, Mn-PAR and Cr-DPC complexations required an 8-minute reaction
period. To ensure uniform performance across all assays and facilitate better imaging, 8 minutes
post-folding was chosen as the optimal reaction time. Figure S12 in supplementary information
demonstrates this optimization, where signal intensities stabilize after 8 minutes for each assay.
Metal lon Retention

To assess the system's ability to capture a specific amount of metal at various
concentrations consistently, tests were conducted at low, medium, and high concentrations for

each metal under neutral pH (with n = 5 devices for each concentration). Significant differences
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in color signals were found among the tested gradients. Moreover, the RSD for all examined
points remained below 10%, as shown in supplementary information, Figure S13. This indicates
a reliable and consistent metal retention across the concentrations. The analyte retention rate
was assessed by comparing the signal obtained from the sensor with the signal obtained from a
direct application of the same amount of mass onto the paper substrate (spot test). The analyte
retention rate was calculated to be 25.8 + 3.2 %.

To study the effect of pH on metal retention, Ni(ll) ion solutions were processed through
the sensor at various pH levels. After filtration, pH was adjusted directly on the paper to optimal
detection pH. No significant effect on metal retention was observed between pH 1 and 7.
However, at pH 9, the metal retention decreased by approximately 5% (see Supplementary
Information, Figure S14). While most natural waters containing metals are either acidic or
neutral, the presence of non-dissolved metal species at higher pH levels may occasionally affect
metal retention. Our study focused exclusively on ionic species due to the detection chemistries
employed. In realworld applications, where we anticipate the system's use after acid digestion,
the presence of nonionic species should not be a concern.

Detection Pad Calibration

Ni(ll) was detected by Chugaev's method, which involves reacting dimethylglyoxime
(DMG) with nickel (Ni?*) ions under basic conditions, resulting in the formation of a pink-colored
nickel dimethylglyoxime (NiDMG;) complex.>® The pH was adjusted using an ammonium
hydroxide/ammonium chloride buffer at the glass fiber. The calibration for Ni concentration is
illustrated in Figure 2A, with a calibration curve established for the range of 20-400 ppb. Beyond

400 ppb, the color intensity exhibited non-linearity due to surface saturation. The surface

89



saturation is common in colorimetric assays.>’>° The estimated LoD and LoQ were calculated to
be 15 ppb and 50 ppb, respectively. These values were calculated using the equations (3s)/b and
10s/b, where "s" is the standard deviation of the blank (n = 8 pads per device), and "b" is the
slope of the calibration curve.®® Importantly, the LoD is well below the guideline limit for Ni(ll) in

water.®! Copper was detected using a Cu-bathocuproine assay known for its selectivity and
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Figure 2. Calibration for Ni-DMG (A), Cu-Bc (B), Fe-Bph (C), Cr-DPC (D), Pb-Rh (E), Hg-Dtz (F), and
Mn-PAR (G) assays on the developed sensor. The error bars represent the standard deviation

among eight replicate pads on a single device.
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sensitivity.®? In this method, Cu* reacts with Bathocuproine under acidic conditions, forming an
orange-colored complex. Bathocuproine exhibits selectivity for Cu detection as it does not
produce any color with Fe(ll), unlike other cuproine compounds.®% #3 The reduction of Cu(ll) to
Cu(l) is done by using hydroxylamine as a reducing agent. The presence of CI" in the NaCl/acetic
acid buffer helps stabilize the cationic Cu-Bc complex.®* The hydrophobic nature of the Cu-Bc
complex hindered its movement upstream for color formation. Therefore, the reagent was
treated directly within the detection pads. However, this adjustment led to an extended filtering
time exceeding 30 minutes. To enhance hydrophobicity and maintain an efficient flow rate, an
optimized solution containing 0.12 g/mL PEG-400 was mixed with the reagent. Consequently, the
flow and filtering rates matched those achieved with other detection pads. The quantitative
calibration curve for Cu is depicted in Figure 2B, showcasing a linear calibration range from 12.5
to 200 ppb. Estimated LoD and LoQ were calculated to be 7 ppb and 24 ppb, respectively. The
LoD falls significantly below the guideline value for Cu(ll) in water.®!

Fe(Ill) detection was performed using bathophenanthroline, a compound that reacts with
Fe2* under acidic conditions, forming a red-colored complex. Hydroxylamine served as the chosen
reducing agent to convert Fe(lll) to Fe(ll) in an acetate buffer. A quantitative calibration curve for
Fe(Ill) is shown in Figure 2C. A log-linear range was established specifically for 5 to 80 ppb. The
estimated LoD and LoQ were calculated to be 2 ppb and 9 ppb, respectively. These values

significantly fall below the established guideline limits for Fe(lll) in water.®!
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Chromium was detected through the complexation reaction of Cr(VI) with
diphenylcarbazide (DPC), forming a purple-colored complex on paper.®> A phthalic anhydride,
polydiallyldimethylammonium chloride (PDDA), and DPC mixture was prepared in acetone. PDDA
and phthalic anhydride were added to stabilize the reaction product between Cr and 1,5DPC and
prevent the edge effect, while phthalic anhydride stabilized 1,5-DPC on the glass fibers.®> 6®
Figure 2D illustrates the calibration of the Cr-DPC assay on the proposed sensor. A calibration
curve was established within the linear range of 50 to 500 ppb. The estimated LoD and LoQ were
calculated to be 20 ppb and 67 ppb, respectively. These values are well below the legislative
guideline for Cr(VI) in water, which is set at 100 ppb.°?

Lead metal detection was achieved utilizing sodium rhodizonate as a complexation agent,
where the chemical reaction induces a color transition from colorless to red in acidic
conditions.”® %7 A 10 mM tartrate buffer solution was used to enhance the stability of the
complexation reagent.®® Figure 2E includes a linear curve established within 25 to 150 ppb range
for the Lead-Rh assay. The estimated LoD and LoQ were calculated to be 13 ppb and 43 ppb,
respectively. Importantly, the LoD falls below the EPA action limit for lead in drinking water.®°

Dithizone (DTZ) and Hg(ll) readily form a stable complex with a high formation constant
(log K¢, Hg-(DTZ), = 40.3),7° evident in the dramatic color shift from yellow to reddish-purple.’®
72 Similar to challenges encountered in the Cu-Bc assay with glass fibers, treating the reagents
directly on paper resulted in color formation in glass fibers rather than the paper itself. Like the
Cu-Bc assay, all the reagents were added in the detection zone itself for this assay to overcome

this issue. Similarly, the paper's hydrophilicity was fine-tuned by mixing 0.08 g/mL PEG-400 with
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the reagent, improving both flow rate and filtering efficiency. Figure 2F illustrates the calibration
results for this assay. A linear calibration range was established within the range of 50 ppb to 300
ppb. Estimated LoD and LoQ were calculated to be 26 ppb and 89 ppb, respectively.

While the LoD in this assay is lower than that of many multiplexed platforms, it still
exceeds the legislative guidelines, which are established at 2 ppb.?* Ongoing and future studies
include exploring additional strategies for paper modification as part of efforts to enhance the
sensor's sensitivity and bring it within the desired cutoff range.

