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ABSTRACT OF THE DISSERTATION

Development of Rapid and Portable Detection Methods for Antibiotics, Viruses, and Antibiotic-
Resistant Bacteria in Wastewater

By
Yen-Hsiang Huang
Doctor of Philosophy in Civil & Environmental Engineering
University of California, Irvine, 2024

Professor Sunny Jiang, Chair

Antibiotic resistance has emerged as a critical global health threat in the 21st century, leading to
untreatable infectious diseases and significantly increasing human morbidity and mortality. Rapid,
portable, and user-friendly detection of antibiotics, microbial pathogens, and antibiotic-resistant
organisms in aquatic environment plays a key role in controlling the spread of diseases and
combating the emergence of antibiotic resistance. Unfortunately, current environmental
monitoring practices are tedious, expensive and slow. These limitations impede timely detection
and response to emerging threats, allowing the spread of diseases and antibiotic-resistant
pathogens to human populations. This dissertation research aims to develop environmental
monitoring strategies that streamline the current monitoring timeline and make it accessible to a
wider range of users. This effort will contribute to more frequent and efficient monitoring of
antibiotics, microbial pathogens, and antibiotic-resistant organisms in water matrices. Through this
research, I first investigated the application of Surface Enhanced Raman Scattering (SERS) for
label-free monitoring of antibiotics in wastewater. By utilizing carefully designed SERS substrates
and artificial intelligence (Al) algorithms, I successfully quantified the target antibiotics even in
the presence of other organic and inorganic molecules in wastewater. Next, I developed a portable

and semi-automatic virus detection centrifugal microfluidic disc (CD) that integrates sample



concentration, purification, amplification, and quantification steps for environmental water
monitoring. The on-CD assay is completed in less than 1.5 hours, and its performance is
comparable to that of the benchtop in-tube assay. Lastly, building upon the foundation of the virus
detection CD system, I further designed a microfluidic CD that integrates the phenotypic bacterial
culture with genotypic pathogen identification for monitoring of antibiotic resistant bacteria. This
CD system successfully detected indigenous antibiotic-resistant bacteria in raw wastewater in
under 3 hours. This dissertation serves as an important foundation for developing more advanced,

field-applicable techniques and methodologies in environmental monitoring.

Xi



CHAPTER 1
INTRODUCTION

Infectious diseases have posed a critical threat to human society throughout our history (Finlay et
al., 2021). From the Black Plague and cholera to influenza and the ongoing COVID-19 crisis, they
have caused significant economic losses and claimed countless lives. Even with the advanced
science and technology of the 21st century, diseases such as cholera, typhoid, and diarrhea
continue to affect population around the world, causing over 3.4 million death each year (Dufour
etal., 2013). The issue became even more challenging with the emergence of antibiotic resistance,
making these diseases tougher to treat and significantly impacting public health and the
environment (Mancuso et al., 2021). According to a review on antimicrobial resistance (AMR)
commissioned by the United Kingdom government, if the emerging trend of antibiotic resistance
continues, diseases related to antibiotic resistance could claim nearly 10 million lives each year by

2050 (O'neill, 2014). Therefore, urgent attention is needed to mitigate this rising global concern.

Environmental monitoring and preventive measures remain critically important in controlling the
spread of diseases and combating the emergence of antibiotic resistance. Exposure to contaminated
water sources and recreational waters serves as a primary pathway for the transmission of
waterborne diseases. While wastewater reuse has become an increasingly common practice to
address water scarcity, it also shortens the natural water cycle, further exacerbating the risk of
disease transmission through water environments (Lazarova et al., 2001). Additionally, aquatic
environments, especially wastewater treatment plants (WWTPs), are considered hotspots for the
emergence and spread of antibiotic resistance. WWTPs serve as collection points for antibiotics

from sewer networks that gather wastewater from domestic, clinical, agricultural, and



pharmaceutical sources (Huang et al., 2023). Unfortunately, the presence of antibiotics in
wastewater can foster antibiotic-resistant bacteria (ARB) and antibiotic-resistant genes (ARG)
during the biological wastewater treatment process. However, several studies have indicated that
removal efficiencies of antibiotics, ARB, and ARG in WWTPs are usually low, making WWTPs
serve as both hotspots for horizontal gene transfer of ARG and ARB, and primary sources of
antibiotics, ARB, and ARG entering the environment and potentially entering the water supply
(Joss et al., 2006; Dong et al., 2016; Aydin et al., 2019). As a result, monitoring of antibiotics,
pathogens, and antibiotic-resistant organisms in wastewater, aquatic environments, and through
the wastewater treatment processes is an important first step to understand their occurrence in the
environment, identify human exposure hotspots, and develop more effective strategies for their

removal.

Currently, environmental monitoring relies on centralized laboratory-based methods that require
well-trained laboratory personnel and costly equipment. Chemical analysis techniques such as
liquid chromatography-mass spectrometry (LC-MS) and gas chromatography-mass spectrometry
(GC-MS) are commonly applied for detection of antibiotics (Hernandez et al., 2007; Lacey et al.,
2008), while cultured-based methods and nucleic acid amplification techniques are often used for
detecting microbial pathogens and antibiotic-resistant organisms (Jennings et al., 2018; Motlagh
and Yang, 2019). Although these methods are well-established and accurate, they are tedious,
expensive and slow. Furthermore, conducting the analysis in centralized laboratories leads to a
significant delay in turnaround time, which includes sample collection, transportation, sample
preparation, and detection. As a result, despite substantial resources and personnel allocated by
regional health departments, water resources agencies, and wastewater dischargers, challenges

persist in ensuring timely, comprehensive water quality monitoring. These limitations significantly



impede our ability to promptly identify potential public health risks, resulting in delays in
implementing necessary interventions. Additionally, the current monitoring approach is
insufficient in providing a thorough understanding of antibiotic resistance occurrence and fate,

allowing resistant strains to continue emerging and spreading within water sources.

In recent years, numerous efforts have focused on developing rapid, portable, and user-friendly
monitoring techniques for on-site detection (Roy et al., 2022; Srinivasan and Tung, 2015). These
techniques eliminate the need for well-trained personnel, high-end equipment, and centralized
laboratories, resulting in reduced sample-to-answer time and improved accessibility to water
quality monitoring. For example, surface-enhanced Raman scattering (SERS) has attracted
considerable attention for antibiotic detection (Han et al., 2014; Li et al., 2016; Halvorson and
Vikesland, 2010; Wei et al., 2015; Li et al., 2014; Pinheiro et al., 2018). This technique has the
potential for label-free, real-time detection, while maintaining high sensitivity without the need for
intensive sample preparation. In addition, handheld SERS devices have been developed and
applied, making them practical for field applications (Logan et al., 2022; Wei et al., 2023). On the
other hand, centrifugal microfluidic platforms have been a research focus for their application in
point-of-care detection of microbial pathogens and antibiotic-resistant organisms (Tang et al.,
2016). These platforms have the potential to integrate multiple laboratory tasks, such as mixing,
centrifuging, metering, etc., onto a miniature and portable system, enabling semi-automated and
on-site processing of the entire workflow involved in sample preparation and nucleic acid

amplification techniques.

Despite the widespread application of these innovative technologies in the medical field,
challenges persist in adapting them for environmental monitoring. In comparison to clinical

samples, environmental samples contain a wide range of organic and inorganic compounds,



making their composition complex and unpredictable (Huang et al., 2023.) The complexity of
environmental samples may interfere with the detection target, leading to false detection results.
Furthermore, the concentration of contaminants in environmental samples is usually lower than in
clinical samples, requiring more sensitive detection methods to ensure accurate monitoring and
assessment of environmental quality. Therefore, significant efforts are needed to adapt these

emerging detection methods for use in environmental monitoring.

In this dissertation, I aim to develop rapid, portable, and user-friendly strategies for detecting
antibiotics, microbial pathogens, and antibiotic-resistant organisms in water matrices to address
the pressing need for efficient and accessible environmental monitoring solutions. By investigating
how major steps needed to overcome the critical challenges, this work highlights the strong
potential of using emerging technologies such as SERS and microfluidic CD to revolutionize

environmental monitoring practices.



CHAPTER 2
SENSING ANTIBIOTICS IN WASTEWATER USING
SURFACE-ENHANCED RAMAN SCATTERING

The contents of this chapter appear in the journal Environmental Science & Technology, Huang

et al., 2023.

2.1 Introduction

Intensive uses of antibiotics in clinical and agricultural applications have led to discharges of large
quantities of antibiotics into sewer systems (Pazda et al., 2019). Wastewater treatment plants
(WWTPs) serve not only as collection points for antibiotics from sewer networks but also play an
important role in degrading and removing them before the water is discharged to the environment
or is supplied for various reuse applications. However, several studies have indicated that removal
efficiencies of antibiotics in WWTPs are usually low (Joss et al., 2006; Dong et al., 2016; Aydin
et al., 2019). The wastewater antibiotics may also amplify the antibiotic-resistant bacteria (ARB)
and antibiotic-resistant genes (ARG) during biological wastewater treatment (Le et al., 2022). Such
that, treated wastewater has become an important source of antibiotics, ARB, and ARG entering
the environment and reused water. Antibiotics in an aquatic environment, even at low
concentrations, can promote the breeding of ARB through mutation or horizontal gene transfer
allowing microorganisms to survive in the presence of antibiotics (Von Wintersdorff et al., 2016).
Therefore, residual antibiotics in treated wastewater for surface discharge have the potential to
adversely affect ecosystems. Residual antibiotics in reused water may have a direct impact on

human health by inducing antibiotic resistant infections (Ben et al., 2019). The World Health



Organization (WHO) has listed antibiotic resistance as one of the biggest threats to global health,
food security, and development (World Health Organization, n.d.). Moreover, US Centers for
Disease Control and Prevention (CDC) estimates that at least 2.8 million people get an antibiotic-
resistant infection, and more than 35,000 people die from such infections annually in the United

States (Centers for Disease Control and Prevention (U.S.), 2019).

Rapid and cost-effective detection of antibiotics in wastewater and through the wastewater
treatment processes is an important first step in developing more effective strategies for their
removal. Numerous efforts have been devoted in developing robust analytical techniques for
antibiotics detection and quantification. Instrument-based methods such as capillary
electrophoresis (CE), high-performance liquid chromatography (HPLC), liquid chromatography-
mass spectrometry (LC-MS), and liquid chromatography-tandem mass spectrometry (LC-MS/MS)
are the well-established analytical methods (Hernandez et al., 2007; Lacey et al., 2008). However,
the instrumentation cost is high, and the analytical procedures require intensive sample preparation
steps by well-trained laboratory personnel (Chauhan et al., 2016). Particularly, the pre-treatment
and pre-concentration processes during sample preparation are time-consuming. There is a
significant time delay from sample collection to results. Detection by enzyme-linked
immunosorbent assay (ELISA) relies on the highly specific antigen-antibody interaction to capture
and detect target antibiotics in samples. However, ELISA suffers from cross-reaction with
interferences in environmental sample matrices, significantly lessens the accuracy and selectivity
of the test (Ahmed et al., 2020). More recently, new analytical methods such as electrochemical,
colorimetric, and fluorescence sensors are being developed for antibiotic monitoring in the
environment (Parthasarathy et al., 2018; Munteanu et al., 2018; Sun et al., 2021). These methods

reported a relatively short response time, ease to use, portability and sufficient sensitivity and



accuracy (Sun et al., 2021) but their performances in the complex environmental matrix remain to
be validated. Optical and electrochemical sensing platforms have also been coupled with aptamers
in recent studies known as aptasensors (Akki and Werth, 2018), which use either RNA or DNA
aptamers for specific binding of target antibiotics. Despite the promise of aptasensors in detecting
specific antibiotics in a wide range of matrices with minimum sample preprocessing, aptasensors
are challenged by the aptamer design process. In addition, because of nonspecific interactions with
interferences in environmental matrix, the sensitivity of the aptasensors is relatively poor in natural
water matrices (Zhang et al., 2018). Hence, the selectivity of the aptasensors in environmental

matrices still needs to be further evaluated.

Vibrational spectroscopy techniques, specifically Surface-Enhanced Raman Scattering (SERS),
have attracted considerable attention for antibiotics detection (Han et al., 2014; Li et al., 2016;
Halvorson and Vikesland, 2010; Wei et al., 2015; Li et al., 2014; Pinheiro et al., 2018). SERS is a
highly sensitive technique that provides information about the molecular structure via vibrational
spectra of molecular bonds. Raman signals can be enhanced significantly when the molecules are
attached to rough metal surfaces or nanostructures because of the electromagnetic enhancement
and the chemical charge transfer effect (Han et al., 2022). SERS has been shown to identify
chemical and biomedical species at parts per billion (ppb) level or even single molecules (Thrift
et al., 2020). For example, Dhakal et al. reported a label-free SERS method for the screening of
tetracycline in whole milk. Although several tetracycline peaks overlap with those of milk, they
found a few tetracycline peaks were unique for tetracycline identification (Dhakal et al., 2018).
Therefore, SERS has the potential to serve as a label-free online sensor to identify specific

molecules, including antibiotics.



Despite promises, unlike the relatively simple composition of milk which is usually predominant
by numbers of known proteins and lipids, the complexity of environmental samples may yield
unpredictable overlapping spectra that can interfere with the Raman signals of the target chemicals.
Moreover, the interference species in wastewater can hinder the target chemical from attachment
to hotspots (regions of field enhancements) on metal surfaces or nanostructures (Mosier-Boss,
2017; Marifio-Lopez et al., 2019). One strategy to overcome the interference is to pre-tag SERS
reporters that have a higher selectivity for target molecules. For instance, antibody-based SERS
reporters can capture the target biomolecules through antibody-antigen interactions, while
aptamer-based SERS reporters are focusing on the selective enhancement of targets including
metal ions, proteins, nucleic acids, viruses, cells, and even bacteria (Wang et al., 2017). However,
the analytical methods using SERS reporters are limited to pre-determined target species and
require considerable modifications of SERS substrates (Wei and Cho, 2021). Developing SERS
reporters for rapid, highly efficient, and specific capture of target molecules that also achieve high

SERS is also no small feat. Thus, label-free SERS is a preferred option for target detection.

Previously, we reported the fabrication of SERS substrates using the chemical assembly of gold
nanoparticles from colloids using electrohydrodynamic flow and the creation of 2-dimensional
arrays of discrete nanoparticle clusters. Our design of driving chemical reactions between ligands
on nanoparticles (self-assembly) allows for precise control of nanogap spacing. This is
advantageous for controlling near field optical properties, exhibiting reproducible billion-fold

signal enhancement in Raman measurements (Thrift et al., 2017).

Here, we report testing and comparing of two surfaces of gold nanostructures as SERS substrates
for label-free capture and Raman signal enhancement of quinoline, a small molecular weight

antibiotic that is commonly found in wastewater. Quinoline is selected as a model molecule



because of its molecular size and ring structure, which is favorable for SERS detection. The Self-
Assembled SERS substrate, as previously reported, was fabricated using a hierarchical chemical
assembly method to control sub-nano gap spacings (Thrift et al., 2017). The second SERS substrate
was purchased from Silmeco (Denmark), a commercial product with gold nanofingers. The study
tests the hypothesis that nanogaps on the Self-Assembled SERS substrate have specific selectivity
based on molecular size, which excludes the interreference from large molecules that are
commonly found in wastewater samples. The study showed the rapid detection of quinoline
molecules in wastewater on the Self-Assembled SERS substrate in the concentration spanning 5
orders of magnitude from 50 ppm down to 5 ppb in the presence of diverse organic and inorganic
contaminants. The results from this proof-of-concept study indicate the potential for real-time,

label-free sensing of antibiotics in wastewater.

2.2 Materials and methods

2.2.1 Chemicals and wastewater samples

Quinoline was used as the target analyte to evaluate the capability of label-free signal
quantification using SERS in wastewater. 98% reagent grade quinoline (CoH7N, 129.16 g/mol)
was purchased from Sigma-Aldrich (St. Louis, MO). A 50 ppm quinoline stock solution was

prepared by diluting quinoline in nanopore deionized water (Milli-Q Millipore System).

To test the selectivity of SERS on the substrate, glycine (C:HsNO2, 75.07 g/mol), L-arginine
(CeH14N4O2, 1742 g/mol), erythromycin (C37He7NO13, 733.93 g/mol), humic acid
(Ci87H186089NoS1, 4015.55 g/mol), and microcystin-LR (Cs9H74N10012, 995.19 g/mol) were
included as the reference molecules. Erythromycin and glycine were purchased from Sigma-

Aldrich (St. Louis, MO). Humic acid and microcystin-LR were purchased from Fisher Scientific



(Pittsburgh, PA). L-arginine was purchased from Alfa Aesar (Haverhill, MA). Each reference

chemical was dissolved in nanopore deionized water to prepare a 5 ppm stock solution.

Wastewater samples collected from a local wastewater treatment plant were used as the
background sample matrix to examine the SERS signal intensification and interreferences from
organic and inorganic molecules in sewage. The wastewater was treated by advanced primary
sedimentation followed by an activated sludge process with nitrification and denitrification. The
secondary effluent used in this study meets the wastewater discharge requirement for biochemical
oxygen demand (BOD), trace organics, and metal water quality parameters (United States
Environmental Protection Agency, 2010) and is treated further for indirect potable water reuse
(Orange County Sanitation District, n.d.). The range of water quality parameters in the secondary
effluent is provided in the supplementary information (Table A.1). Although trace antibiotics had
been reported in secondary wastewater effluents (Karthikeyan and Meyer, 2006; Vidal-Dorsch et
al., 2012), the presence of quinoline in the secondary wastewater effluent from the specific plant
has not been reported. The annual total organic carbon (TOC) and total dissolved solids (TDS) in
the secondary effluent from this plant is 14 mg/L and 935mg/L, respectively, suggesting the

presence of interference organic and inorganic molecules in the secondary effluent (Table A.1).

