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ABSTRACT 

  Waterborne pathogenic organisms including bacteria, viruses, protozoa and helminths, 

are responsible for a series of diseases which is a major public health concern worldwide. 

This issue is extremely severe in developing regions due to the scarcity of clean water 

supply and poor sanitation. Therefore, point-of-use (POU) detection and quantification 

processes as well as a monitoring program of waterborne pathogens are needed to ensure 

the safety of water and protect human health. However, the polymerase chain reaction 

(PCR) technology and its related detection platforms rely on complicated thermal cycling, 

centralized laboratory equipment and trained personnel, thus making PCR-based systems 

incapable of POU testing of environmental waters. In this dissertation, we develop a 

portable 3D-printed system with super-absorbent polymer (SAP) microspheres for sample 

enrichment, and a membrane-based in-gel loop-mediated isothermal amplification 

(mgLAMP) system for absolute quantification of pathogens. We also explored the 

interactions between microbial indicator of Escherichia coli (E. coli) and waterborne 

pathogen Vibrio Cholerae (V. Cholerae). The main results are as follows: 

1. The application of detection and quantification methods is often hindered 

by the low pathogen concentrations in natural waters. Rapid and efficient 

sample concentration methods are urgently needed. Here we present a novel 

method to pre-concentrate microbial pathogens in water using a portable 

3D-printed system with super-absorbent polymer (SAP) microspheres, 



ix 

 

which can effectively reduce the actual volume of water in a collected 

sample. The SAP microspheres absorb water while excluding bacteria and 

viruses by size exclusion and charge repulsion. The 3D-printed system with 

optimally-designed SAP microspheres could rapidly achieve a 10-fold 

increase in the concentration of E. coli and bacteriophage MS2 within 20 

minutes with concentration efficiencies of 87% and 96%, respectively. Fold 

changes between concentrated and original samples from qPCR and RT-

qPCR results were found to be 11.34-22.27 for E. coli with original 

concentrations of 104-106 cell·mL-1; and 8.20-13.81 for MS2 with original 

concentrations of 104-106 PFU·mL-1. Furthermore, SAP microspheres can 

be reused 20 times without performance loss thereby significantly 

decreasing the cost of our concentration system. 

2. Following sample concentration, accurate quantification methods for 

waterborne pathogens are needed, especially at the point of sample 

collection. The surge of COVID-19 in late 2019 called for a more urgent 

need for a rapid and cost-effective quantification of SARS-CoV-2 in 

environmental waters. Quantification results contribute to wastewater-

based epidemiology (WBE) which helps the monitoring of prevalent 

infections within a community and early detections of contamination. Here 

we demonstrated the usage of our portable membrane-based in-gel loop-
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mediated isothermal amplification (mgLAMP) system for absolute 

quantification of SARS CoV-2 in wastewater samples within a one-hour 

timeframe for point-of-use (POU) testing and data management. The limit 

of detection (LOD) of mgLAMP for SARS-CoV-2 quantification in Milli-

Q water was observed to be down to 1 copy/mL, and that in surface water 

collected from Kathmandu, Nepal was down to 100 copies/mL. Both were 

100-fold lower than that of RT-qPCR in corresponding matrices. Compared 

to alternative detection methods, our platform has a very high level of 

tolerance against inhibitors thanks to the restriction of the hydrogel matrix. 

This enables the highly sensitive detection in either clinical or 

environmental samples.  

3. Regular environmental surveillance of waterborne pathogens is key to 

ensure the safety of water and protect public health. Due to the diversity of 

pathogenic bacteria in environmental waters, regular monitoring of so many 

pathogens for individuality is impractical. Therefore, microbial indicators 

are used to gauge the total pathogen concentration; and manage waterborne 

health risks. In this study, the interactions of V. cholerae, the etiologic agent 

of reemerging cholera, with E. coli, the most commonly used indicator for 

waterborne pathogens. Specifically, we investigated through evaluating the 

survival and growth of both bacteria under different temperature and 
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nutrition deprivation using plate culturing and real-time polymerase chain 

reaction (qPCR). During co-growth, it was challenging for V. Cholerae to 

maintain initial population advantages as E. coli consumes nutrition more 

effectively. Whereas during co-existence, V. Cholerae soon fell into a 

viable-but–non-culturable state under environmental stress in 3-5 days 

while E. coli stay viable more than 14 days. We found that V. cholerae 

interacts with E. coli differently depending on the composition of the water 

that is sampled and analyzed.  This suggests that bacterium-bacterium 

interactions influenced by the intrinsic chemical and biological parameters 

of ambient water will be a contributing mechanism in regulating the 

proliferation of V. cholerae.  

 In summary, two platforms for environmental sample concentration and detection have 

been developed and tested using ambient and engineered waters.  In addition, interactions 

between a microbial indicator, E. coli, and the pathogenic bacteria, V. Cholerae, were 

studied. The chapters in this thesis describe in detail: (1) A hand-pressed 3D-printed system 

to produce SAP microspheres was developed with the goal of achieving efficient 

concentrations of environmental microorganisms for subsequent analysis. The simplified 

concentration procedure and can be easily integrated into various detection platforms; (2) 

A portable membrane-based in-gel loop-mediated isothermal amplification (mgLAMP) 

system was developed for absolute quantification of SARS-CoV-2 in environmental water 
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samples within one hour, enabling a 100-fold lower detection limit compared to the gold-

standard of RT-qPCR; and (3) Differences in bacterium-bacterium interactions of V. 

cholerae and E. coli under as a function of water composition indicated that environmental 

stress presented in ambient water matrices should be taken into consideration while using 

a microbial indicator such as E. coli to estimate the risk of waterborne pathogens. These 

collective advances allow for the rapid and ultrasensitive POU testing of waterborne 

pathogens that should provide for more effective monitoring strategies in terms of the use 

of indicator microorganisms. 
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1.1. Introduction 

  Multiple diseases caused by waterborne pathogens are responsible for high 

morbidity and mortality in developing regions of the world1,2. According to the 

World Health Organization (WHO), global mortality attributable to water-related 

diseases is currently 3.4 million per year, most of which are impacting children3. 

Unsafe water supplies and poor sanitation conditions exacerbate the spread of these 

waterborne disease particularly  among those with relatively weak immune 

systems4. Moreover, diseases caused by waterborne pathogens can potentially 

cause regional outbreaks posing serious risks to many local communities5,6. 

Therefore, regular detection and monitoring of these pathogens is essential for 

evaluating the health risk and ensuring the safety of water7.  

 

1.1.1. Concentration Methods of Waterborne Pathogens 

Concentration methods are crucial for detecting pathogens in environmental waters, 

because the concentrations of pathogens in environmental water samples are 

usually orders of magnitudes lower than those in clinical samples. Small sample 

volumes in detection assays make the direct detection of pathogens in 
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environmental water samples difficult7,8. Pathogen concentrations below the 

detection limit of detection do not guarantee the safety of water as many pathogens 

have very low infectious doses 1,9. Therefore, numerous techniques for pathogen 

concentration have been developed including traditional techniques such as 

polyethylene glycol (PEG) coagulation and precipitation, membrane filtration, 

centrifugation, and evaporation10,11, in-plane evaporation12, magnetic nanoparticle 

platforms on a chip13, or magnetic separators14,15. However, these concentration 

methods may require complicated setups, are time-consuming, or limited for use in 

a laboratory, or are incapable of handling field samples with volumes less than 1 or 

2 liters14–16 or up to 100 liters in the case of polio virus detection in remote ambient 

waters.  

A novel concentration method uses Super-absorbent polymer (SAP) microspheres. 

SAPs are a class of cross-linked hydrogels that can absorb and retain water up to 

1000 times the initial dry weight of the SAP materal17,18. By controlling the pore 

sizes of the hydrogel down to several nanometers, SAPs can absorb water but at the 

same time exclude particles with sizes above several nanometers, such as bacteria 

and viruses19,20. In order to use SAPs for microbial sample concentration, the SAPs 

were synthesized as small spherical microspheres using a milli-fluidic flow system. 
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Itaconic acid is added to the polymer to obtain negatively charged polymer surface.  

These polymeric microspheres have uniform spherical shapes, which minimize 

electrostatic adsorption of microorganisms on the surface of the microspheres21. 

Furthermore, SAP microspheres absorb water through osmosis, which is driven by 

polyelectrolyte counter ions attached to the polymer. The maximum water 

absorbencies and water absorption rates of the SAPs are determined by the 

equilibrium of the osmotic forces and the retention forces of the polymer network. 

For a given SAP formulation with a fixed number of polyelectrolyte counter ions, 

the osmotic force generated by the SAPs decreases with an increase of ionic 

strength, which effectively lowers the maximum water absorbency and water 

absorption rate of a specific SAP formulation. Therefore, the ionic strength of 

environmental water samples has a significant impact on the performance of the 

SAP microspheres.  

 

1.1.2 Detection Platforms of Waterborne Pathogens 

 Following sample concentration, accurate detection and quantification methods 

for waterborne pathogens are needed at the point of sample collection8,22. However, 
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to date, monitoring sites and sample frequencies are limited due to the high 

demands and workload of standard laboratory methods. Also, collected water 

samples need to be refrigerated and transported to centralized laboratories for 

analysis.  This may result in sample degradation during the transportation7.  Regular 

detection methods include phenotypic methods based on cultivation, which is a 

standard approach for the identification and quantification of pathogenic bacteria 

and viruses23,24. However, phenotypic methods can only identify the concentration 

of live and culturable organisms at the genus level. The use of molecular methods 

such as enzyme-linked immunosorbent assay (ELISA), biosensors, and the 

polymerase chain reaction (PCR) technique have become routine due to their 

sensitivity, specificity, and short sample-to-result time (usually under 2 hours)25–29. 

Among the molecular methods, the most wildly used technique is PCR or RT-PCR 

(Reverse Transcription PCR) which amplifies target nucleic acids to a large amount 

within a short time. The technique is highly sensitive and can produce millions to 

billions of copies for subsequent fluorescence analysis. Evolving from the 

preliminary qualitative analysis, current real-time PCR (qPCR) can achieve relative 

quantification using internal controls, reference genes, or standard curves30,31.  

Digital PCR can provide an absolute quantification without calibration32,33. Digital 

PCR works by separating the sample into a large number of partitions, in which the 
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reaction is carried out in each partition individually. After the reaction, a back-

calculation using the final proportion of positive and negative reactions in each 

partition based on a Poisson distribution is made to obtain sensitive and accurate 

measurement of nucleic acid amounts without calibration34. 

 Microfluidic chips with reaction chambers based on polydimethylsiloxane 

(PDMS), glass or silicon materials have been developed and the partition of sample 

and reaction mix can be partitioned using vacuums, valves, or pumps.35–38. 

Compared to physical chambers, another form of digital PCR uses water-in-oil 

droplets in which each droplet becomes a mini-reactor for PCR39. There are also 

commercial digital PCR systems developed commercially for use of either  droplets 

or physical chambers. However, these platforms are often complicated to use and 

expensive.  They often require trained researchers with professional skills to 

perform the assays. Another major challenge to apply digital PCR in the field is that 

amplification of PCR relies on the thermo-cycling, which requires temperature 

controlling elements. Therefore, an alternative amplification method, Loop-

mediated Isothermal Amplification (LAMP) has been developed and widely 

used40,41. The LAMP amplification method is performed at a constant temperature, 

which simplifies the analytical system design. LAMP amplification readily 
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achieves a high degree of specificity and a tolerance toward inhibitors present in 

environmental samples. 

 Covid-19 is an unparalleled pandemic. As of May 10th, 2021, 158,612,000 cases 

and more than 3,299,000 deaths have been reported according to COVID-19 

Dashboard presented by the Center for Systems Science and Engineering at Johns 

Hopkins University.  The number continue to grow. The quantification of SARS-

CoV-2, the causative virus leading to COVID-19, is routinely present in wastewater, 

thus wastewater-based epidemiology (WBE) has become an importance source 

tracing tool. Quantification of SARS-CoV-2 in wastewater provides the ability to 

monitor the prevalence of infections among target populations42,43 and allows for 

early detection of viral contamination. However, SARS-CoV-2 quantification relies 

on the availability of specialized equipment and personnel for environmental44 

water sample preparation, processing, and analysis. Thus, ultrasensitive, rapid, and 

cost-effective microbial detection platforms for point-of-sampling testing (POST) 

are urgently needed.  
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1.1.3. Monitoring Strategies of Waterborne Pathogens 

  Regular environmental surveillance of waterborne pathogens is required to 

ensure the safety of recreational and drinking water in order to protect human health. 

As mentioned above, precise detection and quantification methods for waterborne 

pathogens including traditional culture-based methods and more recent nucleic acid 

amplification diagnosis are regularly used in surveillance programs to periodically 

measure the concentrations of target pathogens and to evaluate the potential risks42. 

Due to the diverse range of pathogenic bacteria in environmental waters, regular 

monitoring for specific pathogens is often impractical. Therefore, microbial 

indicators are most often used to manage waterborne health risks23,43. Microbial 

indictors are microorganisms that are more abundant and more easily detected, and 

are indicative of the potential presence of other pathogenic organisms. The most 

commonly used microbial indicator is Escherichia coli (E. coli) due to its high 

correlation with fecal contaminations44–46. There is a high concentration of E. 

coli in the intestine of vertebrate animals. Therefore, the presence of E. coli in 

environmental waters is used as indicator of fecal contamination and associated 

pathogenic risks47,48. Compared to many pathogenic bacteria ,which usually have 

very low concentration in environmental waters and are thus difficult to be detected, 
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E. coli’s concentration is relatively high in both food or environmental samples. 

Furthermore, there are well-established detection protocols for E. coli using both 

cultivation-based and nucleic acid analysis methods.  

 One of the leading etiologic pathogenic bacteria that need to be frequently 

monitored is Vibrio cholerae (V. cholerae). Some strains of V. cholerae that can 

secrete cholera toxin (CT); they are also the causative agent of the reemerging 

cholera as a disease49,50. During bacterial infection of the human intestine, mucous 

production is enhanced, leading to diarrhea and vomiting which will cause extreme 

dehydration. Cholera is estimated to cause around 2.8 million cases of illness and 

91,000 deaths worldwide annually51. Similar other pathogenic bacteria, V. cholerae 

is mainly transmitted through the fecal-oral route, in which fecal matter is secreted 

by infected persons is passed on to healthy individuals though untreated drinking 

water or contaminated food22. Moreover, after being released to the environment. 

V. cholerae can persist in aquatic reservoirs for weeks or months, which further 

increase the difficulty to eradicate the transmission of the disease52,53. Testing the 

concentration of the microbial indicator E. coli in environmental waters should give 

useful information for the presence of V. cholerae, which will help evaluating the 

risk of this pathogenic bacteria and design better bottom-up control practices. 
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However, the growth, persistence, and survival of this indicator bacteria with other 

fecal contaminants can vary as a function of environmental location.  In addition, 

the correlation between E. coli with V. cholerae and its relationship to other 

pathogenic bacteria needs to be studied in order to provide better methods for 

monitoring waterborne pathogens43,47.  
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1.2. Thesis outline 

 The structure of this thesis has three parts.  The schematic roadmap of the thesis 

is shown in Figure 1.1. 

 

 

Figure 1.1 Roadmap of this thesis dissertation. 

 

 Even though numerous methods have been developed for the detection and 

quantification of waterborne pathogens, the application of these methods is often 

hindered by the very low pathogen concentrations in natural waters. Therefore, 

rapid and efficient sample concentration methods are urgently needed. In Chapter 
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2, we present a novel method to pre-concentrate microbial pathogens in water using 

a portable 3D-printed system with super-absorbent polymer (SAP) microspheres, 

which can effectively reduce the actual volume of water in a collected sample. The 

SAP microspheres absorb water while excluding bacteria and viruses by size 

exclusion and charge repulsion. SAP microspheres can be reused for 20 times 

without performance loss.  This capability significantly decreases the cost of a 

‘point of use’ concentration system. 

 Following the SAP concentration step, Chapter 3 explores the use of a membrane-

based, in-gel loop-mediated isothermal amplification (mgLAMP) platform for 

digital detection of SARS-CoV-2 and several pathogenic bacteria in ambient water 

samples. Since the detection and quantification of many pathogenic 

microorganisms still relies primarily on either culture-based assays, which takes a 

relatively long time, or polymerase chain reaction (PCR) assays, which are often 

constrained to use in a laboratory. In this study, we report on an on-membrane in-

gel loop-mediated isothermal amplification (mgLAMP) system using QUASR or 

molecular beacon probes. Viral or bacterial particles in environmental water 

samples are initially filtered through a PCTE membrane and then immobilized with 

LAMP reagents in a polyethylene glycol hydrogel. Amplification of the target 
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nucleic acids through the LAMP reaction is restricted by the hydrogel matrix. 