4-(2-Pyridylazo) resorcinol (PAR) is a commonly employed analytical reagent for heavy
metal analysis.*® 4° PAR exhibits the ability to form red-colored complexes with various metal
ions. This versatility makes PAR a highly used colorimetric reagent, particularly for Mn(ll), Ni(ll),
Zn(ll), and Pb(Il) detection under basic conditions.”® In prior work, we have successfully
developed a strategy for masking interference against the Mn-PAR assay, resulting in a high
degree of selectivity.* In this colorimetric reaction, the observed color change progresses from
yellow to red. Borate buffer was used to stabilize the pH, and Polydiallyldimethylammonium
Chloride (PDADMAC) was added to the reagent to ensure the stability of the Mn-PAR complex.
Figure 2G presents the calibration results for the Mn-PAR assay. A linear calibration range was
defined from 25 ppb to 150 ppb. The estimated LoD and LoQ were calculated to be 15 ppb and
49 ppb, respectively. Importantly, these values fall well below the legislative limit for Mn(ll) in

water.b1

Table 1 presents a comparative analysis of our Fill, Fold, Photo system with previously
documented UPADs in the literature, focusing on their capability for the multiplexed colorimetric

determination of metal ions. Our system stands out in two key aspects: first, it can detect up to
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seven metal ions simultaneously without substrate modification, surpassing the capabilities of
previously reported designs. Second, our limits of detection fall within the lower ppb range,
adhering to legislative requirements.
Interference Study
We implemented multiple masking approaches to achieve selectivity across various assays on the
device. This involved strategically applying masking reagents directly on the detection pads
themselves or adding them to the glass fibers. The masking process was optimized to establish
the highest possible tolerance limit without adversely impacting the vertical flow time and
crossreactivity among the reagents. To determine this tolerance limit, we conducted testing at
analyte: interferent ratios of 1:1, 1:5, and 1:10. In this context, the tolerance ratio is defined as
the specific ratio between targeted and non-targeted ions that results in a change exceeding 5%
in the control signal, which originates from the targeted or non-targeted ion. All masking
strategies are comprehensively explained in masking protocol S1 in Supplementary Information.
In summary, most tested ions exhibited no interference at a 1:1 ratio, and we achieved over 80%
selectivity even at a higher mixing ratio of 1:10, as shown in Figure 3. While increasing the
concentration of masking reagents on the detection pad could further broaden the tolerance
limit, this strategy was not pursued due to the detrimental effects on flow rate/filtration time.
Stability and Packaging Protocols

The stability of the developed sensor was evaluated by storing them under various
conditions: room temperature (23°C), fridge (5°C), and freezer (-20°C). Across all these
conditions, consistent signals were obtained for Ni(ll), Cu(ll), Fe(lll), Cr(VI), and Mn(ll) throughout

the 28-day study period. However, for Pb(ll) and Hg(ll), better stability was observed under fridge
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and freezer conditions, as depicted in supplementary information, Figure S16A. In order to
improve the stability of reagents for Pb(ll) and Hg(ll) at room temperature, the sensors were
stored in nitrogen-purged bags with impulse heat sealing. This packaging protocol resulted in

retaining over 90% of the signal for up to 5 days at room temperature as shown in supplementary
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Table 1. Comparison of analytical performance of the developed system with other multiplexed
colorimetric paper-based systems.

Ref lon Reagent Linear range (ppm) LoD (ppm)
(75] Ni(Il) Dimethylglyoxime 15-60 4.8
Cr(V1) PAR 0.5-10 0.18
Cu(ll) Bathocuproine 5.0-80 1.6
(76] Fe(ll1) Bathophenanthroline 20-1300 20
Ni(Il) Dimethylglyoxime 100-1100 100
Cu(ll) Bathocuproine 100-1300 100
Fe(ll1) 1,10-Phenanthroline 0.3-18 0.4- 0.20.3
Ni(Il) Dimethylglyoxime 23 0.1
[48] Cr(VI) 1.5-DPC 0.2-17
Cu(Il) Bathocuproine 0.05-24 0.03
Al(11) Chromeazurol S 0.1-10 0.08
Zn(Il) Dithizone 0.05-24 0.04
Cu(Il) Bathocuproine 0.32-63.55 0.320.59
Co(ll) PAR 0.59-4.71 5.87
Ni(Il) Dimethylglyoxime 5.87-352.16
[46]
Hg(Il) Dithizone 0.20-12.04 0.2
Mn(ll) PAR 0.11-0.55 0.11
Fe(ll1) 1,10-Phenanthroline 30-300 15
[77] Ni(l1) Dimethylglyoxime 30-300 15
cr(V1) 1,5-DPC 7.6-120 2.4
Cu(Il) Bathocuproine 60-300 15
Ni(Il) Dimethylglyoxime 0.02-0.4 0.015 0.007
Cu(Il) Bathocuproine 0.0125-0.2 0.002 0.020
Fe(ll1) Bathophenanthroline 0.005-0.1 0.013
This Work Cr(V1) Diphenylcarbazide 0.05-0.5
Pb(Il) Rhodizoinic Acid 0.025-0.15
Hg(l1) Dithizone 0.05-0.3 0.026
Mn(ll) PAR 0.025-0.15 0.015
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Figure 3. Interference study on the developed sensor. The targeted ions are down the rows, and

interfering ions are across the columns. Dark green boxes indicate the interference at >1:10
(targeted: non-targeted), light green at 1:5, and red boxes at 1:1.

information, Figure S16B. This indicates that with our packaging protocols, the sensors can be
shipped to end users, refrigerated upon arrival, and subsequently utilized for monitoring
purposes. Method Validation

Device reproducibility was validated by spiking drinking water samples with varying
concentrations of each metal ion. Figure 4 shows the representative images of the sensor for
three different levels of spike recovery analysis. Table 2 shows the results of spike recovery
analysis for all metal ions. All RSD values remained below 15%, indicating consistent device
performance across varying concentrations. These results suggest the sensor's potential for
reliable and precise heavy metal detection in real drinking water.

Moreover, to evaluate the sensor's applicability for real water samples, we conducted
tests using various samples: drinking water, laboratory water samples, and water samples from a
river in Colorado. Details regarding the locations and sample collection protocols are provided in

Sampling protocols S1. Additionally, the sensor's performance was validated utilizing results
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obtained from ICP-MS analysis following EPA method 200.8 guidelines.’* The evaluation of the
proposed sensor for metal ion detection in various water sources yielded promising results.
Notably, Fe(lll) levels in drinking water remained within regulatory limits, with a recovery of 77%.
In both Lab Water 1 and 2, the sensor successfully detected Cu(ll) and Fe(lll), with recoveries
ranging from 81% to 94% and relative standard deviations (RSD) between 6.4% and 10.8%,
demonstrating good accuracy and precision.

Furthermore, the sensor detected Ni(ll), Cu(ll), and Fe(lll) in river water in Colorado,
achieving recoveries between 80% and 92% and RSDs below 15%. Most of the detected levels
were below the guideline limits. The on-card color response for each water sample is shown in

the supplementary information, Figure S17. The developed sensor demonstrated a performance
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Figure 4. Representative images for spike recovery analysis showing on-card responses for lower
to higher spiking concentrations (left to right).

comparable to the established industry standard (ICP-MS) as shown in Table 3. The on-card
responses for the real samples and full results are included in the supplementary information,
Figure S17 and Table S2 respectively. These results highlight its potential for widespread adoption

in environmental monitoring applications, offering valuable insights for future implementation.