2.2.2 SERS Substrates

Self-Assembled SERS substrates were fabricated in microfluidic channels with a capacitor
architecture. Briefly, silicon substrates (NOV A Electronic Materials) were spin coated with poly
(styrene-b-methyl methacrylate) (PS-b-PMMA) thin films as described in previous work (Adams
et al., 2012) to serve as the working electrode. Indium tin oxide (ITO) coated glass slides (Delta

Technologies) were served as the counter electrode. Electrical contacts were made by platinum
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wires and silver paste (Epoxy Technology). 20 pL 2.6 nM lipoic acid functionalized Au
nanoparticles (NPs, 40 nm, Nanocomposix) along with freshly prepared N-
hydroxysulfosuccinimide (s-NHS, Sigma Aldrich) and 1-Ethyl-3-(3-dimethyl aminopropyl)
carbodiimide (EDC, Sigma Aldrich) solution were placed inside microfluidic channel for chemical
cross-linking reactions as described in previous work (Thrift et al., 2017). An oscillation electric
field with potential of 5 Vp and frequency of 100 Hz was applied to the microfluidic channel for
2 min to deposit an Au NP seed layer, then the second deposition step was conducted with the
same potential but with frequency of 1000 Hz for 2 min. After each deposition step, the electrode
cell was dismantled and the sensor surface was thoroughly rinsed with DI water and isopropyl
alcohol (IPA, Sigma Aldrich) and then dried with N>. Chemical cross-linking reactions between
NP leads to Au NP clusters with reproducible SERS signal over a large area (Thrift et al., 2017).
A scanning electron microscopy (SEM) image of a Self-Assembled SERS surface is depicted in
Figure 2.1. The observed gap spacing is 0.9 nm with high uniformity. A normalized SERS intensity
map of benzenethiol’s vibrational band acquired over a 100 pm x 100 um area was shown in our
previous report (Nguyen et al., 2018). The SERS intensity has an RSD of 10.4% indicating the
uniform SERS enhancements on the Self-Assemble SERS substrates. Detailed characterizations
of the Self-Assembled SERS substrate including preparation repeatability and reproducibility of

signal can be found in previous reports (Thrift et al., 2017; Nguyen et al., 2018).
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Figure 2.1. SEM image of Self-Assembled SERS substrate

SERStrates, the commercially available SERS substrates with gold nanopillar, were purchased
from Silmeco (Denmark). According to Silmeco, SERStrate has the nanofinger design that is used
to capture molecules and create hotspots via the leaning process happening with solvent
evaporation. The structure of the SERStrate is available from the company’s website (Silmeco,
n.d.). SERStrate has been used for the detection of trace amounts of explosives as well as chemical

warfare agents according to the manufacturer’s website (Silmeco, n.d.).

2.2.3 Sample preparation

Before each experimental trial, quinoline working solutions in the concentration range from 5 ppm
to 5 ppb were freshly prepared by diluting the stock solution with DI water. Wastewater samples
were spiked with quinoline in the same concentration range to determine the sensitivity and

interreference of chemical species in wastewater matrices for SERS.

For Raman spectral analysis on the Self-Assembled SERS substrate, 10 pl solution of the analyte
was spotted directly onto the substrate for immediate Raman measurements without the need of
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drying. After Raman measurements, the sample droplet was blown off from the substrate surface
by pressured air, washed by DI water, and reused for the next sample to simulate the near real-
time measurement of quinoline in wastewater stream. Quinoline spiked samples were tested from

the low concentration to the high concentration in the serial diluted samples.

For Silmeco SERStrate, the same volume of the analyte solution was loaded onto the substrate.
Since SERStrate relies on solvent evaporation to create leaning of gold fingers to shrink the
nanogap space for SERS, the loaded samples were dried at room temperature for 40 minutes to

evaporate water before Raman measurement following the manufacturer’ protocols.

To test the selective intensification of target molecules on the Self-Assembled SERS substrate, 10
plof 5 ppm quinoline, glycine, L-arginine, humic acid, microcystin-LR, and erythromycin solution
were loaded onto the Self-Assembled SERS substrate, respectively, for Raman measurement

following the same procedure as for quinoline.
2.2.4 Reusability of SERS substrate

The cleaning procedure for the Self-Assembled SERS substrate was carried out following the
protocol described in the previous study (Nguyen et al., 2018). In brief, the used substrate was
rinsed and soaked in 50 ml DI water for 20 mins, then air dried at the end of DI water soaking and
re-examined for Ramen spectra to monitor the quinoline signal intensity. Quinoline Raman peaks
collected using freshly made and DI water washed Self-Assembled SERS substrates were

compared to evaluate the reusability of the Self-Assembled SERS substrate.

DI water washing as performed for the Self-Assembled SERS substrate could not remove the
existing chemical signals from the SERStrate because of the trapping of dried chemicals within

the nanofingers. A more aggressive procedure to removal organics was used to test the reusability
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of SERStrate. Briefly, the used SERStrate was rinsed by DI water, then washed with SN HCI for
10 mins to create an acidic environment for oxidizing carbonaceous molecules. Following the acid
wash, the SERStrate was rinsed with 70% ethanol for 30 seconds, followed by 10 seconds of DI
water rinse. The DI water was blown off by pressured air and dried. The cleaned SERStrate was
examined for residual quinoline signal before being reused for the second round of quinoline

testing.
2.2.5 Raman measurements on SERS substrate and UPLC-MS/MS analysis

Raman spectra were collected using a Renishaw InVia Raman Microscope (Renishaw, Wotton-
under-Edge, UK) coupled with a 785 nm excitation wavelength laser. For droplet measurement
using the Self-Assembled SERS substrate, a 60x water immersion objective lens with a 1.2
numerical aperture was used for Raman spectra collection. The measurements were taken with 7.3

uW laser power and 0.5 second exposure time, scanning a spectral region from 508 to 1640 cm.

For Raman measurement using Silmeco SERStrate, a 50x objective lens was coupled with 7.3 pyW
laser power and 0.5 second exposure time to collect Raman spectra. Multiple Raman spectral
measurements were collected from each sample using the simple mapping measurement method
(Renishaw, UK). Pixels with 4 um step size were generated within a 100 x 100 um? area on the
SERS substrate. A complete spectrum is acquired at each pixel. A total of 625 Raman spectra
collected within 5 minutes were used in modeling and analysis. To validate the SERS assay, a
Quattro Premier UPLC-MS/MS instrument coupled with an Acquity BEH C18 UPLC column

(Waters Corp, Milford, MA) was applied to quantify the concentration of quinoline.
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2.2.6 Spectral preprocessing

Raman spectra were preprocessed, analyzed, and visualized using Python 3.6.6. The details of the
processing steps were presented in the previous studies (Thrift et al., 2019; Thrift et al., 2020).
Briefly, the background subtraction was first carried out using the asymmetric least squares (AsLS)
method (Eilers and Boelens, 2005) in NumPy with A = 10,000, p = 0.001 to extract the true Raman
peak intensities. Numerical processing was conducted using the Savitzky—Golay algorithm
(Savitzky and Golay, 1964) with a third-order polynomial and window size of 11 for Raman
spectra smoothing to increase the precision of the data without distorting the signal tendency.
Outlier elimination was performed using the Isolation Forest algorithm in Scikit-Learn to isolate
the misleading Raman data caused by background fluorescence, contamination, or poor focusing.
Finally, Raman spectra were scaled to have a minimum value of 0 and a maximum value of 1 with
MinMaxsScaler implemented in Scikit-Learn. The preprocessing allows for the comparison of

measurements with slight intensity deviations due to the experimental setup.
2.2.7 Spectral analysis and modeling

According to a literature report, the Raman spectra of the quinoline within the region from 700 to
1640 cm™ include several characteristic peaks locating at 760, 1014, 1034, 1372, 1392, 1433, and
1571 ecm™! (Fleischmann et al., 1983). The peaks at 760 cm™ represents the ring deformation. The
peaks at 1014 and 1034 cm™! are attributed to the ring breathing. CCC stretching modes contribute
to the peaks at 1372, 1392, and 1571 cm’!. CH rocking modes give rise to the peaks at 1433 cm’!
(Bolboaca et al., 2002; Kiiciik et al., 2012; Fernandes et al., 2016). Two peaks at 760 and 1372 cm’
!are the most intense among all peaks. For quinoline quantification, the Raman peak at 770 cm’!

(a shift from 760 cm™!) was first used for signal quantification. The relationship between this single
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quinoline peak intensity from the averaged Raman spectra and the sample concentration was
evaluated using the linear regression algorithm in Microsoft Excel. R? of the linear regression was
calculated to present the sensitivity and accuracy of the detection method using the single peak
intensity. Limit of detection (LOD) was calculated using the equation LOD = 3S,/b (Shrivastava
and Gupta, 2011), where S,is the standard deviation of the Raman peak intensities at 770 cm™ in

the measurements for the blank sample and b is the slope of the linear regression curves.

To further increase the detection sensitivity and minimize the background interference to the target
Raman spectra, a predictive model was developed using non-negative matrix factorization (NMF)
method (Cichocki and Phan, 2009) followed by the partial least squares (PLS) regression analysis
(Geladi and Kowalski, 1986) as previous described (Nguyen et al., 2018; Thrift et al., 2019).
Briefly, the model first applied NMF algorithm to differentiate the vibrational spectra of quinoline
from interference species in wastewater, and the SERS substrate. NMF was implemented with
Scikit-Learn using default settings to extract quinoline characteristic components that were
decomposed from the complete Raman spectra. PLS regression, which combines characteristics
of principal component analysis (PCA) with multiple linear regression to predict a set of dependent
variables from a large set of independent variables, was also applied with Scikit-Learn.
Consequently, PLS analyzed the full quinoline component extracted with NMF to build a
predictive model of quinoline concentration in a complex matrix. The model was constructed using
80% of the spectral data and the remaining 20% of the spectra were used to evaluate the accuracy
of the model. PCA (Minka, 2000) was performed on the SERS data collected from different
samples using Scikit-Learn to visualize the difference of each sample by decreasing the
dimensional variables. For each sample, 50 Raman spectra were randomly selected and displayed

on a coordinate system.
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2.3 Results

2.3.1 Detection of quinoline in pure water

Averaged Raman spectra of quinoline in DI water collected using the Self-Assembled SERS
substrate at concentrations of 0, Sppb, 50 ppb, 500 ppb, 5 ppm, and 50 ppm are shown in Figure
2.2a. The experimental spectra locating at 770, 1019, 1030, 1376, 1391, 1440, and 1579 cm™! were
in good agreement with the quinoline characteristic peaks shown in the literature report
(Fleischmann et al., 1983), while the peaks locating at 1057, 1133, 1264, 1314 and 1463 cm™ were
not previously reported in the literature. The peaks at 1057, 1133, and 1314 cm™! are attributed to
the CH bending. The peak at 1264 cm™ represents the CNC bending, and the peak at 1463 can be
assigned to the CH rocking (Bolboaca et al., 2002; Kiiciik et al., 2012; Fernandes et al., 2016). The
quinoline peak assignments are summarized in the supplementary information (Table A.2). Two
non-quinoline peaks at 1002 and 1145 ¢cm™! found in the experimental spectra could be contributed
to the residual of methanol used to clean the microscope objective lens as their peak intensity did
not increase with the increase of quinoline concentration. Quinoline Raman peaks located at 770
and 1376 cm™! are two most intense peaks, and the intensity increase with the increase of quinoline
concentration from 5 ppb to 50 ppm. Figure 2.2¢ demonstrates the linear relationship between
log10 transformed quinoline concentration and logl0 Raman intensity at 770 cm™'. The linear
regression equation: Log C = 0.209 log I + 2.9994, was established using the data from the
quinoline samples of 5 ppb to 50 ppm with the R? of 0.97, where C and I represent quinoline
concentration and Raman spectral intensity at 770 cm!, respectively. The results of quinoline
detection using UPLC-MS/MS show the similar detection range of quinoline concentrations

indicating the validate of SERS quantification (Figure A.1).
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Similarly, quinoline in DI water was also captured by the SERStrate (Figure 2.2b). Similar to the
spectra collected using the Self-Assembled substrate, characteristic quinoline peaks at 770 and
1376 cm! were clearly observed on SERStrate down to the concentration of 5 ppb (Figure 2.2b).
The linear regression equation: Log C=0.2505 log I + 3.1624, calculated using log10 transformed
quinoline concentration and Raman spectral intensity at 770 cm™! showed a strong correlation with
R2=0.97 (Figure 2.2d). SERStrate and Self-Assembled SERS substrate had a similar sensitivity
to effectively detect and quantify quinoline in pure water with the LOD of 1.15 and 2.57 ppb,
respectively. The relative standard deviation (RSD) of peak intensities was larger in the
measurements by the Self-Assembled SERS substrate, which is attributed to the molecular

diffusion around the hotspots when collecting signals in the wet mode.
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Figure 2.2. SERS spectra of DI water and quinoline spiked DI water in the concentration range
between 5 ppb and 50 ppm collected using (a) Self-Assembled SERS substrate and (b)
SERStrate. And the relationship between the log values of Raman intensity of the quinoline peak
at 770 cm™ and log10 values of quinoline concentration using (c) Self-Assembled SERS
substrate and (d) SER Strate.

2.3.2 Detection of quinoline in wastewater

18



When the vibrational spectra of quinoline spiked wastewater was characterized on the two different
SERS substrates, two very different outcomes were observed (Figure 2.3). Similar Raman spectra
as seen for pure water samples were observed on the Self-Assembled substrate (Figure 2.3a).
Characteristic quinoline peaks at 770 and 1376 cm™! (shift from 760 and 1372 cm™) were clearly
seen at seeding concentrations between 5 ppb and 50 ppm. When comparing the spectra of 5 ppb
quinoline spiked DI water, the quinoline peak intensity of 5 ppb quinoline spiked wastewater was
slightly lower. This might be a consequence of the adsorption of a small amount of quinoline to
large organic molecules and debris in wastewater, which prevents quinoline access to the SERS
hotspot. In addition, Raman spectra of quinoline spiked wastewater exhibited greater RSDs
compared with the spectra of quinoline spiked DI water, suggesting some inferences of sewage

molecules in the Raman spectra.
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Figure 2.3. SERS spectra of treated wastewater and quinoline spiked wastewater in the
concentration range between 5 ppb and 50 ppm collected using (a) Self-Assembled SERS substrate
and (b) SERStrate. And the relationship between the log values of Raman intensity of the quinoline
peak at 770 cm™' and log values of quinoline concentration using (c¢) Self-Assembled SERS
substrate and (d) SER Strate.
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Examination of the wastewater only control sample revealed similar Raman spectra to pure water
on the Self-Assembled substrate; no other visible peak was found in the Raman spectra other than
the substrate background peaks. This result suggests that the wastewater organics and inorganics
had a minimal impact on the Raman spectra in the region because sewage molecules were not
intensified by the Self-Assembled SERS substrate (Figure 2.3a). The relationship between log10
quinoline concentration and log10 Raman intensity at 770 cm™! collected from wastewater samples
was plotted in Figure 2.3¢c. A linear relationship with the R? of 0.94 was identified. The linear
regression curves were nearly identical for quinoline in wastewater and in DI water, while the
actual peak intensity of 5 ppb quinoline in treated wastewater was slightly lower than the intensity
estimated by the linear regression curves. Furthermore, the SERS measurement of this scenario
yields a LOD of 5.01 ppb, which is slightly higher than the LOD of the pure water scenario. The
results suggest that the complex matrix did not significantly interfere the Raman spectra of
quinoline on the Self-Assembled SERS substrate at the high concentration range, but it had a slight
effect on the quantification accuracy at the concentration of 5 ppb when using a single

characteristic Raman peak to detect quinoline concentrations.

Raman spectra of quinoline spiked wastewater collected on SERStrate (Figure 2.3b) only showed
discernable quinoline peaks at 770 and 1376 ¢cm™! in the two samples with the highest spiked
concentrations of 5 ppm and 50 ppm. The characteristic Raman peaks were not observed at seeding
concentrations below 500 ppb (Figure 2.3b). There were high background spectral noises detected
on the control wastewater. The noise spectra were enhanced when the quinoline spiked wastewater
samples were loaded on the SERStrate from the low to the high concentration, suggesting Raman
signals of wastewater molecules were captured and intensified during the drying process. In

comparison with results for quinoline spiked in pure water, the signal intensity of quinoline peaks
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was significantly reduced (Figure 2.3d) due to the interference from wastewater molecules that
likely blocked the SERS hotspots. There was no linear relationship between the logl0 Raman
intensity of the quinoline peak at 770 cm™! and logl0 quinoline concentration (Figure 2.3d). In
fact, the Raman signal intensity for quinoline concentration of 50 ppm was lower than its intensity
at 5 ppm (Figure 2.3d), suggesting interference of sewage molecules likely by occupying the
nanogap space and blocking the access of quinoline to the hotspots. Moreover, the Raman spectral
intensities collected from the randomly selected spots on the 100 x 100 um? SER Strate were highly
heterogeneous as shown by the large RSDs in the measurements for each sample (Figure 2.3d).
The heterogeneity could be the result of “coffee ring effect” (Ambroziak et al., 2020) created
during drying of samples on SERStrate. The poor sensitivity and high heterogeneity in this
detection scenario led to a LOD of 97.5 ppm, around 10,000-fold higher compared to the LOD of

the pure water setting (1.15 ppb) and even higher than the maximum spiked concentration.

When applying PCA to Raman spectral data in an attempt to further classify the spectra from the
target and interferences, the results showed that Raman spectra of treated wastewater were very
similar to pure water on the Self-Assembled substrate (Figure A.2a). The spectra observed from
the quinoline negative control samples reflected the spectra of water and the Self-Assembled
substrate. Specifically, the Raman spectra of the contaminants in treated wastewater were not
observed due to the lack of Raman signal amplification of large molecules in small nanogaps. A
few outliers of the wastewater control measurements were observed in the PCA plot, which may
be due to variability of the substrate surface or detection of molecules in the background of the
wastewater. The Raman spectra of the samples spiked with 50 ppm quinoline in either pure water
or wastewater overlapped on the PCA plot, indicating similar Raman spectral profiles of the two

samples on the Self-Assembled SERS substrate.
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On the other hand, the PCA plot of the Raman spectra of quinoline in DI water and in wastewater
on the SERStrate were very different (Figure A.2b). First, a separation between Raman spectra of
wastewater and pure water was found, suggesting molecules in wastewater were intensified by
SERStrate. The quinoline spectra of the samples spiked with 50 ppm quinoline in DI water and
wastewater formed separate clusters on the PCA plot, indicating the drastically decreased intensity

of quinoline signals and the high background signal from the molecules in wastewater.

