
Report on Sabbatical activities for the 2024-2025 

Academic Year. 
Dr. Derek D. Wright, School of Chemistry, Environmental, and Geosciences. 

 

Summary: My sabbatical leave for the 2024-25 academic year was focused on research related 

to development of analytical techniques and applications for microscopy and microanalysis, 

specifically our JEOL JSM IT200LA Scanning Electron Microscope with an Energy Dispersive 

x-ray Spectrometer (SEM-EDS), Bruker M4 Tornado Plus micro X-Ray Fluorescence 

spectrometer (µXRF), and Agilent 8700 Laser Direct Infra-Red (LDIR) chemical imaging 

system.  I also continued efforts focused on applications of atomic spectroscopy, 

environmental chemistry, and wastewater epidemiology.  These efforts were successful and 

resulted in 3 publications and 14 conference presentations.  Additionally, I completed a 

one-week training course in micro X-Ray Fluorescence spectroscopy in Madison WI, which 

significantly improved my expertise and will benefit my course instruction.  I also engaged in 

a number out outreach activities including electron microscopy activities for visiting groups 

and prospective students. 

 

Research Objectives: 

The research objectives for my sabbatical were as follows 

 

1. Develop and apply µXRF and SEM-EDS chemical Imaging and microanalysis methods 

for the following research applications: 

• Biological Tissues – Methods were developed for imaging nutrient and 

potentially toxic elements in plants, fungi, worms, and zebrafish.  Results from 

these newly implemented methods were key to achieving my research goals and 

can be found disseminated in items b, e, f, l, and o (see list below).  Major finding 

include new insights on lead bioaccumulation by plants located in shooting 

ranges which suggest active transport to leaf margins and damaged tissue as well 

as mechanistic controls on copper uptake from sites of natural copper 

enrichment.   

• Geologic and Environmental Samples Elemental imaging was crucial to 

geochemical interpretation of rocks, minerals, and soils in items d-j, l, m, o, and p 

(see below). Micro XRF additionally has allowed us to utilize Laue diffraction 

mapping to elucidate crystal grain structure, improving interpretation of material 



phases.  Further improvements are now enabled by our newly developed x-ray 

backscatter imaging using µXRF, which our group is the first to our knowledge to 

systematically apply to geological specimens.  We are currently drafting a 

manuscript describing these findings for publication in early 2026. 

• Engineered Materials & Archeological Specimens.  We have applied elemental 

imaging and x-ray backscatter imaging to better understand the historical use of 

heavy metal based pigments in books, and to solve practical engineering 

problems such as sources heavy metal contamination from vape cartridges and 

respective failure modes.  As part of this work, we inadvertently discovered that 

some polymer (plastic) vape cartridges appear to leach (partially dissolve) into 

vape fluids, which could have significant implications for product safety. As 

highlighted in the December 2025 Academic Affairs Report, Alex Eckman 

(Cannabis Chemistry) was awarded an ElSohly Award for his part in this work, 

presented by the Cannabis Chemistry Subdivision of the American Chemical 

Society, which recognizes outstanding contributions to advancing the field of 

cannabis and cannabinoid science. His work titled “Evidence of Pre-Use Polymer 

Leaching in Hemp-Derived Vaporizers” presented critical findings on material 

stability and safety in hemp vaporizer hardware, identifying pre-use polymer 

leaching and emphasizing the need for enhanced quality control in product 

manufacturing. 

 

2. Develop correlative imaging approaches using a combination of SEM-EDS, µXRF, and 

LDIR imaging as a novel tool to correlate element and mineral distributions in geologic 

samples for studies in mineralogy, petrology, and paleoclimate. 

• Mineralogy and Petrology – We have made significant progress in this research 

area which has been presented in items h, j, and m.  This work may also be 

featured in an upcoming publication from Agilent Technologies pending approval 

of the use of our data. A manuscript detailing this work, potentially the first in 

the world, is under development for 2026. 

• Paleoclimate – We have made significant progress in this research area which 

has been presented in items i and m, and actively continue work in this area. 

 

3. Metal Bioaccumulation and Metal Tolerance Mechanisms in Metal Enriched Soil and 

Potential Identification of Novel Hyperaccumulators.   

• We continue to work at two interesting field sites, the Freda Stamp Mill west of 

Houghton MI and the Gaines Highway Shooting Area north of Kinross MI.  

Results from work at these sites is described in items e, f, g, l, and o.   



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Freda Stamp Mill Site on the Lake Superior shore west of Houghton MI. 