Hg NT ND 100 75.75 +11.09 76 14.6
200 154.89+14.65 77 9.5
300 231.47+30.86 77 13.3
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Metal ICP-MS (ppb) Sensor (ppb) Spiked Recovered Rec RSD

(n=3) (n=3) (ppb) (ppb) % %

75 70.97 +5.21 95 7.3
150 139.85+10.62 93 7.6
Ni (1) 0.11 ND 300 281.68 £18.96 o4 6.7

26.27 + 2.68
30 88  10.2

56.16 + 8.20
Cu 6.00 ND 60 94 14.6
100 91 13.9

25+ 12.
10 91.25+ 12.71

846 +1.11 85 13.1

20 17.8942.63 89 147

Fe  13.20%0.37 10.16 +1.84 50 si08+583 90  13.0

75 63.01+£7.9 84 125

150  130.21+15.83 87 122

Cr ND ND 300 264.18 +£ 36.05 88 13.6
42.18 £ 6.02

50 84 143

100  87.94+11.94 88 136

Pb(I1) 0.28 ND 150 127.46+11.78 85 9.2

Mn(1l) 50  57.55+8.11 115 14.1

100 118.11+17.14 118 145
150 178.23 £19.33 119 10.8

Table 2. Spike recovery analysis for the developed sensor in real drinking water samples (ND = not
detected, NT = not tested.

Table 3. Summary of metal ion detection results in various water sources using the developed
sensor.

Sample Type Metal lon ICP-MS (ppb) (n=3) Sensor (ppb) (n=3) Rec (%) RSD (%)
Drinking water Fe(ll1) 13.20+£ 0.37 10.16 £+ 1.84 77 18.1
Cu(Il) 627.67 £ 8.18 540.11 + 34.67 86 6.4
Lab water 1
Fe(Il) 15.86 + 0.45 12.83 +1.39 81 10.8
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Cu(ll) 690.00 +5.72 645.37 +41.10 94 6.4

Lab water 2
Fe(ll1) 7.71+£0.10 5.32+£0.97 69 18.3
Ni(Il) 50.77 £ 2.01 40.39+5.85 80 14.5
Cu(Il) 689.00 + 24.59 621.13 +43.14 a0 7.0
River water
Fe(ll1) 721.33 £ 20.81 662.72 +71.15 92 10.7

The sensor has certain limitations. In natural water, heavy metal ions can exist in various
forms, including precipitates, colloidal particles, and those bound to organic matter. However, the
system's colorimetric chemistry is designed to detect only dissolved ion species. Therefore, metal
digestion is necessary to ensure that all forms of metal ions are detected. Our ongoing work
includes the development of a portable and user-friendly acid digestion system. Additionally, the
system's metal retention capacity requires a careful balance between filtration rate and tank
height.

Lastly, although the system is more user-friendly compared to existing multiplexed systems, the
reliance on a smartphone for on-site quantification may be challenging in resource-limited
settings.

However, the color change is sufficiently pronounced to allow for semi-quantitative analysis.
4. Conclusions

In this study, we developed a novel preconcentration system coupled with colorimetric
detection to simultaneously detect seven heavy metal ions at low ppb levels in water. The system
achieved guideline-relevant LoDs of 15 ppb (Ni(ll)), 7 ppb (Cu(ll)), 2 ppb (Fe(lll)), 20 ppb (Cr(VI)),
13 ppb (Pb(ll)), 26 ppb (Hg(ll)), and 15 ppb (Mn(ll)). The simple preconcentration method allows
for ease of use and eliminates the need for complex pre-treatment steps. Furthermore, the Fill,

Fold, Photo detection method offers a portable, user-friendly quantification platform.
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Implementing various masking strategies ensured high selectivity for the targeted metals,
minimizing interference from other potentially present elements. The system maintained stable
signal performance with the proper packaging and storage protocols for over four weeks,
highlighting its long-term usability and suitability for mass production and deployment. Different
real-world water samples were analyzed, demonstrating good recovery compared to the standard
ICP-MS method. Spike recovery analysis further confirmed the sensor's accuracy and precision,
achieving less than 15% RSD in all samples. This work presents a significant advancement in the
field of low-cost on-site environmental monitoring. We envision this technology evolving into a
convenient and portable solution for in-field monitoring of various water contaminants, including
pesticides, PFAS, fertilizers, and beyond.
Additional Content

The supplementary information contains details of reagents, masking agents, and
hydrophilicity treatments, as outlined in Table S1 and Assays S1. The schematic of the
preconcentration tank is depicted in Figure S1. Further optimization efforts included refining
imaging channels (Figure S2), substrate properties (Figure S3), and polyethylene glycol (PEG)
conditions for specific metal-ion assays (Figures S4—S11). Additionally, reaction time optimization
(Figure S12), filtration consistency testing (Figure S13), and pH effects on filtration (Figure S14)
are also included. Sampling protocols are detailed in Sampling Protocols S1, with real sample
images demonstrating on-card response (Figure S17) and calibration color gradients (Figure S15).
The stability study is shown in Figures S16A & S16B, and the reaction schematic is illustrated in
Figure S18. This study was funded through a contract (W911QY2120003) awarded by the US

Army DEVCOM Center.
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CHAPTER 5: CONCLUSIONS AND FUTURE DIRECTIONS

In 2026 and beyond, the challenges of water and food safety continue to remain
relevant, especially globally in low and lower middle-income countries. As the world population
continues to expand, climate change progresses, and infrastructure ages, water safety will
continue to become increasingly critical. LMIC infrastructure investment will likely continue the
current path; expanding access and sanitation services, while often failing to account for
continual monitoring needs. To combat this, point-of-need water testing devices are poised for
commercialization, widespread usage, and integration into citizen science campaigns and daily
life.

Chapter Two demonstrates the ability of a commonly used preconcentration and
cleaning tool to simplify assay procedure and provide a foundation for sensitive and specific
bacterial detection. Focusing on ease-of-use allowed us to translate it to an external lab and
achieve comparable detection results without the need for assay-specific training beyond
typical protocol documentation. Moving forward in this work, microfluidic flow control could be
implemented to automate the capture, label, rinse, and measure process. Additionally, data
reduction utilizing logistic fit and serial dilutions can further increase the working range and
linearity of the bacterial assay. Ideally, integrated processing on a disposable device can be used
to run a multi-dilution assay and process the resulting data, based on factory or user calibration.
Multiplexing with specific bacteria/enzyme pairs could be implemented for multiplex detection

or self-referencing systems.
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Chapter Three shows the effectiveness of electrochemical assays in a point of need
setting to solve specific detection challenges. In this case, by developing 3D-printed
guickswappable electrodes, we enabled quantitative detection of MDMA in samples that would
not otherwise have been tested due to restrictions on available instrumentation. The 3D
printed material allowed us to achieve improved electrochemical results while decreasing the
user skill required for operating the test. It also and enabled single-use disposal of electrodes,
which can be beneficial when working with unknown seized drug samples. Further work
includes development of protocols for widespread testing with seized samples, usage in harm
reduction contexts for drug analysis, and further device engineering towards

usability.

Chapter Four demonstrates that with effective engineering design, point of need sensors
can improve on existing limits of detection by orders of magnitude. The combination of a
tunable sensing and preconcentration platform is incredibly powerful towards the continued
guantification needs at low concentrations. Going forward, the next step for this work is
widespread testing and experimental design development. Releasing an app for sampling
instructions, data collection, automatic geolocation, heavy metal result analysis, and shared
cloud data collection and analysis would allow independent citizen science groups to take large-
scale measurements across a watershed, river, or site of interest, and would offer increased
ease of use compared to current techniques. Additionally, use of a centralized application and
barcoded detection cards can allow sensor-specific calibration based on age, application,

sensitivity, or other internal calibration tools.
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In this dissertation, | hope to have highlighted the fact that many of the traditional
problems with point-of-need testing devices such as sample preparation sensitivity, high limits
of detection, and difficulty in practical usage have been mitigated as development into widely
applicable point of need testing continues. As we have seen over the last six years, the
commercial and scientific advancements in point-of-need sensing developed over the Covid-19
pandemic are paying off; over-the-counter lateral flow assays are now widely available for flu
and Covid-19 biomarkers in saliva, as well as for nitrates and white blood cells in urine for UTI
diagnostics, enabling easier and more extensive home health

monitoring than ever before.