SERStrate and the Self-Assembled substrate are designed differently in achieving SERS.
SERStrate requires drying to trap molecules within the nanofingers. Therefore, there is no
selectivity for the molecular size of the target. Wastewater molecules regardless of size can be
trapped by the nanofingers and intensified. The Self-Assembled substrate enhances spectral signals
from molecules within the designed nanogap space, therefore, small molecules on length scales of
nanogap distance can enter the gap space and be disproportionally enhanced. Large molecules in
wastewater, for example, humic acid (General molecular weight: 4015.55 g/mol), did not interfere
with the signal from the Raman spectra of the small molecular weight quinoline (Figure A.3). In
fact, insignificant Raman signal was observed for larger molecular weight chemicals such as
erythromycin (733.93 g/mol), microcystin-LR (995.189 g/mol), and humic acid (4015.55 g/mol)
according to our screening tests (Figure A.3), suggesting these large molecules may be excluded
from approaching the nanogap space between gold nanoparticles. In addition to the large
molecules, testing of the interferences from several small molecules that commonly found in
wastewater such as glycine and L-arginine also showed negligible results (Figure A.3). This is
likely because their molecular structures have very small Raman cross-section. Although these

small molecules can enter the nanogap space between gold nanoparticles, they do not interfere
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with the signal from the Raman spectra of quinoline, especially at the concentration of 5 ppm or

less.
2.3.3 Quantitative detection of quinoline in wastewater using predictive model

Despite the reasonable quantification outcomes using a single characteristic Raman peak to detect
quinoline concentrations in wastewater on the Self-Assembled substrate, the inclusion of multiple
quinoline Raman scattered peaks in the analysis may further improve the performance for detecting
target molecule as shown in previous studies (Nguyen et al., 2018; Thrift et al., 2019). The results
shown in Figure 2.4 demonstrate the application of NMF filtering and PLS regression model to

separate the quinoline spectra among interference signals.

As seen in Figure 2.4a, NMF extraction of quinoline Raman signals yielded four major NMF
components that could be separated from the Raman spectra of wastewater on the Self-Assembled
SERS substrate. The first NMF component represents the quinoline characteristic Raman signal
including two quinoline peaks located at 770 and 1376 cm, while the other three NMF
components are attributed to the signals of SERS substrate, background fluorescence, and minor

contribution from molecules in wastewater.

Figure 2.4b shows SERStrate Raman spectra separated by NMF. In the NMF component 1, two
discernable quinoline Raman peaks were observed at 770 and 1376 cm™!. However, the peak
intensity was significantly lower compared to the quinoline NMF component 1 in Figure 2.4a.
Moreover, there were other interference peaks coexisting with quinoline signals in a single
component, indicating the NMF algorithm was limited due to the high background spectra noises
detected in the wastewater and the weak intensification of quinoline signals. Although NMF

filtered out most of the background spectral noise and enhanced the identification of quinoline
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signals, NMF could not resolve the issue of background interference, suggesting the importance

of selective intensification of target molecules.
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Figure 2.4. Four major non-negative matrix factorizations (NMF) components separated from a
complete Raman spectrum of wastewater seeded with quinoline, collected using (a) Self-
Assembled SERS substrate and (b) SERStrate.

Quinoline concentrations predicted by the PLS model for quinoline spiked wastewater collected
using both Self-Assembled SERS substrate and SERStrate are presented in Figure 2.5. 80% of
spectral data were used for model construction, and the remaining 20% of the spectral data were
used as a holdout set to test the accuracy of the predictive model. Figure 2.5a shows the relationship
between spiked quinoline concentrations in treated wastewater and their predicted concentrations
based on spectra collected with the Self-Assembled SERS substrate. The horizontal line shown in
Figure 2.5 is PLS model predicted quinoline concentration of un-spiked wastewater, which

represents the background noise from the interference molecules in the wastewater.

A value of R?=0.98 shows good performance of the predictive model when analyzing the holdout

set. In comparison with the linear regression curve built with the same data set using a single
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Raman peak (Figure 2.3c), there was a clear improvement in the predictive performance as
indicated by an increase of R? value from 0.94 to 0.98. Moreover, unlike the linear regression
curve that overestimated the concentration of 5 ppb quinoline spiked in wastewater, the predictive
model achieved an accurate prediction between 5 ppb and 50 ppm of quinoline spiked in

wastewater.

Figure 2.5b displays the predictive result based on spectra of quinoline spiked wastewater collected
using SERStrate. Despite the overall underestimation of quinoline concentrations, which might be
affected by the coexisting of the noise peaks in the NMF component, a substantial improvement
was observed in comparison with the linear regression curve built with the same data set (Figure
2.3d). Overall, the predictive model improved the quantification of quinoline at 500 ppb, 5 ppm,
and 50 ppm, while the concentrations at 5 and 50 ppb were below the background noise. These
results suggest that the predictive modeling using NMF and PLS algorithm is useful for enhancing
the sensitivity and accuracy of the detection method by analyte isolation followed by the

multivariate analysis, even in a severe scenario with high background spectral noise.
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Figure 2.5. Quinoline concentration in spiked wastewater predicted by the PLS model. (a) Spectra
collected using Self-Assembled SERS substrate. (b) Spectra collected using SERStrate. The blue
line indicates PLS model predicted quinoline concentration in un-spiked wastewater, which
represents the background noise from the interference molecules in the wastewater.
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2.3.4 Reusability of SERS substrate

On the Self-Assembled substrate, SERS signal enhancement relies on target molecules entering
the hotspot region near the nanogap space through molecular diffusions in liquid; measurements
are performed in water. The analyte can be easily removed from substrate surface by DI water
washing as shown Figure 2.6a. No quinoline peak was found on the Self-Assembled SERS
substrate after 20 min DI water washing. The reusability was demonstrated by the similar signal
intensity of quinoline peak when 50 ppm quinoline was loaded on virgin and washed Self-
Assembled substrate, respectively (Figure 2.6a). The physical images of the Self-Assembled SERS
substrate under the microscope before and after washes (Figure A.4) also indicated that the Self-

Assembled gold nanoparticles were stable during reuse.

SERStrate requires evaporation of the carrying fluid and the clasping of the gold nanofingers to
achieve Raman signal enhancements. The substrate reusability results showed that DI water
washing only was ineffective at removal of the signal of dried analyte from the SERStrate surface.
However, washing by acid followed by rinsing with ethanol was able to recovery SERStrate
surface (Figure 2.6b). The second round of sample preparation and drying revealed the similar
Raman spectra intensity of analyte (Figure 2.6b), suggesting recovery of gold nanofingers for
recapturing the target molecules. However, the SERS capability degraded after the next round of
the regeneration process, suggesting the deterioration of the performance, which is likely due to

the deformation of the gold nanofingers on the substrate surface.
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Reusability test (Self-Assembled SERS substrate)
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Figure 2.6. (a) SERS spectra of washed Self-Assembled substrate and comparison of 50 ppm
quinoline collected using freshly-made and washed Self-Assembled SERS substrate at 1360 cm™!.
(b) SERS spectra of acid washed SERStrate and comparison of 50 ppm quinoline collected using
fresh SERStrate and acid washed SERStrate at 1360 cm'!.

2.4 Discussion

Real-time detection of antibiotics and other trace organic contaminants in wastewater is critical
for human and environmental health protection. This research presents a proof-of-concept for the
potential application of SERS as a label free, real-time sensor for monitoring of small molecular
weight antibiotics in wastewater. Among various sensing techniques, Raman spectroscopy enables
rapid, precise in situ molecular identification with the extremely low Raman activity of water
molecules (Liang et al., 2021). SERS further expands the application scope of standard Raman

spectroscopy and identifies molecules at the single-molecule scale (Kneipp and Kneipp, 2006).
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Because of such promises, many forms of the SERS substrate have been developed thanks to the
rapid advancement of material sciences (Mosier-Boss, 2017; Liu et al., 2020). However, different

substrate designs affect the performance in different environments and for different targets.

Comparisons of results from the Self-Assembled substrate and SERStrate clearly show that
SERStrate although can achieve great accuracy after capturing and immobilizing the target
molecule within the nanogap space, the immobilization step limits the real-time potential of
SERStrate. The evaporation of solvent to shrink the nanogap space of gold nanofingers is not only
time consuming, but also the evaporation requirement limits the reusability of SERStrate due to
the necessity of the more aggressive regeneration procedure to remove the dried chemicals trapped
in the shrunken nanofingers. Aggressive cleaning caused the deformation of the gold nanofingers
on the substrate surface. Therefore, SERStrate doesn’t seem to have the potential to be
incorporated into a real-time, reusable sensor design. On the contrary, the Self-Assembled
substrate relies on molecular diffusion in the liquid around the gold nanoparticles on the surface
with evenly distributed nanogap space to achieve SERS. Self-Assembled SERS substrate and
SERStrate had a similar performance to effectively detect and quantify quinoline in pure water.
The main advantage of Self-Assembled substrate is the ease of removal of analyte from the surface
by a DI water washing for reuse in the next around of measurements. This allows a real-time sensor
design by mounting a Self-Assembled SERS substrate in a testing chamber that is filled with a
slow flowing side stream of the wastewater. The chamber is excited by a laser beam at pre-
determined intervals and the signal is captured by a spectrophotometer. A clean water wash stream
to the chamber can be incorporated by switching the valves between the sample stream and the
wash stream. The reusability study showed that there was no signal degradation after washing

away the analyte and re-exposure. Gold nanoparticles were stably maintained on the surface. The
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proof-of-concept study presented here is to provoke thinking and future exploration of SERS

application in real-time sensing of environmental contaminants.

Among various challenges facing SERS implementation as a label-free, real-time sensor for
contaminants detection in the waste stream, interference from non-target molecules on the
substrate surface is Achilles heel of the technology. The results of this research found that nanogap
space between gold nanoparticles on the SERS substrate played an important role in selective
intensification of target molecules. The SERS mainly depends on the electromagnetic effect, which
is determined by the distance between metallic nanoparticles on the substrate, increasing with
decreasing gap size. Single-molecule SERS intensity can be observed when nanogaps are on the
order of 0.5-0.9 nm. In addition to the SERS enhancement factors, detection selectivity and
reproducibility are also critical to ensure the performance of target detection in the wastewater
environment. Self-Assembled SERS substrates have carefully designed gold-nanoparticle gap
spacings of 0.9 nm with high uniformity, which form uniformly distributed electromagnetic
hotspots over large areas, and thus have both uniform and large enhancement factors across SERS
substrates to reproducibly achieve low detection limits. Moreover, the Self-Assembled SERS
substrate relies on molecular diffusion in the liquid around the nano-spacings on the surface, which
excludes the interreference from large molecules (size exclusion) that are commonly found in
wastewater samples and selectively enhances signals from small molecules within the designed
nanogap spaces. Previous studies (Nguyen et al., 2018; Thrift et al., 2019) showed that the Self-
Assembled substrate can enhance Raman spectra of thiophenol (110.19 g/mol) and pyocyanin
(210.236 g/mol) in addition to quinoline (129.16 g/mol) demonstrated in the current study. These
chemicals have small molecular size and large Raman cross-section. They can diffuse into the

nanogap space to achieve SERS. Raman signal enhancement was not observed for larger molecular
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weight chemicals including humic acid, microcystin-LR, and erythromycin at concentration
greater than environmental relevant concentrations. In addition to molecular sizes, Raman cross-
section also played an important role of SERS. Experiments with amino acid including glycine
(75.07 g/mol) and L-arginine (174.2 g/mol) showed minimal interference at the concentration
below 5 ppm, which is the approximate concentration level of amnio acid in the wastewater
(Caicedo et al., 2016). These molecules are small enough to fit in the hotspots, but they have low
Raman cross-section. This explains our observation of selective intensification of quinoline in

wastewater without the interferences of other wastewater molecules.

On the other hand, the commercial SERStrate platform requires drying to trap molecules within
the nanofingers and to form the electromagnetic hotspots. Despite the promises of high
enhancement factors and detection reproducibility, there is no selectivity for the molecular size of
the target in the wastewater environment. Both large and small molecules can be trapped during
the drying process, which resulting in high interreferences by wastewater molecules. Therefore,
the ideal SERS substrate for real-time environmental sensing requires 1) uniformed sub-nanometer
nanogap dimensions over a large area; 2) selective SERS enhancement based on molecular size or
other structure; 3) SERS measurements in liquid environments to avoid side-effect of drying and

to improve reusability of substrate.

The coffee ring effect has been used to increase the sensitivity of SERS (Hussain et al., 2019).
However, the results using SERStrate suggest the coffee ring formation following the evaporation
of solvent causes uneven distribution of Raman spectral intensity collected from randomly selected
fields. The coffee ring formation depends on the time scale competition between the liquid
evaporation and the movement of suspended particles, and hence the particle size plays an

important role. The coffee ring forms successfully only when the movement of the particles is
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faster than liquid evaporation. When the size of suspended particles is below 20 nm, the
nanoparticles distribute uniformly onto the surface instead of forming a coffee ring structure after
liquid evaporation (Shen et al., 2010). Therefore, the coffee ring was formed when the wastewater
that contains many suspended particles > 20 nm was evaporated on the substrate but not in DI
water that contains very low numbers of particles >20 nm. The coffee ring decreases the
reproducibility and accuracy of Raman measurements due to the non-uniform distribution of the
target molecules. The unevenness of Raman spectral intensity also creates additional noises in data
analysis, which further challenges the separation of Raman spectra between the target and the
noise. Therefore, the commercial SERStrate platform that relies on evaporation of solvent to create
nanogaps has an unavoidable issue in signal uniformity. On the other hands, samples on the Self-
Assembled SERS substrate do not form the coffee ring because the evaporation step is not required
for Raman measurements. The Raman signal intensification is based on the molecular diffusion

near the hotspots of the substrate, a key advantage for real-time measurement of target molecules.

Artificial intelligence (AI) was proposed as a potential solution to identify the target Raman signals
among noises from interference molecules (Kim et al., 2020). Our previous work showed the
successful separation of target Raman signals from background noises using a predictive model
constructed with a machine learning algorithm for noise filtering (Nguyen et al., 2018). Here, we
showed that NMF and PLS regression are powerful tools for analyzing the full Raman shift regime
of the quinoline NMF component to keep the complete spectral information. We demonstrated the
improvements in quinoline signal identification among high background noises in Raman spectra
collected on SERStrate for quinoline spiked wastewater. However, the model is still limited by the
signal to noise ratio. More importantly, the interference molecules in the complex matrix, such as

wastewater, are not only generating overlapping Raman spectra with the analyte but also compete
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for the binding site for hotspots. On the other hand, synergy between the mechanism of the
selective intensification of target molecules in the Self-Assembled SERS substrate and artificial
intelligence successfully identified the quinoline signal among complex matrices in the lowest
spiked quinoline concentration. Therefore, the results of the comparative study indicate that the
development of a real-time label-free sensor for residual antibiotic detection using SERS should
start from the tunable design of the SERS substrate. The potential application of SERS in
environmental sensing is exciting but significant research is needed to transform the concept into

a field applicable technology.
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CHAPTER 3
QUANTIFICATION OF VIRUSES IN WASTEWATER ON
A CENTRIFUGAL MICROFLUIDIC DISC

This chapter has been submitted to the journal Water Research as Huang and Jiang, 2024.

3.1 Introduction

The COVID-19 pandemic has underscored the intricate relationship between microbes and human
health, serving as a stark reminder of the historical impact infectious diseases have had on
humanity (Finlay et al., 2021). From the black plague, cholera, to influenza and the ongoing
COVID-19 crisis, infectious diseases have shaped history and disrupted societies. Detecting
infectious pathogens in the environment is the first line of defense in safeguarding human health,

preventing the spread of diseases before they reach the human population (Goddard et al., 2020).

However, despite the critical importance of environmental monitoring and preventive measures,
our predominantly human-centric society and healthcare system remain entrenched in the age-old
paradigm of reactive disease treatment. The vast disparity in funding between medical
interventions and environmental monitoring is staggering. Much more research funding is
allocated to medicine, while the budget for environmental monitoring and preventive
environmental management lags far behind. Environmental monitoring for pathogen
contamination still stuck on the half-century old methods using culture media to grow fecal
indicator bacteria, such as E. coli and Enterococcus, to suggest the level of fecal contamination
that is associated with human pathogens (Jennings et al., 2018; Motlagh and Yang, 2019). In the

developed countries like the United States, the fecal indicator bacteria monitoring is carried out by
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the coordinated effort of the regional health department, the water resources department and the
wastewater dischargers (i.e., wastewater treatment plants) (Schiff et al., 2001). This practice has
reduced the waterborne infectious disease outbreaks but leave gaps in knowledge of pathogen

contamination in small pockets of communities, especially those under privileged.

The situation is even more dire in the developing regions. According to the UN World Water
Development Report, 80% of human wastewater flows back into the ecosystem without adequate
treatment, resulting in approximately 1.8 billion people relying on water sources contaminated
with fecal matter as their primary drinking water supply (Bain et al., 2014). The World Health
Organization (WHO) estimates that water-related diseases cause more than 3.4 million deaths each
year, making them the leading cause of human morbidity and mortality worldwide (Dufour et al.,

2013).