Finally, we used the number of fluorescent amplicon dots, which are imaged by a 

smartphone, to quantitatively determine the initial concentration of SARS-CoV-2 

or pathogenic bacterial concentration in a water sample. 

 Chapter 4 explores the potential antagonistic interactions of Vibrio cholerae (V. 

cholerae) and Escherichia coli (E. coli) in terms of their relative dominance, and 

growth in competition for substrates and nutrients as functions of temperature, 

salinity, pH using plate culturing and real-time polymerase chain reaction (qPCR) 

as quantification tools. V. cholerae interacts E. coli differently based on a given 

water conditions.  This suggests that competitive microbial interactions are also 

influenced by environmental stressors present in ambient waters and that various 

inhibitors or anthropogenic contaminants may actually regulate the proliferation of 

V. cholerae.  
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2.0. Abstract 

Even though numerous methods have been developed for the detection and 

quantification of waterborne pathogens, the application of these methods is often 

hindered by the very low pathogen concentrations in natural waters. Therefore, 

rapid and efficient sample concentration methods are urgently needed. Here we 

present a novel method to pre-concentrate microbial pathogens in water using a 

portable 3D-printed system with super-absorbent polymer (SAP) microspheres, 

which can effectively reduce the actual volume of water in a collected sample. The 

SAP microspheres absorb water while excluding bacteria and viruses by size 

exclusion and charge repulsion. To improve the water absorption capacity of SAP 

in varying ionic strength waters (0-100 mM), we optimized the formulation of SAP 

to 180 g∙L-1 Acrylamide, 75 g∙L-1 Itaconic Acid and 4.0 g∙L-1 Bis-Acrylamide for 

the highest ionic strength water as a function of the extent of cross-linking and the 

concentration of counter ions. Fluorescence microscopy and double-layer agar 

plating respectively showed that the 3D-printed system with optimally-designed 

SAP microspheres could rapidly achieve a 10-fold increase in the concentration of 

Escherichia coli (E. coli) and bacteriophage MS2 within 20 minutes with 

concentration efficiencies of 87% and 96%, respectively. Fold changes between 
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concentrated and original samples from qPCR and RT-qPCR results were found to 

be respectively 11.34-22.27 for E. coli with original concentrations from 104 to 106 

cell·mL-1, and 8.20-13.81 for MS2 with original concentrations from 104-106 

PFU·mL-1. Furthermore, SAP microspheres can be reused for 20 times without 

performance loss, significantly decreasing the cost of our concentration system. 
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2.1. Introduction 

 Waterborne pathogens, including various pathogenic bacteria, viruses, and 

protozoa, are responsible for a series of diseases, and thus have been a major public 

health concern worldwide[1–3]. According to the World Health Organization 

(WHO), global mortality attributable to water-related diseases is currently 3.4 

million per year, most of which are children[4]. This issue is especially severe in 

developing regions of the world due to the scarcity of clean water supplies and poor 

sanitation conditions[1,4–6]. Sensitive detection and quantification methods for 

waterborne pathogens, including traditional culture-based methods, or more 

recently, nucleic acid amplification tests[3,7–10], are thus indispensable to ensure 

water safety and to protect the public health. 

Testing for pathogens in environmental waters has two main challenges: 1) the 

concentrations of pathogens in environmental water samples are usually 

magnitudes lower than those in clinical samples; and 2) the small sample volume 

being analyzed in each assay makes the direct detection of pathogens in 

environmental water samples nearly impossible[1,3]. Pathogen concentrations 

below the detection limit of the methods mentioned above, do not guarantee the 
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safety of water, as they may still pose a health risk considering their low infectious 

doses [5,11]. 

Numerous techniques for pathogen concentration have been developed. Traditional 

techniques including polyethylene glycol (PEG) coagulation and precipitation, 

membrane filtration, centrifugation, and evaporation are most commonly 

used[12,13]. However, these concentration methods require complicated setups and 

are often time-consuming, which means water samples have to be transported to 

centralized laboratories with inevitable sample degradation even under continuous 

cold chain[1]. For field-studies, marine biologists use three steps of Tangential 

Flow Filtration (TFF) to concentrate water samples with a volume of 120 L[14]. 

The use of filtration cartridges and membranes, as well as pumping systems, are 

inevitable and the first TFF step for 60-fold concentration alone takes four 

hours[15]. The Bag-Mediated Filtration System (BMFS) provides another in-field 

concentration method that uses gravity as the driving force to filter and concentrate 

water samples. However, filters and an elution step followed by PEG/NaCl 

precipitation were also required[16]. Some new techniques are emerging, such as 

in-plane evaporation[17], magnetic nanoparticle platform on chip[18] or magnetic 

separators[19,20]. However, these new methods are still limited to laboratory use 
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and are incapable of handling field samples with volumes of at least 1 or 2 liters[19–

21].  

Super-absorbent polymer (SAP) microspheres are a class of cross-linked hydrogels 

that can absorb and retain water up to 1000 times the initial dry weight of the SAP 

beads[22,23]. SAP materials are widely used in personal disposable hygiene 

products (e.g., diapers), and for agricultural water preservation or waste fluid spill 

control[24,25]. By controlling the pore sizes of the hydrogel down to several 

nanometers, SAPs can absorb water but at the same time exclude particles with 

sizes above several nanometers, such as bacteria and viruses[24,26]. In order to use 

SAPs for microbial sample concentration, the SAPs were synthesized as small 

spherical microspheres using a milli-fluidic flow system. Itaconic acid is added to 

the polymer to obtain negatively charged polymeric microspheres that have 

uniform spherical shapes, which minimize electrostatic adsorption of 

microorganisms on the surface of the microspheres[27]. 

SAP microspheres absorb water through osmosis, which is driven by 

polyelectrolyte counter ions attached to the polymer. However, the extent of water 

absorption is limited by the retention force of the polymer networks due to cross-

linking. The maximum water absorbencies and water absorption rates of the SAPs 
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are determined by the equilibrium of the osmotic forces and the retention forces. 

For a given SAP formulation with a fixed number of polyelectrolyte counter ions, 

the osmotic force generated by the SAPs decreases with an increase of ionic 

strength, which effectively lowers the maximum water absorbency and water 

absorption rate of a specific SAP formulation. Therefore, the ionic strength of 

environmental water samples may have a significant impact on the performance of 

the SAP microspheres.  

Here we have adjusted the composition of the SAP microspheres to achieve optimal 

performances in freshwater or saline waters and further demonstrated that bacteria 

and viruses collected from environmental water samples can be rapidly 

concentrated using optimized SAP microspheres. We have further developed a 3D-

printed portable, hand-pressed centrifuge system to realize the single-step 

concentration using SAP microspheres for onsite water concentration in limited-

resource settings and without trained personnel. Our study highlights that 

concentration of the microbial samples using SAPs provides an alternative sample 

concentration method that avoids a typical multi-step procedure that is often tedious, 

time-consuming, and inappropriate for use in underdeveloped parts of the world.  
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2.2. Materials and Methods 

2.2.1. SAP preparation and characterization 

 Monomers used for synthesis of the polymeric beads were acrylamide and itaconic 

acid, which were dissolved in deionized water with concentrations of 180 g∙L-1 and 

20 g∙L-1, respectively. Bis-acrylamide (4.0 g∙L-1) was added to the monomer 

solution as a cross-linker and potassium persulfate (2.6 g∙L-1) was added as the 

initiator of the polymerization reaction[27–29]. Itaconic acid in the monomer 

solution was fully neutralized by sodium hydroxide prior to the polymerization. All 

chemicals were purchased from Sigma-Aldrich and were used as received. 

 SAP microspheres with diameter of 500 µm were prepared by a two-step 

polymerization using a milli-fluidic system as shown in Fig. 1. Droplets of the 

monomer solution were generated through a T-junction with an inner diameter of 

1/16 inch into the carrying silicon oil of 500 cSt. For the generation of water phase 

droplets, oil phase and water phase were injected at 0.5 mL∙min-1 and 0.2 mL∙min-

1, respectively, using two syringe pumps (74905-02, Cole-Parmer, US), into the 

tubing with 1/16-inch inner diameter. Generated droplets first underwent 

preliminary polymerization in the tube for 30 seconds at 95°C. Subsequently, full 
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polymerization of the microspheres was achieved after the microspheres left the 

tube and settled in the hot oil bath at 95°C for 1.5 hours. This system can generate 

microspheres of diameters ranging from 500 µm to 2000 µm. Another fabrication 

method, inverse suspension polymerization, can be used to generate microspheres 

of diameters ranging from 10 µm to 500 µm, which can be used in smaller 

concentration systems with smaller starting sample volumes (see Fig. S1). After the 

polymerization, fabricated microspheres were washed using 95% ethanol to wash 

off residual oil. Microspheres were soaked in DI water for 24 hours to remove any 

remaining monomers and subsequently dried under vacuum overnight. Weight 

analyses of dried SAP microspheres were performed using an analytical balance 

(AT469, Mettler, USA). 

 

2.2.2. Water absorbency evaluation 

 The water absorbency Q (g/g) is defined as the swollen weight of SAP (g) divided 

by the dried weight of SAP (g). To simplify the experimental procedures and to 

evaluate the water absorbency more easily and precisely, larger SAP blocks (~1×10-

2 g/block) (Fig. S7) were fabricated with varying monomer and cross-linker ratios 
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(see Table 1). SAP blocks were fabricated under the same condition for SAP beads 

fabrication, and they share the same adsorption properties with SAP beads. Na+ 

content in the polymer was changed by varying the proportion of sodium itaconate 

in the monomer solution. SAP blocks were tested for their absorbency in sodium 

chloride solutions with a series of ionic strengths of 0, 100, 200 and 500 mmol∙L-1 

[30]. The ionic strength S of all solutions was calculated using the following 

equation: 

𝑆 =
1

2
∑ 𝑐𝑖𝑧𝑖

2𝑛

𝑖=1
                                                      (1) 

where c is the concentration of the dissolved salt ion in mol∙L−1, and z is the valence 

of the ion. For the dissolved salts, a complete dissociation was assumed[30]. After 

absorbing water overnight, polymer blocks were drained and the remaining water 

on the surface of the SAP was gently removed with a paper tissue. The weight of 

the fully swollen SAP blocks was determined, and their corresponding water 

absorbency (gram water absorbed by gram dried polymer) was calculated.  

 To measure the absorption rate, completely dried SAP microspheres were soaked 

in water. Their diameter changes upon swelling were recorded and measured with 

a light microscope (Leica M205FA, Leica Co., Germany). The water absorption 
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rates were evaluated by three models with MATLAB (see supplementary 

information) and compared to the experimental results. 

 

2.2.3. Microbial sample preparation 

 E. coli (ATCC 10798) was used as model bacteria in this study and cultured in 

Luria-Bertani broth (BD Difco™, USA). Before each concentration test, cells were 

harvested, washed and serially diluted to 104-106 cells∙mL-1 using phosphate-

buffered saline (pH 7.4) (Corning™, USA). Coliphage MS2 (ATCC 15597-B1) was 

chosen as model virus. The growth and purification procedures of MS2 are 

described in our previous work[10]. Before spiking MS2 in water samples, host E. 

coli cells were removed through centrifugation at 12000 rpm (13523 g) for 2 min 

(Eppendorf 5424, US). Briefly, MS2 suspension was diluted to 105-107 PFU∙mL-1 

for seeding studies. Environmental water samples were collected from a turtle pond 

on the Caltech campus and from the primary effluent from a local wastewater 

treatment plant (with ionic strengths of 15 and 20 mmol∙L-1, respectively[31]). The 

conductivities and pH values of environmental water samples were measured with 
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an electrical pH/conductivity meter (Orion Star A215, Thermo Scientific, US) and 

ionic strengths were quantified using Griffin’s equation[32]. 

 

2.2.4. Concentration experiments 

 A manual hand-powered tube system was designed and fabricated for field use in 

resource-limited settings (see Fig. 4). A 3D-printed filter with a mesh size of 300 

µm (Fig. S4A) was inserted into a 50 mL commercial centrifuge tube 

(SuperClear™ Ultra High Performance Centrifuge Tubes, VWR, USA). The filter 

was fabricated using a high-resolution 3D printer (ProJet™ MJP 2500 Plus) with 

Visijet M2 RCL Clear Material (3D Systems, Rock Hill, SC). Subsequently, the 

tube was divided into two chambers: the upper chamber (filled with 0.5 g SAP 

microspheres) for sample concentration; and the lower chamber for concentrated 

sample collection. 40 mL water sample was added into the tube and was kept in the 

upper chamber. The sample water would not enter the lower chamber through the 

filter due to the surface tension of the liquid. The tube was left standing for 15 

minutes for SAP microspheres to absorb water. Then the residual water (~4 mL) 

was transferred to the lower chamber by centrifugation (~500 rpm). The hand-press 
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centrifuge was adapted from a commercially-available salad spinner (32480, OXO, 

USA). The filter and microspheres were taken out of the centrifuge tube. 

Subsequently, the concentrated sample was collected and its volume was measured. 

The concentrations of E. coli and MS2 in samples before and after concentration 

were measured and compared as described in section 2.5. Concentration 

experiments of E. coli solutions with initial concentrations of 104, 105 and 106 

cell·mL-1 were performed as independent triplicates. The difference before and after 

each microsphere-concentration experiment was compared using qPCR assays. The 

qPCR assays of E. coli solutions of 105, 106 and 107 cell·mL-1 were also performed 

as positive controls. Concentration experiments using MS2 with initial 

concentrations of 105, 106 and 107 PFU·mL-1 were performed in triplicate. The RT-

qPCR assays of MS2 solutions of 106, 107 and 108 PFU·mL-1 were also performed 

as positive controls.  

 

2.2.5. Concentration efficiency analyses 

 In this study, we use concentration efficiency to evaluate the performance of the 

concentration system. Here, we define the concentration efficiency as the 
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percentage of microorganisms that remain in concentrated samples. Concentration 

efficiencies for E. coli and MS2 were analyzed using both of microcopy and 

culturing methods at the level of cell. The performance of the system was further 

evaluated by the fold-change using PCR-based molecular methods. E. coli cell 

concentrations were quantified using fluorescence microscopy (Leica DMi8, Leica 

Co., Germany) after SYBR-Green (Invitrogen™, USA) staining according to the 

manufacturer’s protocol[10]. Fluorescence pictures were processed and the cell 

numbers were counted by ImageJ software (ImageJ 1.51j8, Wayne Rasband 

National Institutes of Health, USA). The number of E. coli was also evaluated by 

plating on Luria-Bertani agar (BD Difco™, USA). Colonies were counted after 14 

h of incubation at 37°C. Total environmental bacterial concentrations in 

environmental water samples (pond water and wastewater) were enumerated by 

fluorescence microscope counting and plate counting on LBA as well. The MS2 

concentration was determined by the double agar layer method[33].  

 Concentration efficiencies of E. coli and MS2 were quantified by quantitative 

PCR (qPCR) and quantitative reverse transcription PCR (RT-qPCR) using a 6300 

Realplex4 qPCR platform (Eppendorf, Hamburg, Germany). Relevant primer sets 

and probes are listed in Table S1. For E. coli, the qPCR assay targeting the 16s 
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rRNA gene was carried out in a 20-μL reaction mixture consists of 10 μL 

PerfeCTa® qPCR ToughMix® (Quanta BioSciences Inc.), 0.25 μM forward primer, 

0.25 μM reverse primer, 0.25 μM TaqMan probe, 2 μL of template DNA, and 

nuclease-free-water. The qPCR thermocycling involves 3 minutes of initialization 

at 95 °C, and 40 cycles of denaturation at 95 °C for 15 seconds followed by 

annealing/extension at 55 °C for 30 seconds. For MS2, the RT‐qPCR reactions were 

performed using QIAGEN OneStep RT‐PCR Kit (Germantown, MD). Each 25-µL 

reaction mix included 800 nM forward and reverse primers, 300 nM TaqMan probe, 

0.5 mg·mL-1 BSA, 1x RT‐PCR buffer, 0.4 mM dNTP, 1 U enzyme mix, 3 µL of 

template RNA, and nuclease-free water.[10] The RT‐qPCR thermocycling involves 

an initial reverse transcription step at 50 °C for 30 minutes, followed by an initial 

denaturation at 95 °C for 15 minutes, then 45 cycles of 94 °C for 15 seconds and 

60 °C for 60 seconds. The nuclease-free water was used as negative controls for all 

qPCR and RT-qPCR assays. Here for each concentration assay, the concentration 

efficiency was evaluated by the fold change value:  

    Fold change = 
𝐶(𝑎𝑓𝑡𝑒𝑟 𝑡ℎ𝑒 𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛)

𝐶(𝑏𝑒𝑓𝑜𝑟𝑒 𝑡ℎ𝑒 𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛)
 × 100%                              (2) 

where C (before the concentration) and C (after the concentration) are concentrations of sample 

before and after concentration calculated with standard curves performed on each 
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plate. Concentrations of E. coli and MS2 standard samples were respectively 

evaluated using the fluorescence microscopy and the double-layer agar as described 

in Section 2.5. All qPCR and RT-qPCR reactions performed in this study reached 

efficiency between 90% and 110%, indicating the high reliability of our performed 

assays[34]. Quantification data of samples before and after concentration 

experiments for the fold change calculations for both E. coli and MS2 can be found 

in Table S3 in the supporting information. All samples were run in triplicate. 