In the future, | hope to see this work expanded in widescale testing efforts. Towards this,
we have developed cloud-based sensor meta-analysis and calibration software for Matlab,
capable of running on an end-user device, for use in manufacturing, QA/QC, and field testing
utilizing the heavy metal detection cards discussed in Chapter Four. To further our ability to
produce, activate, and utilize alternative and low-cost electrode materials such as 3D-printed or
carbon composites, materials studies should be undertaken to identify key electrode features
that make them ideal for certain systems, as well as failure modes to ensure more consistent
manufacturing. Finally, with the integration of passive microfluidic flow control, the bead ELISA
could be a powerful tool for further research. To further this goal, specific antigens should be
identified for ‘strong’ connections, allowing magnetic capture and wash. Study into mechanism
and strength of bacterial retention on beads, as well as prevalence of capture-compatible

antigens, could lead to wide applicability in bacterial sensing.
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By utilizing the resources and the work we currently have at our disposal, we can take
those lessons learned from medical device development and translate them towards
environmental monitoring and analysis. We have the technology for sensitive and specific
assays for bacterial and heavy metals detection and monitoring at the point of need, and my
hope is that my work as a Ph.D. student has demonstrated the immense power of the
combination of simply designed analytical systems, point-of-need testing, and electroanalytical
measurement for both new and existing problems in the environmental and health monitoring
spaces. | believe that the effective integration of disposable point of need devices, large-scale
citizen science, and effective testing plans has the potential to help solve some of the most

complicated global health challenges.
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APPENDIX A — CHAPTER TWO SUPPLEMENTARY
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Bead Preparation Protocol V3 — 3/2/2024 SUPPLIES

Name Source Batch Conc Prepped?
Tosylactived Magnetic Particles Dynabeads M- 30 mg/mL
(2.8 um) 280 Tosylactived
Anti-Bacteria Ab Abcam ab137967 4 mg/mL
PBS Buffer Lab-Made (below) See Protocol
PBST 0.1% Lab-Made (below) 1 mg/mL
0.5% BSA in PBS Lab-Made (below) 5 mg/mL
0.1% BSA in PBS Lab-Made (below) 1 mg/mL
Borate Buffer (0.1M, pH 9.5) Lab-Made (below) 0.1M
Ammonium Sulfate Borate Lab-Made (below) 3M, 0.1M
Buffer (3M, in borate buffer)

EQUIPMENT
Name Notes Prepped?
Micropipettes 1000 ulL, 100 uL, 5 uL
Vortexer Any, Setting 5 (med)
Rotator Any, Med-Slow,
approximately 1 inversion
/ second
Magnetic Stand Thermo 12321D
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Timer

PREPARATION

Phosphate Buffered Saline (PBS) — Prepare as per instructions on tablets. Typically, 1 tablet makes 500
mL PBS at pH 7.4. If pH needs to be adjusted, do so with 1M NaOH or HCI. Autoclave and store
refrigerated up to 2 months.

0.1% PBST — 1 mg/mL Tween-20 in PBS — Dissolve 20 mg Tween-20 in 20 mL PBS. Store refrigerated up to
1 month.

0.5% BSA in PBS — 5 mg/mL BSA in PBS — Dissolve 100 mg BSA in 20 mL PBS. Store refrigerated up to 2
weeks.

0.1% BSA in PBS — 1 mg/mL BSA in PBS — Dissolve 20 mg BSA in 20 mL PBS OR Dilute 4 mL “0.5% BSA in
PBS” in 16 mL PBS. Store refrigerated up to 2 weeks.

Borate Buffer (0.1M, pH 9.5) — Dissolve 3.09g HsBOsin 500 mL distilled water. Adjust pH to 9.5 with 5M
NaOH.

Ammonium Sulfate Borate Buffer (3M, 0.1M, pH 9.5) — Dissolve 39.64g (NH4).SO4 in 80 mL Borate Buffer
(above). Adjust pH to 9.5 with NaOH or HCI. Adjust volume to 100mL with borate buffer.

PROTOCOL

1. Resuspend beads by vortexing bulk solution 30s. If beads are still seen on bottom of vial, vortex a
further 30s.

Transfer 335 uL beads to a 2mL microcentrifuge tube.

Add 1 mL Borate buffer. Vortex 10s.

Place tube in magnet for 1 minute. Pipette away and discard supernatant.

Add 200ug antibody (50 uL)* to tube, bring total volume to 150 ulL with borate buffer (add 100
ul). Vortex 5s.

* With Ab 137967, Ab is at 4 mg/mL = 4000 ug/mL, 200 ug = 50 uL. If Ab is at less than 2 mg/mL,
see 5 mg bead recommendations in manufacturer instructions.

Add 100 uL borate-sulfate buffer to tube. Vortex 5s.

Incubate at room temperature for 24-36 hours with mixing (end over end on rotator)

Place tube on magnet for 2 minutes, remove and discard supernatant.

Resuspend in 1 mL 0.5% BSA in PBS, incubate for 3 hours at room temperature with mixing (end
over end on rotator).

10. Place tube on magnet for 2 minutes, remove and discard supernatant.

11. Resuspend in 1 mL 0.1% BSA in PBS, vortex 10s.

12. Place tube on magnet for 2 minutes, remove and discard supernatant.

13. Repeat steps 11 & 12 once.

14. Resuspend in 480 uL 0.1% BSA in PBS to a final bead concentration of 20 mg/mL.

W

Lo~

NOTES:
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SINGLEPLEX ASSAY PROTOCOL V4.1 - 4/8/2024 Supersedes all

previous.
SUPPLIES
Name Source Batch Conc Prepped
?
Anti-Bacteria Lab-Made 2 mg/mL
Magnetic Particles (below)
PBST 0.1% Lab-Made 1 mg/mL
(below)
Tween-20 Sigma P9416 Bulk liquid
Anti-Bacteria  Ab, | Lab-Made 1 mg/mL
HRP Conjugated
PBS Buffer pH 7.4 Lab-Made See
Protocol
TMB Solution Sigma T0440 Bulk liquid
EQUIPMENT
Name Notes Prepped?
Micropipettes 1000 uL, 200 uL
Rotator Any, medium-slow, ~1 inversion/second
Timer Any
Magnet
Vortexer

Microcentrifuge Tubes
Flow Channels

Electrodes

Electrode Holder
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Optional: LB Agar Plates

PREPARATION

PBS Buffer — Prepare as per instructions on tablets. Typically, 1 tablet makes 500 mL PBS at pH 7.4. If pH
needs to be adjusted, do so with 1M NaOH or HCI. Autoclave and store refrigerated up to 2 months.

0.1% PBST — Dissolve 100 mg Tween-20 in 100 mL PBS buffer.

2Ab Solution — Dilute pre-conjugated secondary antibody to 25 ug/mL in PBS buffer. (From 1 mg/mL,
dilute 25 uL to 1 mL in PBS).

Beads — Complete protocol BEAD PREP V3, dilute to 2 mg/mL.