Significant research progresses have been made to improve the time-consuming culturing and
isolation-based method for monitoring indicator organisms and pathogens in the water sample.
Nucleic acid amplification techniques, such as polymerase chain reaction (PCR) and loop-
mediated isothermal amplification (LAMP), are introduced to environmental testing, which offer
faster detection time, increased sensitivity, and higher accuracy (Toze, 1999; Martzy et al., 2017).
However, these techniques require intensive sample preparation steps carried out by well-trained
laboratory personnel prior to downstream detection. The pre-concentration and nucleic acid
extraction processes during sample preparation are laborious and time-consuming. Additionally,
conducting the analysis in centralized laboratories leads to a significant delay in turnaround time,
which includes sample collection, transportation, and detection (Nnachi et al., 2022). This delay
impedes the ability to promptly assess the sanitary quality of water and take immediate action if

necessary. Beyond pathogen monitoring for water quality assessment, the wastewater-based
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surveillance of pathogens has gained momentum during the COVID-19 pandemic (Gonzalez et
al., 2020; Green et al., 2024). Simple, distributed and affordable technologies for pathogen

monitoring are needed to broader implementation of pathogen monitoring in wastewater.

In our previous work, we demonstrated the potential of a microfluidic centrifugal disc (CD) driven
by a potable centrifuge CD driver for rapid molecular diagnosis of E. coli and Enterococcus by
enabling the semi-automated processing of the entire workflow involved in monitoring pathogens,
including sample extraction, nucleic acid amplification, detection and quantification (Gowda et
al., 2022). This system utilizes the forces generated within a rotating platform, such as centrifugal
force, Coriolis force, and Euler force, to manipulate the fluidic sequence on a centrifugal
microfluidic disc (Kong et al., 2016). The integration of specifically designed chambers,
microchannels, and valves with these forces has led to our proof-of-the-concept demonstration of

bacterial quantification using E. coli and Enterococcus seeded in water sample.

Built upon the foundation of the bacterial pathogen CD system, we present the development of a
CD for virus detection in wastewater matrices in response to COVID-19 pandemic and the need
for virus monitoring in water quality assurance. The new CD integrates sample concentration and
nucleic acid purification steps to address two key challenges of environmental viral detection —
presence of inhibitor for nucleic acid amplification and low pathogen concentration (Julian and
Schwab, 2012). Here we demonstrated, by coupling with pseudo and non-pseudo forces generated
during the CD rotation or CD oscillation, the completion of sample purification, concentration and
detection automatically in less than 1.5 hours after sample loading. We assessed the sensitivity of
the on-CD assay in detecting seeded SARS-CoV-2 in raw sewage. Furthermore, we successfully
detected and quantified indigenous pepper mild mottle virus (PMMoV) in sewage and other

environmental water matrices, demonstrating the potential of this CD platform for real-world
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applications. This technology has the potential to significantly reduce the sample-to-answer time
of virus monitoring, as well as the reliance on well-trained laboratory personnel and costly

equipment.

3.2 Materials and methods

3.2.1 Virus and water samples

Heat-inactivated SARS-CoV-2 (NR-52286), provided by the Centers for Disease Control and
Prevention through BEI Resources, was used as the target virus to investigate the sensitivity of the
quantification assays. A SARS-CoV-2 stock solution at a concentration of 107 copies/ml was
prepared by diluting heat-inactivated SARS-CoV-2 in nuclease-free water (Fisher Scientific,

Hampton, NH). The stock solution was then stored in a -80°C freezer for future use.

The 24-hour time-weighted composite wastewater samples were collected from the sewer
manholes using autosamplers within University of California, Irvine (UCI) student housing area,
and were preserved immediately upon collection by mixing with the 2x DNA/RNA Shield (Zymo
Research, Irvine, CA) in a 1:1 ratio and stored at -80 °C for future analysis. Wastewaters were first
used as the background sample matrix in SARS-CoV-2 spiked tests for assessing and
troubleshooting interferences caused by organic and inorganic matters in the wastewater.
Additionally, wastewater samples were used for the detection of indigenous pepper mild mottle
virus (PMMoV) in non-spiked wastewater. PMMoV is commonly found in high concentrations in
wastewater and is used as an indicator of viral fecal contamination (Rosario et al., 2009; Kitajima

et al., 2018), making it an ideal choice for the testing.

To further explore the performance of the assays across diverse environmental sample matrices,

stormwater collected from UCI campus, creek water from San Diego Creek, Irvine, California,
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and seawater from Newport Bay, Newport Beach, California were also applied for the PMMoV

detection.

3.2.2 In-tube virus detection assay

An in-tube detection assay was first developed to optimize assay chemistry and to troubleshoot
procedural issues encountered on CD system, which then served as the template for developing
the on-CD assay. The efficiency of in-tube assay was also used as a benchmark for evaluating
assay performance on the CD. The assay comprised three main components: target concentration,

nucleic acid purification, and RT-LAMP detection.

The Quick-DNA/RNA Viral MagBead kit from Zymo Research (Irvine, CA) was adapted for
sample concentration and nucleic acid purification. The manufacturer’s protocol was followed for
the in-tube assay (Zymo research, 2022). The procedures started with mixing 100 pL of water
sample with 5 pLL of Proteinase K in a 0.6 ml PCR tube and incubating at room temperature for 15
minutes to degrade proteins present in the sample. Subsequently, 200 puL of Viral DNA/RNA
Buffer and 5 uL of MagBinding Beads were added to the sample and mixed for 10 minutes to
allow the lysis of viral particles and the binding of nucleic acids to the MagBinding beads. An
external magnet was applied to pellet the MagBinding Beads to the side of the tube, and the
supernatant was discarded. The nucleic acids bound to the MagBinding Beads were washed twice
using 100 pL each of MagBead DNA/RNA Wash 1 and Wash 2, followed by two more washes
using 99% ethanol (Fisher Scientific, Hampton, NH) to further remove impurities from the sample.
After air drying the MagBinding beads in tube for 10 minutes, nucleic acids were eluted and
resuspended in 15 pL of nuclease-free water, preparing them for LAMP detection. This process

resulted in a 6.67-fold concentration of nucleic acids in water samples.
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The nucleic acid extracts were analyzed immediately by one-step reverse transcription-LAMP
(RT-LAMP). The RT-LAMP was carried out on a thermocycler (Applied Biosystems, Waltham,
MA) at 65 °C for 30 min. The reaction mixture consists of the WarmStart 2x LAMP Master Mix
with fluorescence dye (New England BioLabs, Ipswich, MA), nuclease free water, the nucleic acid
extracts, and the primers targeting either the N gene of SARS-CoV-2 or the coat protein (CP) gene
of PMMoV (Integrated DNA Technologies, Coralville, [A). The final volume of the mixture is 20
uL and specific volumes for each component are detailed in Table B.1. The LAMP primers for
SARS-CoV-2 were reported by Ganguli et al. (Ganguli et al., 2020), while the primers for PMMoV

were designed using PrimerExplorer V5 (Table B.2).
3.2.3 On-CD virus detection assay

To integrate the in-tube detection procedures onto the CD, several necessary modifications were
made for on-CD assay requirements. Firstly, the Zymo wash buffers and 99% ethanol used for
cleaning of MagBinding beads were replaced with 70% ethanol solutions. The modifications were
necessary due to the reactions of washing buffers and pure ethanol with CD binding glue that
release organics from glue to inhibit downstream nucleic acid amplification. Secondly, the use of
an external magnet for MagBinding beads collection in-tube was replaced with pelleting the beads
by centrifugation. Centrifugation is more efficient on the CD and eliminates the need for an
external magnet. Finally, a reaction droplet generation step was included in the on-CD detection
assay to convert the binary RT-LAMP results into the quantitative virus detection through droplet
digital RT-LAMP (ddRT-LAMP) (Schuler et al., 2016). All other procedures remained the same

as for the in-tube assay.
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Two types of oil were tested for the on-CD droplet generation following recommendations from
previous research (Schuler et al., 2016; Schlenker et al., 2021). The Novec HFE 7500 oil (3M,
Saint Paul, MN) mixed with 5 wt% FluoroSurfactant (RAN Biotechnologies, Inc.) was used as the
emulsification oil for homogeneous droplet generation. After the droplet generation, the FC-40
(3M, Saint Paul, MN) containing 2 wt% FluoroSurfactant (RAN Biotechnologies, Inc.) was mixed
with the emulsification oil to enhance the stability of reaction-in-oil droplets during the heating

procedure.

3.2.4 CD design

The CD design for integrated virus detection workflow was created using Solidworks. Taking
advantage of the multiplexing capacity of the CD system, two identical microfluidic units were
fabricated on a single CD. Each unit is capable of detecting different combinations of water
samples and viruses. The design of the complete microfluidic unit is illustrated in Figure 3.1. An
oval-shaped mixing chamber was strategically placed at the center of each microfluidic unit to
mimic the functionality of a PCR tube, enabling sequential steps for nucleic acid concentration
and purification. A sample loading chamber was positioned in the upper right area of the mixing
chamber. The sample chamber was preloaded with proteinase K to facilitate protein digestion upon
sample loading. Six reagent-holding chambers were located at the top and left areas of the mixing
chamber. These chambers were preloaded with the Viral DNA/RNA Buffer, 70% ethanol, and
nuclease-free water. These reagents were transferred to the mixing chamber sequentially for the
steps of sample lysis, nucleic acid binding, washing, and elution. A waste chamber positioned at
the lower right area of the mixing chamber was used to collect the waste reagents from the mixing

chamber. The fluid flow sequences, the precision of the fluid volume transfer on CD were tested
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on the CD driver equipped with a control software (Pacific scientific, Wilmington, MA) to

precisely control the rotation speed and direction of the CD.

Laser-irradiated

ferrowax microvalves
Viral DNA/RNA Buffer

/ Waste Chamber
Sample & f
Proteinase K

Channel

Amplification &
Detection Chamber

X

¥ Metering
Holding Chamber

Chamber

Figure 3.1. Microfluidic chambers and channel design on the half of the centrifugal disc (CD).

The ddRT-LAMP section was integrated into the lower left area of the mixing chamber. This
section comprises a metering chamber, a LAMP reagent chamber, an intermediate reaction holding
chamber, and an amplification and detection chamber. The metering chamber was linked to the
mixing chamber and was used to meter and transfer the nucleic acid extract to the intermediate
reaction holding chamber, where the Mastermix from LAMP reagent chamber also be transferred
to at the opening of the ferrowax microvalve. The amplification and detection chamber, designed
with a pyramid-like structure surrounded by deep trenches, was connected to the intermediate
holding chamber through an L-shaped tapering microfluidic channel. This design facilitated the
division of the LAMP reaction mixture into thousands of reaction-in-oil droplets that form a single
layer above the pyramid structure prior to target amplification. The heating for LAMP reaction

and to test the stability of the droplets in the reaction chamber was carried out on a heat block. The
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details of the droplet generation microfluidic designs and LAMP heating control on the CD driver

are found in our previous report (Gowda et al., 2022).

Two types of valves were applied in the CD design to control sequential fluid pumping and mixing
for a fully automated on-CD virus detection assay. A series of laser-irradiated ferrowax
microvalves (Peshin et al., 2022) were used as gates between different chambers, enabling precise
control of fluid flow timing (Figure B.1). These valves were made of the mixture of paraffin wax
(Sigma-Aldrich, St. Louis, MO) and ferric oxide (Ferrotec, Santa Clara, CA), which blocked the
channels in their solid form at room temperature and restricted fluid flow between chambers. To
open the valve, a laser was focused on the valve position, melting the ferrowax and allowing for
the flow of fluids between chambers. In addition, a siphon channel valve was applied at the
connection between the mixing chamber and the waste chamber where repeated transitioning
between open and closed positions was required. The valve remained closed during the transfer of
liquid from the reagent chambers to the mixing chamber and throughout the mixing processes. The
valve was opened after the pelleting of MagBinding beads at the bottom of the mixing chamber,
allowing the transfer of the supernatant into the waste chamber. Figure B.2 shows the switching
of the siphon channel valve between open and close by simply controlling the spin speed of the

CD.

3.2.5 CD fabrication

The CD prototype consists of four layers with an outer diameter of 120 mm (Figure 3.2a). The
bottom layer is a polycarbonate disc (McMaster-Carr, Elmhurst, Illinois) containing the
microfluidic chambers, channels, and ferrowax microvalve components. The third layer consists

of a biocompatible single-sided microfluidic diagnostic tape (3M™ Microfluidic Diagnostic Tape

41



9795R, Saint Paul, MN) with cutouts for the chambers and ferrowax microvalve components. The
second layer is a double-sided adhesive tape (FLEXMOUNT DFM 200 clear V-95 150 POLY H-
9, Spencer, MA) that includes the chamber cutouts. The top layer is another polycarbonate disc
featuring inlets for samples and reagents loading, as well as vent holes. The microfluidic
components on the bottom polycarbonate disc were milled using a CNC machine (Tormach PCNC
440, Madison, WI). The cutouts on the two middle adhesive layers were created using a vinyl
cutter (Silhouette CAMEO 2, Lindon, UT). The inlets and vent holes on the top layer were drilled

using a drill press (Dremel, Mount Prospect, IL).

To assemble the four layers into a complete CD, the process began by affixing the single-sided
adhesive tape (the third layer) to the bottom polycarbonate disc. Ferrowax was then loaded onto
the CD through the cutouts for the ferrowax microvalve components on the single-sided adhesive
tape. Following this, the double-sided adhesive tape (the second layer) was attached over this
assembly. The microfluidic chambers were coated with UV-cured glue (Norland Products Inc,
Jamesburg, NJ) and cured under UV light for 20 minutes. Finally, the top layer was attached to
cover the entire assembly. A roller press was used to seal all the layers together. Image of actual

fabricated and assembled CD are shown in Figure 3.2b.
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Figure 3.2. Centrifugal disc components. (a) Schematic illustrations of four main layers of CD
assembly and (b) an image of actual fabricated and assembled CD.

3.2.6 Validation of the on-CD virus detection assay

While the on-CD virus detection assay was developed based on the protocols of benchtop in-tube
assay, there was a concern of inefficient nucleic acid extraction as well as the sensitivity of
detection when the on-CD assay was used for virus detection. This concern mainly arises from the
differences in mixing, beads pelleting, washing and waste liquid disposal employed in the on-CD
assay. Moreover, the potential presence of inhibitors in the CD setup such as ferrowax and

adhesive tape might lead to detection failures.

To validate the on-CD virus detection assay, three major comparisons were performed. Firstly, the
on-CD sample preparation procedures, which involved Proteinase K treatment, chemical lysis,
nucleic acid binding, washing, elution, fluidic metering, and mixing the nucleic acid sample with
the LAMP Master Mix, were evaluated by comparison with the in-tube sample preparation assay

using serially diluted SARS-CoV-2 samples. SARS-CoV-2 working solutions in the concentration
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range from 10? to 10° copies/ml were prepared by diluting the SARS-CoV-2 stock solution with
nuclease-free water. Wastewater samples were spiked with SARS-CoV-2 in the same
concentration range to assess the sensitivity and potential interference of inhibitors present in
wastewater during the virus detection assay. In-tube RT-LAMP amplification was first applied to
analyze the serially diluted SARS-CoV-2 spiked in both nuclease-free water and wastewater
samples without sample concentration and purification procedures, serving as a benchmark for
evaluating the virus recovery rate and purification efficiency of the in-tube and on-CD assay.
Subsequently, the in-tube and on-CD assay were used to extract the nucleic acid from the serially
diluted SARS-CoV-2 samples side-by-side. The bulk reaction mixtures of the nucleic acid extracts
and LAMP Master Mix collected from either PCR tube or from the CD reaction holding chamber

were then tested using the in-tube RT-LAMP assay for evaluation.

Next, the on-CD sample preparation procedures were evaluated for their efficacy to extract
indigenous PMMOoV in various environmental water matrices including wastewater, creek water,
stormwater, and seawater. Wastewater samples were directly applied for the sample preparation
procedures, while creek water, stormwater, and seawater were spiked with wastewater samples in
a 1:1 ratio to simulate contamination scenarios while preserving the distinct characteristics of each
environmental water source. These samples were extracted using on-CD procedures, followed by
analysis using the in-tube RT-LAMP assay to assess the impact of different environmental water

matrices on the virus detection assay.

Finally, the complete on-CD sample-to-answer procedures, including sample preparation and
ddRT-LAMP were tested. Three wastewater samples collected from different manholes within the
UCIT student housing area were used to evaluate the accuracy of the on-CD assay for PMMoV

quantification. Indigenous PMMoV in these samples were concentrated, purified, and quantified
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all on the CD controlled by the programing of the CD driver. After the on-CD procedure, 3
microscope images were collected from each amplification chamber to obtain the droplet size and
the number of positive droplets and negative droplets. The median of the droplet diameter was
measured using the image quantification tool ImageJ and the number of positive and negative
droplets in each image were counted. The concentration of PMMoV in the bulk RT-LAMP

reaction mixture was calculated based on Poisson statistics shown in Eq. (1):

Nneg
. _ _ln( N )
Concentration = ——~—=

&)

Vdroplet

Where Nneg is the number of the negative droplet, N is the total droplet number, and Vo 1s the
volume of each droplet. The original concentration of PMMoV in the wastewater samples was
then calculated using the concentration of PMMoV in the bulk RT-LAMP reaction mixture
including the estimated 10% nucleic acid recovery rate from the on-CD sample preparation
procedure according to the recovery rate estimated from SARS-CoV-2 spiking study. The
concentrations of wastewater PMMoV detected by on-CD assay were compared with those
reported by UCI Genomics High Throughput Facility using PREvalence ddPCR PMMoV fecal

indicator Assay (BioRad) on BioRad QX200 (ddPCR) system.

3.3 Results

3.3.1 Fluid control for on-CD virus detection assay

The integrated liquid handling for on-CD virus detection assay is demonstrated using colored
liquids. Photo images after each processing step are shown in Figure 3.3, and their corresponding

illustrations are found in Figure B.3. The CD rotation and oscillation protocols for each operational
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step are summarized in Table 3.1. The results demonstrate precise control over valve operation,

liquid flow, mixing, bead pelleting, metering, and droplet generation.