 

2.2.6. Reusability test 

To reuse the SAP microspheres after the concentration tests, the microspheres were 

washed under running tap water for two minutes to remove the remaining bacteria 

and viruses from the surfaces of the microspheres. The SAP microspheres were 

subsequently washed in 30 mL Milli-Q water and followed by being dried for 

subsequent reuse. The synthesized SAP microspheres were fully loaded with water 

via absorption and then dried using a vacuum oven (VO914A, Thermo Scientific, 

USA) for 20 consecutive cycles. The gross weights and water absorbencies were 

measured to test their reusability after successive swelling and drying cycles.   



41 

 

 

2.3. Results and Discussion 

2.3.1. Synthesis of SAP microspheres 

 Uniform poly (acrylamide-co-itaconic acid) (P(AM-co-IA)) microspheres were 

fabricated using a system as illustrated in Fig. 1. Monomer solution-in-oil droplets 

were generated with two syringe pumps, using a T-junction. After the generation of 

monomer solution droplets, the P(AM-co-IA) microspheres required at least 1.5 

hours at 95°C to achieve complete polymerization: the polymerization reaction was 

catalyzed by free radicals from persulfate generated by heating and dissociating 

potassium persulfate. The persulfate free radicals convert monomers of acrylamide 

and itaconic acid with double bonds to free radicals that react with other monomers 

to begin the polymerization chain reaction. The elongating polymer chains are 

randomly cross-linked by bis-acrylamide, resulting in a gel matrix structure[35]. 

The two-step polymerization system was designed such that the polymer 

microspheres would only undergo preliminary polymerization in the tube, so they 

would not fuse into each other and block the tube. When the partially polymerized 

microspheres left the tube, they were immersed in an oil bath for 1.5 hours allowing 

for complete polymerization. The characteristics of washed and fully-dried SAP 

microspheres presented uniform spherical shape with a characteristic diameter of 
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500 ± 8 µm, white color, and smooth surfaces as shown in Fig. 1. Each SAP 

microspheres have the same formula and are formed with the same amount of 

monomers, being very uniform after absorbing water. The slight difference in the 

shape of the sphere when they are dried was most likely due to the inconsistent 

shape change during the drying process. When the microspheres were fully dried, 

their density was slightly lower than that of water due to that voids presented in the 

polymer structure. Variances in the porous polymer structure during drying of each 

polymer microspheres may also lead to slight density inconsistency between 

microspheres, but these slight differences in shape and density would not influence 

the performance of SAP microspheres on water absorption as they became uniform 

after they start to absorb water. Smaller size microspheres can be fabricated by 

inverse suspension polymerization method and shared similar SAP properties (see 

Fig. S1B).  

 

2.3.2. Optimization of SAP for various water matrices 

 SAP microspheres used in the previous research with fixed composition can only 

work in deionized water, since both the maximum capacity, and the rate of water 
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absorption would decrease drastically in high ionic strength water. Hence, the 

composition of the SAP beads needs to be adjusted to achieve optimal performances 

for different water matrices. SAP blocks fabricated according to the original 

monomer solution recipe (180 g∙L-1 AM, 20 g∙L-1 IA and 4.0 g∙L-1 Bis-A) could 

absorb water of around 80 times their own weight (water absorbency (Q ~ 80), and 

a maximum absorbency of 96% was reached under 20 minutes in DI water (see Fig. 

2). Although the polymer is stable and tolerant to different environmental 

conditions, the maximum water absorbency and water absorption rate of the 

polymer were significantly reduced in higher ionic strength water samples due to 

the decreased osmotic force. For environmental waters, the average ionic strength 

of freshwater and wastewater are around 5 mmol∙L-1 and 50 mmol∙L-1, respectively, 

and can be as high as 150 mmol∙L-1 for untreated wastewater[36–39]. In water with 

an ionic strength of 100 mmol∙L-1, the same SAP’s absorbency decreased to 30% 

of its maximum absorbency. Less than 80% of maximum water absorbency was 

achieved, and equilibrium could not be reached for more than 30 minutes (see Fig. 

2). Therefore, the SAP composition requires optimization to improve its 

performance in saline water.  
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 The water absorbency of SAP is determined by the balance of three forces: (1) the 

osmosis potential between the solution within the polymer network and the external 

solution; (2) the electrostatic repulsion resulting from the fixed charges on the 

polymer chains; and (3) the elastic retractile response of the polymer network[40]. 

Forces (1) and (2) increase the absorption of SAP while force (3) restricts the 

absorption. The high sodium cation (polyelectrolyte counter ion) concentration 

within the polymer network provides osmotic pressure, which quickly drives water 

into the polymer. As the water penetrates the polymer, the sodium cation is diluted, 

and the concentration of sodium cation in the polymer decreases, leading to a 

decrease of osmotic force[22,23]. At the same time, the retention force of the 

polymer is increasing with the expansion of the polymer network. When the balance 

between the osmotic force and retention force is reached, the SAP is at equilibrium. 

For the cross-linked polymer, the water absorbency, Q, can be expressed as a 

function using elasticity gel theory of Flory[35,40], which has the following form: 

𝑄
5

3 = [(
𝑖

2𝑉𝑢𝑆
1
2

)

2

+ (
1

2
− 𝑋1) 𝑉1] 𝑉𝑒/𝑉0                                          (4) 

where Q: maximum water absorbency (g/g); Ve/V0: crosslinking density of polymer 

(amount cross-linker/total polymer); (1/2-X1)/V1: affinity between polymer and 
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external solution (X1: interaction parameter of polymer with solvent; V1: molar 

volume of solvent in a real network); Vu: volume of structural unit; i: 

electronic/ionic charge present on the polymer backbone per polymer unit; i/Vu: 

fixed charge per unit volume of polymer; S: Ionic strength of external solution 

(mol∙L-1). Since the affinity of the polymer to water does not change in our case, 

and the volume of the structural unit is fixed, the maximum water absorbency is 

solely controlled by the crosslinking density, fixed-charge density and external 

ionic strength.  

 Two methods were explored to improve the performance of SAP in water at 

different ionic strengths: one was to reduce the retention force of the polymer by 

decreasing the cross-linking degree; and the other was to increase the osmotic 

pressure by increasing the sodium content in the polymer. The recipe changes of 

SAP also varied the pore size of the fabricated SAP, which was still small enough 

to exclude bacteria and viruses with high concentration efficiencies (see section 3.4 

for results and discussion). 

 Fig. 3 shows the change of SAP absorption performance induced by varying cross-

linking degrees and counter ion concentrations. As shown in Fig. 3A, SAP with the 

lowest cross-linking degree (C1) could reach water absorbency of 50 in the highest 
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ionic strength solution (500 mmol∙L-1), while the absorbency of the original 

microspheres (O1) decreased to less than 20. However, it should be noted that when 

loosening the structure of the polymer to reduce the retention force, the mechanical 

strength of the SAP is also reduced. If the cross-linking degree were modified to an 

amount smaller than 1 g Bis-A per 1000 g total monomer, then the SAP 

microspheres broke easily during the centrifugation step and the debris of the 

broken SAP microspheres entered the residual water sample, influencing the 

experimental results. Thus, broken SAP microspheres cannot be reused.  

 Increasing the Na+ content in the polymer also significantly improved the 

absorption rate of SAP in saline water, by providing an increased osmotic force (see 

Fig. 3B). Before the centrifugation step, the microspheres needed to reach at least 

90% of their maximum absorbency. At this stage, the absorption rate slows down 

and the weight of SAP did not change a lot (Fig. 2), which was important for the 

following centrifugal step. For a successful concentration step, a small volume of 

sample must remain after the water absorption through SAP. Therefore, a slow 

water absorption rate of SAP microspheres during centrifugation would be 

desirable. Otherwise, the SAP microspheres would continue to rapidly absorb the 

remaining water during centrifugation and the sample water could be totally 
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absorbed by SAP microspheres at a fast absorption rate, leading to the failure of the 

concentration process. For the original SAP microspheres, less than 80% of the 

maximum water absorbency was obtained at 20 minutes in 100 mmol∙L-1 water 

while still swelling rapidly. If we were to use SAP microspheres made with this 

recipe, the concentration process would take more than 30 minutes. However, the 

microspheres with the S2 recipe would reach 95% maximum water absorbency in 

20 minutes, which was much faster than the microspheres with the original recipe 

(~35 minutes). The improvement of the absorption rate was further confirmed using 

three models (see supplementary information). By applying the models to our 

experimental data to calculate the diffusion coefficients, all three models show the 

increase of the diffusion coefficients by around 50% after using the optimized 

recipe. Since the resulting linear fits of Q5/3 versus the cross-linking density and the 

fixed charge density (i/Vu) are consistent with the predictions of the Flory 

theory[39,40] (Fig. 3), the SAP formulations could be easily customized to suit 

different ionic strengths of the respective water matrices.  

 

2.3.3. Tube concentration system 
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Furthermore, the previous concentration method introduced in Xie et al. (2015) 

required five manual and consecutive operations of using pipettes to collect 

concentrated samples (each step concentrating about 20% of the sample volume), 

which made this approach tedious, time-consuming and not applicable in field. 

Therefore, our study remarkably developed a portable, hand-pressed centrifuge 

system with one-step operation to facilitate the efficient use of SAP beads for onsite 

concentration for waterborne microorganism in low-resource settings, thus 

allowing our concentration method to be easily performed by people without any 

prior training. Fig. 4 schematically illustrates the tube system for microbial 

pathogen concentration. Each tube contains 0.5 g SAP microspheres and a 3D-

printed filter. The 3D-printed filter divided the tube into two chambers and the water 

samples are restricted in the upper chamber before centrifugation by the filter due 

to the surface tension of the sample. After adding the sample, the tube only need to 

be left to stand for 20 minutes for the full absorption of water by the SAP. Non-

absorbed water is transferred to the lower chamber using a hand-press centrifuge. 

After 20 minutes, more than 90% of the sample was adsorbed and continued 

absorption became very slow. Thus, a remaining water sample (~4 mL) could be 

collected by centrifugation. The hand-press centrifuge was adapted from a salad 

spinner, which can reach an average rotation speed of 500 rpm. This spinning speed 
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was fast enough, as evident, as the concentration efficiency (percentage of 

microorganisms recovered after concentration) did not change when using a 

commercial centrifuge with up to 1200 rpm (data not shown). This hand-pressed 

spinner reduced the cost of the system and made the system totally off-grid and 

suitable for field use. Moreover, our system may be a promising tool in field studies, 

as it can rapidly concentrate environmental samples. One example of applications 

could be in-field sequencing when coupled with the new sequencing technology, 

MinION sequencer[41]. 

 

2.3.4. Microorganism concentration performance 

 The concentration factor (hereinafter referred to as the ratio of the sample volumes 

before and after the concentration) of SAP microspheres were maintained in a range 

of 1.3–2.1 for each step, so that the swollen SAP microspheres could be suspended 

after the concentrating step. When the concentration factor exceeded 4, the 

concentration efficiency decreased substantially due to that the microorganisms 

trapped in remaining liquids on the microsphere surface and/or in the voids among 

the microspheres. The concentration efficiency dropped to 38% when the 
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concentration factor increased an order of magnitude[27]. When using the hand-

pressed centrifuge centrifuging step, the concentrate was transferred to the 

collection chamber. This step substantially improved the concentration factors (the 

ratio of the sample volumes before and after concentration) and concentration 

efficiencies. A concentration efficiency of 87 ± 6% was achieved with a 

concentration factor of 9-10 for E. coli in DI water within 20 min (see Fig. 5). By 

using different SAP formulations, we were able to achieve similar concentration 

efficiencies of E. coli in water with high ionic strengths up to 100 mmol∙L-1. S2 

SAP microspheres were used for the concentration of E. coli in 100 mmol∙L-1 ionic 

strength water and an average of 89 ± 17% concentration efficiency was achieved. 

Additionally, qPCR targeting 16S rRNA gene and RT-qPCR were respectively 

performed to evaluate the concentration efficiencies of E. coli and MS2. As shown 

in Fig. 6, the fold change values between 10-fold concentrated samples and original 

samples were found to be 11.34, 22.27 and 17.97, respectively, from E. coli 

solutions with initial concentrations of 104, 105 and 106 cell·mL-1. As positive 

controls, the fold changes between E. coli solutions of 105 and 104, 106 and 105, 107 

and 106 cell·mL-1 were 3.03, 8.50 and 9.34, respectively, which implied the 

concentration efficiencies of SAP microsphere-based concentration system were 

respectively 275%, 162% and 92% higher than they were supposed to be by qPCR 
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assays. For the samples of 104, 105 and 106 cell·mL-1. Fold change values between 

samples of 105 (both concentrated and serially diluted) and 104 cell·mL-1 were 

relatively low because the concentration of 104 cell·mL-1 is much close to the 

detection limit of 16S rRNA qPCR. Our results showed that the tube concentration 

system based on SAP microspheres could achieve satisfactory concentration 

efficiencies of E. coli solutions with a range of initial concentrations.  

  The bacterial concentrations of original samples did not affect the concentration 

efficiency as evaluated by microscopic cell counts. Experimental results showed 

very similar concentration efficiencies (between 85% - 90%) for water samples 

with different initial concentrations from 104 -108 cells∙mL-1, thus allowing total 

concentration efficiencies of higher than 60% for 100- or 1000-time concentration, 

although 2 or 3 sequential concentration steps may be required. It should be noted 

that these sequential concentration steps may require multiple formulations of SAP 

microspheres due to the increasing ionic strength during concentration. It’s 

extremely difficult to achieve 100-1000 times concentration in one step due to the 

difficulty in concentrated sample collection and the sample loss on the 

microspheres’ surface. 
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 Concentration tests using bacteriophage MS2 resulted in a similar level of 

concentration efficiency (see Fig. 5) evaluated by plaque forming unit 

quantification. The average concentration efficiency of one concentration step was 

101 ± 12% in DI water using O1 SAP. For a 100-mmol∙L-1 ionic strength water 

sample, the concentration efficiency of MS2 was 90 ± 10%, using S2 SAP 

microspheres (Fig. 5). The value of >100% was likely caused by the well-known 

large standard deviation of the double agar layer method, imprecisions in 

experimental procedures and the MS2 aggregation during experiments. RT-qPCR 

was performed to evaluate the recovery rates of MS2. As shown in Fig. 6, the fold 

changes between concentrated samples and original samples were found to be 13.81, 

9.83 and 8.20, respectively, for the samples with initial concentrations of 104, 105 

and 106 PFU·mL-1. Meanwhile, the fold change values between 106 and 105, 107 

and 106, 108 and 107 were 7.64, 11.22 and 10.69, respectively, which implied the 

concentration efficiencies of SAP microsphere-based concentration system were 

respectively 180%, 88% and 77% comparing to what they were supposed to be by 

qPCR assays. Fold change values between 10-fold concentrated MS2 samples and 

original samples are similar to fold change values of between positive control MS2 

samples with 10-fold dilution, indicating high concentration efficiencies of the tube 

concentration system. In summary, results from qPCR and RT-qPCR assays 
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indicate that the SAP microsphere-based concentration method completely meets 

the requirements for nucleic acid amplification-based environmental monitoring 

and surveillance. It should be noted that compared to conventional virus 

concentration methods, such as ultracentrifugation, electropositive or 

electronegative filters or ultrafiltration[42–44], the SAP microspheres 

concentration method neither uses complicated instruments or expensive filters, nor 

requires the preconditioning of water samples. 