PROTOCOL Capture

1. Prepare 1 mL of each sample in 2 mL microcentrifuge tubes.
1a. If desired, plate 100ulL of sample in triplicate to determine bacterial concentration, dilution
may be appropriate, plate-counting is most reliable at 200-2000 CFU/mL.

2. Pipette 50 ul of prepared beads (2.0 mg/mL, 100 ug total) into each tube.

3. Incubate 1 hour at room temperature, with constant rotation, tubes turning end-over-end.

4. Add tube to magnet. Let separate for 1 minute.

5. Remove supernatant via pipetting. Discard.

6. Resuspend in 1 mL PBST. Vortex 30s to rinse.

7. Add tube to magnet. Let separate for 1 minute.

8. Remove supernatant via pipetting. Discard.

9. Repeat steps 6-8, for a total of two washes.

Labeling

10. Resuspend in 50 uL 2Ab solution at 25 ug/mL. Vortex 10s to mix. Incubate 20 minutes at room
temperature with constant rotation, tubes rotating on their axis (not end-over-end).
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11. Add tube to magnet. Let separate for 1 minute.
12. Remove supernatant via pipetting. Discard.

13. Resuspend in 1 mL PBST. Vortex 30s to wash.
14. Transfer the entire solution to a clean tube.

15. Add tube to magnet. Let separate for 1 minute.

16. Remove supernatant via pipetting. Discard.

Washing
17. Resuspend in 1 mL PBST. Vortex 30s to wash.
18. Add tube to magnet. Let separate for 1 minute.
19. Remove supernatant via pipetting. Discard.
20. Repeat steps 17 - 19 twice for a total of three washes.

21. Resuspend in 1 mL PBST. Vortex 10s to mix.

Electrochemical Measurement
1. Add 10 ulL of bead mixture to channel inlet.
2. Add 30 uL TMB to channel inlet. Allow to incubate 15 minutes.
3. Attach potentiostat to electrodes, measure via chronoamperometry at -0.2 V.

4. Signal is average of current from 50 — 60 seconds.

NOTES:

Bring all solutions to RT before use.
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Assay Preparation Needs

Component Needed Volume Needed

Sample 1mL
Capture Beads at Working Concentration 20 uL / sample 2.
0.1% PBST 7 mL/sample 3.
Secondary Ab at Working Concentration 50 uL / sample 4.
Micrefluidic Channel 1/sample*
5.

TMB Solution 50 uL / sample*

*: Assuming 1sample = 1 measurement. The assay procedure will result in
~ TmL bead-bacteria-label solution, enough for 100 replicate measurements.

Bead Preparation** Needs

Reagent Needed Volume Needed
Dynabead M-280 Tosylactivated Beads {30 mg/mL) 335uL

Capture Antibody See Protocol**

Borate Buffer 1.1mL
Ammonium Sulfate Borate Buffer 100 uL
0.5% BSAin PBS 1mL

0.1% BSAin PBS 2.5mL

Makes 480 ulL Concentrated Capture Beads (20 mg/mL);
4.8 mL Capture Beads at Working Concentration (2 mg/mL);
Enough for 96 samples.

Store at 4C up to 2 months.

Conjugated Antibody Preparation** Needs

Reagent Needed Volume Needed

@ 4 mg/mL: 50 ulL
@ 2 mg/mL: 100 uL
@ 1 mg/mL: 200 uL

133 ul

Secondary Ab

Neutravidin-HRP
PBS Buffer 1500 uL

Makes 1.5 mL Concentrated Conjugated Antibody Solution (200 ug/mL});
12 mL Conjugated Antibody Solution at Working Cencentration {25 ug/mL);
Enough for 240 samples.

Store at 4C up to 2 months.

**See Bead Preparation Protecol and Secondary Ab Conjugation Protocel.

Pre-Assay Preparation

Suggested Workflow
1

Determine # of samples to test.

Reference ‘Assay Preparation Needs’ table
to determine needs.

Compare to current prepared stocks.

If necessary, continue to Bead Preparation
Pretocolor Cenjugated Antibody Protocel
as needed.

Reference respective tables for preparation
needs.

Equipment Needs

Electrede Holder

2 mL Microcentrifuge Tubes

IMS Magnet Stand

Micropipette & Micropipette Tips

Vortexer

Electrodes

{Optional) LB Agar Plates

Potentiostat &

Controlling Laptop

Rotator

Timer

Whirlpak Bags

Bacterial Assay Quick-Reference —Version 1-April 1, 2024 - Jascon Boes

116



= NR‘WN Consumables & Equipment

Purchasing List

Consumables

PBS Tablets (100)

Boric Acid
Ammeonium Sulfate
Sodium Hydroxide 5M
Hydrochloric Acid 1M
Tween-20
BSA Fraction V
HRP-Neutravidin
E. Coli Secondary Ab-Biotin
Dynabeads M-280 Tosylactivated
E. Coli Capture Antibody
Whirlpak Bags for Sample Prep
TMB Substrate Solution
Listeria Capture Antibody
Listeria Secondary Antibody
Salmonella Capture Antibody

Salmoenella Secondary Antibody

Medicago 09-8912-100 (Fisher 11340433) 1% 100
Therme 327132500 1x250¢g
Sigma a5132 1x500¢g
Sigma S8263-150ML 1x 150 mL
Sigma H9892 1% 100 mL
Sigma P1379-100ML 1% 100 mL
Equitech Bio BAC61 ORVWR 103219-148 1x 50g
Fisher 31030 1%0.5 mL
Abcam ab20640 1% 250 ul
Fisher 14203 1x2mL
Abcam ab137967 Tx 500 uL
Whirlpak B01385 1x%250
Sigma T0440 1% 100 mL
Abcam ab35132 TxTmL
Abcam ab20766 1%250 uL
Abcam abB8274 1x250 uL
Fisher PA1-73022 Tx1mL

Micropipette & Micropipette Tips

2 mL Microcentrifuge Tubes

IMS Magnet Stand

Vortexer

Potentiostat & Controlling Laptop

Rotator
Timer

Assorted bottles for solution storage

Any (Sterile, amber, non-coated)

Fisher 12321D 1

Any

Palmsens

Any
Any

Any
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“RG UP Buffer & Solution Preparation

General Buffer Preparation Procedure
1. Ina1Lauteclavable bottle prepare buffer by disselving solid and liquid constituents in a total velume of 500 mL using distilled water.
2. Check pH of buffer, adjust to necessary value with HClor NaOH as necessary.

3. Aliquot if desired and autoclave buffer if needed. All buffers used in assay and prep can be stored at 4C or
room-temp long term. PBS may be stored at RT enly if sterile.

Buffer Preparation

Phosphate 1 PBS tablet, 0.14 M NaCl, Autoclave. Store at 4C. If unopened
Buffered 500 mL distilled water 0.0027 M KC1, after autoclaving, shelf life > 6 months.
Saline (PES) 0.010 M Phosphate
Borate Buffer 3.09¢ Boric Acid (H:BO3) 0.1 M Borate 3.5 Nao need to autoclave. Store in plastic
500 mL distilled water at 4C. Shelf life » 6 months.
Ammonium 39.64g Ammonium Sulfate 0.1 M Borate, 9.5 No need to autoclave. Store in plastic
Sulfate Borate ({NH4):50,) 3 M Ammenium Sulfate at 4C. Shelf life = 6 months.
Buffer 100 mL Borate Buffer (Above)

Use ‘General Buffer Preparation Procedure’. Use 3M NaOH to adjust pH of Borate buffer. Use 1M NaOH or HClto adjust pH of PBS.
Borate Buffer & Ammonium Sulfate Borate Buffer are utilized for capture bead coupling only.