 

 



 
 

 

 

 

Gaines Hwy. Shooting Area north of Kinross MI 

 

 

 

 

 

 

 



 

 

4. Potentially Toxic Metals in Cannabis Rolling Papers  

• We continue work on a follow up to our April 2024 publication Elemental 

Composition of Commercially Available Cannabis Rolling Papers (ACS Omega).  

We have since documented the use of previously undocumented Mo and Cr 

based pigments and have tentatively identified common copper based pigments 

including copper phthalocyanine.   

 

Additional Research Activities: In addition to the above activities, I also continued my ongoing 

research on wastewater epidemiology resulting in a publication comparing variant testing kits 

and whole genome sequencing for SARS COV-2 variant detection in wastewater.  Additionally, 

we also conducted a method development study for  

 

 

Involvement of LSSU Undergraduate Research Students in the Research Activities: During my 

sabbatical, more than 100 LSSU undergraduates used the MASC Lab for a class activity (GEOL 

322, NSCI 110, BIOL 223, NRES 230, MICR 315) or for undergraduate research.  In the list of my 

disseminated works below, undergraduate coauthors are highlighted in bold.  I also retain 

copies of all work completed in the MASC Lab displayed in the hallway outside CRW 105. 

 

(II) Instructional Improvement Outcomes:  

Based on my completion of the weeklong µXRF training course in Madison WI and our recent 

advances in method development, I was able to substantially improve my materials and class 

activities in MICR 315 for Spring 2025.  New materials include image processing using custom 

software we developed (Nick Gordon), x-ray backscatter imaging, Laue diffraction imaging, and 

correlative minerology with LDIR.  This gives LSSU students access to instruction in state-of-the-

art imaging methodologies, some of which are only available at our facility.  I also completed a 

user manual to assist students/new users in obtaining high quality data from our instrument. 

 

(III) K-12 Outreach Outcomes: 

As part of my sabbatical activities I coordinated with admissions and the EU-ISD to host more 

than 500 K-12 students and teachers at various activities (Summer 2024 & 2025).  Some 

students participated in a tour, while other also had the opportunity for a hands on activity with 

the SEM (e.g. Regional Science & Engineering Fair participants).  Feedback from the participants 

(provided through the organizers) was excellent, suggesting our outreach efforts were highly 

successful.  

 



Publications: 
 

a. Derek Wright, Benjamin J Southwell, Emma Zabik, Shane Coykendall, Natalie 
Tourangeau. Determination of Electrolytes in Sports Drinks by Microwave 
Plasma Atomic Emission Spectroscopy (MP-AES) December 2025, Spectroscopy 

 
b. Derek Wright, Mark R. Zierden, Stephen H. Kolomyjec, Benjamin J Southwell. 

Applications of Micro X-Ray Fluorescence Spectroscopy in Food and Agricultural 
Products. January 2025, Spectroscopy 

 
c. Michelle M Jarvie, Thu N. T. Nguyen, Benjamin J Southwell, Derek Wright. 

Integration of Whole-Genome Sequencing with ddPCR Kit for Detection of 
Omicron Subvariants in Wastewater in the Upper Peninsula of Michigan. October 
2024. Applied Microbiology 4(4):1453-1463 DOI: 10.3390/applmicrobiol4040100 

 
Conference Presentations: 
 

d. Shane Coykendall, Nicholas Gordon, Stephen Kolomyjec, Logan McQueen, Kyle 
Eichorn, and Derek Wright. Application of benchtop micro x-Ray Fluorescence 
spectroscopy to chemical imaging of plant and animal fossils. December 2025 
American Geophysical Union 2025 

 
e. Shane Coykendall, Mark Zierden, Lilyann Secord-Rider, Benjamin Southwell, 

Derek Wright. Lead Bioaccumulation and Biogeochemistry at the Gaines Highway 
Informal Shooting Range near Kinross, Michigan. December 2025 American 
Geophysical Union 2025 

 
f. Lilyann Secord-Rider, Mark Zierden, Shane Coykendall, Derek Wright. 