 Furthermore, the concentration efficiencies of SAP microspheres used for 

concentrating the native bacteria in the Caltech pond water (ionic strength 15 

mmol∙L-1, pH = 7.75) and the wastewater from the wastewater treatment plant 

(ionic strength 20 mmol∙L-1, pH = 8.02) were investigated. As shown in Fig. 5, 

average bacterial concentration efficiencies of 112% and 83%, respectively, were 

achieved for pond water and wastewater samples. The concentration processes were 

completed in less than 20 minutes. Presence of other substances in real water 

samples such as natural organic matters or algae would not influence the 

performance of our system according to our tests on real environmental waters, 

which was discussed in section 3.4. 
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 It should be noted that we introduced itaconic acid to our customized SAP formula 

to add a negative surface charge and minimize the electrostatic adsorption of 

microorganisms. Although bacteria and viruses may not always have negative 

surface charge in environmental waters, which depends on their isoelectric 

points[45,46]. As most bacteria have low isoelectric points and will be negatively 

charged in environmental waters[45,47], they should be repelled by the SAP beads 

as what happened to our model bacterium E. coli. However, viruses have a broader 

range of isoelectric points[46]. Our model virus, MS2, has a low isoelectric point 

(~ 3.5)[46] and thus, a high concentration efficiency is expected due to electrostatic 

repulsion. Although accounting for a small part, there are still viruses whose surface 

charges in natural water may not be strong enough for electrostatic repulsion and 

therefore the concentration efficiency might be impaired, e.g., somatic coliphage 

ΦX174 (isoelectric point ~ 7)[46]. 

 

2.3.5. Reusability of SAP microspheres 

 Reusing the microspheres can significantly decrease the cost of our concentration 

system. After use, the microspheres can be washed and dried for subsequent 
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applications requiring sample concentration. Simple washing with running tap 

water was sufficient for the reuse of SAP microspheres, as no bacteria or viruses 

were detected using membrane filtration from the final washing water before the 

next use. For more sensitive applications, SAP microspheres could be autoclaved 

as well. To demonstrate their reusability, the SAP microspheres were dried and 

rehydrated for more than 20 times. Fig. S3 shows the weight change of 100 SAP 

microspheres for 20 cycles of full drying and swelling. For 20 cycles, the weight 

change for both dried and swollen microspheres was less than 5%, whereas the 

decrease of water absorbency was less than 2%. The concentration efficiencies of 

E. coli and MS2 using recycled microspheres (after 20 cycles) were still up to 84 ± 

7% and 90 ± 11%, respectively (Fig. 5). Slight efficiency losses during reusing 

recycled microspheres were most likely attributed to the inevitable breaks of some 

SAP microspheres during the recycling process, which became much more severe 

with the increase of recycling times as observed. Damaged spheres might trap much 

more pathogens due to the increased surface area.  
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2.4. Conclusion 

In this study, tailored SAP microspheres coupled with a hand-powered tube system 

were developed to achieve efficient and rapid concentration for environmental 

microorganisms. In order to overcome the performance loss of SAP in high ionic 

strength water samples, we have been able to improve the water absorption ability 

of SAP microspheres by optimizing the degree of polymer cross-linking and 

controlling the counter ion concentrations using the Flory model as a guide. 

Optimally synthesized SAP microspheres were shown to absorb more water at 

higher absorption rates compared to other commercially available water-absorbing 

microspheres, making our synthetically-tailored SAP microspheres able to 

concentrate bacteria and viruses from high ionic strength water samples and 

environmental water samples within a short time. In addition, we developed a low-

cost, portable, hand-powered portable centrifuge tube system based on our tailored 

SAP microspheres to facilitate concentrating water in low-resource settings in the 

field. Results from our study highlight that we provide a cost-effective, easy-to-use 

and off-grid system with tailored SAP microspheres for various water samples. We 

envision that this system could be applied to the field for efficient microbial 

concentration and promote rapid on-site microbial analysis.  
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Tables and Figures  

 

Table 1. SAP recipes with varying cross-linking degree and sodium content 

  

 Acrylamide 

(g∙L-1) 

Itaconic Acid 

(g∙L-1) 

Bis-Acrylamide 

(g∙L-1) 

(O1) Original Recipe 180 20 4 

C1 180 20 0.2 

C2 180 20 0.4 

C3 180 20 1 

C4 180 20 2 

S1 180 50 4 

S2 180 75 4 

S3 180 100 4 
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Figure 1. A schematic illustration of the synthesis steps producing SAP 

microspheres. 
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 Figure 2. Water absorbency of original microspheres (O1) and revised 

microspheres (S2) in DI water and saline water (100 mmol∙L-1) over time.  



61 

 

 

Figure 3. Change of maximum water absorbency (Q) vs. ambient ionic strengths 

(S), and the impacts of changing cross-linking density (A) and counter ion density 

(B) on maximum water absorbency. Error bars are all smaller than 1% and are not 

shown on graphs. 
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Figure 4. The tube system designed for microbial pathogen concentration using 

SAP microspheres. The tube is composed of 0.5 g SAP microspheres and a 3D-

printed filter. After adding the water sample, the tube is left to stand for 20 minutes 

for the full absorption of water by SAP. Non-absorbed water is pushed to the lower 

chamber using a hand-press centrifuge. 
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Figure 5. Concentration efficiencies of E. coli, MS2 and total bacteria using the 

tube concentration system calculated by microscopic cell counts, plague forming 

unit quantification. E. coli and MS2 were concentrated using new SAP 

microspheres and recycled SAP microspheres after 20 drying- swelling cycle, and 

in DI and 0.1 M ionic strength water. Total bacteria were concentrated from pond 

water and wastewater samples.  
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Figure 6. Fold Changes of qPCR and RT-qPCR of E. coli (A) and MS2 (B) for 

samples in varying magnitude of orders with serially diluted samples (red bars) and 

concentrated samples (blue bars) using the tube concentration system; wherein 

standard deviations (error bars) were calculated from fold change values of triple 

independent concentration experiments. Fold change values were calculated from 

quantification data according to the standard curve performed on each plate. 
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Supporting Information 

1. Fabrication of poly (acrylamide-co-itaconic acid) beads using inverse suspension 

polymerization in a batch reactor 

At room temperature, 40 mL of water was added to a well-mixed oil phase 

containing 185 mL cyclohexane, 65 mL tetrachloroethylene, 0.75 g Span-80 and 

0.375 g Tween-60 in a 500-mL flask. The stirring speed was set to be 180 rpm and 

the water phase was inverse suspended into the oil phase by stirring. At the same 

time, the flask was heated by a water bath to 80°C. When the temperature is reached, 

the system was kept at this temperature for the full polymerization of the water 

phase. After two hours, heat was removed, and when the system was cooled to 

below 50°C, SAP beads were precipitated by adding ethanol. Harvested beads were 

washed with pure ethanol and dried in a vacuum oven overnight.  
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2. Water absorption rate of the SAP beads and model fits 

To investigate the influence of monomer composition on the water absorption rate 

of SAP, three models for diffusion of water into a SAP spheres have been applied 

to evaluate the absorption performance. Expressions for radius expansion over time 

by these models are summarized in Table S2. Data of the swelling behavior of i) 

low sodium SAP bead in DI water, ii) low sodium SAP bead in 0.1M ionic strength 

water, iii) high sodium SAP beads in 0.1M ionic strength water are plotted and fitted 

to these three models through least squares fitting (Fig. S2). 

In these models, a diffusion coefficient is used as a fitting parameter. According to 

the assumptions and calculations used by these models, corresponding diffusion 

coefficients do not have the same units and scales for these three models, but we 

can compare the best fitting diffusion coefficients within each model to imply the 

rate of diffusion of different SAP spheres in different water samples. These three 

models do not provide prefect fits for our experimental data, but the general curves 

for the radius change over time predicted by the models correlate with our 

experimental data. By reading the best-fitting diffusion coefficients, most models 

show a decrease in diffusion coefficients when the SAP swells in water with higher 

ionic strength, which can be accounted for by the reduced cation concentration 
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difference inside and outside the SAP sphere, and thus the reduced osmotic force. 

However, when increasing the sodium content in SAP, all models show that the 

diffusion coefficients increase by around 50%, which is conform to the increase of 

osmotic force. 

The fit of these models to our experimental data is not perfect mainly for two 

reasons. First, the diffusion of water into SAP spheres involves the decrease of 

osmotic force, increase of the polymer retention force, and the electrostatic force 

between negatively-charged polymer chains, which is much more complex than 

what the models can describe. Also, all models only adopt one parameter which 

decreases the flexibility of these models. Therefore, to better describe the swelling 

behavior of SAP, a more detailed model would have to be developed. 
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Figure S1. A) Schematics of the fabrication process of SAP beads using inverse 

suspension polymerization in a batch reactor. B) microscope image of beads 

fabricated by inverse suspension polymerization with average diameter of 120 µm.  
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Figure S2. Comparison of experimental data and the three employed models to 

evaluate the absorption rate of SAP beads (diameter change verses time). 
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Figure S3. Weight change of 100 SAP beads for 20 drying-swelling cycles. Their 

mass when completely dried and swollen was measured and compared and no 

weight or water absorbency loss was observed. 
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Figure S4. A) Design of the filter in the tube system. The filter has a mesh size of 

300 μm, and was fabricated by 3D-printing. B) Pictures of the tube system before 

and after use. Dried SAP beads were pre-loaded in the tube. When the concentration 

was completed, concentrated sample is ready to be collected in the lower chamber.  
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Figure S5. Fluorescence microscope images of E. coli concentration before and 

after concentration. The left side of the images were processed by ImageJ for 

counting. For a 10-fold concentration, an average recovery efficiency of 87% is 

achieved.  
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Figure S6. Centrifuge adapted from a salad spinner for concentration tests. 
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Figure S7. Fabricated SAP blocks for water absorption studies.  
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Table S1-1. Primer and probe sequences for the 16s rRNA qPCR assay1 

16s rRNA 

Primer/probe 

Sequence (5’‐3’) 

Forward primer CGGTGAATACGTTCYCGG, where Y is either C or T 

Reverse primer GGWTACCTTGTTACGACTT, where W is either A or 

T  

TaqMan probe FAM-CTTGTACACACCGCCCGTC 

 

 

Table S1-2. MS2 primer and probe sequences for the RT‐qPCR assay2 

MS2 Primer/probe Sequence (5’‐3’) 

Forward primer ATTCCGACTGCGAGCTTATT 

Reverse primer TTCGACATGGGTAATCCTCA 

TaqMan probe FAM‐ ATTCCCTCAGCAATCGCAGCAAACT‐ 

BHQ1 
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Table S2. Models used to evaluate the swelling of one SAP sphere: 

Equation Reference 

𝑹

𝑹𝟎
= (

𝑹𝒎

𝑹𝟎
− 𝟏) (𝟏 − 𝒆−𝒌𝒕) + 𝟏 Omidian et al. (1998)3 

𝒅𝑸

𝒅𝒕
=

𝝅𝟐𝑫

𝑹𝟎
(𝑸𝒎𝒂𝒙 − 𝑸𝒐) Buchholz (1998)4 

𝑹

𝑹𝟎
= √

𝟏

𝟏 − 𝜽(𝒕)

𝟑

  

𝒘𝒉𝒆𝒓𝒆 𝜽(𝒕)

=  𝜽𝒎𝒂𝒙 − (𝜽𝒎𝒂𝒙 − 𝜽𝟎)𝒆

− 𝒌𝒕 𝒆𝒓𝒆𝒆𝒆

Sweijen et al. (2017)5,6  

Note: Q in Buchholz’s model represents the mass of absorbed water to the mass of 

dry SAP, which can be rewritten in terms of R (assuming water is incompressible), 

and R(t) can be yielded by numerical integration. 
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E. coli 

Before concentration (cell/mL) After concentration (cell/mL) 

 #1 #2 #3 Mean STD 

3.95E+04 2.33E+05 4.93E+05 6.21E+05 4.49E+05 1.98E+05 

1.20E+05 1.46E+06 2.01E+06 4.52E+06 2.66E+06 1.63E+06 

1.02E+06 1.29E+07 1.74E+07 2.45E+07 1.83E+07 5.85E+06 

 

MS2 

Before concentration (PFU/mL) After concentration (PFU/mL) 

 #1 #2 #3 Mean STD 

1.15E+05 2.07E+06 1.09E+06 1.61E+06 1.59E+06 4.90E+05 

8.80E+05 1.19E+07 6.88E+06 7.19E+06 8.66E+06 2.81E+06 

9.88E+06 8.85E+07 7.14E+07 8.30E+07 8.10E+07 8.73E+06 

 

Table S3. Quantification data of samples before and after concentration 

experiments using qPCR and RT qPCR for E. coli and MS2. All concentration 
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experiments were performed as individual triplicates, and all samples were run as 

triplicates on the plate. Standard curves with known gradient concentrations were 

run on each plate for the quantification with reaction efficiency between 90% and 

110% 
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CHAPTER 3. QUASR AND MOLECULAR BEACON-BASED IN-GEL LOOP-
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3.0. Abstract 

The quantification of SARS-CoV-2 in wastewater contributes to wastewater-based 

epidemiology (WBE), which helps the monitoring of prevalent infections within a 

community and early detections of contamination. However, quantification of 

SARS-CoV-2 applied in WBE relies on the availability of specialized equipment 

and personnel for environmental (i.e., freshwater and wastewater) sample 

preparation, processing, and analysis. However, these procedures are currently 

prioritized to meet the demand for clinical sample analyses. Here we demonstrated 

the usage of our portable membrane-based in-gel loop-mediated isothermal 

amplification (mgLAMP) system for absolute quantification of SARS-CoV-2 in 

environmental water samples within a 1h-timeframe for point-of-use (POU) testing 

and data management. The performance of mgLAMP was compared with the 

performance of the reverse-transcription quantitative polymerase chain reaction 

(RT-qPCR) method. The limit of detection (LOD) for mgLAMP for SARS-CoV-2 

quantification in Milli-Q water was found to be 1 copy/mL, while in surface water 

collected from Kathmandu, Nepal, the LOD was 50 copies/mL. Both LODs were 

100-fold lower than those obtained for RT-qPCR analyses in corresponding 

matrices. A 3D-printed portable device, which integrates incubation and 
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illumination, was developed to simultaneously allow for POU operation and 

simultaneous analysis of 9 mgLAMP assays. Quantitative results of the virus 

concentration can be sent to a smart phone or stored in an online database for cloud 

analysis. Compared to alternative detection methods, our platform has a very high 

level of tolerance against inhibitors due to the restriction effect of the hydrogel 

matrix. This allows for the highly sensitive detection in either clinical samples or 

environmental samples.  

Keywords: digital LAMP, pathogen detection, point of use, membrane 

  



93 

 

 

3.1. Introduction 

 The world is currently facing an unprecedented public health burden due to 

Coronavirus COVID-19. As of May 10th, 2021, more than 158,612,000 cases and 

more than 3,299,000 deaths have been reported according to COVID-19 Dashboard 

by the Center for Systems Science and Engineering at Johns Hopkins University, 

with numbers still growing. Since infected individuals, whether symptomatic or 

asymptomatic, shed SARS-CoV-2 virus in their stool and the virus finally entered 

wastewater treatment plants1,2, the quantification of SARS-CoV-2 in wastewater 

affords the ability to monitor the prevalence of infections among a given 

population3,4 and also provide for an early detection of contamination via 

wastewater-based epidemiology (WBE). Wastewater-based epidemiology can also 

be applied to surface water samples for cases for which wastewater is discharged 

into freshwater including rivers, lakes, and estuaries without proper treatment5,6. 

However, quantification of SARS-CoV-2 applied in WBE relies on the availability 

of specialized equipment and personnel for environmental7 sample preparation, 

processing, and analysis that are currently prioritized to meet the demand for 

clinical samples analyses. Therefore, ultrasensitive, rapid, and cost-effective 

microbial detection platforms for point-of-sampling testing (POST) are urgently 
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needed for monitoring the arrival, spread and decline of the SARS-CoV-2 virus in 

environmental samples.  Corresponding control strategies could then be used for 

infection mitigation based on the testing results. 

 Quantitative reverse transcription PCR (RT-qPCR) is currently mostly used for 

COVID-19 detection as the gold standard for both clinical and environmental 

samples1. Since the application of this detection method is often hindered by supply 

shortages of reagents and thermal-cycling equipment, relative long sample-to-

answer time (4-5 hours) and lack of professional lab labor8, RT-qPCR is not suitable 

for point-of-sampling testing for SARS-CoV-2, especially for environmental water 

samples. To simplify the process of RT-qPCR for on-site usage, methods have been 

developed to simplify the RNA extraction step before nucleic amplification9,10. 

Alternative nucleic amplification methods such as reverse-transcription loop-

mediated isothermal amplification (RT-LAMP), which requires shorter times and a 

more convenient analytical setups2,8,11. For example, onsite detection platforms 

have been recently developed12, but they have mainly targeted analysis of clinical 

samples. Other nucleic acid detection methods that were amplification-free were 

also developed, by using biosensors based on gold nanoparticles (AuNPs) or use of 

immunofluorescence lateral flow strips with probes targeting specific regions of the 

SARS-CoV-2 genome13–15. Sensors that detect spike proteins of SARS-CoV-2 virus 
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particles using nanoplasmonic resonance or membrane-engineered mammalian 

cells with antibodies for simplified workflows were also developed16,17. However, 

these assays are not as sensitive yet as nucleic acid-based methods. Furthermore, 

the aforementioned detection methods are not optimized for environmental samples 

since they often require extra sample pretreatment and additional concentration 

steps18 for environmental water samples with multiple inhibitors and low target 

concentrations. Moreover, current SARS-CoV-2 detection platforms are not 

optimized for on-site field use, and they usually do not have capacity to detect large 

volume of water samples larger than 1 mL. 