Solution Preparation

0.1% PBST 100 mL PES Buffer (Above) 0.1% W/V Tween-20, Do not auteclave. Store at4C upto 1
100 mg Tween-20 PBS Buffer menth.
0.5% BSA in PBS 10 mL PBS Buffer (Above) 0.5% WiV BSA, Do not autoclave. Store at4Cupto 2
50 mg BSA FractionV PBS Buffer weeks.
0.1% BSA in PBS 2 mL 0.5% BSA in PBS (Above) 0.1% W/V BSA, Do not autoclave. Store at 4C up to 2
8 mL PBS Buffer (Above PBS Buffer weeks.
Concentrated 200 ug Secondary Ab 200 ug/mL Conjugated Do not autoclave. Store at 4C up to 1
Secondary Ab 133 ug HRP-Neutravidin Secondary Ab, meonth.
Solution* 1500 uL PBS Buffer (Above) PBS Buffer
Working 100 ul Concentrated Secondary 25 ug/mL Conjugated Do not auteclave. Stere at4C upto 1
Secondary Ab Ab Solution Secondary Ab, month.
Selution 700 uL PBS Buffer FPBS Buffer
Ceoncentrated See Bead Prep 20 mg/mL Capture Beads, Do not auteclave. Store at4C upto 2
Capture Bead 0.1% BSA, months.
Solution* PBS Buffer
Working Capture 50 uL Concentrated Capture 2 mg/mL Capture Beads, Do not auteclave. Store at4C upto 2
Bead Seolution Bead Solution 0.01% BSA, months.
450 ul PBS Buffer (Above) PBS Buffer

*See Bead Preparation Protecol and Secondary Ab Conjugation Protocol.
For all ether solutions, mix needed reagents until dissolved, and store at 4C.

Bacterial Assay Quick-Reference —Version 1-April 1, 2024 - Jason Boes
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HENRY™ Electrode & Channel
JRGUP Version 12.1 Technical
Specifications
Flow Channel

64.50

o Top Layer - Single-Sided Coated
O-'—— @6.00 @3.00 —O Transparency Sheet, Hydrophilic
o Coating Down (3M 9984)

1.00
96.00 — [ 300
\ ° Middle Layer - Double-Sided Adhesive
E— Transfer Tape ~130 um thickess
f | (3M 468MP)
74.50
2
¥ 21.000
\. 4 Lower Layer - Single-Sided Coated
0 0 20.00 Transparency Sheet, Hydrophilic
e Y Coating Up (3M 9984)
|~ 25.00 = C
— apture
i |~ 89.30 Bottom Layer - Double-Sided P
20.00 O/ Adhesive Transfer Tape ~130 um M agnet
{ thickess J =
1 (3M 468MP)

Thermoplastic Electrode Microfluidic] == Sy
. Channel
Mold Material: Laser-patterned

25.00 0/\ polymethyl methacrylate (PMMA) @
0\ \— 4.55

Electrode Material: -
— 02.00  polystyrene-based graphite b
~= 25.00 = thermoplastic electrode Electrode -

Electrode Casing: 3D Printed Resin (Formlabs)
Potentiostat Connection: 20G Copper Wire
Electrode-Wire Connection: Conductive Silver
Paint (SPI 05001-AB)

4—‘
\1

'—.7

Electrode & Channel Technical Specifications Version 12.1 - April 1, 2024 - Jason Boes
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APPENDIX B — CHAPTER THREE SUPPLEMENTARY

Stess 1 iasid:
Tempessture: 2000 waier Gt
Ftopsed time- 000+

et 4

: st
" tapscr me: 10 ']

Figure S1. (A) CA image of a bare electrode (BE). (B) CA image of a sanded electrode (SE). (C) Fourier-

transform infrared spectroscopy (FTIR) spectrum of a BE. (D) FTIR spectrum of a SE.
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Figure S2. (A) CV plots of 5 mmol L™ hexaamineruthenium (Ill) in 0.5 mol L™ KCI at different scan

rates (5, 10, 25, 50, 75, 100, 150 and 200 mV s7) on sanded/laser treated electrode (SLTE). (B) Plot

of anodic and cathodic peak current values obtained for the SLTE as a function of the square root of

scan rate from Figure S2A. (C) CV plots of 75 pmol L™* MDMA in 0.1 mol L™ BR buffer (pH 3.0) at

different scan rates (5, 10, 25, 50, 75, 100, 150 and 200 mV s71) on the SLTE. (D) Plot of anodic peak

current values obtained for the SLTE as a function of the square root of scan rate from Figure S2C.

Error bars correspond to the standard deviation of measurements using 3 different sensors.
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Figure S3. (A) Plot of anodic peak currents and peak-to-peak potential (AE,) values as a function of

laser power. (B) Plot of anodic peak currents and AE, values as a function of laser speed. Error bars

correspond to the standard deviation of measurements using 3 different sensors.
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APPENDIX C— CHAPTER FOUR SUPPLEMENTARY

Back View

Preconcentration/

R
e Detection zone

Table S1. List of reagents (red), masking agents, and hydrophilicity treatment in each zone.

Assay DZ Preconcentration/Detection Zone (DZ) GF Reagent Zone /Glass Fiber Hydrophilicity
paper Reagents (GF) Reagents Treatment

Ni-DMG 1 5uL 6.0 M ammonium 1 acetate O 7.5 uL NH40H/NHACI NA

Assay 5 uL 0.5 M NaF buffer (pH 9)

O Two 10 pL aliquots of 60 mM
dimethylglyoxime in methanol

Cu-Bc 2 O 5 uL hydroxylamine 2 0.12 g/mL PEG added to the
Assay (0.2 g/mL, reagent
Acetate/NaCl buffer, pH mixture
4.5)
O 10 pL solution of 8.5 mg/mL NA

Bathocuproine, 0.12 g/mL PEG 400

Fe-Bph 3 Assay 5 pL hydroxylamine (0.2 g/mL, 3 20 L solution of 1.25  NA mg/mL
acetate buffer, pH 4.5) bathophenanthroline in isopropanol
Cr-DPC 4 @5 uL 0.1 M phosphoric acid 4 20 pL solution of 15 mg/mL NA
Assay Diphenyl Carbazide, 0.04 g/mL

phthalic anhydride,
1 mM ceric(IV) ammonium
nitrate, 5% w/v PDDA in

acetone
Pb-Rz 5 NA 5 20 pL Rhodizoate (0.625 NA
Assay mg/mL in Tartrate buffer, pH 3)
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Hg-Dtz 6 5 uL Ethylenediamine 6 0.08 g/mL
Assay (3M) PEG added to the

reagent mixture
O 5yl trans- g

1,2diaminocyclohexaneN,N,N’,N’- NA

tetraacetic acid (DCTA) (0.1 M)
O 10 pL diluted stock solution of
dithizone (12
pug/mLin dichloromethane) + PEG
400 (0.08 g/mL)

Mn-PAR 7 Combination of 7
Assay dimercaptosuccinic acid
and

triethylenetetramine in pH
9.3 borate buffer

Assays S1

20 pL solution of 2.5 mM 4- NA
(2-pyridylazo) resorcinol mixed
with 5% w/w PDADMAC in
borate buffer (pH 9.3, 0.1 M)

Ni-Dimethylglyoxime (Ni-DMG) Assay. 5 pL of 6.0 M ammonium acetate followed by 5 uL of 0.5
M NaF was added to the detection zone 1. Subsequently, 7.5 pL of NH4OH/NH4Cl buffer (pH 9)
was added to the glass fiber 1, followed by the addition of two 10 uL aliquots of 60 mM
dimethylglyoxime prepared in methanol. After each reagent addition, the detection zone and
reagent zone were left to dry at room temperature. Ultimately, 250mL of the standard solution

was added to the preconcentration tank.