Bioaccumulation of Lead in Earthworms from Soil Contaminated by Recreational 
Firearm Use. December 2025 American Geophysical Union 2025 

 
g. Lilyann Secord-Rider, Nicholas Gordon, Shane Coykendall, Mark Zierden, 

Benjamin Southwell, Derek D Wright. Evaluation of Lead and Potential Toxic 
Element Leaching and Subsequent Ground Water Contamination in High 
Permeability Soils From Recreational Firearm Usage. December 2025 American 
Geophysical Union 2025 

 
h. Nicholas Gordon, Hayley Beaudoin, Paul R Kelso[...], Derek Wright. Laser Direct 

Infrared Spectroscopy Hyperspectral Imaging; Applications in Geochemical Phase 
Mapping and Interpretation of Multidimensional Analysis. December 2024 
American Geophysical Union 2024 

 



i. K.D.V.B. Jayawardhana, Pradeep Ranasinghe, Derek Wright. Potential new 
chemical and mineralogical proxies to reconstruct precipitation records using 
speleothems. December 2024 American Geophysical Union 2024 

 
j. Nicholas Gordon, Ashley Render, Pradeep Ranasinghage[...], Derek Wright. 

Application of Correlative Chemical Imaging Techniques to Improve Paleoclimate 
Reconstruction Using Speleothems. December 2024 American Geophysical 
Union 2024 

 
k. Shane Coykendall, Deidre Furlich, Benjamin J Southwell, Derek Wright. 

Assessment of PFAS sources in coastal Lake Huron waters within the US Great 
Lakes. December 2024 American Geophysical Union 2024 

 
l. Shane Coykendall, Mark R. Zierden, Nicholas Gordon[...], Derek Wright. Copper 

Biogeochemistry and Bioaccumulation at the Historic Freda Stamp Mill near 
Houghton Michigan. December 2024 American Geophysical Union 2024  

 
m. Ashley Render, Nicholas Gordon, Paul Kelso[...], Derek Wright. Application of 

Chemical Imagining Techniques to Stromatolite Fossils: Implication for 
Paleoenvironmental Reconstruction. December 2024 American Geophysical 
Union 2024 

 
n. Nicholas Gordon, Ana Robbins, Arianna DeHoyos[...], Derek Wright. 

Investigation of the Spatial Variability of Heavy Metal Based Pigments in 
Nineteenth and Twentieth Century Books. October 2024 Upper Peninsula 
American Chemical Society.  

 
o. Shane Coykendall, Mark R. Zierden, Lilyann Secord-Rider[...], Derek Wright. 

Bioaccumulation of Lead in plants at the Gaines Highway shooting range near 
Kinross, Michigan. October 2024 Upper Peninsula American Chemical Society. 

 
p. Nicholas Gordon, Hari Kandel, Benjamin J Southwell, Derek Wright. Uranium 

Occurrence in Jacobsville Sandstone: A Reported Source Rock for Groundwater 
Uranium in Michigan's Upper Peninsula. June 2024 AGU WaterSciCon24. 

 
q. Molly Gilpatrick, Hari Kandel, Benjamin J Southwell, Derek Wright. Studying 

Presence of Polycyclic Aromatic Hydrocarbons in Small Inland Lakes -Exploring 
Links with Motorized Boats and Human Impact. June 2024 AGU WaterSciCon24. 

 Boldface authors are LSSU undergraduates or recent graduates 
 
 
 
 



 
 
 
 
 
 
 
 

 
Shane Coykendall (BS Environmental Science) and Lilyann Secord-Rider (BS Biology) present 
their research (items d-g) at the 2025 American Geophysical Union Fall Meeting in New 
Orleans Louisiana.  
 
 
 
 
 
 
 
 



Posters are displayed in Crawford Hall (West Basement) outside the MASC Lab (CRW 105) 
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ATOMIC PERSPECTIVES

Determination of Electrolytes in Sports 
Drinks by Microwave Plasma Atomic 
Emission Spectroscopy (MP-AES)

Derek D. Wright, Benjamin Southwell, Emma Zabik, Shane Coykendall, and Natalie Tourangeau.

Sports drinks are a common 
beverage choice, especially 
for those who engage in regu-

lar physical activity. While their primary 
purpose is to assist active people with 
rehydration and to replenish electro-
lytes lost through sweat, their use has 
also expanded to the general con-
sumer beverage market. For athletes, 
sports drinks potentially serve a clear 
function. During intense or prolonged 
exercise, the body loses water and es-
sential elements such as sodium, potas-
sium, calcium, and magnesium that are 
crucial for maintaining muscle function 
and hydration. Drinking a sports bever-
age during or after a workout may help 
restore this balance, though their over-
all effectiveness is a matter of debate, 
and which formulations may be more 
effective is an area of active study.