 Herein, we report on a membrane-based in-gel loop-mediated isothermal 

amplification (mgLAMP) system to enable the absolute quantification of SARS-

CoV-2 in environmental water samples within 1 h using an integrated analytical 

prototype device. We also designed QUASR (for quenching of unincorporated 

amplification signal reporters19) probes for the LAMP amplification for higher 

specificity and fluorescence contrast. Compared to alternative detection methods, 

our platform has a high level of tolerance against inhibitors due to the restriction 

effect of the hydrogel matrix, allowing for a very sensitive detection method for 

wastewater samples.  
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3.2. Materials and Methods 

3.2.1 SARS-CoV-2 Sample Preparation 

 Inactivated SARS-CoV-2 strains were obtained from ATCC (VR-1986HK; ATCC, 

Manassas, VA) or ZeptoMetrix (NATSARS(COV2)-ST; Buffalo, NY) with known 

concentrations and stored at -20 °C or 4 °C according to the manufactures’ 

instructions. Before each test, SARS-CoV-2 samples were serially diluted using 

nuclease-free water (Thermo Scientific, Waltham, MA) for positive controls and 

were spiked in environmental water samples as described in the following section. 

SARS-CoV-2-spiked water samples were incubated with 5 mM Na4P2O7 at room 

temperature for 10 min and then sonicated (46kHz, 30W) for 3 min in ice bath.  The 

concentrations of used SARS-CoV-2 suspensions were measured by RT-qPCR 

assays20. If RNA extraction was performed for pure SARS-CoV-2 samples, the DSP 

Viral RNA Mini Kit (Qiagen BioSciences Inc., Germantown, MD)) was used 

following its manufacturer’s instructions. RNeasy PowerWater Kit (Qiagen 

BioSciences Inc., Germantown, MD) was used to extract SARS-CoV-2 RNA 

spiked in environmental water samples following manufacturer’s instructions. 
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3.2.2. SARS-CoV-2 Filtration 

 SARS-CoV-2 samples were filtered through a 13 mm Track-etched PC (PCTE) 

membrane with a 0.08 μm pore size on top of a 13 mm Hydrophilic polyester (PETE) 

membrane (mesh spacer). All PCTE membranes and PETE membranes used in this 

study were obtained from the SterliTech Corporation (Kent, WA). The PETE 

membrane was used as a drain disc to hold the PCTE membrane to prevent the 

shape change of the PCTE membrane during the filtration. The membrane and its 

drain disc were put in to a 13 mm Swinnex filter holder (MilliporeSigma, 

Burlington, MA).  For the negative control of Milli-Q and positive control of 

SARS-CoV-2-spiked Milli-Q samples, only this step of filtration is deployed. For 

wastewater samples, a three tier filtration process was used as depicted in in Fig. 4. 

The first tier of 3-μm and the second tier of 0.1 μm PCTE membranes were set up 

as pre-filters to remove larger solids in wastewater samples. For surface fresh water 

such as river water, 2 tier filtration was performed with the first tier of 1 μm PCTE 

membrane as pre-filter. Filtrations with spiked samples were performed by a 

syringe pump (74905-02, Cole-Parmer, US) with inlet speed of 0.5 mL/mL. 

Negative controls and positive controls were directly filtered by syringe pushed by 

hand. 
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3.2.3. mgLAMP Assay 

 After filtration, the 0.08 μm membrane was dried at room temperature and glued 

on a glass slide using 1.1 μL of 50% PBS buffer (Corning™, USA) and 50% 

Glycerol (Sigma-Aldrich, USA) mixture. A Frame-Seal™ in situ PCR and 

Hybridization Slide Chamber (9 × 9 mm; Bio-Rad, Hercules, CA) was placed on 

the membrane to hold the mixture of PEG gel and LAMP reaction mix. 

 Four-arm PEG acrylate (molecular weight (MW) of 10,000 Laysan Bio, Arab, AL) 

and thiol-PEG-thiol (MW of 3,400; Laysan Bio, Arab, AL) were used to form the 

PEG gel at a mole ratio of 1:2. For each mgLAMP assay of 30 μL, the composition 

of the reaction mix was as follows: 10 μL of 2× WarmStart LAMP Master Mix, 1 

U/mL RNase Inhibitor, Murine, 20 U/mL Antarctic Thermolabile UDG, 700 µM 

dUTP, 0.5 % Triton X-100 (T8787; Sigma Aldrich, St. Louis, MO),1.6 μM FIP, 1.6 

μM FAM-BIP, 0.2 μM F3/B3, 0.4 μM LB, 2.4 μM optimal quencher qBIP-15nt, 

and nuclease-free water, plus 5% (w/v) PEG gel. All LAMP reagents were 

purchased from New England Biolabs (Ipswich, MA) and all primers, probes and 

quenchers were obtained from Integrated DNA Technologies (Coralville, IA) 

unless otherwise specified. In total, 11 sets of LAMP primers were tested for their 
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detection limit using the reagent recipe and thermocycling protocols from the 

original literatures. All LAMP primers tested are listed in the Table S2. in the 

supplementary information. Complementary QUASR (Quenching of 

Unincorporated Amplification Signal Reporters)19 fluorescent probes (FAM-FIP or 

FAM-BIP) and quenchers (qFIP or qBIP) were designed using IDT 

OligoAnalyzer™ Tool (https://www.idtdna.com/pages/tools/oligoanalyzer) and 

added to the reaction mix at a final concentration of 1.6, 2.4 and 3.2 μM. The 

optimal QUASR probe we chose which was modified by the BIP primer for SARS-

CoV-2 was (6-FAM)-5- 

 CAGAGACAGAAGAAACAGCAAACTGATTGTTGCAATTGTTTGGAG-3’ 

and the quencher was 5-TTTCTTCTGTCTCTG-3-(3IABkFQ).  

 A 30 μL mixture of PEG gel and LAMP reaction mix was loaded into the frame 

seal chamber and was covered by a transparent qPCR film (Genesee Scientific, San 

Diego, CA). The hydrogel mix was left at room temperature (20 °C) for 5 min for 

gelation and then incubated on a PCR machine (MJ Research PTC-100, Watertown, 

MA) at 65 °C for 30 min for LAMP reactions. 
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3.2.4. Fluorescence Reading and Analysis 

 After the LAMP reaction, the gel within the frame seal chamber was illuminated 

by an E-Gel Safe Imager (Invitrogen, Carlsbad, CA), and the amplicon dots were 

captured with a Google Pixel 4 Cellphone with its build-in camera. To compare the 

performance of the cellphone camera, the gel with amplicons was also illuminated 

and imaged using a Leica DMi8 fluorescence microscope (Leica Co., Germany). 

Amplicons were enumerated and the concentration of SARS-CoV-2 was back-

calculated. 

 

3.2.5. Quantitative Reverse Transcription PCR (RT-qPCR) 

 Performance of the mgLAMP of SARS-CoV-2 was compared to RT-qPCR. The 

extraction and detection of SARS-CoV-2 were performed according to the 

guidelines provided by the US Centers for Disease Control and Prevention (CDC)20.  

 Relevant primer and probe sets were purchased from IDT (SARS-CoV-2 (2019-

nCoV) CDC qPCR Probe Assay), the assay targeting the N gene was carried out in 

a 20-μL reaction mixture consists of 10 μL qScript XLT One-Step RT-qPCR 

ToughMix(2X) (Quantabio, Beverly, MA), 1.5 μL combined primer/probe mix, 2 
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μL of template DNA, and nuclease-free-water. The RT-qPCR assays were 

performed using a 6300 Realplex4 qPCR platform (Eppendorf, Hamburg, 

Germany), and the thermocycling involves reverse transcription for 10 minutes at 

50 °C followed by 3 minutes of initialization at 95 °C, and 45 cycles of denaturation 

at 95 °C for 3 seconds followed by annealing/extension at 55 °C for 30 seconds. 

Quantitative results were analyzed by the build-in software of the Eppendorf qPCR 

platform. 

 

3.2.6. Water Samples 

 Surface freshwater samples were collected from the Godawari Khola (river) 15 

km from Kathmandu, Nepal (see Fig. S1 for the geological location of the river) 

and wastewater samples were collected from the raw influent and primary effluent 

from a local wastewater treatment plant in Los Angeles. The conductivities and pH 

values of environmental water samples were measured with an electrical 

pH/conductivity meter (Orion Star A215; Thermo Scientific, Waltham, MA). 

Inactivated SARS-CoV-2 was spiked in water samples directly. 
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3.3. Results and Discussion 

3.3.1. Workflow of mgLAMP 

 The mgLAMP system developed by our group allows for an easy use by people 

without previous training. Fig. 1 schematically illustrates the workflow of 

mgLAMP for rapid microorganism detection and quantification from raw samples 

(input) to quantitative results (output): (i) The environmental sample (1-100 mL) is 

enriched by forcing it through a PCTE filtration membrane. The PCTE membrane 

has the required pore size to retain SARS-CoV-2 viral particles and to filter out 

small particles and larger molecular aggregates including potential LAMP 

inhibitors. The filtered membrane is then transferred on a glass slide and fixed by a 

frame-sealing to form a reaction chamber. (ii) The LAMP reagent mix is prepared 

and partitioned in to two equal volumes. The two aliquots are then mixed with a 

four-arm PEG acrylate and thiol-PEG-thiol monomers powders, respectively.  The 

reaction mixture of the two PEG gels is mixed thoroughly and then loaded into the 

chamber at a 1-to-1 ratio. (iii) The chamber is sealed with a plastic film and the 

loaded mixture is cross-linked within minutes at room temperature. (iv) The sample 

slide is inserted into the Caltech mgLAMP prototype device for incubation at 65°C 

for 30 min in order to achieve LAMP amplification. (v) The Caltech prototype is 
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adapted for direct endpoint fluorescence imaging of the sample slide carrying 9 

simultaneous samples. The photographic images are captured by thee smartphone 

camera of subquent quantification. 

  

3.3.2. Selection and Optimization of LAMP Primers and Probes 

 In total, 11 sets of LAMP primers that were reported in the literature11,12,21–23 were 

screened based on their detection limit, target gene ,and suitability for probe design. 

During the time frame of this research, the latest LAMP-related research of SARS-

CoV-2 was followed closely and the primer list was updated accordingly. Details 

about all 11 LAMP primer sets can be found in Table S2. Among the 11 primer sets, 

set 7, 10, 11 which targeted the N (Nucleocapsid) gene of SARS-CoV-2 had lower 

detection limits of one or two orders of magnitude with a stable performance (i.e., 

fewer false negative results) as shown in Fig. S2.  

 The LAMP protocols developed for SARS-CoV-2 most often used LAMP dyes as 

the probe. However, the signal-to-noise ratios of the LAMP dye generated within 

the hydrogel matrix was unsatisfactory in that it was hard to distinguish between 

fluorescence from the amplicons and the background fluorescence24. In addition, as 
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the fluorophores of the LAMP dye bind to the amplified nucleic acid strands, the 

poor specificity of the LAMP dye presented another problem. In order to resolve 

this problem, we designed two specific fluorescent probes based on molecular 

beacons and QUASR probes. 

 In-tube test results showed that compared to the molecular beacons, the QUASR 

probes had higher fluorescence yields and higher signal-to-noise ratios (Fig. S3.). 

We hypothesized that this outcome resulted from the proximity of the quencher and 

reporting fluorophore for molecular beacons, while the quencher is released apart 

from the reporting fluorophore completely for QUASR. When a molecular beacon 

hybridizes with its target sequence, the hairpin-loop structure opens, and the 

reporter and the quencher at the end of the molecular beacon are also separated, 

resulting the emission of fluorescence signal by the reporter25–27. The quenchers of 

molecular beacons may still have quenching effects on the fluorescence of the 

reporting fluorophore after the amplification, therefore reducing the fluorescence 

intensity. However, for QUASR, one of the internal primers (FIP or BIP) is labeled 

with a fluorophore (FAM was used in this study) while the fluorescent probe is 

quenched by a complementary sequence with a quencher (Iowa Black FQ or IBFQ 

was used in this end) at the 3′ end.  Since the melting temperature (Tm) of the 
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complex is at least 10 °C lower than the LAMP amplification temperature, FAM 

modified inner primers work just as regular inner primers during amplification. If 

amplification happens, incorporated FAM-inner primers will lead to fluorescence 

since they form stable double-strand structures and will not be quenched with the 

complementary quencher, thus producing a much stronger fluorescence signal19.  

 Design of the QUASR probes required that we considered the possibility of the 

quencher forming dimer, which would decrease the quenching effect. Among the 

primer sets with best detection limits, primer set 11 was observed to be the best one 

for use as a QUASR probe since the complimentary sequences to the inner primers 

were unlikely to self-hybridize, thus allowing for an optimized quenching effect. 

Two quenchers with different lengths of 12 nt and 17 nt for FIP and 10 nt and 15 nt 

for BIP were designed, making a total of 4 QUASR sets (FAM-FIP with qFIP-12nt 

and qFIP-17nt, and FAM-BIP with qBIP-10nt and qBIP-15nt). Since the 

concentration of FAM-FIP or FAM-BIP was 1.6 µM, quenchers with concentrations 

of 1.6 µM, 2.4 µM, 3.2 µM were tested, and all tests were performed in duplicates.  

As shown on Fig. 2., most of the FAM-IP and quenchers had suitable responses at 

higher spiked concentration. However, some of the combinations had 

unsatisfactory results when the target concentrations were decreased.  In these cases, 
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it was hard to distinguish between the positive samples and the negative controls. 

Moreover, when the quencher concentration was equal to the FAM-IP concentration, 

occasional false positives resulted due to an insufficient quenching such that some 

of the negative controls also gave fluorescence response. At the lowest target 

concentration of ~200 copies per reaction in a tube, all QUASR combinations gave 

unsatisfactory results. Among all the combinations, the FAM-BIP with qBIP-15nt 

had the best performance in terms of detection limit, fluorescent intensity, and 

contrast with NTC. 

 

3.3.3. Membrane Selection and Filtration 

 PCTE membranes were used to filter out SARS-CoV-2 particles. After filtration, 

mgLAMP was performed on the membrane. Theoretically, membranes with smaller 

pore sizes should be able to capture more SARS-CoV-2 particles, which would in 

turn lower the detection limit. However, during filtration, pressure within the filter 

increases as the pore size is decreased.  The pressure increase makes it more 

difficult to filter while inducing fluid leaks during filtration unit, and damaging of 

viral structures at a high pressure. We tested the recovery rates of PCTE membranes 
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were determined for membrane pore sizes of 200 nm, 100 nm, 80 nm, and 50 nm 

as shown in Fig. S4. RNA was collected from the membranes after filtration of 

spiked SARS-CoV-2 samples and running RT-qPCR assays for the extracted RNA 

samples. Comparing all of the PCTE membrane pore sizes, the highest recovery 

rate occurred with the 80 nm pore size membranes. Even though the recovery rate 

was less than 30%.  However, it does not imply that the membrane retained less 

than 30% of spiked particles. Instead, the lower recovery was most likely due to 

RNA losses during the extraction process from the membrane for the subsequent 

RT-qPCR analysis. Since the RNA losses during extraction should be 

approximately the same for all samples, the qualitative comparison between 

different pore sizes should be valid.  

 Since the average size of SARS-CoV-2 is around 100 nm28, the recovery 

efficiencies of PCTE membranes of pore sizes 100 nm and 80 nm used in our 

mgLAMP assays at different spiked concentrations. These results are shown on Fig. 

3. For the spiked concentrations, the recovery off of the 80 nm membrane exceeded 

the recovery of 100 nm membrane with an average of 60.2% ± 34.0%. The Caltech 

mgLAMP method does not need to extract viruses from the membrane since 

mgLAMP is an in situ analytical method on the membrane, which results in lower 
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losses of the target due to an extraction processes, and thus leads to lower detection 

limits. The mgLAMP results indicate a very high recovery rate using the 80 nm 

pore size membrane. The LOD per reaction for mgLAMP analysis was close to that 

observed for the in-tube tests.  This result suggests that the primer efficiency was 

the major factor for the LOD.   