Preloading & Proteinase K treatment

Legend
I Sample
[ Proteinase K
I Viral DNA/RNA Buffer
Il Magbinding beads
I 70% ethanol
[CJWater
Il LAMP Mastermix
[ Oil mixture

Figure 3.3. Photo images of the fluid handling process on CD. The main steps are captured at the
pause of each procedure to demonstrate the operation. The color-dyes were added to the fluid for
visualization.
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Table 3.1. CD operational programing.

Steps

Protocol

Operation Details

CD preparation

Rotation (close the siphon)

800 RPM, 5's

Proteinases K

Oscillation (mixing)

48 rev/s?, 0.1 rev, 30 s

treatment Pause (incubation) 0 RPM, 15 min

Chemical lysis & Rotation (liquid transfer) 800 RPM, 20 s

nucleic acid binding  Oscillation (mixing) 36 rev/s?, 36°, 10 min
Rotation (beads pelleting) 2500 RPM, 30 s
Pause (open the siphon) 0 RPM, 10 s
Rotation (waste disposal + close the 800 RPM, 20 s
siphon)

Nucleic acid Laser (open the ferrowax valve) N/A

washing (4 times) Rotation (liquid transfer) 1000 RPM, 20 s
Oscillation (mixing) 36 rev/s?, 0.1 rev,30 s
Rotation (beads pelleting) 2500 RPM, 30 s
Pause (open the siphon) 0 RPM, 10 s
Rotation (waste disposal + close the 800 RPM, 20 s
siphon)

Elution Laser (open the ferrowax valve) N/A
Rotation (liquid transfer) 1000 RPM, 15 s
Oscillation (mixing) 36 rev/s?, 0.01 rev, 30 s
Rotation (beads pelleting) 1500 RPM, 1 min

RT-ddLAMP Laser (open the ferrowax valve) N/A
Rotation (liquid metering and transfer) 1000 RPM, 30 s
Oscillation (mixing) 48 rev/s?, 0.1 rev, 30 s
Rotation (droplet generation) 3500 RPM, 90 s
Heating (Amplification) 0 RPM, 35 min

Total time ~ 75 min

Figure 3.3a shows the pre-start condition of the CD, when the water sample and reagents were
preloaded into their respective chambers, and the siphon channel valve was closed by a pre-spin
of the CD for 5 seconds at 800 rpm to push 20 pL of Viral DNA/RNA buffer from the mixing

chamber to the siphon channel to form an air lock. As shown in Figure 3.3a, sample chamber was

47



preloaded with 100 pL of water sample and 5 pL of Proteinase K; 200 pL of Viral DNA/RNA
buffer was loaded into the buffer chamber; 100 pL of 70% ethanol was in each of the four washing
reagent chambers; 5 uL of MagBinding beads was in the mixing chamber; 15 pL of nuclease-free
water was in the water elution chamber; 16 pL of LAMP master mix was in the Mastermix

chamber, and 40 pL of droplet generation oil was in the amplification chamber.

Figure 3.3b illustrates the Proteinase K treatment step, involving oscillation of the CD for 30
seconds followed by a 15-minute pause. The CD oscillation facilitated the mixing of the water
sample and Proteinase K, while the subsequent 15-minute pause provided sufficient time for the
reaction to occur. The colored image demonstrates thorough mixing of the water sample and
Proteinase K, indicating that the oscillation protocol can create turbulence for sufficient mixing.
Furthermore, the oscillation protocol was optimized to prevent the water sample and the Viral
DNA/RNA buffer from holding cambers pre-maturely bursting into the mixing chamber during
the oscillation period without the need of control valves between the water sample chamber and
the mixing chamber, and between the Viral DNA/RNA buffer chamber and the mixing chamber,

respectively.

The sample lysis and nucleic acid binding steps are shown in Figures 3c, 3d, and 3e. The procedure
began by releasing the water sample and the Viral DNA/RNA buffer into the mixing chamber,
where they were mixed with the MagBinding beads for the chemical lysis and nucleic acid binding
(Figure 3.3c¢). To facilitate this process, the CD was rotated at 800 RPM for 20 seconds to transfer
the liquid, followed by a 10-minute oscillation to ensure thorough mixing. The result indicates that
the turbulence generated by the CD oscillation within the oval-shaped mixing chamber effectively
dispersed the MagBinding beads throughout the mixture of water sample and Viral DNA/RNA

buffer, as indicated by the homogeneous color observed in the mixing chamber. After mixing, the
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CD was rotated at 2500 RPM for 30 seconds followed by a 10-second pause. The high-speed
rotation pelleted the MagBinding beads to the bottom of the chamber and removed the air lock in
the siphon channel, while the brief pause allowed the liquid to fill the siphon channel through
capillary force, transitioning the valve to the open state (Figure 3.3d). Once the siphon channel
valve was opened, the CD was rotated at 800 RPM for 20 seconds to transfer the waste liquid into
the waste chamber and turn the siphon channel valve to the closed state by forming an air lock in
the siphon (Figure 3.3¢). According to the real-time image presented in Figure 3.3e, MagBinding
beads were not observed in the waste chamber, suggesting that the beads were efficiently pelleted
(Figure 3.3d) and only supernatant (brown colored liquid from mixing of maroon colored sample
with green colored buffer) was transferred to the waste chamber. Effective beads recovery ensured

effective nucleic acid recovery attached to the MagBinding beads.

After the nucleic acid binding, the MagBinding beads were washed four times using 70% ethanol
sequentially release into the mixing chamber. Figures 3f to 3h demonstrate one complete round of
the on-CD washing procedure. The ferrowax valve located at the connection between the ethanol
chamber and the mixing chamber was first opened, allowing the release of ethanol into the mixing
chamber by rotating the CD at 1000 RPM for 20 seconds. Subsequently, the MagBinding beads
were resuspended in the ethanol by oscillating the CD for 30 seconds (Figure 3.3f). The result
indicated sufficient mixing between the MagBinding beads and ethanol, suggesting that the
oscillation protocol can provide adequate mixing for liquid volumes of 100 pl. Figure 3.3g and
Figure 3.3h demonstrate re-pelleting of MagBinding beads and waste disposal step, respectively.
Similarly, beads pelleting involved a CD rotation at 2500 RPM for 30 seconds, followed by a 10-
second pause, while waste disposal was accomplished by a 20-second rotation at 800 RPM. This

process was repeated four times to ensure sufficiency washing for nucleic acid purification.
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The nucleic acid elution step is illustrated in Figure 3.31 and Figure 3.3j. As shown in Figure 3.31,
nuclease-free water was transferred to the mixing chamber by rotating the CD at 1000 RPM for 15
seconds after the ferrowax valve was opened. A modified oscillation protocol, which decreased
the shaking angle while increasing the shaking frequency, was applied to effectively resuspend the
MagBinding beads in the nuclease-free water. This oscillation protocol is essential for maintaining
the nuclease-free water at the bottom of the mixing chamber during the mixing process, which is
crucial to effectively resuspend the MagBinding beads in a small volume of liquid within a
relatively larger chamber. Figure 3.3j shows the pelleting of the MagBinding beads from the
nuclease-free nucleic acid elution water, using a modified spinning protocol. The CD was rotated

at 1500 RPM for 1 minute to pellet the MagBinding beads while keeping the siphon valve closed.

Next, the eluted nucleic acid sample from the previous step was transferred for virus quantification
using ddRT-LAMP reaction as demonstrated in Figure 3.3k & 3.3m. The CD was rotated at 1000
RPM for 30 seconds after opening the ferrowax valves connecting the mixing chamber to the
metering chamber, and between the LAMP Mastermix chamber and the holding chamber. This
process metered approximately 4 puL. of nucleic acid extract and simultaneously transferred the
LAMP Mastermix into the reaction holding chamber. The CD was oscillated for 30 seconds to mix
the nucleic acid with LAMP Mastermix (Figure 3.3k), followed by a fast spin at 3500 RPM for 90
seconds to push the LAMP reaction mixture through the L-shaped droplet generation channel that
steps down to the amplification and detection chamber filled with oil to create thousands of
reaction-in-oil droplets. The design of the tapering L-shaped channel, the nozzle at the entry of the
reaction chamber, and the chamber with a center pyramid structure was described in detail in our
previous report (Gowda et al., 2022). After droplet generation, at the stop of centrifugal force, the

narrow gap between the flat-top pyramid-like structure in the center of the amplification chamber
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and the top of the chamber created a capillary force, pulling the droplets towards the center of the
pyramid and collecting them in a single layer in the pyramid region, as shown in Figure 3.31. This
single-layer configuration minimized droplet loss during subsequent ddRT-LAMP amplification
and allowed detection using a microscope. Microscopy images of reaction-in-oil droplets taken
from four amplification chambers are displayed in the Supporting Information (Figure B.4). Slight
variations in droplet size were observed among chambers, ranging from approximately 80 um to
140 pum, while the size remained constant within the same chamber. These variations can be
attributed to the precision limit of the CNC machine used in CD fabrication, which would not an

issue should the CD be manufactured by mass production through injection molding.

3.3.2 Comparison of on-CD and in-tube sample preparation procedures

The comparison of RT-LAMP detection of serially diluted SARS-CoV-2 spiked in
nuclease-free water and wastewater by different methods is shown in Table 3.2. When analyzing
the SARS-CoV-2 spiked in the nuclease-free water with no sample pre-treatment, positive RT-
LAMP results was observed at seeding concentrations between 10° and 10° copies/ml. The
results indicate the detection sensitivity in the absence of external inhibition for unextracted
viruses. When analyzing the SARS-CoV-2 spiked into the wastewater, a very different outcome
was observed. Even at the highest spiked concentrations of 106 copies/ml, the signal for SARS-
CoV-2 was not detected, suggesting that the organic and inorganic compounds presented in the
wastewater can inhibit the RT-LAMP reaction and decrease the detection sensitivity of at least

1000 times.
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Table 3.2. RT-LAMP detection of SARS-CoV-2 spiked in nuclease-free water and wastewater by
different sample preparation procedures.

SARS-CoV-2  No sample preparation In-tube procedures On-CD procedures
(copies/ml)
NFW WW NFW A NFW WwW
0 - - - - - -
10? - - - - - -
10° ++ - - - - -
104 ++ - ++ ++ + +
10° ++ - ++ ++ ++ ++
106 ++ - ++ ++ ++ ++

Abbreviations: NFW-nuclease-free water, WW-wastewater.
+ and - indicates positive and negative LAMP results, respectively. The ++ and + are based on the
relative fluorescence intensity of LAMP reaction.

The traditional bench top in-tube sample preparation and nucleic acid purification for SARS-CoV-
2-spiked samples yielded positive RT-LAMP results for both nuclease-free water and wastewater
at concentrations ranging from 10* to 10% copies/ml (Table 3.2). However, SARS-CoV-2 was
undetectable at the concentration of 10° copies/ml. These results suggested that the in-tube sample
preparation procedures had effectively removed inhibitors present in the wastewater. However, a
10-fold decrease in the detection limit was observed in comparison with results from the virus
spiked nuclease-free water without sample preparation. This reduction is likely due to the loss of
nucleic acids during the sample preparation process, rather than the presence of residual inhibitors,
as this reduction was also observed in the SARS-CoV-2-spiked nuclease-free water samples. In
other words, the nucleic acid recovery rate of the in-tube sample preparation assay was

approximately 10%.

The RT-LAMP detection of SARS-CoV-2 spiked samples, processed using the on-CD sample
preparation procedures, are also presented in Table 3.2. Similar RT-LAMP outcomes were

observed when comparing the on-CD sample preparation procedures with traditional in-tube
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methods, revealing a detection range from 10 to 10° copies/ml for detecting SARS-CoV-2 in both
nuclease-free water and wastewater samples. Despite the same detection range, slightly weaker
SARS-CoV-2 signals were observed at the lowest spiked concentration of 10* copies/ml compared
to the in-tube method. The photo images of positive, weak positive, and negative RT-LAMP results
as indicated by the fluorescence intensity are shown in Figure B.5. The comparative results
indicate that the on-CD sample preparation procedures have a similar but slightly lower nucleic
acid recovery rate compared to the in-tube sample preparation procedures. The variance might be
attributed to the use of 70% ethanol to replace the proprietary washing buffer during the on-CD
washing steps. Furthermore, the on-CD assay demonstrated high purification efficiency, as the
detection limit remained consistent when processing both the nuclease-free water sample and

wastewater sample using the on-CD assay.
3.3.3 Detection of indigenous PMMoV in environmental samples

The on-CD RT-LAMP detection of indigenous PMMoV in various environmental water
matrices are shown in Table 3.3. All tested water samples, including wastewater, wastewater
contaminated stormwater, creek water, and seawater showed positive detection of PMMoV. A
weaker positive result was observed in the seawater, possibly influenced by the salinity of the
seawater that affecting nucleic acid binding efficiency on MagBinding beads (Lloyd et al., 2010;
Corcoll et al., 2017). Overall, the results indicate that the on-CD sample preparation procedures
are effective across diverse environmental water matrices for extracting viral RNA from non-
spiked samples, suggesting its potential utility in monitoring and surveillance of viruses in the

environment.
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Table 3.3. RT-LAMP detection of indigenous PMMoV in various environmental water matrices.

RT-LAMP result

PMMboV in environmental waters (On-CD procedures)

Wastewater ++
Stormwater + wastewater
. . . ++
(1:1 mixing ratio)
Creek water + wastewater
. . . ++
(1:1 mixing ratio)
Seawater + wastewater n

(1:1 mixing ratio)

To demonstrate the performance of the complete sample-to-answer on-CD procedure, wastewater
samples collected from three sewer manholes were analyzed for indigenous PMMoV on-CD.
Starting from sample loading to quantitative results by on-CD ddRT-LAMP, the assay was
completed in approximately 75 min (Table 3.1). Representative fluorescence microscopy images
(grayscale) of reaction droplets at the end of reaction are shown in Figure 3.4. Droplets were
uniform within each reaction chamber and the droplet numbers did not change significantly before
and after LAMP reaction suggesting droplets were sufficiently stable at heating temperature of 65
°C for 30min. Variabilities of the droplet size were observed on three different microfluidic units
produced by CNC, ranging from approximately 80 um to 160 um medium size in diameter. This
variability was likely due to the CNC precision limit in producing the micrometer size of the
droplet generation channel rather than the design flaw of the CD system (Gowda et al., 2022). The
droplets in sample 3 were larger and less stable than in samples 1 and 2, and experienced some
coalescence during heating, suggesting standardization of CD manufacture through injection
molding is critical for reproducibility. Nevertheless, the remaining droplets in the prototype CD
were sufficient to enable the calculation of the fraction of negative droplets for determining the

original concentration of indigenous PMMOoV in the wastewater samples. The concentrations of
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PMMoV, ranging from 2.3 x10° to 1.09 x 10° copies /ml in three wastewater samples tested, were
computed by counting of RT-LAMP positive droplets among total droplets and the medium droplet
size (Table 3.4). These results matched well with the PMMoV concentrations determined by
Nanotrap® KingFisher™ Concentration/Extraction protocol followed by ddRT-PCR using
BioRad QX200 Droplet Digital PCR system. Thus, the results confirm that the PMMoV was
successfully extracted and amplified within the on-CD detection assays. These observations
suggest a satisfactory performance of the on-CD detection assays for the rapid quantification and
detection of indigenous PMMoV in environmental samples, offering comparable results to the

established benchtop virus detection assay without the need of expensive equipment.

Figure 3.4. Fluorescence microscopy images of reaction droplets at the end of the ddRT-LAMP
reaction for wastewater samples collected from three different manholes (3 samples are labeled as
a, b, ¢). The positive reaction droplets are shown as the bright spots on the grayscale fluorescent
images. The negative droplets are shown as the dark gray to black spots on the grayscale
fluorescent images.
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Table 3.4. Quantification results of indigenous PMMoV in three wastewater samples using
benchtop in-tube virus detection assay and on-CD sample-to-answer virus detection assay.

Nanotrap KingFisher
On-CD sample-to-answer extraction and
virus detection assay by ddRT-LAMP ddRT-PCR
by BioRad QX200
Median size of the Fraction of the Measured Measured
droplet negative droplet concentration concentration
Sa;nlple 120 um 98.8% 5.5 x 103 copies/ml 5.3 x 10° copies/ml
Sa;“zple 80 pum 99.5% 1.08 x 106 copies/ml 9.6 x 10° copies/ml
Sa;‘;"le 160 um 99.6% 2.3x 105copies/ml 1.3 x 10° copies/ml

3.4 Discussion

The rapid and on-site detection of infectious pathogens or fecal indicator organisms in wastewater
and wastewater contaminated environmental waters are crucial for protecting both human and
environmental health. This research introduces a sample-to-answer microfluidic CD system for
quantification of viruses in wastewater and other environmental water matrices. We demonstrated
that the microfluidic CD could integrate the necessary steps for sample concentration and nucleic

acid purification required for environmental viral detection. This next-generation virus detection
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system offers rapid, portable, semi-automated, and user-friendly capabilities, having the potential

to revolutionize current environmental monitoring practices.

The CD design plays an important role in facilitating a wide range of tasks that integrate sample
concentration, purification, and ddRT-LAMP. It effectively utilizes the space on the disc, allowing
for the processing of sample volumes up to 100 ul to achieve a 6.67-fold concentration factor
without an external concentration requirement. The CD can accommodate multiple chambers
necessary for preloading reagents for digestion and for multiple washing steps, ensuring sufficient
purification when handling environmental samples. The oval-shaped mixing chamber, in
cooperation with the optimized CD spinning protocols, provides sufficient mixing and bead
pelleting efficiency across a wide range of operating volumes, from 15 pl to 300 pl. The droplet
generation channel and amplification chamber used for the ddRT-LAMP reaction show
comparable performance to state-of-the-art sample extraction and ddRT-PCR systems,
successfully creating reaction-in-oil droplets and forming a single layer that ensures stability
during the heating process. The ferrowax microvalves applied in this CD design have been widely
adopted on the CD platform, primarily due to their biocompatibility and ease of operation (Kong
etal., 2016). While the siphon channel is well-established for CD applications (Siegrist et al., 2010;
Strohmeier et al., 2015), this is the first time of its use as a valve that capable of multiple open-
close cycles. In earlier research, valves frequently rely on external tools like magnets for regulating
their opening and closing (Peshin et al., 2022). In contrast, the siphon channel valve only requires
CD rotation to control its open and close states, simplifying operations significantly. These
combined advancements represent an innovation in microfluidic CD design, expanding its

potential for application in environmental monitoring. Therefore, CD system has the capacity to
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transform nearly all benchtop molecular diagnostic procedures into a semi-automatic assay with

minimal hands-on operation.