Many sports drinks also contain 
sugar and, in some cases, caffeine, 
which both offer a quick energy boost. 
This is potentially attractive to people 
participating in long-distance events 
or high-intensity sports, where energy 
stores deplete quickly. By replenish-
ing carbohydrates during the activity, 
athletes could potentially improve their 
endurance and reduce fatigue. Alterna-
tively, many sports drink formulations 
contain artificial sweeteners to appeal 
to consumers concerned about exces-
sive sugar consumption, leading to a 

wide variety of product formulations 
available on the consumer market. To 
meet product labeling requirements 
and provide quality control in manu-
facturing, there is a need for robust, 
low-cost methods for electrolyte ele-
ment quantification that provide accu-
rate results across a variety of product 
formulations.

Microwave plasma atomic emission 
spectrometry (MP-AES) is an emerging 
atomic emission technique that utilizes 
collisions in plasma to promote some 
atoms to excited electronic states from 
which they can emit photons as they 
return to lower energy states. The MP-
AES instrument utilizes a microwave-
induced nitrogen plasma instead of 
combustible gases or costly argon, al-
lowing analysis at a fraction of the cost 
of traditional analytical techniques (1). 
During the last decade, this technique 
has shown promising performance as 
a quantitative analytical technique, 
with applications in fields such as geo-
logical, environmental, food, health, 
energy, agricultural, pharmaceuticals, 
and waste electrical and electronic 
equipment regulation (WEEE)/restric-
tion of hazardous substances (RoHS) 
compliance (2-7) Thus, MP-AES offers 
an alternative to both atomic absorp-
tion spectroscopy (AAS) and induc-
tively coupled plasma optical emission 
spectroscopy (ICP-OES) techniques 

Sports drinks, also known as electro-
lyte drinks, are a popular beverage 
choice among consumers and come 
in a wide variety of flavors and elec-
trolyte compositions. They may vary 
substantially in their additives, which 
typically include sweeteners, color-
ing agents, flavoring agents, and ad-
ditional vitamins and nutrients. The 
determination of electrolyte ele-
ments is important for accurate prod-
uct labeling and quality control; how-
ever, conventional instrumentation, 
such as inductively coupled plasma 
optical emission spectroscopy (ICP-
OES), may be costly to both acquire 
and operate, especially given its rela-
tively high consumption of argon gas. 
Here we present a rapid and cost-
effective method using microwave 
plasma atomic emission spectros-
copy (MP-AES), which utilizes a ni-
trogen plasma that may be supplied 
with either a conventional gas source 
(dewar or cylinder gas) or a nitrogen 
generator on-site. Using a simple “di-
lute and shoot” method, electrolyte 
elements can be determined without 
prior sample digestion with good re-
producibility and excellent limits of 
detection across a variety of sample 
matrices. Thus, MP-AES offers a sim-
ple multi-element alternative to ICP-
OES for sports drink analysis without 
costly argon consumption.
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that had several advantages including im-
proved lab safety relative to flame AAS, 
relatively inexpensive operating costs, 
multi-element capability, good speed, 
and good detection power; making it 
an efficient cost-effective analytical tool 
compared to previous techniques (1). The 
MP-AES models record emission signals 
sequentially. Therefore, analytical condi-
tions can be optimized for each specific 
element within the same experiment, 
which maximizes efficiency and may mini-
mize potential interferences (2).

The objectives of this study were to 
evaluate the suitability of MP-AES for 
the analysis of electrolyte elements in 
sport drinks and to develop a simple, 
low-cost method for routine analysis. 
While traditional methods often require 
complicated digestions before sample 
analysis, this study utilizes a “dilute and 
shoot” method for elemental analysis of 
Na, K, Ca, and Mg, which may be present 
in concentrations as high as several hun-
dred mg/l if used in electrolyte mixtures 
in sports drinks. 

Methods
Sample Preparation
Samples of sports drinks from five dif-
ferent brands in multiple varieties were 
obtained from a major local retailer 
(Walmart, Sault Sainte Marie, MI). Vari-
eties were selected to represent differ-
ent brands, sweeteners, and flavoring/
coloring agents (Table I). Samples were 
prepared by diluting each beverage 1:500 
with 2% Nitric Acid prepared from trace 
element certified concentrated acid (Ari-
star) diluted with ultrapure water. Addi-
tionally, a second sample of each bever-
age was prepared identically and spiked 
with 2mg/l of each element from a Na-
tional Institute of Standards and Tech-
nology (NIST) traceable stock element 
standard (Inorganic Ventures). 