 For environmental samples such as raw wastewater influent, a dislodging step was 

added before the 3-tier filtration as a sample pretreatment step before the mgLAMP 

assay (Fig. 4.). The dislodging step is designed to release attached viruses from 

wastewater sludge surfaces by using tetra-sodium pyrophosphate with a 3-minute 

sonication. After dislodging, the wastewater was forced through the 3 tier filtration 

unit to remove particles on different sizes. For raw wastewater influents, 3 µm and 

0.1 µm membrane filters were used in the first and second filtration was needed to 

ensure sufficient viral numbers on the third membrane (80 nm), which was then 

used for mgLAMP assay. Based in the RT-qPCR results, the second filtration step 

blocked ~60% of the total SARS-CoV-2 viruses.  This required us to increase the 

area of the second membrane to block more solids and allow for a larger number of 

viruses to pass through. However, for the Nepalese surface water samples, a 2-tier 

filtration with one 13mm and 1-µm pore-sized membrane was used for the first 
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filtration step in order to achieve reliable and quantitative mgLAMP assays. The 

filtration strategies depend on an evaluation of water matrices that considers the 

size distribution of the particles within the collected samples after the dislodging 

step. Fresh water samples, which have larger and more homogeneous particles 

require less pre-filtration even though the total dissolved solid (TSS) content may 

be high. For example, most of the particles in Nepalese surface water after treatment 

were found to be around 500 nm.  They were readily separated from the viral 

particles with a one-tier pre-filtration, while particles in primary effluent after initial 

wastewater treatment had sizes close to the 100 nm membrane pores.  They were 

more difficult to separate from the viral particles.  This resulted in more inhibitors 

into the reaction system. In the future, dynamic light scattering (DLS) be used to 

determine the filtration tiers and membrane pore sizes along with an optimal size 

for the pre-filtration step. 

 

3.3.4. Performance of mgLAMP on SARS-CoV-2 Quantification  

 Figures 5A-E show that the LAMP was successfully performed in the PEG gel 

matrices on the PCTE membrane for the surface water collected in Nepal. Clearly 
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separated amplicon dots with high fluorescence yields were observed after 30 

minutes of LAMP reaction time as detected with the fluorescence microscope and 

smartphone camera (Fig. 5A-E). No signals were observed for the template controls 

(Fig. 5F). The amplicon dot sizes tended to be smaller when the concentration 

increased within one membrane cell, although the fluorescent dots were clearly 

separated from each other. The numbers of amplicons could have varied from 1 to 

10000 for each cell reaction. Given that a single amplicon represented one 

successful amplification of the target sequence, the dynamic range of mgLAMP 

was relatively broad. The concentration of target SARS-CoV-2 in the sample could 

then be calculated by counting the positive amplicons. An excellent linear 

correlation between the measured concentrations from the mgLAMP amplicon dots 

(Fig. 5G) with concentrations of the spiked SARS-CoV-2 viral particles in both 

Milli-Q water and surface water (e.g., R2 ≥ 95%). The detection limit in Milli-Q 

water was as low as 1 copy/mL. However, due to the high TSS value of more than 

400 mg/L, and the target loss during required dislodging and pre-filtration step, the 

detection limit of mgLAMP method for SARS-CoV-2 in surface water was 

substantially higher at 50 copies/mL. However, since membrane filtration tends to 

decrease the detection limit, but the combination of the gel with LAMP 

amplification increases the tolerance towards environmental inhibitors.  Regardless 
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of the background matrix of the natural or engineered water, the mgLAMP 

detection method had a 100-fold lower detection limit compared to RT-qPCR 

quantification. 

 

3.3.5. Quantification of Bacteria including E. coli and S. Typhi 

 In addition to SARS-CoV-2 quantification, mgLAMP was also used for 

quantification of non-pathogenic E. coli and pathogenic S. Typhi. PCTE 

membranes with a 0.2 μm pore size were used to filter and capture bacteria given 

that the characteristic size of E. coli and S. Typhi of 1.0 μm. For the bacterial 

analyses, lysozyme was added into the mgLAMP reaction mix. Lysozyme degrades 

the peptidoglycans of the bacterial cell walls. It has been shown to be effective for 

cell lysis and nucleic acid release29. Molecular beacons developed by Lin et al. were 

used as probes in the reaction system as they generated strong fluorescent signals 

for bacteria30,31. Details about the preparation, filtration and mgLAMP reaction for 

the bacterial samples are found in the supplementary information section. 

As depicted in in Fig. 6 a-h, mgLAMP was used successfully on the bacterial 

samples. For the bacterial sample detection, mgLAMP also produced separated 
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amplicon dots that appeared after 30 minutes of the LAMP reaction as detected 

using either the fluorescence microscope or the smartphone camera (Fig. 3 a-h). A 

linear correlation was observed between mgLAMP amplicon dots with different 

concentrations of spiked cells for the bacterial pathogens. The sensitivity was down 

to a single membrane cell with a dynamic range of ∼0.4-40000 cells/mL (Fig. 6i-

j). However, the detection efficiency was lower when the spiked concentrations 

were high. For example, the detection efficiency of E. coli at the range 4×101 to 

4×103 cells/mL, was 4.74 times the efficiency at the range of 4×101 to 4×104 

cells/mL. Although the mgLAMP platform has lower detection limits and high 

sensitivity, the limited space within a single PEG gel membrane cell nay lead to 

some limitations at the upper detection limit. 

The versatility of mgLAMP for both viral and bacterial samples shows that the 

Caltech prototype device has the potential to be used for the detection of a variety 

of pathogenic microorganisms. With future improvements in the filtration protocol 

and the reaction mix employed, the mgLAMP amplification methods should 

provide low-cost, point-of-use monitoring solutions for detection and 

quantification of microbes that that are the vectors of life-threatening infectious 

diseases. 
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3.4. Conclusions 

 In this study, a membrane-based in-gel loop-mediated isothermal amplification 

system was developed for the rapid and cost-effective quantification of SARS-CoV-

2 at the point of collection in the ambient environment. We developed a simple 

workflow for our detection system to aid in the point-of-use testing and we designed 

customized QUASR probes to obtain stronger fluorescent signals with higher 

specificity. We carefully selected PCTE membranes with 80-nm pore size for best 

recovery of SARS-CoV-2 and developed filtration strategies for different 

environmental water matrices. The resulting detection limit of the mgLAMP was 

found to be lower than the LOD obtained with RT-qPCR regardless of the specific 

nature of the water samples. The Caltech prototype system is a promising tool for 

use in field studies, especially for environmental surveillance and source tracking 

of waterborne pathogens.  The mgLAMP-based system can rapidly and easily 

detect target pathogens in various environmental water samples. Coupled with 

analysis on a cloud server, the regional distribution of waterborne pathogens could 

be visualized.  This approach provides for the monitoring and eventual control of 

waterborne pathogens from multiple sources.  
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Figures 

 

Figure 1. The schematic workflow of mgLAMP from sample-input to result-

output for target microorganism detection. (This figure was created by Yanzhe Zhu, 

who granted permission for its use in this dissertation.) 
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Figure 2. Performance of 4 QUASR combinations with different quencher 

concentrations. From left to right, each color box represents a combination of FAM-
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IP with quenchers of different lengths. Within each color box from left to right, the 

quencher concentrations increase from 1.6 µM to 3.2 µM. From up to down, 

different concentrations of SARS-CoV-2 RNA were added and amplified, with 

negative control of RNase free water to show the fluorescence contrast of 

quenching.  
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Figure 3.  Comparison on the SARS-CoV-2 recovery between 0.08- and 0.1-µm 

PCTE membranes at different concentrations for mgLAMP.  
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Figure 4. Pretreatment process including dislodging process and 3-tier filtration 

(schematic illustration and actual photo) for environmental water and wastewater 

samples. (This figure was created by Yanzhe Zhu and Jing Li, who granted 

permission for its use in this dissertation.) 
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Figure 5. (A-E) were mgLAMP amplicon dots for different SARS-CoV-2 

concentrations spiked into Nepal surface water samples and (F) is the no template 
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control. All images were taken by the google pixel 3 under the E-gel Safe imager. 

(G) Comparisons of measured SARS-CoV-2 to the spiked concentrations in both 

Milli-Q water and Nepal surface water. (This figure was created by Jing Li, who 

granted permission of its use in this dissertation.) 
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Figure 6. (a-h) were mgLAMP amplicon dots for different E. coli concentrations. 

Top panel images (a, c, e, g) were taken by fluorescence microscope while bottom 

panel images (b, d, f, h) were taken by the google pixel 3 under the E-gel Safe 

imager. (a, b) No template control, (c, d) low template concentration of around 5 

dots/assay, (e, f) medium template concentration of around 50 dots/assay, (g, h) 

high template concentration of around 500 dots/assay. Scale bar, 1 mm. 

Comparisons of measured E. coli (i) and S. Typhi (j) to the spiked concentrations. 

(This figure was created by Jing Li, who granted permission of its use in this 

dissertation.) 
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Supporting Information 

Text 1 Bacteria sample Preparation 

 All bacterial strains were purchased from the American Type Culture Collection 

(ATCC, Manassas, VA). E. coli (ATCC 10798) was used as model indicator bacteria 

in this study and cultured in LB broth in the shaking incubator for ∼14 h at 37 °C 

at 200 rpm. Salmonella Typhi (CVD 909) was used as model pathogenic bacteria 

and was cultivated in TS broth with in the incubator for ∼14 h at 35 °C at 200 rpm. 

Before each test, cells were harvested, washed and serially diluted to 104-106 

cells∙mL-1 using phosphate-buffered saline (PBS) (pH 7.4) (Corning™, USA).  The 

concentrations of used bacteria suspensions were measured by fluorescence 

enumeration. The washed bacterial sample was stained with 1× SYBR Green and 

incubated in dark for 20 min. Stained bacterial sample was filtered through a PCTE 

membrane with a 0.2 μm pore size (SterliTech), and the membrane was placed on 

a glass slide. The cell number was then counted under a fluorescence microscope 

(Leica DMi8, Leica Co., Germany). If DNA extraction was performed, the 

PureLink™ Genomic DNA Mini Kit was used following its manufacturer’s 

instructions. 
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Text 2 Bacteria Sample Filtration 

 Bacterial samples were filtered through a 13mm PCTE membrane with a 0.2 μm 

pore size on top of a 13mm PETE membrane (mesh spacer). All PCTE membranes 

and PETE membranes used in this study were ordered from SterliTech Corporation 

(Kent, WA). The PETE membrane was used as a drain disc to hold the PCTE 

membrane to prevent the shape change of the PCTE membrane during the filtration. 

The membrane and its drain disc were put in to a 13mm Swinnex Filter Holder 

obtained from MilliporeSigma (Burlington, MA). Filtrations were performed by 

syringe pushed by hand for 1mL of bacterial samples and were performed by a 

syringe pump (74905-02, Cole-Parmer, US) for 10−100 mL of bacterial samples. 
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Text 3 Bacterial mgLAMP Reaction System 

For each mgLAMP assay of 30 μL, the composition of the reaction mix is as follows: 

3 μL of 10× LAMP buffer, 6 mM MgSO4, 1.4 mM dNTP, 640 U/mL Bst 2.0 

WarmStart polymerase, 1.5 mg/mL BSA, 2 mM NaF, 0.1 mg/mL lysozyme 1.6 μM 

FIB/BIP, 0.2 μM F3/B3, 0.8 μM LF/ LB, and nuclease-free water, plus 10% (w/v) 

hydrogel. Four-arm PEG acrylate (molecular weight (MW) of 10,000 Laysan Bio, 

Arab, AL) and thiol-PEG-thiol (MW of 3,400; Laysan Bio, Arab, AL) were used to 

form the PEG gel at a mole ratio of 1:2. LAMP primers used are listed in Table S1. 

All LAMP reagents were purchased from New England Biolabs (Ipswich, MA) and 

all primers, probes and quenchers were obtained from Integrated DNA 

Technologies (Coralville, IA) unless otherwise specified.  

 Complementary fluorescent probe (molecular beacon) were custom designed and 

added to the reaction mix at a final concentration of 0.4 μM. Customized molecular 

beacons were designed using PrimerExplorer V4 

(http://primerexplorer.jp/elamp4.0.0/index.html). The molecular beacon for E. coli 

is: 

http://primerexplorer.jp/elamp4.0.0/index.html
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 (6-FAM)-5-CACCTTATCAATCTCGATATCCATGAAGGTG-(3IABkFQ) and 

the molecular beacon for S. Typhi is: 

(6-FAM)-5-AGGAACTCGGATGGCTTCGTTCCT-3-(3IABkFQ).  
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Table S1. LAMP Primers for E. col and S. Typhi 

Target Primer name Sequence (5’-3’) Reference 

E. coli 

F3 GCCATCTCCTGATGACGC 

Hill et al., 

2008 

B3 ATTTACCGCAGCCAGACG 

FIP (F1c+F2) 
CATTTTGCAGCTGTACGCTCGCAGCC

CATCATGAATGTTGCT 

BIP (B1c+B2) 
CTGGGGCGAGGTCGTGGTATTCCGA

CAAACACCACGAATT 

LF CTTTGTAACAACCTGTCATCGACA 

LB ATCAATCTCGATATCCATGAAGGTG 

S. Typhi 

F3 GACTTGCCTTTAAAAGATACCA 

Fan et al., 

2015 

B3 AGAGTGCGTTTGAACACTT 

FIP (F1c+F2) 
AACTTGCTGCTGAAGAGTTGGACCGA

ATGACTCGACCATC 

BIP (B1c+B2) 
CCTGGGGCCAAATGGCATTATGCACT

AAGTAAGGCTGG 

LF TCGGATGGCTTCGTTCCT 

LB CAAGGGTTTCAAGACTAAGTGGTTC 
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Table S2. 11 LAMP primers sets tested for this study. 

 

Primer Set No. Target gene Primer Sequence Probe Limit of detection Dynamic range Time to answer Treated volume/uL Sample matrix Refernce