The PMMoV validation results confirmed that the on-CD virus detection exhibits promising
performances: a similar nucleic acid recovery rate to the traditional bench-top in-tube assay, high
purification efficiency across various environmental water matrices, and precise quantification of
indigenous viruses in wastewater, highlighting its values for practical application. However, it is
noteworthy that while the nucleic acid recovery rates between the on-CD and in-tube assays were
comparable, a slightly lower recovery rate was observed in the on-CD assay. This issue is
attributed to the replacement of washing buffers with 70% ethanol during the beads washing steps
to accommodate the hand-crafted prototype CD using adhesive tape (He et al., 2022). In our initial
tests, we found the washing buffers provided by the manufacturer were not compatible with the
adhesive tape, washing off the glue layer that interfered with downstream RT-LAMP reaction.
Coating the chambers with UV-glue as a protective layer in the subsequent trials alleviated the
major issue but it was challenging to seal the edges of the chamber tightly by hand-crafting. Using
the lower concentration of ethanol reduced the wash-out inhibitors and allowed us to proof the
concept of complete on-CD virus assay. Therefore, it is critical to advance materials and CD
manufacture in order to transform this laboratory innovation to commercial products. Alternative
CD bonding methods such as thermal bonding, solvent bonding, or ultrasonic bonding (Tsao and
DeVoe, 2009; Giri and Tsao, 2022; Madadi et al., 2023) could eliminate the need for adhesive
tape, enabling the utilization of higher concentrations of ethanol or optimized wash buffers.
Nevertheless, hand-crafted CD on CNC machine will not be a solution for commercialization

without bulk manufacture by injection molding.
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Despite having demonstrated the on-CD PMMoV detection in environmental matrices, one of the
primary challenges in implementing this assay is its limited detection sensitivity. Our CD design
included an approximately 6.67-fold concentration factor, effectively quantified the indigenous
PMMoV in the wastewater samples. However, it encountered difficulties in detecting lower
concentrations of viruses, such as indigenous SARS-CoV-2 in wastewater, which typically exist
at concentrations below 10° copies/ml (Medema et al., 2020; LaTurner et al., 2021; Wu et al.,
2022). Employing thicker or larger polycarbonate materials for CD design could increase the CD
capacity for water samples and reagents, thereby further enhancing the concentration factor from
the single digit to double digits. Furthermore, it is important to mention that the detection
sensitivity issue is not limited to the on-CD system. It is a challenge faced by all molecular biology-
based methods for environmental monitoring (Bonadonna et al., 2019). Large-scale environmental
water concentration systems, such as NanoCeram Viral Sampler (Argonide), were designed to
concentrate tens to hundreds of liters of water for virus monitoring (Williams et al., 2001). CD
system has the advantage to include a centrifugal-based add-on concentration system to integrate
with the on-CD detection system. In our previous research, an add-on concentration cup was
developed, utilizing SAP (superabsorbent polymer) beads capable of selectively absorbing water
and salts while repelling microbial pathogens (Gowda et al., 2022). Future studies could explore
the feasibility of utilizing the developed external concentration cup for virus concentration

purposes and investigate its integration onto the current CD design.

Additionally, the droplet generation technology should be further improved to enhance the stability
of reaction-in-oil droplets, subsequently increasing the accuracy in quantifying lower virus
concentrations. Enhancing droplet generation technology could involve adopting a more precise

fabrication technique such as injection molding (Lee et al., 2018; Scott and Ali, 2021), to replace
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CNC machining in CD manufacturing. It could machine consistently finer channels, essential for

generating smaller and more stable droplets, thereby enhancing the assay's performance.

The current research focused on CD design, fluidic handling and assay validation. The CD testing
was carried out on a benchtop CD driver with programable rotation controls, a handheld laser to
open ferrowax valves, and a CD heating block for LAMP reaction. The portable CD driver,
consisting of programable disc rotation controls, heating and temperature controls, and digital
image capture and processing, was described in our previous report (Gowda et al., 2022). This CD
driver will require modification to include a laser light for control of ferrowax valves for the new
CD operation. Several studies have integrated a laser into a portable CD driver for controlling
active valves (Li et al., 2019; Perebikovsky et al., 2021). The laser was attached to either a stepper
motor or an actuator, enabling precise targeting of the laser at specific valve positions. Moving
forward, the development of an updated CD driver incorporating a laser control system is
necessary for enabling fully automated CD operation. While significant research is required to
translate this concept into a field-applicable technology, this work demonstrates the strong
potential of using microfluidic CDs for environmental virus monitoring and serves as an important
foundation for developing more advanced CD technologies. Its portability allows for on-site
testing, eliminating the need for sample transportation to specialized laboratories and thereby
further saving time and resources. Moreover, the user-friendly interface making it accessible for a
wider range of users, contributing to more frequent and efficient monitoring of infectious

pathogens in water sources.
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CHAPTER 4

INTEGRATING PHENOTYPIC AND GENOTYPIC
METHODS FOR THE RAPID DETECTION OF
ANTIBIOTIC-RESISTANT E. COLI ON A
CENTRIFUGAL MICROFLUIDIC DISC

4.1 Introduction

Antibiotic resistance has become one of the top global health threats in the 21st century. In the
United States alone, more than 2.8 million people develop antibiotic-resistant infections, leading
to over 35,000 deaths each year (Centers for Disease Control and Prevention (U.S.), 2019).
Unfortunately, the burden of antibiotic resistance is anticipated to intensify in the coming decades
if not addressed. According to a review on antimicrobial resistance (AMR) commissioned by the
United Kingdom government, up to 10 million deaths may result from antibiotic-resistant diseases
annually, surpassing cancer deaths to become the leading cause of mortality worldwide (O'neill,

2014).

While the primary focus on antibiotic resistance related issues has been on healthcare settings and
clinical practices, there is growing concern that more effort should be focused on the water
environment monitoring (Liguori et al., 2022). Wastewater treatment plants (WWTPs) have been
considered primary sources for the transmission of antibiotic-resistant bacteria (ARB) and
antibiotic-resistant genes (ARQG) into the aquatic environment. This is because WWTPs serve as
collection points for antibiotics from sewer networks that collect wastewater from domestic,
clinical, agricultural, and pharmaceutical sources. However, the presence of these wastewater

antibiotics may contribute to the amplification of ARB and ARG during biological wastewater
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treatment through mutation or horizontal gene transfer. Ultimately, they are discharged into the
environment without complete removal by treatment processes, posing a considerable risk to both
ecological integrity and human health (Huang et al., 2023). Aquatic environments not only serve
as ideal hotspots for the further evolution and proliferation of ARB and ARG due to increased
selective pressure but also facilitate the acquisition of new ARG by pathogens. Recent studies
indicate an increasing trend in the abundance of environmental ARB and ARG (Zhuang et al.,
2021; Larsson and Flach, 2022), raising concerns about their potential transmission to human
populations through recreational activities and contaminated food or drinking water. To mitigate
the increasing threat of antibiotic-resistant infections and diseases, it is necessary to understand
their occurrence in the environment, identify human exposure hotspots, and develop more effective
strategies for their removal. A critical first step in achieving these goals is monitoring ARB and

ARG in the environment, as well as throughout wastewater treatment processes.

Currently, monitoring antibiotic-resistant organisms relies on traditional laboratory methods that
are laborious and time-consuming. Phenotypic methods, such as agar disc diffusion and broth
dilution, are most commonly used in current practices involving the observation of real-time
growth and metabolic responses of bacterial populations to antibiotics (Sahoo et al., 2023). Despite
being well-established and considered the gold standard for providing information on antibiotic-
resistant organisms, lengthy incubation times of up to several days are required for these culture-
based methods. Significant research progresses have been made to improve the time-consuming
culturing-based methods for monitoring antibiotic-resistant organisms in the environment.
Genotypic methods, including nucleic acid amplification techniques and metagenomic-based
approaches, have been introduced to antibiotic-resistant organisms monitoring (Pillay et al., 2022;

Yamin et al., 2023). These methods rely on identifying specific resistance genes, providing faster
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detection times, and increased sensitivity. Despite the promises, these methods require a thorough
understanding of antibiotic resistance mechanisms. Consequently, occurrences of false negatives
and positives are common, with false negatives attributed to new or unknown resistance
mechanisms and false positives arising from database inaccuracies or misinterpretation of
sequencing data. Moreover, these techniques require intensive sample preparation steps prior to
downstream detection. As a result, challenges such as the need for highly trained lab personnel
and a centralized lab remain, leading to a significant turnaround time. The development of rapid
and cost-effective methods that can overcome these challenges is crucial for advancing antibiotic-
resistant organisms monitoring, making approaches more accessible and practical for routine use,

and facilitating broader implementation.

The microfluidic centrifugal disc (CD) system has been a research focus (Tang et al., 2016). This
innovative system has the potential to integrate multiple laboratory functions onto a single disc,
enabling the semi-automated processing of the entire workflow involved in nucleic acid
amplification techniques, including sample preparation, nucleic acid amplification, detection, and
quantification (Gowda et al., 2022; Huang and Jiang, 2024). It can significantly reduce the time
required to obtain results from several days to a matter of hours, while also eliminating the need
for highly skilled personnel and advanced equipment. Despite primarily being utilized in clinical
settings due to the relatively simple composition and higher concentration of microorganisms in
clinical samples, we have successfully employed it for the quantification of indigenous viruses in

wastewater and other water environments in our previous work (Huang and Jiang, 2024).

In this work, we presented a detection assay for ARB that takes advantages of both phenotypic and
genotypic methods. Unlike conventional phenotypic methods, which involve culturing bacteria in

the sample for days until growth or a metabolic response can be visually observed, we cultured the
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bacteria in the samples for a short period (~2 hours) in the presence of antibiotics. We then applied
the nucleic acid amplification technique to visualize the ARB detection results. This benchtop
assay is designed to determine the presence of ARB in wastewater in a shorter detection time while
retaining the characteristics of phenotypic methods. Furthermore, we developed a portable sample-
to-answer microfluidic CD that integrates the entire process required by our benchtop ARB
detection assay. By combining pseudo and non-pseudo forces generated through CD rotation and
oscillation, the entire on-CD assay can be completed automatically in less than 3 hours after sample
loading. We first assessed the performance of the on-CD assay in detecting seeded antibiotic-
resistant E. coli in raw wastewater. Additionally, we successfully detected indigenous antibiotic-
resistant E. coli in wastewater using the on-CD assay, demonstrating its potential for real-world

applications.

4.2 Materials and methods

4.2.1 Bacteria, culture media, and wastewater samples

E. coli CN13 (ATCC 700609) and E. coli Famp (ATCC 700891) were used as the target
bacteria to demonstrate the assay performance. Before each experimental trial, E. coli was cultured
in Luria Bertani (LB) broth (Thermo Fisher Scientific, Waltham, MA) at 37°C for 8 hours and
used as the stock solution. The concentration of the E. coli stock solution was estimated using the
standard plate count method with LB agar plates (Neogen, Lansing, MI). Raw wastewater samples
collected from WWTP served as both the background sample matrix in the E. coli spiked tests and
for the detection of indigenous antibiotic-resistant E. coli. Wastewater samples were stored at 4°C

after collection, and the experiments were conducted within three days of sample collection.
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4.2.2 Benchtop assay for rapid ARB detection

A benchtop ARB detection assay that leverages both phenotypic and genotypic methods was first
developed and tested. It served as the template for developing the on-CD assay, and its efficiency
was used as a benchmark for evaluating the assay performance on the CD. This assay comprises
four main steps: bacteria incubation, cell pelleting and resuspension, cell lysis, and LAMP

detection.

The assay procedures started with the mixing of 100 puL of a water sample and 100 pL of LB broth
in a 1.5 mL microcentrifuge tube. Ampicillin (Thermo Fisher Scientific, Waltham, MA) was added
to the tube to achieve a final concentration of 15 ppm, followed by incubation at 37°C for 2 hours
to selectively enrich ampicillin-resistant bacteria. After the incubation, the bacterial cells were
pelleted by centrifuging at 5,000 RPM for 6 minutes using a microcentrifuge, and the supernatant
was discarded. 100 pL of nuclease-free water was then added to the cell pellets and vortexed for
20 seconds for cell resuspension. The cell pelleting and resuspension procedure was applied to
remove impurities present in the water sample and culture medium that could inhibit nucleic acid
amplification. Subsequently, 0.1 gram of silica—zirconia beads with a 100 um diameter (BioSpec,
Bartlesville, OK) were added to the purified bacterial sample. The mixture was vortexed for 6
minutes, followed by centrifugation at 10,000 RPM for 1 minute to facilitate cell lysis and pellet
the cell debris, respectively. 4 uL. of DNA extracts was mixed with 10 uL. of WarmStart 2x LAMP
Master Mix (New England BioLabs, Ipswich, MA), 0.4 puL of fluorescence dye (New England
BioLabs, Ipswich, MA), 3.6 uL of nuclease-free water, and 2 pL of'a 10x concentrated primer mix
targeting the E. coli malB gene (Integrated DNA Technologies, Coralville, IA). Finally, the

reaction mixture was heated at 65 °C for 30 minutes using a thermocycler (Applied Biosystems,
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Waltham, MA) for the LAMP reaction. The LAMP primers for E. coli were reported by Hill et al.

(Hill et al., 2008) and shown in Table C.1.

4.2.3 Validation of the benchtop ARB detection assay

Before integrating into the on-CD assay, the benchtop assay was tested to address specific
knowledge gaps and ensure its sensitivity and reliability in detecting ARB in environmental
waters. Two crucial aspects were targeted for investigation: (1) The efficiency of the pelleting and
resuspension procedure in removing inhibitors from water samples and culture medium; and (2)
the performance of a 2-hour incubation period followed by the LAMP amplification in

differentiating resistant and non-resistant bacteria.

To assess the effectiveness of the pelleting and resuspension procedure, E. coli Famp samples were
prepared in the concentration range of 10* to 10’ CFU/ml by diluting the E. coli Famp stock
solution with both nuclease-free water and wastewater samples, which were filtered using a 0.45
um MCE Membrane (MF-Millipore). The filtration step was implemented to eliminate indigenous
bacteria from the wastewater samples while retaining impurities that could potentially inhibit the
LAMP reaction for testing. Serially diluted E. coli samples were first lysed and detected using the
LAMP reaction without the pelleting and resuspension procedure, establishing as the standard for
comparison. In parallel, the pelleting and resuspension procedure was applied to the same serially
diluted E. coli samples followed by cell lysis and LAMP detection. The LAMP results of both

scenarios were then compared to assess the efficacy of the pelleting and resuspension procedure.

To further understand the performance of the proposed benchtop assay in differentiating between
antibiotic-resistant bacteria and non-antibiotic-resistant bacteria in water samples, two strains of

E. coli, one was resistant to ampicillin (E. coli Famp), while the other was not (E. coli CN13),
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were separately spiked into the filtered wastewater at concentrations ranging from 10° to 10°
CFU/ml. The complete benchtop assay procedures which involved incubation with the presence
of ampicillin for two hours, impurities removal, cell lysis, and LAMP detection were applied to
analyze the serially diluted E. coli spiked samples. The LAMP results of the two E. coli strains
were compared to determine the accuracy and sensitivity of the proposed assay in differentiating

between antibiotic-resistant and non-antibiotic-resistant bacteria in the water samples.

Finally, the assay was applied to detect indigenous ampicillin-resistant E. coli in wastewater
samples. Given that the number of indigenous E. coli in wastewater is typically higher than the
detection limit (Raboni et al., 2016), a parallel set of assay procedures without the incubation step
was implemented to establish a baseline signal. LAMP signals obtaining by the assay procedures
with and without the incubation steps were compared for the discernment of ARB in the
wastewater samples. Increased LAMP signals indicate the presence of ampicillin-resistant E. coli
in the water samples, as they can flourish in the presence of ampicillin. Conversely, the absence

of significant signal enhancement suggests the absence of antibiotic-resistant strains.
4.2.4 CD design

The CD design for an integrated ARB detection workflow was created using Solidworks. Three
identical microfluidic units were fabricated on a single CD, and each unit can detect different
combinations of water samples and ARB. Figure 4.1 illustrates the design of a complete functional
microfluidic unit. An oval-shaped mixing chamber was placed at the top center of each
microfluidic unit. This chamber was designed for incubating bacteria and for pelleting and
resuspending cells after incubation. A waste chamber located at the bottom right area of the mixing

chamber was designed to collect the supernatant from the mixing chamber after cell pelleting. A
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holding chamber was positioned in the upper left area of the mixing chamber, designed to preload
nuclease-free water used for resuspending the pelleted bacteria cells. A lysis chamber was
integrated into the lower right area of the mixing chamber. This chamber is designed to be
preloaded with silica—zirconia beads and a metal disc to mimic benchtop bead beating for cell
lysis. A metering chamber was linked to the bottom of the mixing chamber and used to separate,
meter, and transfer the DNA supernatant. An overflow waste chamber was placed to the right of
the metering chamber to collect any excess sample. Finally, an amplification and detection
chamber was integrated into the bottom right area of the metering chamber to collect both the DNA
supernatant and the LAMP reaction mixture from the reagent holding chamber located at the top

of the amplification and detection chamber.