Cu-Bathocuproine (Cu-Bc) Assay. 5 pL of hydroxylamine, prepared in Acetate/NaCl buffer at a
concentration of 0.2 g/mL (pH 4.5), was added to detection zone 2 and dried. A solution containing
8.5 mg/mL Bathocuproine was prepared in dichloromethane. A 10 pL of this solution was added
to detection zone 2. After each reagent addition, the detection zone was dried completely.
Ultimately, 250mL of the standard solution was added to the preconcentration tank. In this assay,

all the reagents were added to the detection zone itself.

Iron-Bathophenanthroline (Fe-Bph) Assay. In detection zone 3, 5 pL of 0.2 g/mL of hydroxylamine,
prepared in a 6 M acetate buffer with a pH of 4.5, was initially added. Then, 20 pL of 1.25 mg/mL
of bathophenanthroline, prepared in isopropanol, was added to glass fiber 3. After each reagent
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addition, the detection zone and reagent zone were dried completely. Ultimately, 250mL of the

standard solution was added to the preconcentration tank.

Chromium-Diphenylcarbazide (Cr-DPC) Assay. 5 pL of 0.1 M phosphoric acid was added to
detection zone 4. A solution was prepared by mixing 15 mg/mL of Diphenyl Carbazide (DPC), 0.04
g/mL of phthalic anhydride, along with 1 mM ceric(lV) ammonium nitrate and
polydiallyldimethylammonium chloride (PDDA) (5% w/v) in acetone. 20 uL of this solution was
added to glass fiber 4. After each reagent addition, the detection zone and reagent zone were
dried completely. Ultimately, 250mL of the standard solution was added to the preconcentration

tank.

Lead- Rhodizoate (Pb-Rh) Assay. 20 uL of Rhodizoate at a concentration of 0.625 mg/mL in Tartrate
buffer (pH 3) was added to the glass fibers 5 and exposed to drying. Following this, 250mL of the

standard solution was added to the preconcentration tank.

Mercury- Dithizone (Hg-Dtz) Assay. In the detection zone 6, 5 L of Ethylenediamine (3 M) was
added, followed by the addition of 5 uL of trans-1,2-diaminocyclohexane-N,N,N’, N'-tetraacetic
acid (DCTA) (0.1 M). Subsequently, a stock solution of dithizone at a concentration of 12 pg/mL in
dichloromethane was prepared. This stock solution was then diluted 20 times in 5 mM NaOH,
mixed with 0.08 g/mL of PEG-400 and 10 L of the final diluted solution was added to detection
zone 6. After each reagent addition, the detection zone was dried completely. Ultimately, 250mL
of the standard solution was added to the preconcentration tank. Similar to copper, all the

reagents were added in the detection zone itself for this assay.

Manganese- 4-(2-pyridylazo) resorcinol (Mn-Par) Assay. In detection zone 7, a combination of
dimercaptosuccinic acid and triethylenetetramine in pH 9.3 borate buffer was added and dried.
Subsequently, a solution containing 2.5 mM of 4-(2-pyridylazo) resorcinol (PAR), mixed with 5%
w/w PDADMAC, was prepared in borate buffer (pH 9.3, 0.1 M). A 20 pL aliquot of this solution was
applied to the glass fiber 7. After each reagent addition, the detection and reagent zones were
completely dried. Ultimately, 250mL of the standard solution was added to the preconcentration

tank.
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250 mL tank

Stop line

Reagent Card
Hinge

Hinge rod

Figure S1. Schematic of 3D printed preconcentration tank

Video S1. Device running video
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Imaging Channels optimization
Nickel Copper Iron s40 Chromium
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Figure S2. Imaging Channels optimization. The image channels were optimized for green, red, and blue
channels. Imagel established A linear plot for each channel using three points (low, medium, and high
concentrations). Subsequently, the plot with the steepest slope was chosen for calibration. All metals
were calibrated under the green channel except for copper, which was calibrated under the blue channel.
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Figure S3. Substrate optimization.The increased thickness of Ahlstrom AB 319 (Thicker Paper
(483um for AB 319 vs. 180um for W1 and 210um for W4) provides an extended diffusion
pathway, enhancing the chances of metal ions colliding with the paper fibers. Moreover, AB
319's higher thickness and denser structure likely provide a greater surface area for adsorption.
The thicker nature of Ahlstrom AB 319 introduces more tortuous paths for metal ions to
navigate. This tortuosity, coupled with potential functional groups, hinders the swift movement
of metal ions, increasing the likelihood of interactions with the paper fibers and subsequent
retention. In addition, considering the proprietary nature of AB 319, it's reasonable to speculate
that the paper may contain undisclosed functional groups that could have an affinity for metal
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ions, forming complexes that contribute significantly to the enhanced metal ion trapping
observed during filtration.

In summary, while the specific chemical composition of Ahlstrom AB 319 remains proprietary, its
superior metal ion trapping capabilities can be attributed to a combination of increased
thickness, enhanced surface area for adsorption, and tortuosity. The presence of functional
groups may play a crucial role in complexing with metal ions, further enhancing the paper's
effectiveness in retaining these ions during the experimental filtration process.
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Figure S4. Substrate modification with PEG for Cu-Bc and Hg-Dtz assay to increase the
hydrophobicity of the detection zone. The optimization for PEG was to ensure that we had the
same filtration time for the reagent-treated paper as compared to those not treated in the case
of the other five metal ions. Therefore, the reagents for Cu(ll), and Hg(ll) were mixed with
optimized PEG concetrations.
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Figure S5. Dimethylglyoxime (DMG) concentration optimization. The best concentration for the optimal
color response was determined to be 60mM. This concentration gave the highest average signal with
lower standard deviation. Although the average signal difference was not statistically significant
compared to neighboring concentration in the T-test (p>0.05), this concentration was chosen for better

consistency.
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Bathocuproine Concentration
Figure S6. Bathocuproine concentration optimization. The best concentration for the optimal color
response was determined to be 8.5 mg/uL. This concentration gave the highest average signal with lower

standard deviation. Although the average signal difference was not statistically significant compared to
10mg/mL in the T-test (p>0.05), this concentration was chosen for better consistency.
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Figure S7. Bathophenanthroline concentration optimization. The best concentration for the optimal color
response was determined to be 1.25mg/mL. Although 1.25, 2.5, and 5 mg/mL produced statistically
similar signals (p>0.05), 1.25 mg/mL was chosen because it had least standard deviation.
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Diphenylcarbazide Concentration
Figure S8. Diphenylcarbazide concentration optimization. The best concentration for the optimal color
response was determined to be 15 mg/mL. Although 15 mg/mL, 20 mg/mL, and 30 mg/mL produced
statistically similar signals (p>0.05), 15 mg/mL was chosen to minimize reagent use. This concentration
was sufficient even at higher analyte concentrations.
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Rhodizonate concentrations
0.5 mg/mL 0.625 mg/mL1 mg/mL 1.25 mg/mL 2.5 mg/mL 3.75 mg/mL 5 mg/mL
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Figure S9. Rhodizonate concentration optimization. The best concentration for the optimal color
response was determined to be 0.625 mg/mL. This concentration provided the highest average
differentiation between the test and blank, with a lower standard deviation than the next concentration
(1.25 mg/mL), which was statistically similar to 0.625 mg/mL (p>0.05). Additionally, this concentration

was enough even at higher analyte concentration to attain the maximum signal.
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Figure S10. Dithizone reagent optimization. The optimal color response was achieved at 12 ug/mL. While
this concentration was statistically similar (p>0.05) to 24 pug/mL, 12 ug/mL had a lower standard
deviation. We selected this as the minimal reagent concentration that was not reagent-limited, even at
higher analyte concentrations and had better consistency.
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Figure S11. PAR concentration optimization. The best concentration for the optimal color response was
determined to be 5 mM. This concentration clearly provided the best signal differentiation between the
test and blank, with a statistically significant difference (p<0.05) from its neighboring concentrations.
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Figure S12. Reaction time optimization for developed sensor (n=8 for each reaction). The
optimized time was determined to be 8 minutes after folding the chip.