FIP (5'-3') CCACTGCGTTCTCCATTCTGGTAAATGCACCCCGCATTACG

CGCGATCAAAACAACGTCGGCCCTTGCCATGTTGAGTGAGA

F3 (5'-3') TGGACCCCAAAATCAGCG

B3 (5'-3') GCCTTGTCCTCGAGGGAAT

LF (5'-3') TGAATCTGAGGGTCCACCAA

LB (5'-3') TTACCCAATAATACTGCGTCTTGGT

FIP (5'-3') AGCGGTGAACCAAGACGCAGGGCGCGATCAAAACAACG

BIP (5'-3') AATTCCCTCGAGGACAAGGCGAGCTCTTCGGTAGTAGCCAA

F3 (5'-3') CCAGAATGGAGAACGCAGTG

B3 (5'-3') CCGTCACCACCACGAATT

LF (5'-3') TTATTGGGTAAACCTTGGGGC

LB (5'-3') TAACACCAATAGCAGTCCAGATGA

FIP (5'-3') AGAGCAGCAGAAGTGGCACAGGTGATTGTGAAGAAGAAGAG

BIP (5'-3') TCAACCTGAAGAAGAGCAAGAACTGATTGTCCTCACTGCC

F3 (5'-3') TCCAGATGAGGATGAAGAAGA

B3 (5'-3') AGTCTGAACAACTGGTGTAAG

LF (5'-3') CTCATATTGAGTTGATGGCTCA

LB (5'-3') ACAAACTGTTGGTCAACAAGAC

F3 (5'-3') CTGCACCTCATGGTCATGTT

B3 (5'-3') AGCTCGTCGCCTAAGTCAA

FIP (5'-3') GAGGGACAAGGACACCAAGTGTATGGTTGAGCTGGTAGCAGA

BIP (5'-3') CCAGTGGCTTACCGCAAGGTTTTAGATCGGCGCCGTAAC

LF (5'-3') CCGTACTGAATGCCTTCGAGT

LB (5'-3') TTCGTAAGAACGGTAATAAAGGAGC

F3 (5'-3') TCATCAAACGTTCGGATGCT

B3 (5'-3') TATGGCCACCAGCTCCTT

FIP (5'-3') CGACCGTACTGAATGCCTTCGAGAACTGCACCTCATGGTCAT

BIP (5'-3') AGACACTTGGTGTCCTTGTCCCAGAAGAACCTTGCGGTAAGC

LF (5'-3') CTGCTACCAGCTCAACCATAAC

LB (5'-3') TCATGTGGGCGAAATACCAGT

F3 (5'-3') CTGCACCTCATGGTCATGTT

B3 (5'-3') GATCAGTGCCAAGCTCGTC

FIP (5'-3') GAGGGACAAGGACACCAAGTGTGGTAGCAGAACTCGAAGGC

BIP (5'-3') CCAGTGGCTTACCGCAAGGTTTTAGATCGGCGCCGTAAC

LF (5'-3') ACCACTACGACCGTACTGAAT

LB (5'-3') TTCGTAAGAACGGTAATAAAGGAGC

F3 (5'-3') TGGCTACTACCGAAGAGCT

B3 (5'-3') TGCAGCATTGTTAGCAGGAT

FIP (5'-3') TCTGGCCCAGTTCCTAGGTAGTCCAGACGAATTCGTGGTGG

BIP (5'-3') AGACGGCATCATATGGGTTGCACGGGTGCCAATGTGATCT

LF (5'-3') GGACTGAGATCTTTCATTTTACCGT

LB (5'-3') ACTGAGGGAGCCTTGAATACA

F3 (5'-3') ACCGAAGAGCTACCAGACG

B3 (5'-3') TGCAGCATTGTTAGCAGGAT

FIP (5'-3') TCTGGCCCAGTTCCTAGGTAGTTCGTGGTGGTGACGGTAA

BIP (5'-3') AGACGGCATCATATGGGTTGCACGGGTGCCAATGTGATCT

LF (5'-3') CCATCTTGGACTGAGATCTTTCATT

LB (5'-3') ACTGAGGGAGCCTTGAATACA

F3 (5'-3') TGCTTCAGTCAGCTGATG

B3 (5'-3') TTAAATTGTCATCTTCGTCCTT

FIP (5'-3') TCAGTACTAGTGCCTGTGCCCACAATCGTTTTTAAACGGGT

BIP (5'-3') TCGTATACAGGGCTTTTGACATCTATCTTGGAAGCGACAACAA

LF (5'-3') CTGCACTTACACCGCAA

LB (5'-3') GTAGCTGGTTTTGCTAAATTCC

FIP (5'-3') GCCAGCCATTCTAGCAGGAGCAACAGTTAAGAAATTCAACTCC

BIP (5'-3') GATGCTGCTCTTGCTTTGCTACCAGACATTTTGCTCTCAA

F3 (5'-3') GTTCCTCATCACGTAGTCG

B3 (5'-3') GTTTGGCCTTGTTGTTGTT

LB (5'-3') GCTGCTTGACAGATTGAACCAG

FIP (5'-3') TAAGGCTTGAGTTTCATCAGCCTTACGCATACAAAACATTCCCA

BIP (5'-3')
CAGAGACAGAAGAAACAGCAAACTGATTGTTGCAATTGTTTGGA

G

F3 (5'-3') GTCATTTTGCTGAATAAGCATAT

B3 (5'-3') GAGTCAGCACTGCTCATG

LB (5'-3') GTGACTCTTCTTCCTGCTGCAGATT

Ganguli et al. 202050 RNA copies
up to 10^8 

copiesper μL
30 min

Genomic RNA for 

SARS-Related 

Coronavirus 2 and 

clinical samples

2 µLN gene

11

EvaGreen® dye

10

9

7

8

4

5

6

González-González et al. 2020

1

2

625  ~625 to 2 × 10^5 50 min 1 μL

Plasmids 

containing the 

complete N gene

Lamb et al. 20203 SYBR Green 1.02 fg to 10 ng 30 min

The consensus 

sequences of 23 

different strains were 

established to identify 

areas of sequence 

conservation.

~120 million 

copies down to 

~120 copies (per 

25 μL reaction)

30 min 3 μL

 human serum, 

urine, saliva, 

oropharyngeal 

swabs, and 

nasopharyngeal 

swabs

NA

Zhang et al. 2020

SYTO®-9 double-

stranded DNA

binding dye

Eva GreenN gene

ORF1a 

N gene

DNA fragments 

containing these 

two regions were 

synthesized as 

gBlocks

120 copies/3 uL

50 min 1 µL

Synthesized DNA 

(619bp) containing 

the targeted 

sequence  to mimic 

the COVID-19 

target

El-Tholoth et al. 2020

Complete genome 

sequences of various 

COVID-19 were aligned 

and analyzed to 

identify conserved 

sequences.

EvaGreen® dye

 fewer than 100 

targets per 

reaction volume

70000 targets per 

reaction volume
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Table S2. Cont. 

 

Primer Set No. Target gene Primer Sequence Probe Limit of detection Dynamic range Time to answer Treated volume/uL Sample matrix Refernce

FIP (5'-3') CCACTGCGTTCTCCATTCTGGTAAATGCACCCCGCATTACG

CGCGATCAAAACAACGTCGGCCCTTGCCATGTTGAGTGAGA

F3 (5'-3') TGGACCCCAAAATCAGCG

B3 (5'-3') GCCTTGTCCTCGAGGGAAT

LF (5'-3') TGAATCTGAGGGTCCACCAA

LB (5'-3') TTACCCAATAATACTGCGTCTTGGT

FIP (5'-3') AGCGGTGAACCAAGACGCAGGGCGCGATCAAAACAACG

BIP (5'-3') AATTCCCTCGAGGACAAGGCGAGCTCTTCGGTAGTAGCCAA

F3 (5'-3') CCAGAATGGAGAACGCAGTG

B3 (5'-3') CCGTCACCACCACGAATT

LF (5'-3') TTATTGGGTAAACCTTGGGGC

LB (5'-3') TAACACCAATAGCAGTCCAGATGA

FIP (5'-3') AGAGCAGCAGAAGTGGCACAGGTGATTGTGAAGAAGAAGAG

BIP (5'-3') TCAACCTGAAGAAGAGCAAGAACTGATTGTCCTCACTGCC

F3 (5'-3') TCCAGATGAGGATGAAGAAGA

B3 (5'-3') AGTCTGAACAACTGGTGTAAG

LF (5'-3') CTCATATTGAGTTGATGGCTCA

LB (5'-3') ACAAACTGTTGGTCAACAAGAC

F3 (5'-3') CTGCACCTCATGGTCATGTT

B3 (5'-3') AGCTCGTCGCCTAAGTCAA

FIP (5'-3') GAGGGACAAGGACACCAAGTGTATGGTTGAGCTGGTAGCAGA

BIP (5'-3') CCAGTGGCTTACCGCAAGGTTTTAGATCGGCGCCGTAAC

LF (5'-3') CCGTACTGAATGCCTTCGAGT

LB (5'-3') TTCGTAAGAACGGTAATAAAGGAGC

F3 (5'-3') TCATCAAACGTTCGGATGCT

B3 (5'-3') TATGGCCACCAGCTCCTT

FIP (5'-3') CGACCGTACTGAATGCCTTCGAGAACTGCACCTCATGGTCAT

BIP (5'-3') AGACACTTGGTGTCCTTGTCCCAGAAGAACCTTGCGGTAAGC

LF (5'-3') CTGCTACCAGCTCAACCATAAC

LB (5'-3') TCATGTGGGCGAAATACCAGT

F3 (5'-3') CTGCACCTCATGGTCATGTT

B3 (5'-3') GATCAGTGCCAAGCTCGTC

FIP (5'-3') GAGGGACAAGGACACCAAGTGTGGTAGCAGAACTCGAAGGC

BIP (5'-3') CCAGTGGCTTACCGCAAGGTTTTAGATCGGCGCCGTAAC

LF (5'-3') ACCACTACGACCGTACTGAAT

LB (5'-3') TTCGTAAGAACGGTAATAAAGGAGC

F3 (5'-3') TGGCTACTACCGAAGAGCT

B3 (5'-3') TGCAGCATTGTTAGCAGGAT

FIP (5'-3') TCTGGCCCAGTTCCTAGGTAGTCCAGACGAATTCGTGGTGG

BIP (5'-3') AGACGGCATCATATGGGTTGCACGGGTGCCAATGTGATCT

LF (5'-3') GGACTGAGATCTTTCATTTTACCGT

LB (5'-3') ACTGAGGGAGCCTTGAATACA

F3 (5'-3') ACCGAAGAGCTACCAGACG

B3 (5'-3') TGCAGCATTGTTAGCAGGAT

FIP (5'-3') TCTGGCCCAGTTCCTAGGTAGTTCGTGGTGGTGACGGTAA

BIP (5'-3') AGACGGCATCATATGGGTTGCACGGGTGCCAATGTGATCT

LF (5'-3') CCATCTTGGACTGAGATCTTTCATT

LB (5'-3') ACTGAGGGAGCCTTGAATACA

F3 (5'-3') TGCTTCAGTCAGCTGATG

B3 (5'-3') TTAAATTGTCATCTTCGTCCTT

FIP (5'-3') TCAGTACTAGTGCCTGTGCCCACAATCGTTTTTAAACGGGT

BIP (5'-3') TCGTATACAGGGCTTTTGACATCTATCTTGGAAGCGACAACAA

LF (5'-3') CTGCACTTACACCGCAA

LB (5'-3') GTAGCTGGTTTTGCTAAATTCC

FIP (5'-3') GCCAGCCATTCTAGCAGGAGCAACAGTTAAGAAATTCAACTCC

BIP (5'-3') GATGCTGCTCTTGCTTTGCTACCAGACATTTTGCTCTCAA

F3 (5'-3') GTTCCTCATCACGTAGTCG

B3 (5'-3') GTTTGGCCTTGTTGTTGTT

LB (5'-3') GCTGCTTGACAGATTGAACCAG

FIP (5'-3') TAAGGCTTGAGTTTCATCAGCCTTACGCATACAAAACATTCCCA

BIP (5'-3')
CAGAGACAGAAGAAACAGCAAACTGATTGTTGCAATTGTTTGGA

G

F3 (5'-3') GTCATTTTGCTGAATAAGCATAT

B3 (5'-3') GAGTCAGCACTGCTCATG

LB (5'-3') GTGACTCTTCTTCCTGCTGCAGATT

Ganguli et al. 202050 RNA copies
up to 10^8 

copiesper μL
30 min
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SARS-Related 
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625  ~625 to 2 × 10^5 50 min 1 μL

Plasmids 

containing the 

complete N gene

Lamb et al. 20203 SYBR Green 1.02 fg to 10 ng 30 min

The consensus 

sequences of 23 

different strains were 

established to identify 

areas of sequence 

conservation.

~120 million 

copies down to 

~120 copies (per 

25 μL reaction)

30 min 3 μL

 human serum, 

urine, saliva, 

oropharyngeal 

swabs, and 

nasopharyngeal 

swabs

NA

Zhang et al. 2020

SYTO®-9 double-

stranded DNA

binding dye

Eva GreenN gene

ORF1a 

N gene

DNA fragments 

containing these 

two regions were 

synthesized as 

gBlocks

120 copies/3 uL

50 min 1 µL

Synthesized DNA 

(619bp) containing 

the targeted 

sequence  to mimic 

the COVID-19 

target

El-Tholoth et al. 2020

Complete genome 

sequences of various 

COVID-19 were aligned 

and analyzed to 

identify conserved 

sequences.

EvaGreen® dye

 fewer than 100 

targets per 

reaction volume

70000 targets per 

reaction volume
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Table S3. FAM modified inner primers and corresponding quenchers of different 

lengths. 

 

  

Name Sequence

5’FAM‐FIP /56-FAM/TAAGGCTTGAGTTTCATCAGCCTTACGCATACAAAACATTCCCA

12nt-qFIP‐3’IBFQ ACTCAAGCCTTA/3IABkFQ/

17nt-qFIP‐3’IBFQ ATGAAACTCAAGCCTTA/3IABkFQ/

5’FAM‐BIP /56-FAM/CAGAGACAGAAGAAACAGCAAACTGATTGTTGCAATTGTTTGGAG

10nt-qBIP‐3’IBFQ TCTGTCTCTG/3IABkFQ/

15nt-qBIP‐3’IBFQ TTTCTTCTGTCTCTG/3IABkFQ/
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Figure S1. Surface water sampling location of the Godawari river in Kathmandu, 

Nepal. 
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Figure S2. Detection limits of 11 primer sets. Bars with transparent ends mean that 

false negative occurred at detection of the lowest copy numbers.  
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Figure S3. Fluorescence outputs of (a) molecular beacons and (b) QUASR probes. 

QUASR probes showed higher fluorescence yield and higher signal-to noise ratio. 

(This figure was created by Jing Li, who granted permission of its use in this 

dissertation.) 
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Figure S4. SARS-CoV-2 recovery rates of PCTE membranes with different pore 

sizes. (This figure was created by Jing Li, who granted permission of its use in this 

dissertation.)  
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4.0. Abstract 

 Regular environmental surveillance of waterborne pathogens is required to ensure 

the safety of water and protect human health. Due to the diverse range of pathogenic 

bacteria in environmental waters, regular monitoring of a range of pathogens may 

be impractical due to the lack of qualified personnel or the availability of advanced 

instrumentation. Therefore, microbial indicator organisms are most often used to 

manage waterborne health risks. In this study, the interactions of Vibrio cholerae 

(V. cholerae), the etiologic agent of cholera, with Escherichia coli (E. coli), the 

most commonly used indicator organism for waterborne pathogens including V. 

cholerae, was investigated through evaluating the survival and growth of both 

bacteria under different temperatures and nutrition deprivation using plate culturing 

and real-time polymerase chain reaction (qPCR). During co-growth, it is 

challenging for V. cholerae to maintain an initial population advantage since E. coli 

could utilize substrates for growth and respiration more effectively.  As observed 

during competitive growth, V. cholerae retreats into a viable-but–non-culturable 

state under environmental stress over 3-5 days while E. coli remains viable for more 

than 14 days. It is clear that V. cholerae competes with E. coli depending on the 

water source suggesting that bacterium-bacterium interactions are influenced by 
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multiple physicochemical and biochemical parameters present in a given ambient 

water body are contributing factors regulating the proliferation of V. cholerae.  
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4.1. Introduction 

 Waterborne pathogenic bacteria are responsible for a series of diseases, being a 

major public health concern worldwide1–3. Health issues related to pathogenic 

bacteria have become extremely severe in many developing regions because of 

limited clean water supplies and poor sanitation conditions4,5. Children, the elderly, 

and people with impaired immune systems are especially susceptible to these 

diseases. Moreover, diseases caused by waterborne pathogens have the potential to 

spread and infect large numbers of individuals within a certain region in a short 

time, posing serious risks to many local communities6,7. One of the leading 

etiologic pathogenic bacteria is Vibrio cholerae (V. cholerae). Some strains of V. 

cholerae secrete cholera toxin (CT), which is the causative agent of cholera as a 

disease8,9. During the bacterial infection on human intestine, mucous production is 

enhanced, which leads to diarrhea, vomiting, and extreme dehydration. Cholera is 

estimated to cause around 2.8 million cases of illness and 91,000 deaths worldwide 

annually10.   For example, a cholera outbreak in Haiti in mid-October 2010 led to 

around 665,000 confirmed cases and 8,183 people died11.  Many developing 

regions around the world are under the continuous threat of cholera (e.g., 1045 
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reported cases of cholera and 24 related deaths took place in Ethiopia between mid-

December 2019 and February 202012). 

 Just as many other pathogenic bacteria, V. cholerae is mainly transmitted through 

the fecal-oral route: from fecal materials secreted by infected persons to healthy 

persons though unclean drinking water or contaminated food5. Moreover, after 

being released to the environment. V. cholerae can persist in multiple aquatic 

environmental reservoirs for weeks or months, which further increase the difficulty 

to eradicate the transmission of this disease13,14. Therefore, regular environmental 

surveillance of pathogenic bacteria including V. cholerae is required to ensure the 

safety of water and protect human health. Precise detection and quantification 

methods for waterborne pathogens including traditional culture-based methods and 

more recent nucleic acid amplification diagnosis are regularly used in surveillance 

programs to periodically measure the concentrations of target pathogens and to 

evaluate the potential risks15. Nevertheless, there can be a diverse range of 

pathogenic bacteria in environmental waters, and regular monitoring of so many 

pathogens individually may be impractical due to the lack of qualified labor and 

easy and reliable methods.  Thus, a microbial indicator organism is often used as 

the primary method for managing waterborne health risks16,17.  
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 Microbial indictors are microorganisms that are more abundant and more readily 

detected and thus used to indicate the probable presence of pathogenic organisms. 

Escherichia coli (E. coli) is the most commonly used indicator due to its high 

correlation with fecal contamination18–20. There is a high concentration of E. coli in 

the intestines of vertebrate animals. Fecal bacteria are released into the environment 

as fecal matter. Thus, the presence of E. coli in environmental waters can indicate 

the possibility of fecal contamination occurrence as well as fecal pathogenic 

risks21,22. Compared to many pathogenic bacteria, which have low concentration in 

environmental waters and are often difficult to detect, E. coli’s concentration is as 

a surrogate indicator. Acceptable microbial indicator requirements have been 

established by the World Health Organization, the US Environmental Protection 

Agency, and the US Food and Drug Administration among other agencies23–25. 

However, the growth, persistence and survival of the indicator bacteria with other 

fecal pathogens can vary as a function of the specific environmental setting, and 

therefore, may control the correlation between E. coli and V. cholerae or other 

pathogenic bacteria.16,26. 