Rotary
axis

Metering
¥ Chamber
/

/
/
/
/
~
S ¥
Waste Chamber

Figure 4.1. Microfluidic chambers and channel design of one functional microfluidic unit.

Amplification &
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To enable a fully automated on-CD ARB detection assay, laser-irradiated ferrowax microvalves
(Peshin et al., 2022) and siphon channel valves were applied to control sequential fluid pumping
and mixing (Huang and Jiang, 2024). Laser-irradiated ferrowax microvalves are utilized as gates,
blocking the channels in their solid form to restrict fluid flow between chambers, and they can be
opened with a laser spot at a desired time. Siphon channel valves were employed at locations where
repeated transitioning between open and closed positions was required. These siphon channel
valves can be controlled between open and closed positions by simply adjusting the spin speed of

the CD.

The fluid flow sequences and the precision of fluid volume transfer on the CD were tested using a
CD driver equipped with control software (Pacific scientific, Wilmington, MA) to precisely
control the rotation speed and direction of the CD. The heating for bacteria incubation and the
LAMP reaction was carried out on a heat block and a shaking incubator, respectively. Details on
the on-CD heating control and the valves operation are described in our previous report (Gowda

et al., 2022; Huang and Jiang, 2024).

4.2.5 CD fabrication

The CD prototype consists of four layers with an outer diameter of 120 mm (Figure 4.2a). The top
layer is a 1 mm polycarbonate disc featuring liquid inlets and vent holes drilled using a drill press
(Dremel, Mount Prospect, IL). The second layer is a 0.1 mm double-sided adhesive tape
(FLEXMOUNT DFM 200 clear V-95 150 POLY H-9, Spencer, MA) that includes cutouts for the
chambers. The third layer is a 0.05 mm biocompatible single-sided microfluidic diagnostic tape
(3M™ Microfluidic Diagnostic Tape 9795R, Saint Paul, MN) with cutouts for the chambers and

ferrowax microvalve components. The fourth layer is a 2.3 mm polycarbonate disc containing the
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microfluidic chambers, channels, and ferrowax microvalve components milled using a CNC
machine (Tormach PCNC 440, Madison, WI). The cutouts on the adhesive tapes were created
using a vinyl cutter (Silhouette CAMEO 2, Lindon, UT). A roller press was used to seal all the
layers together after siphon channels were coated with Casein (ThermoFisher Scientific, Waltham,
MA) and 0.1 gram of lysis beads and a metal disc (K&J Magnetics, Pipersville, PA) were placed
into the lysis chamber. Image of actual fabricated and assembled CD are shown in Figure 4.2b.
The details of the assembly steps are described in our previous report (Gowda et al., 2022; Huang

and Jiang, 2024).

(b)

Figure 4.2. Centrifugal disc components. (a) Schematic illustrations of four main layers of CD
assembly and (b) an image of actual fabricated and assembled CD.
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4.2.6 Validation of the on-CD ARB detection assay

While the procedures for detecting ARB on-CD closely mirrors that of the benchtop procedure,
certain variations exist between the benchtop and on-CD operation that may potentially decrease
the sensitivity and accuracy of the on-CD assay. These variations include bacteria incubation
conditions, parameters for cell pelleting and resuspension, and the mechanisms used for cell lysis.
To ensure a comparable performance of the on-CD ARB detection assay to the benchtop assay,
on-CD bacteria incubation, on-CD cell pelleting and resuspension, and on-CD cell lysis, were first
tested and optimized individually by comparing with the benchtop procedures. The complete on-
CD procedures, which include these optimized steps, were then evaluated to ensure the reliability

in achieving ARB detection results.

Firstly, comparative experiments were conducted to evaluate the growth dynamics and antibiotic
response of E. coli Famp and E. coli CN13 within the CD chamber. Approximately 10* CFU/ml
of each strain was prepared by diluting the E. coli stock solution with LB broth, and ampicillin
was added to achieve a concentration of 15 ppm. 200 pL of bacteria solutions were cultured at
37°C in both CD chambers and 1.5 ml microcentrifuge tubes. The standard plate count method
was applied to calculate the viable bacteria at 0, 1, and 2 hours. Subsequently, the growth dynamics
of the bacteria in both microfluidic chambers and microcentrifuge tubes were compared to assess
the suitability of the microfluidic environment for supporting bacterial growth and to identify
differences in growth behavior between the strains in the presence of antibiotics when cultured in

the microfluidic chamber.

Subsequently, the efficacy of on-CD pelleting and resuspension procedures was tested.

Approximately 10° CFU/ml of E. coli Famp solutions were prepared by diluting the E. coli stock
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solution with filtered wastewater. Both the benchtop and on-CD procedures were applied to
process the 200 pL prepared samples and resuspend the pelleted cell in 100 puL of nuclease-free
water, with the benchtop method serving as the benchmark to evaluate and optimize the on-CD
procedure. The standard plate count method was employed to determine the bacteria concentration
at various stages of the procedures, including the original bacteria samples, supernatant after
pelleting, and resuspension samples. The bacteria concentrations were compared to assess the

pelleting and resuspension efficiency.

Next, the comparison of the on-CD cell lysis and a traditional benchtop bead-beating cell lysis
technique using E. coli Famp samples was performed to evaluate the performance of the on-CD
cell lysis. E. coli Famp working solutions in the concentration range of 10* to 10° CFU/ml were
prepared by diluting the E. coli Famp solution with nuclease-free water. On-CD cell lysis and a
traditional benchtop bead-beating cell lysis technique were applied to lysis the bacteria cell among
the prepared samples. The LAMP assay was employed to detect the extracted DNA using both cell
lysis methods, and the results were analyzed to assess the efficiency and reliability of on-CD cell

lysis method.

Finally, the complete on-CD sample-to-answer procedures, including bacteria incubation, impurity
removal, cell lysis, and LAMP detection, were tested. Wastewater samples were used to evaluate
the performance of the on-CD assay for ampicillin-resistant E. coli detection. Similar to the
benchtop procedures, another CD was used without the incubation steps to determine the baseline
signal of the E. coli in the wastewater. LAMP signals obtained from on-CD assays, both with and
without the incubation step, were compared to determine the presence of ARB in the wastewater

samples.
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4.3 Results

4.3.1 Validation of the benchtop ARB detection assay

The LAMP detection results of E. coli Famp spiked in nuclease-free water and filtered wastewater,
with and without the pelleting and resuspension procedure, are shown in Table 4.1. When
analyzing the E. coli spiked in the nuclease-free water without the pelleting and resuspension
procedure, seeding concentrations between 103 and 10’ CFU/ml displayed positive LAMP signals,
which increased with the increase of E. coli concentration, while seeding concentrations at 10*
CFU/ml and non-spiked samples showed negative LAMP results. The photo images of three levels
of positive signals, as indicated by the turbidity of reaction mixtures, are shown in Figure C.1. The
results demonstrate the LAMP detection sensitivity for E. coli under ideal conditions, where
external inhibition was absent and there was no loss of bacteria due to the pelleting and
resuspension procedure. When analyzing the E. coli spiked in the filtered wastewater without the
pelleting and resuspension procedure, no LAMP signal was displayed even at the highest spiked
concentration of 10’ CFU/ml. The results indicate that the impurities in the filtered wastewater can

significantly inhibit the LAMP amplification if not removed.

When comparing the LAMP detection results of E. coli spiked in nuclease-free water that were
processed with and without the pelleting and resuspension procedures (Table 4.1), similar
detection sensitivity and LAMP signals intensity for each spiked concentration were observed. The
results suggest that the majority of the bacterial cells can be retained in the microcentrifuge tubes
after the pelleting and resuspension procedure. Additionally, the LAMP detection results of E. coli
in filtered wastewater and nuclease-free water that were processed with the pelleting and

resuspension procedures are also comparable (Table 4.1), suggesting that impurities in the filtered
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wastewater can be sufficiently removed by the procedure. These comparative results demonstrate
the reliability and efficacy of the pelleting and resuspension procedure as a DNA purification

method for wastewater samples prior to downstream detection.

Table 4.1. LAMP detection results of E. coli spiked in nuclease-free water and filtered
wastewater with and without pelleting and resuspension procedure.

E. coli Famp Without pelleting and With pelleting and
(CFU/ml) resuspension procedure resuspension procedure
Pure Filtered Pure Filtered
water wastewater water wastewater
0 - - - -
104 - - - -
10° + - + +
10° ++ - ++ ++
10’ +++ - +++ -+

The LAMP results for two strains of E. coli spiked in filtered wastewater, processed using the
proposed benchtop ARB detection assay, are shown in Table 4.2. At initial spiked concentrations
of 10* and 10° CFU/ml, the ARB detection assay successfully differentiated between ampicillin-
resistant E. coli (Famp) and non-ampicillin-resistant E. coli (CN13), with ampicillin-resistant .
coli displaying higher LAMP signals than non-ampicillin-resistant E. coli. However, at the lowest
spiked concentration of 10° CFU/ml, the ARB detection assay failed to differentiate between the
two strains of E. coli, as no LAMP signals were observed for either strain. Additionally, it is
noteworthy that at the initial spiked concentration of 10° CFU/ml, while the difference in LAMP
signal intensity was found between ampicillin-resistant £. coli and non-ampicillin-resistant E. coli,
both strains displayed positive signals, indicating the presence of E. coli DNA at the end of the
detection assay. This is because the initial spiked concentration was already higher than the LAMP
detection sensitivity. Even though the non-ampicillin-resistant E. coli did not grow during the

short-term incubation period, the assay still detected its DNA due to the high initial concentration.
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Overall, the results suggest that a 2-hour incubation period followed by the LAMP amplification
can differentiate antibiotic-resistant and non-resistant E. coli at concentrations above 10* CFU/ml

but may be limited in sensitivity of the LAMP amplification at lower concentrations.

Table 4.2. LAMP results of E. coli Famp and E. coli CN13 spiked in filtered wastewater using
the benchtop detection assay.

Spiked concentration

(CFU/ml) E. coli Famp E. coli CN13
103 - -
10° n -
10° ++ n

Table 4.3a shows the results of indigenous ampicillin-resistant E. coli detection in wastewater
using the benchtop ARB detection assay. Despite the concentration of E. coli in the wastewater
sample already being above the LAMP detection limit, as indicated by the benchtop detection
assay without the incubation step, an increased LAMP signal intensity was observed after
incubating the wastewater sample with ampicillin for 2 hours, indicating the presence of
ampicillin-resistant £. coli in the wastewater samples. The result suggests that the benchtop

detection assay has the potential to be applied in monitoring ARB in the environment.

Table 4.3. LAMP results of indigenous ampicillin-resistant E. coli in wastewater using the (a)
benchtop procedure and (b) On-CD procedure.

(a)Benchtop detection (a)On-CD detection
Without With Without With
incubation incubation incubation incubation
Indigenous E. coli n i n i

In wastewater
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4.3.2 Fluid control for on-CD ARB detection assay

Colored liquids were utilized to demonstrate integrated liquid handling for the on-CD ARB
detection assay, with photo images of each processing step depicted in Figure 4.3. Table 4.4
summarizes the protocols employed for CD rotation and oscillation to accomplish each operational

step. The on-CD assay was completed in approximately 3 hours with minimal hands-on tasks.

Preloading & bacteria incubation

Legend
Il Sample
[ Water
[ 1LAMP Mastermix

LAMP

Figure 4.3. Photo images of the fluid handling process on CD. The color-dyes were added to the
fluid for visualization.
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Table 4.4. CD operational programing.

Steps Protocol

Operation Details

Bacteria incubation  Oscillation (incubation)

12 rev/s?, 0.1 rev, 2 hours

Cell pelleting Rotation (cell pelleting) 5000 RPM, 6 min
Pause (open the siphon) 0 RPM, 10 s
Rotation (waste disposal + close the 800 RPM, 30 s
siphon)

Cell resuspension Laser (open the ferrowax valve) N/A
Rotation (liquid transfer) 1000 RPM, 20 s

Oscillation (cell resuspension)

500 rev/s?, 0.05 rev, 1 min

Cell lysis Laser (open the ferrowax valve) N/A
Rotation (liquid transfer) 1000 RPM, 20 s
Oscillation (beads beating) 128 rev/s?, 0.3 rev, 6 min
Laser (open the ferrowax valve) N/A
Rotation (cell debris pelleting) 5000 RPM, 30s
LAMP Pause (open the siphon) 0 RPM, 10 s
Laser (open the ferrowax valve) N/A
Rotation (liquid transfer) 1000 RPM, 20 s
Oscillation (Mixing) 48 rev/s?, 0.1 rev, 30 s
Heating (Amplification) 0 RPM, 35 min
Total time ~ 3 hours

Figure 4.3a illustrates the liquid preloading and bacteria incubation steps. The oval-shaped mixing
chamber was preloaded with 100 pL of water sample and 100 uL of LB broth. Additionally, 100
uL of nuclease-free water was loaded into the holding chamber located at the top left area of the
mixing chamber, while 16 pL of LAMP master mix was loaded into the holding chamber

positioned at the top of the amplification and detection chamber. After liquid preloading, the CD

was oscillated at 37 °C for 2 hours to create the ideal incubation condition.

The cell pelleting and resuspension steps are shown in Figure 4.3b, 4.3c, and 4.3d. The procedure

began with the CD rotating at 5,000 RPM for 6 minutes followed by a 10-second pause. The high-
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speed rotation pelleted the bacterial cells to the bottom of the chamber and pushed the supernatant
into the siphon channel, while the brief pause allowed the supernatant to fill the siphon channel
through capillary force, transitioning the valve to the open state (Figure 4.3b). The CD was then
rotated at 800 RPM for 30 seconds to transfer the supernatant from the mixing chamber to the
waste chamber and form an air lock in the siphon channel, switching the siphon channel valve
back to the closed state (Figure 4.3c). Subsequently, the ferrowax valve located at the connection
between the nuclease-free water holding chamber and the mixing chamber was opened, and the
CD was rotated at 1000 RPM for 20 seconds to transfer the water into the mixing chamber.
Following this, the CD was then oscillated for 1 minute to resuspend the pelleted bacterial cells

into the nuclease-free water (Figure 4.3d).

The CD was rotated at 1000 RPM for 20 seconds after the ferrowax valve was opened to transfer
the prepared bacterial sample to the lysis chamber. Subsequently, it was oscillated for 6 minutes,
driving the metal disc to move back and forth within the lysis chamber to generate the bead-beating
action of silica beads (Figure 4.3e). This action provides shear forces to physically disrupt the

cells, releasing genomic sequences for further analysis (Perebikovsky et al., 2021).

After the cell lysis, the ferrowax valve between the lysis chamber and the metering chamber was
opened and the CD was rotated at 5,000 RPM for 30 seconds followed by a 10-seconds pause
(Figure 4.31). The lysed sample was transferred from the lysis chamber to the metering chamber.
Due to the high-speed rotation, cell debris were pelleted to the bottom of the metering chamber,
and the overflow liquid was pushed to the waste chamber next to the metering chamber.
Additionally, the siphon channel was filled by the extracted DNA sample during the brief pause.
The CD was then rotated at 1000 RPM for 20 seconds to transfer the LAMP master mix and

approximately 4 pL of extracted DNA together into the amplification and detection chamber
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(Figure 4.3g) at the opening of the ferrowax microvalve. Finally, the CD was oscillated for 30
seconds to mix the extracted DNA with the LAMP Mastermix, followed by heating for 35 minutes

for the LAMP amplification.

4.3.3 Validation of on-CD assay for ARB detection

Figure 4.4a illustrates the comparison results of on-CD and benchtop incubation for ampicillin-
resistant E. coli at a concentration of 15 ppm ampicillin. The growth dynamics of both incubation
scenarios are similar, with a lag phase observed during the first hour followed by growth occurring
in the second hour. After the 2-hour growing period, both conditions show an approximately 10-
fold increase in bacteria concentration, with on-CD incubation demonstrating slightly higher
growth rates compared to benchtop incubation. The results suggest that ampicillin-resistant £. coli
can proliferate effectively at a concentration of 15 ppm ampicillin using either incubation method.
Additionally, it indicates that the on-CD incubation method may provide a more favorable
environment for bacterial growth, possibly due to increased turbulence and advection within the
CD mixing chamber. Non-ampicillin-resistant E. coli was also incubated with 15 ppm ampicillin
using both incubation methods. However, no bacterial colonies were observed when applying the
standard plate count method to measure the E. coli concentration at both the 1-hour and 2-hour
time points, indicating that the non-resistant strain did not grow under these conditions. Overall,
the results suggest a comparable performance between on-CD and benchtop incubation assays in
facilitating the growth of bacteria, as well as differentiating the antibiotic-resistant strains under

short-term incubation.
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Figure 4.4. (a) E. coli growth dynamics of on-CD and in-tube incubation. Shading represents the
standard deviations. (b) The comparison results of cell pelleting and resuspension procedures using
on-CD and benchtop methods. The standard deviations are plotted as error bars.
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The comparison results of cell pelleting and resuspension procedures using on-CD and benchtop
methods are illustrated in Figure 4.4b. Both methods exhibit similar recovery rates of bacterial
cells after the procedures. Following the cell pelleting step, the bacteria concentration in the
supernatant is approximately 10% of the concentration in the original sample for both on-CD and
benchtop methods, indicating that approximately 90% of the bacterial cells were pelleted using
both methods. Moreover, an approximately 2-fold increase in bacterial concentration was observed
in the resuspension sample compared to the original sample, suggesting that the oscillation
protocol employed for both benchtop and on-CD methods efficiently resuspends the pelleted cells.
It is noteworthy that the increase in concentration before and after the procedures is likely
attributed to the concentration factor applied during the procedure, where cells are pelleted in 200
ul of bacterial sample and then resuspended in 100 pl of water. Additionally, bacterial growth may

occur during the procedure period, contributing to the observed increase in concentration.

The comparison between on-CD cell lysis and a traditional benchtop bead-beating cell lysis
technique using E. coli samples is shown in Table 4.5. When analyzing the E. coli samples lysed
using the benchtop method, seeding concentrations at 10> and 10° CFU/ml exhibited positive
LAMP signals, while no LAMP signals were found for the seeding concentration at 10* CFU/ml.
When analyzing the E. coli samples lysed using the on-CD method, the same detection sensitivity

was observed, suggesting a comparable performance between the two lysis techniques.