Masking Protocols S1.

Building on our previous findings, we identified Fe, Cu, and Co as potential culprits interfering with the

formation of the Ni-DMG complex in detection zone 1.1. We modified the detection zone 1 by adding
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sodium fluoride and ammonium acetate to tackle this challenge.! In the Cubathocuproine assay,
increasing the reducing agent to 0.2 g/mL effectively mitigated interferences from Zn(Il), Co(ll), and
Cd(l1).? The same strategy was applied for Cu(ll) interference in Febathophenanthroline assay by
reducing it to Cu(l). In the Cr-DPC assay, significant interference from Fe(lll) was addressed by adding
a phosphoric acid at the detection zone 4.3. With the implementation of these masking strategies,

tolerance ratios for Ni(ll), Cu(ll), Fe(lll), and Cr(VI) were extended beyond 1:10 (analyte: interference).

Only Barium showed a significant interference at a 1:1 ratio for the Pb-Rh assay. Zn(ll), Hg(ll), and
Fe(lll) showed interference at a tolerance ratio of 1:5. In the Hg-dithizone assay, Ethylenediamine
(3 M) was employed to mask Cu(ll), Ni(l1), Zn(l1), Cd(11), and Pb(ll) in detection zone 6.* Additionally,
DCTA (0.1 M) was added to mask Cu(ll), Co(ll), Ni(ll), and Pb(ll) at zone 6.°> Only Zn(ll) exhibited
significant interference at a 1:1 ratio among the non-targeted ions. The remaining non-targeted
ions demonstrated higher tolerance limits in the Hg-Dtz assay. In the MnPAR assay, we employed
masking strategies from our previous study by Meredith et al. to achieve higher selectivity for
manganese detection.® A combination of dimercaptosuccinic acid and triethylenetetramine in pH
10 borate buffer was dried at detection zone 7 to enhance the assay's selectivity. Significant

interferences were observed from Fe(lll), Co(ll), and Ni(ll) (<£10% change) at a 1:1 ratio.
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Figure. S13. Filtration consistency test (n=5 devices for each concentration). Tests were
conducted at low, medium, and high concentrations for each metal. The RSD for all examined

points remained below 10%.
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Figure S14. Effect of pH on Metal Retention
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Figure S15. Color gradients for each assay for the calibration on the developed system. The
linear fit and R? values were calculated as y=(0.00076+0.00002)x+(0.04487+0.00371) with an R?
of 0.997, y=(0.00209+0.00011)x+(0.06535+0.01216) with an R? of 0.986, y=(0.21782+0.01018)x-
(0.00243+0.01564) with an R? of 0.989, y=(0.00090+0.00003)x+(0.04649+0.00717) with an R? of
0.996, y=(0.00186+0.00013)x+(0.06373+0.01227) with an R? of 0.982,
y=(0.00057+0.00004)x+(0.03893+0.00716) with an R? of 0.983, and
y=(0.00143+0.00004)x+(0.07063+0.00415) with an R? of 0.996 for Ni-DMG, Cu-Bc, Fe-Bph, Cr-
DPC, Pb-Rh, Hg-Dtz, and Mn-PAR assays, respectively.
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Figure S16A. Stability study for all the assays under three different conditions for four weeks. To
evaluate the stability of the developed sensor, it underwent storage in three distinct conditions:
room temperature (23°C), fridge (5°C), and freezer (-20 °C). Over four weeks, the color signal on
the chip was systematically tested for Ni(ll), Cu(ll), Fe(lll), Cr(V1), and Mn(ll). The color signals
remained stable across all storage conditions throughout the four-week testing period. However,
it was observed that the freeze and freezer conditions proved to be more conducive for the
Pb(Il) and Hg(ll) assay.
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Figure S16B. In order to improve the stability of Pb(ll) and Hg(ll) at room temperature, the
sensors were stored in nitrogen-purged bags. This packaging protocol resulted in retaining over
90% of the signal for up to 5 days.
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Sample protocols S1. Drinking water samples were collected in triplicate using 50 mL Falcon tubes
and spiked with 1% HNO3. In the case of water from river, the samples were filtered and spiked
in triplicate. The tubes were fully submerged, and the lids were closed inside the water. We
ensured that water samples were collected from areas where the water was clear. The samples
were refrigerated overnight and sent for ICP-MS analysis the following day. Metal testing was

conducted using the sensor on the same day.
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Figure S17. Representative images for Real water samples analysis on chip response. The test

was done immediately for the samples that provided the signal within the signal's dynamic

range. However, in case the color was already saturated, the quantification was done after 10-

fold dilution.
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Table S2. Summary of metal ion detection results in various water sources using the developed
sensor. The results are compared with the industry-standard ICP-MS method (ND = not

detected).
Sample Type Metals ICP-MS (ppb) Sensor (ppb) (n=3) % Rec % RSD
(n=3)
Ni(1l) 0.11 +0.02 ND X X X X
Cu(ll) 6.00 £ 0.04 ND 77 x 18.1x
Fe(l11) 13.20+0.37 ND 10.16 +1.84 ND
Cr(V1)
Drinking water

Pb(Il) 0.28 £ 0.03 ND X X
Mn(ll) 3.91+0.02 ND X X
Ni(I1) 15.15 + 0.14 <LoD X X
Cu(ll) 627.67 £ 8.18 540.11 + 34.67 86 6.4
Fe(l11) 15.86 + 0.45 12.83+1.39 ND 81x 10.8 x
Cr(VI) 0.08 £0.01

Lab water 1
Pb(Il) 0.41+0.01 ND X X
Mn(I1) 4.78 +0.02 ND X X
Ni(I1) 7.78 +0.38 ND X X
Cu(ll) 690.00 £ 5.72 645.37 £41.10 94 6.4
Fe(l11) 7.71£0.10 5.32+0.97 69 18.3

Lab water 2
Cr(VI) 0.07+0.01 ND X X
Pb(Il) 0.19 +0.01 ND X X
Mn(ll) 4.56 +0.03 ND X X
Ni(I1) 50.77£2.01 40.39 £5.85 80 1457
Cu(ll) 689.00 * 24.59 621.13 £43.14 90 10.7 x
Fe(l11) 721.33 £20.81 662.72 £71.15 92 x
Cr(VI) 0.34+0.01 ND

River water
Pb(Il) 3.05+0.04 ND X X
Mn(Il) 4.13+0.00 ND X X
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Figure S18. Reaction schematic for each heavy metal complexation.” The color of the image
lining represents the respective color of complexation.
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