 In this study, the interactions of V. cholerae with E. coli will be investigated 

through evaluating the survival and growth of both bacteria under lab conditions 
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with different initial proportions. We also looked at the persistence of E. coli and V. 

cholerae in environmental water samples including surface water samples and 

drinking water samples for 7 to 14 days. Moreover, a special focus was given to the 

development of viable but non-culturable (VBNC) state in V. cholerae that usually 

fail to grow on culture media but remain metabolically active to persist during 

unfavorable conditions under survival competition. We highlight that V. cholerae 

interacts E. coli differently under different water conditions suggesting that 

bacterium-bacterium interactions influenced by multiple parameters of ambient 

water would be a contributing mechanism in regulating the proliferation of V. 

cholerae. Besides understanding more about the correlation between this microbial 

indicator and the risk of this fecal pathogen, this study also aims to use the 

information of this bacterium-bacterium interactions to provide inspirations on how 

to design better bottom-up control practices towards V. cholerae and other 

waterborne pathogens using microbial indicators.  
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4.2. Materials and Methods 

4.2.1. Cultivation of E. coli and V. Cholerae 

 E. coli (ATCC 10798) and V. Cholerae (ATCC 14035) used in this study were 

purchased at lyophilized state and stored at -80 °C. These bacterial strains were first 

propagated from lyophilized state according to the manufacture’s procedures, and 

then cultured in Luria-Bertani broth (BD Difco™, USA) at 37 °C overnight to reach 

the stationary phase. Before each test, bacterial cells were harvested by centrifuging 

for 2 minutes at 6000 RCF, washed and serially diluted to 104-106 cells∙mL-1 using 

phosphate-buffered saline (pH 7.4) (Corning™, USA). 

 

4.2.2. Water Sample Collection and Processing 

 Two representative locations of water sources were selected and sampled at May 

2019. One environmental water samples were collected from a turtle pond on the 

Caltech campus (Pasadena, CA, USA) and the other from the snow creek in 

mammoth mountains (Mammoth, CA, USA)   (with ionic strengths of 15 and 5 

mmol∙L-1, respectively27). Two samples of 500 mL each were collected using sterile 
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plastic or glass bottles. Samples were transported to the laboratory using cold chain 

and stored at 4 °C. Water temperature was measured in each water source. The 

conductivities and pH values of environmental water samples were measured with 

an electrical pH/conductivity meter (Orion Star A215, Thermo Scientific, US) and 

ionic strengths were quantified using Griffin’s equation28. 20 µL of each collected 

water samples were plated on Luria-Bertani agar (BD Difco™, USA) to evaluate 

the initial concentration of local microorganisms within 48 h after sample collection. 

Before the seeding of E. coli and V. Cholerae, environmental water samples are 

sterilized by autoclaving.  

 

4.2.3. Phenotypic and Molecular-based Quantification of E. coli and V. 

Cholerae 

 20 μL of enrichment cultures or water samples of E. coli and V. Cholerae were 

plated onto Luria-Bertani agar (BD Difco™, USA) and thiosulfate citrate bile salts 

sucrose (TCBS; BD Difco™, USA) agar plates and incubated for 18 to 20 hours at 

37 °C. All results were expressed in number of colony-forming units (CFU) per 100 

mL. Optical density at a wavelength of 600 nm (OD600) was also measured using 
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Nanodrop 2000 (Thermo Scientific, USA) for estimating the concentration of 

bacteria to monitor the growth. 

 Concentrations of E. coli and V. cholerae were also molecularly quantified by 

quantitative PCR (qPCR) using a 6300 Realplex4 qPCR platform (Eppendorf, 

Hamburg, Germany). Bacterial DNAs were first extracted using the PureLink® 

Genomic DNA Mini Kit (Invitrogen, USA) before amplification according to the 

manufacturer’s manual. Relevant primer sets and probes are listed in Table 1. For 

E. coli, the qPCR assay targeting the rfb gene cluster partial sequences was carried 

out in a 20-μL reaction mixture consists of 10 μL PerfeCTa® qPCR ToughMix® 

(Quanta BioSciences Inc.), 0.2 μM forward primer, 0.2 μM reverse primer, 0.1 μM 

TaqMan probe, 2 μL of template DNA, and nuclease-free-water. The qPCR 

thermocycling involves 10 minutes of initialization at 95 °C, and 40 cycles of 

denaturation at 95 °C for 15 seconds followed by annealing at 56 °C for 30 seconds 

and extension at 72 °C for 30 seconds. A final hold at 72 °C for 5 min was added.  

 For V. cholerae, the qPCR assay targeting the nonclassical hemolysin (hlyA) 

sequence was carried out in a 20-μL reaction mixture consists of 10 μL PerfeCTa® 

qPCR ToughMix® (Quanta BioSciences Inc.), 0.3 μM forward primer, 0.3 μM 

reverse primer, 0.05 μM TaqMan probe, 2 μL of template DNA, and nuclease-free-
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water. The qPCR thermocycling involves 10 minutes of initialization at 95 °C, and 

40 cycles of denaturation at 95 °C for 20 seconds followed by annealing/extension 

at 60 °C for 60 seconds. All qPCR reactions for each DNA sample were undertaken 

in duplicate or triplicate and the nuclease-free water was used as negative controls 

for all qPCR assays. 

 

4.2.4. Monitoring of Growth and Maintenance of E. coli and V. Cholerae 

 E. coli and V. Cholerae at different initial proportions from 200:1 to 1: 50 were 

seeded in LB broth with a total initial concentration of 107 cells/mL. 1 mL of co-

culture samples was taken from the beginning of the seeding, after 1, 2, 3, 5, 7, 9, 

and 24 hours. Taken co-culture samples were processed and quantified using the 

method mentioned in the previous section.  

 To evaluate the viability of V. cholerae during co-culture, a propidium monoazide 

(PMA) pretreatment step was used29. First, PMA solution (Biotium Inc., USA) was 

added to samples to a final concentration of 80 μM. Samples with PMA was 

incubated in the dark at 4 °C for 10 min, and then exposed to light (1000 W/m2, 

Sun 2000, Abet Technologies Inc.) for 10 min on ice box to activate PMA.  
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To evaluate the maintenance of E. coli and V. Cholerae in environmental samples, 

pure E. coli and V. Cholerae as well as mixed cultures as different proportions were 

seeded to environmental water samples. The microorganism concentrations were 

measured after 1, 2, 3, 4, 5 and 6 days using both phenotypic and molecular-based 

quantification methods. 
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4.3. Results and Discussion 

4.2.1. Growth of E. coli and V. Cholerae in Co-cultures 

 As fecal bacteria, E. coli and V. Cholerae share many common characteristics 

including their preferred growth conditions. That is one of the major reason why E. 

coli is commonly used as a fecal bacterial indicator for V. cholerae in environmental 

waters and to estimate the potential pathogenic risks30. Under their most preferred 

growth conditions in lab conditions (37 °C, 200 rpm, in LB broth), both bacteria 

showed similar growth curves (Fig. S1.), reaching a stationary phase in ~ 10 hours 

with a doubling time around 20 minutes. When E. coli and V. Cholerae were 

growing in co-cultures, the bacterial populations also showed similar growth curves 

regardless of the constituent proportions when the total initial seeding 

concentrations remained similar. As shown on Figure 1., the growth of the total 

bacterial concentration of E. coli and V. Cholerae was quite stable.  

 Theoretically, if the growth rate of both bacteria remained the same during co-

culture, their relative proportions should also remain stable during growth. If so, 

we could use the endpoint measurement of the concentrations of E. coli to V. 

Cholerae to estimate the concentrations when E. coli and V. Cholerae were initially 
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released. When E. coli and V. Cholerae were seeded at a similar level (1:1 and 4:1), 

their growth rates seemed quite stable during the whole periods before reaching 

stationary phase (Fig. 2.). Considering that in most environmental water samples, 

the concentration of E. coli is usually much higher than the concentration of V. 

Cholerae, E. coli given initial growth advantages by increasing its concentration to 

100 and 200 folds of the concentrations of V. Cholerae. As shown on Fig. 2C and 

2D, E. coli could maintain these initial advantages until the endpoint at the 

stationary phase. However, if we gave initial growth advantages to V. Cholerae to 

E. coli by 20 fold or even 50 fold, it was challenging for V. Cholerae to maintain 

the advantages. The concentrations of E. coli and V. Cholerae became closer during 

growth, and at stationary phase the number of V. Cholerae can only be about three 

times of the number E. coli although the initial proportions were as high as 50 times. 

 Therefore, if on-site detection finds that the concentration of E. coli is similar to 

or greater than the number of V. Cholerae, the data can be used to estimate the 

original source proportions of individual bacterial contaminants. However, when V. 

Cholerae is found to be dominant, since V. Cholerae cannot maintain a growth 

advantage, it may have been introduced initially at a much higher concentration 

than E. coli. 
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4.2.2. Maintenance of E. coli and V. Cholerae in Environmental samples 

To evaluate the persistence of E. coli and V. Cholerae in environmental waters, co-

cultures had been seeded to different environmental water samples at their preferred 

temperature (37 °C) and at lower temperature (4 °C).  Some literature reported a 

longer survival period of fecal bacteria at low temperature31. In our case, E. coli 

showed very strong survival potential, as it could persist in both preferred 

temperature and low temperature for more than 2 weeks, with a relatively lower 

concentration at lower temperature. V. Cholerae, however, although showed longer 

survival at lower temperature for 5 days compared to that at 37 °C. It could not be 

detected by phenotypic methods after then (Fig. 3.). The inability to detect it using 

culturing methods could be attributed to the induced VBNC state due to the stress 

of low temperature and low nutrition14.   

 

4.2.3. Resuscitation of V. Cholerae  

 A resuscitation study was conducted after V. Cholerae was induced to VBNC state 

under environmental stress to examine the resuscitation potential of this pathogen. 

Preliminary research showed that E. coli resuscitated much more easily than V. 
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Cholerae after 1 and 6 months, counting from the time when they became no longer 

culturable. E. coli cells, when responding to appropriate environmental stimuli, 

such as a temperature upshift or the addition of nutrients, quickly turned to 

metabolically active and culturable in no matter pure or mixed cultures within 24 

hours. However, V. Cholerae can only be easily resuscitated from pure culture and 

the timescale for resuscitation was usually several days. In preliminary experiments 

from mixed cultures, about 50% of V. Cholerae resuscitated in its preferred growth 

conditions. Many pathogens in the VBNC state are not infectious, but they can 

retain virulence potential and become infectious following resuscitation to an 

actively metabolizing state. As a robust microbial indicator, E. coli’s resuscitation 

is expected, but the potential for the possible resuscitation of other pathogenic 

microorganisms should also be factored into account.   
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Tables and Figures 

Table 1. qPCR Primers and Probes for E. coli and V. Cholerae 

Target Primer/ 

Probe 

Sequence (5’-3’) Reference 

E. coli K12 

rfb 

Forward 

primer 

TAA AGT AAC CTT GAT CGA 

AG 

Adapted 

from Lu et 

al., 201432 

Reverse 

Primer 

ATT CCT AAA GAA AGT ATC 

TAT TC 

TaqMan 

Probe 

/56-FAM/AA CGT ACC AGC 

ATA AAT GAT CCT /3BHQ_1/ 

V. Cholerae 

hlyA 

Forward 

primer 

TGC GTT AAA CAC GAA GCG 

AT 

Adapted 

from Lyon, 

200133 

Reverse 

Primer 

AAG TCT TAC ATT GTG CTT 

GGG TCA 

TaqMan 

Probe 

/56-FAM/TC AAC CGA TGC 

GAT TGC CCA AGA /3BHQ_1/ 
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Figure 1. Total bacteria concentration in co-culture of E. coli and V. cholerae. 

Measured by A) real-time PCR and B) OD 600. 
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Figure 2. Growth of E. coli and V. cholerae in LB broth at 37 °C with different 

initial proportions: initial seeding proportions of E. coli and V. cholerae are at A) 

1:1; B) 4:1; C) 50:1: D) 100:1; E) 200:1; F) 1:20; G) 1:50. 
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Figure 3. Maintenance of V. cholerae and E. coli in aquatic environment at different 

temperatures in snow creek water: A) at 37 °C; B) at 4 °C. 
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Supporting Information 

 

 

Figure S1. Growth of pure culture of E. coli and V. cholerae in LB broth at 37°, 

200 rpm. 
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Figure S2. Viability of V. cholerae during growing in co-culture with initial E. coli 

and V. cholerae proportion at A) 2:1 and B) 4:1.  
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C h a p t e r  5  

CHAPTER 5. CONCLUSION AND OUTLOOK 

 In this thesis, novel, easy-to-use, and cost-effective solutions were developed for 

improved waterborne pathogen control, especially under resource-limited 

conditions: a portable 3D-printed system with super-absorbent polymer (SAP) 

microspheres for sample enrichment, and a membrane-based in-gel loop-mediated 

isothermal amplification (mgLAMP) system for absolute quantification were 

developed, and interactions between microbial indicator and waterborne pathogens 

were explored. The major contributions of this dissertation are as follows:  

1) Tailored SAP microspheres coupled with a hand-powered tube 

system were developed to achieve efficient and rapid concentration of 

environmental microorganisms.  We improved the water absorbing ability 

of SAP microspheres in highly ionic water samples in terms of both speed 

and efficiency. We developed a low-cost, portable, hand-powered centrifuge 

tube system to complement our tailored SAP microspheres. The integrated 

system greatly facilitates the concentration of water samples in low-

resource settings. We envision that this system could be applied to the field 

for efficient microbial concentration and promote rapid on-site microbial 
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analysis. 

2) A membrane-based in-gel loop-mediated isothermal amplification 

system (mgLAMP) was developed for rapid and cost-effective in-field 

quantification of SARS-CoV-2. mgLAMP can rapidly and easily detect 

target pathogens in multiple environmental samples. Coupled with analysis 

on cloud servers, regional distributions of waterborne pathogens could be 

visualized, providing valuable information on the monitoring and 

controlling of waterborne pathogens and eliminating the health risk. 

mgLAMP could be a promising solution in field studies, especially for 

environmental surveillance and source tracking of waterborne pathogens. 

3) The interactions of V. cholerae, as a waterborne pathogen, with E. 

coli, as the most commonly used indicator, was investigated. We 

measured the survival and growth rates of both bacteria under different 

temperatures and nutrition deprivations. The differences in bacterium-

bacterium interactions of V. cholerae and E. coli suggested that 

environmental stress in ambient water matrices has to be taken into 

consideration while using microbial indicator to estimate the risk of 

waterborne pathogens. 
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 In summary, this dissertation constructed a workflow for the surveillance of 

waterborne pathogens with simplified strategies to concentrate, quantify, and 

monitor pathogens on site with limited resources.   

 Looking forward, further works are still needed to facilitate the process of 

pathogen detection. I hereby suggest a few possible directions for additional 

projects. 

 Pretreatment of environmental water samples has always been a major challenge 

prior to the detection and quantification. While the system with tailored SAP 

introduced in Chapter 3 provides a simple solution to increase the concentration for 

easier detection, inhibitors in environmental samples might also be concentrated at 

the same time. Moreover, nucleic acid samples that are not extracted and purified 

could contaminate subsequent molecular analysis. Since the current concentration 

system with SAP has a flow-through tube design that is compatible with centrifuges, 

the system can be upgraded with membrane-filtration or centrifugation to purify the 

sample and to remove inhibitors. Similarly, chemical lysis or on-membrane 

extraction to extract nucleic acids could also be included. These improvements 

should largely facilitate subsequent detection steps.  

 For the detection method discussed in Chapter 4, LAMP with customized probes 

was chosen because this combination yields high fluorescent signal and specificity. 
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Furthermore, LAMP reactions do not require complicated thermocycling 

equipment unlike PCR. However, one drawback of LAMP compared to PCR is the 

complexity of 4-6 primers used; another drawback is that the preparation of the 

reagent mix can be convoluted and challenging especially for nonprofessional users. 

One solution is the lyophilization (freeze-drying). Reagent mix could be 

lyophilized with protectant chemicals and then stored at room temperature. The 

lyophilized reagent mix has better storage stability and transportability, while still 

maintaining its performance when water is added. The lyophilization of PCR 

reagents have been reported to be practical by multiple literatures, whereas 

lyophilizing LAMP reagent mix remains challenging, especially with customized 

probes. 

 Finally, since the technologies introduced in this thesis are designed to be portable 

and easy to use, we are expecting them to be used at the point of sample collection 

by nonprofessional personnel. Because of the flow-through design of both the 

sample pretreatment method and the detection method, these two steps could be 

integrated together to achieve a stronger performance with a simplified setup. 

Taking one step further, with the current development of automated robotics and 

machine learning, automated sampling, detection, and analysis for long term 

surveillance of target pathogens might be feasible.  