Table 4.5. LAMP results of E. coli spiked in nuclease-free water and extracted using different
cell lysis methods.

Spiked E. coli

concentration (CFU/mlI) On-CD cell lysis Benchtop cell lysis
0 - -
104 - -
10° + +
10° ++ ++
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Finally, the complete on-CD ARB detection assay, including on-CD bacteria incubation, on-CD
purification, on-CD cell lysis, and on-CD LAMP reaction, was tested in real-world conditions to
further evaluate its overall effectiveness and performance. Table 4.3b shows the detection results
of indigenous ampicillin-resistant E. coli in wastewater using the on-CD assay. Similar to the
detection results using the benchtop assay (Table 4.3a), the LAMP signals of E. coli increased with
2 hours incubation with ampicillin, indicating the presence of ampicillin-resistant E. coli in the
wastewater. The result demonstrates that the on-CD assay effectively identifies ARB in complex
environmental samples, validating its utility for practical application in environmental monitoring

and public health surveillance.

4.4 Discussion

With the antibiotic resistance threat to humans and the environment rapidly escalating, there is an
urgent need to develop rapid and effective detection methods for antibiotic-resistant organisms in
aquatic environments to safeguard human and environmental health. This research introduces an
ARB detection assay with significantly reduced assay processing time, while still maintaining the
characteristics of phenotypic methods. In addition, a microfluidic CD was developed to integrate
all assay steps, eliminating the need for a centralized laboratory and well-trained personnel to
perform the assays, thereby facilitating broader accessibility and faster responses to emerging

threats.

The validation results of the benchtop ARB detection assay confirmed that a short-term bacteria
incubation with antibiotics followed by LAMP detection is sufficient to determine ARB in water.
The concentration of antibiotic-resistant E. coli increased approximately 10-fold, while non-

antibiotic-resistant E. coli were not viable after the 2-hour incubation period exposed to the
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antibiotic. Despite the potential presence of DNA even after the bacteria were killed by the
antibiotic (Fang et al., 2018), no significant increase in DNA of non-antibiotic-resistant E. coli was
observed during incubating with the antibiotic. Although the difference in bacteria concentration
cannot be visually observed after short-term incubation, LAMP detection can efficiently
differentiate this 10-fold increase in DNA concentration and determine if water samples present
ARB. In addition, we have shown that incorporating cell pelleting and resuspension procedures
effectively eliminates potential LAMP inhibitors found in culture media and water samples. While
commercial nucleic acid extraction products may offer superior purification efficacy, cell pelleting
and resuspension procedures are more straightforward for on-CD application and can also provide

purification efficiency that is sufficient for LAMP reaction.

We have further demonstrated that the microfluidic CD can integrate the benchtop ARB detection
procedures, including short-term bacteria incubation, impurities removal, cell lysis, and LAMP
reaction. The microfluidic CD was carefully designed and optimized to accommodate multiple
chambers, channels, and valves, facilitating precise control of samples and reagents. To provide a
healthy growth condition for the bacteria, which requires sufficient aeration and turbulence, we
employed an oval-shaped chamber that has been demonstrated to provide sufficient mixing across
a wide range of operating volumes for bacteria incubation (Huang and Jiang, 2024). Additionally,
the volume of the incubation chamber was designed to be approximately five times that of the
bacterial sample, ensuring access to fresh oxygen for growth. The incubation chamber was also
utilized for the cell pelleting and resuspension procedures, serving as a critical step to remove
potential LAMP inhibitors. By optimizing the rotation speed and duration, the efficiency of on-
CD cell pelleting demonstrates comparable performance to that of the benchtop microcentrifuge.

Similarly, the optimized oscillation protocol coupled with the oval-shaped chamber serves as an

83



effective alternative to using a vortex mixer for liquid mixing in a PCR-tube, ensuring thorough
resuspension of the pelleted cells in the microfluidic chamber. On-CD cell lysis has been reported
in several studies (Perebikovsky et al., 2021; Gowda et al., 2022), and the chamber shape, amount
of silica beads, and process time have been optimized. However, most of the design relied on an
external magnet array to drive the metal disc in the chamber in order to grind the silica beads for
bead beating. In this study, we developed an oscillation protocol to drive the metal disc to move
back and forth within the chamber, eliminating the need for an external magnet array, while
adhering to the recommendations of previous research for other design and operating parameters.
The modified approach was confirmed to be effective in achieving efficient cell lysis directly on
the microfluidic CD platform. These optimized CD design and operating parameters play an
important role in transforming the traditional laboratory-based procedures into a rapid, portable,

semi-automated, and user-friendly ARB detection method for water environments.

Despite having demonstrated the performance of the on-CD detection assay in detecting
ampicillin-resistant E. coli in environmental matrices, further research is needed to translate this
proof-of-concept into practical solutions. One of the primary challenges is its limited detection
sensitivity. The assay can detect ampicillin-resistant E. coli above a concentration of 10* CFU/ml.
However, it struggled to differentiate between ampicillin-resistant and non-ampicillin-resistant
strains at lower concentrations, as both strains exhibit negative LAMP results. It is important to
mention that the detection sensitivity of the ARB detection assay is mainly limited by the LAMP
amplification efficiency. Designing a different set of LAMP primers for E. coli that have better
detection sensitivity may improve the assay's performance. Increasing the assay's concentration
factor or extending the bacteria incubation duration could also enhance the sensitivity in detecting

ARB in water. Another improvement direction is to convert the binary detection assay into a
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quantitative ARB detection method through droplet digital LAMP (dd-LAMP) (Schuler et al.,
2016), which has been successfully integrated into the CD platform in our previous research
(Gowda et al., 2022; Huang and Jiang, 2024). The assay developed in this study determines ARB
based on comparing the LAMP intensities of water samples with and without incubation process.
Implementing dd-LAMP would allow for more precise quantification of ARB levels, providing
clearer and more accurate results. Finally, to enable mass production, it is necessary to explore
more advanced CD manufacturing methods, such as injection molding combined with ultrasonic
bonding (Lee et al., 2018; Scott and Ali, 2021; Giri and Tsao, 2022). Additionally, utilizing valves
that are easier to manufacture rather than manually loading the ferrowax into the CD will

streamline the production process.

In this research, the primary focus was on CD design and assay validation. We tested and validated
the on-CD assay using a benchtop CD driver for rotation controls, a handheld laser for opening
ferrowax valves, an incubating shaker for bacteria incubation, and a CD heating block for LAMP
reaction. A portable CD driver that integrates all the necessary functions for on-CD assay operation
has not yet been fully developed. In our previous research, we reported a portable CD driver
consisting of programmable disc rotation controls, heating and temperature controls, and digital
image capture and processing (Gowda et al., 2022). Further modifications are needed to optimize
this CD driver for the operation of the on-CD ARB detection assay. This includes adding a laser
control system, utilizing either a stepper motor or an actuator, to open the active valves at specific
positions, as described in previous studies (Li et al., 2019; Perebikovsky et al., 2021; Gowda et al.,
2022). Additionally, the heating and temperature control system requires further optimization,
such as rearranging the number and location of the infrared heaters, to accurately control the

chamber's temperature for bacteria incubation and the LAMP reaction. While the microfluidic CD
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system remains an emerging research area, with limited exploration of its application in
environmental detection, our study demonstrates the significant potential of microfluidic CDs as a
next-generation method for detecting ARB in water environments. The portability, rapidity, and
user-friendly characteristics of this detection platform can facilitate more frequent and widespread
monitoring of ARB. This capability enhances our ability to safeguard public health and the
environment, as well as to understand the occurrence and fate of antibiotic resistance, thereby
enabling the development of more effective mitigation strategies. With the rapid advancement of
microfluidic CD technology, our proof-of-concept study serves as a foundational step towards the

development of more advanced CD technologies for environmental applications.
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CHAPTER 5
CONCLUSIONS

In this dissertation, I investigated the feasibility of using two emerging technologies: surface
enhanced Raman scattering (SERS) and centrifugal microfluidic disc (CD) as rapid, portable, and
user-friendly methods for the detection of antibiotics, microbial pathogens, and antibiotic-resistant

organisms in environmental water matrices.

One of the main challenges in implementing Surface Enhanced Raman Scattering (SERS) as a
label-free, real-time sensor for antibiotic detection in environmental water matrices is the
interference from non-target molecules. These molecules can generate overlapping SERS signals
and prevent the target chemical from attaching to the hotspots for signal enhancement. In Chapter
2, I investigate the effectiveness of two gold nanostructures as SERS substrates for detecting
quinoline, a common antibiotic found in wastewater. The results show that the carefully designed
SERS substrates with uniformed sub-nanometer nanogap can excludes the interference from large
molecules (size exclusion) that are commonly found in wastewater samples, and selectively
enhances signals from small molecules within the designed nanogap spaces. On the other hands,
the commercial SERS substrates, while having high enhancement factors and detection
reproducibility when detecting antibiotic in pure water, there is no selectivity for the molecular
size of the target in the wastewater environment. Additionally, I demonstrated that the synergy
between the mechanism of the selective intensification of target molecules of the SERS substrate

and Al algorisms can further increase the selectivity of the label-free SERS methods.

The centrifugal microfluidic disc (CD) has emerged as a popular platform for integrating sample

preparation and nucleic acid amplification technologies into a lab-on-a-CD system. However, two
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key challenges for environmental microbe detection — the presence of inhibitors for nucleic acid
amplification and low pathogen concentrations — make it difficult to integrate the entire procedure
required for environmental monitoring onto a single CD. In Chapter 3, I presented a CD design
that effectively utilizes the space on the disc, facilitating a wide range of tasks including sample
concentration, purification, and ddRT-LAMP for virus quantification in the environmental water
matrices. The CD design included an approximately 6.67-fold concentration factor and multiple
washing procedures to address the challenges of inhibitory substances and low pathogen
concentrations. The chambers, valves, and operating protocol were carefully optimized, ensuring
comparable sample extraction and nucleic acid purification efficiency with in-tube sample
preparation procedures. Moreover, this assay can accurately quantify indigenous PMMoV in

wastewater in less than 1.5 hours.

In chapter 4, I further explored the feasibility of using the CD system to detect antibiotic-resistant
bacteria (ARB) in wastewater. I started by proposing an innovative benchtop ARB detection assay
designed to determine the presence of ARB in wastewater in a shorter detection time while
retaining the characteristics of phenotypic methods. According to the assay validation results, I
demonstrated that a short-term incubation period with the presence of antibiotics followed by
LAMP amplification can differentiate between antibiotic-resistant bacteria and non-antibiotic-
resistant bacteria. Additionally, I confirmed that cell pelleting and resuspension procedures are
sufficient to remove potential LAMP inhibitors in the wastewater. Built upon the foundation of
the virus detection CD system developed in chapter 3, I integrated the entire process of the
benchtop ARB detection procedure, including short-term bacteria incubation, cell pelleting and

resuspension procedures, cell lysis, and amplification steps onto a CD system. The performance
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of the on-CD assay is comparable to the benchtop assay. Indigenous ampicillin-resistant E. coli in

raw wastewater has been successfully detected in less than 3 hours using the on-CD assay.

Overall, this dissertation highlights the strong potential of applying SERS and microfluidic CD
technologies as rapid, portable, and user-friendly methods for the detection of antibiotics,
microbial pathogens, and antibiotic-resistant organisms in environmental water matrices. The
innovative strategies reported in this research offer promising solutions to overcome key
challenges in environmental monitoring. Despite the necessity for future development to enhance
their detection performance and scalability, this dissertation serves as an important first step
towards advancing the field of environmental monitoring and revolutionizing current

environmental monitoring practices.
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APPENDIX A

SENSING ANTIBIOTICS IN WASTEWATER USING
SURFACE-ENHANCED RAMAN SCATTERING

Table A.1. Water quality parameters in the secondary effluent used for seeding study.

Parameter Concentration Description Reference
Aluminum (mg/L) 19 Secondary effluent water Project No. SP-173,
NH3-N (mg/L N) 22.6 quality based on 2008 Effluent Reuse Study
Iron (mg/L) 350 and 2009 annual average ~GWRS Final Expansion
Manganese (mg/L) 45 data. FINAL Implementation
TDS (mg/L) 935 Plan Volume 1 of 3
TOC (mg/L) 14
Turbidity (NTU) 3.2
TBOD (mg/L) 11.1 Annual average activated FACILITIES
CBOD (mg/L) 6.3 sludge effluent OPERATION AND

biochemical oxygen MAINTENANCE

demand for fiscal year
2004 -2005

Table A.2. The assignment of SERS bands of quinoline.

Experiment (¢cm!) Literature (¢cm!) Vibrational assignment

770 760 ring deformation
1019 1014 ring breathing
1030 1034 ring breathing
1057 - CH bending
1133 - CH bending
1264 - CNC bending
1314 - CH bending
1376 1372 CCC stretching
1391 1392 CCC stretching
1440 1433 CH rocking
1463 - CH rocking
1579 1571 CCC stretching
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Figure A.1. Comparison of SERS detection of quinoline in DI water with the quantification
results by UPLC-MS/MS.
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Figure A.2. PCA plot of SERS spectra of DI water, treated wastewater, 50 ppm quinoline spiked
in DI water or in treated wastewater. (a) Data collected on Self-Assembled SERS substrate; (b)
Data collected on SEStrate.
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Figure A.3. SERS spectra collected using Self-assembly SERS substrate for erythromycin, humic
acid, Microcystin-LR, glycine, L-arginine and quinoline spiked DI water in the concentration of

S ppm.
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Figure A.4. Microscopy image of (a) fresh Self-Assembly SERS substrate and (b) washed Self-
Assembly SERS substrate.
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APPENDIX B

QUANTIFICATION OF VIRUSES IN WASTEWATER ON
A CENTRIFUGAL MICROFLUIDIC DISC

Table B.1. Components of the RT-LAMP reaction mix.

Reagents Volume
WarmStart LAMP 2X Master Mix 10 pl
Fluorescent dye (50X) 0.4l
LAMP Primer Mix (10X) 2 ul
Nuclease-free water 3.6ul
RNA extracts 4 ul
Total Volume 20 pl
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Table B.2. LAMP primers for SARS-CoV-2* and PMMoV detection.

Primer Sequence
(concentration)

e SARS-CoV-2 (Ganguli et al., 2020)

F3 (0.2 uM) 5’-GTTCCTCATCACGTAGTCG-3’
B3 (0.2 pM) 5-GTTTGGCCTTGTTGTTGTT-3’
FIP (1.6 uM) 5°-GCCAGCCATTCTAGCAGGAGCAACAGTTAAGAAATTCAACTCC-
BIP (1.6 uM) 5’-GATGCTGCTCTTGCTTTGC”?ACCAGACATTTTGCTCTCAA-3’
LoopB (0.8 pM) 5’-GCTGCTTGACAGATTGAACCAG-3’

e PMMoV
F3 (0.2 pM) 5°-CGCCATATCAAAAGCCATGC-3’
B3 (0.2 pM) 5-GGCAGCATAGCAGACATGAA-3’
FIP (1.6 uM) 5-GTGCGAAACGCCTTCGCAGTACGGACGATCCGCAATCA-3’
BIP (1.6 uM) 5’-ATACGCTGTCGCTTTGCACAGTTCAGAAGTGCTGCCCCAA-3’

LoopF (0.8 uM) 5’-GCTGAAAAGGTTTCGAGCACACTAC-3’
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Figure B.1. Physical images of the laser-irradiated ferrowax microvalve.
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Figure B.2. The operational process of the siphon channel valve. (a) When the CD is rotated in
the initial state, the centrifugal force is larger than the capillary force, causing the liquid to be
retained in the chamber as the liquid level does not pass the siphon crest. (b) A brief pause is
used to prime the siphon channel by capillary forces until the liquid passes the critical fill level,
switching the siphon channel to the open state. (c) The CD is rotated at a lower speed to transfer
the liquid and turn the siphon channel valve to the closed state by forming an air lock in the
siphon. To open the siphon channel valve, a high-speed rotation is applied to remove the air lock,
switching the siphon back to the initial state.
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Figure B.3. Schematic illustrations of the fluid handling process.
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Figure B.4. Microscopy images of reaction-in-oil droplets in 4 different reaction chambers
generated on the CDs after heating at 65°C for 30 minutes. The droplets with diameters less than
140 pm remained stable during the heating process, as demonstrated in images (a), (b), (¢) and
(d). Droplet generation units that produced droplets with diameters larger than 160 um were
considered failed manufactured products and were not used for quantification.
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Figure B.5. Images of RT-LAMP results taken by a cell phone camera. (a) negative control, (b)
weak positive results, and (c¢) strong positive results as indicated by relative fluorescence
intensity.
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APPENDIX C

INTEGRATING PHENOTYPIC AND GENOTYPIC
METHODS FOR THE RAPID DETECTION OF
ANTIBIOTIC-RESISTANT E. COLI ON A
CENTRIFUGAL MICROFLUIDIC DISC

Table C.1. LAMP primer.

Primer Sequence
(concentration)

e E. coli (Hill et al., 2008)

F3 (0.2 pM) 5’-GCCATCTCCTGATGACGC -3’

B3 (0.2 uM) 5’- ATTTACCGCAGCCAGACG-3’

FIP (1.6 uM) 5’- CATTTTGCAGCTGTACGCTCGCAGCCCATCATGAATGTTGCT -3°
BIP (1.6 uM) 5’- CTGGGGCGAGGTCGTGGTATTCCGACAAACACCACGAATT -3°
LoopF (0.8 uM) 5’- CTTTGTAACAACCTGTCATCGACA-3’

LoopB (0.8 uM) 5’- ATCAATCTCGATATCCATGAAGGTG -3°
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Figure C.1. Photo images of three levels of LAMP positive signals indicated by the turbidity of

the reaction mixture.
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