Analysis Conditions
Samples were analyzed with an Agilent 
4200 Microwave Plasma Atomic Emission 
Spectrometer equipped with a OneNeb 
Series 2 nebulizer (Agilent Technologies) 
and a cyclonic spray chamber, and a stan-
dard torch. The Agilent 4200 is equipped 

with a Czerny-Turner monochromator 
with 600 mm focal length and covers 
a spectral range of 178-780 nm. For all 
experiments, the nitrogen plasma was 
supplied from high-pressure cylinders, 
though dewar nitrogen or a nitrogen 
generator could also be utilized. Samples 
were introduced manually, though an au-
tosampler can also be equipped. Addi-
tional method parameters are described 
in Table II. 

Calibration standards were prepared 
in 2% nitric acid from stock element so-
lutions covering the expected elemen-
tal range of 0.05-10 mg/l in the diluted 

samples. Standards were analyzed at the 
beginning of the analysis, with a 2 mg/l 
standard measured every 10 samples 
to monitor method performance. The 
built-in three-channel peristaltic pump 
was also utilized to introduce an internal 
standard solution via an online mixing 
tee. The solution contained rhodium (10 
mg/l) to monitor for sensitivity drift and 
to verify the absence of matrix interfer-
ences due to variations in sample viscos-
ity, which can negatively affect accuracy 
and precision. Additionally, the internal 
standard solution contained an excess of 
cesium (500 mg/l) to act as an ionization 

TABLE I: Components of sports drinks utilized for method development

Sample Brand Sweetener Color

1 A Acesulfame K, sucralose Yellow 5 & 6

2 A High fructose corn syrup Yellow 5 & 6

3 B Acesulfame K, sucralose Vegetable Juice Concentrate

4 B Dextrose Red 40

5 B Sugar Red 40

6 C Sugar Purple carrot juice concentrate

7 C Natural fruit flavors Natural colors, CI Food 
Orange 6 (E160e)

8 C Natural flavor None

9 D Acesulfame K, sucralose None

10 E Sugar, Stevia Natural vegetable 
juice concentrate 

TABLE II: Additional Method Parameters

Rinse time: 60s

Uptake time: 40s (fast pump enabled)

Stabilization time: 15s

Integration time: 3s

Replicates:3

Emission Lines

Element Emission Line (nm)

Na 588.995

K 766.491

Ca 393.366

Mg 280.271

Rh 343.489

Rh 437.48

Cs 455.528

Cs 672.328
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buffer and suppress easily ionizable ele-
ment effects. 

Results 
Calibration Results
As instrument calibration is fundamental 
to producing accurate results, we care-
fully examined the calibration curves for 
each emission line during method de-
velopment. The sensitivity of MP-AES is 
excellent for Group I (Na, K) and Group 
II elements (Ca, Mg), so the calibration 
standards were designed to bracket the 
samples and matrix spikes within the 
linear response range of the instrument. 
Following analysis of calibration stan-
dards, calibration curves were visually 
examined for linearity to determine the 
best calibration model. While a linear fit 
to the calibration curves resulted in an 
r2 value of more than 0.999 for all emis-
sion lines, a slight curvilinearity could 
be visually detected, so the rational fit 
calibration model in the MP Expert soft-
ware was selected for all lines, resulting 
in slight improvements to the r2 values. 
The resulting calibration curves (Figure 
1) were subsequently used for the de-
termination of element concentrations.

Evaluation of Matrix Effects
A variety of possible matrix effects may 
negatively affect results by MP-AES, so 
several steps were taken to minimize and 
evaluate any possible effects on the ac-
curacy of results. The significant sample 
dilution (1:500) was expected to elimi-
nate any effects of viscosity variation on 
nebulizer efficiency, but to confirm this, 
we monitored the response of the Rh in-
ternal standard (10 mg/l) at the 343.489 
and 437.480 emission lines. Across the 
analytical run, only minimal variation in 
response for both emission lines was 
observed, demonstrating that viscosity 
variations were minimal (Figure 2).

As the Agilent 4200 is an axial view 
design, easily ionizable element (EIE) ef-
fects are a potential concern, even with 
high sample dilution. The EIE effect can 
result when ionization in the plasma pro-
duces excess free electrons, resulting in 
reduced ionization of low first ionization 
potential elements (such as Na and K). 

FIGURE 1: Calibration curves for sodium, potassium, calcium, and mag-
nesium and rational curve fits using the MP Expert software (Agilent 
Technologies).
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This subsequently results in signal en-
hancement for these elements, which 
can negatively affect accuracy. 

A common strategy for reducing EIE ef-
fects is to add an excess of a low first ioniza-
tion potential element, usually cesium. Ex-

cess Cs acts as an ionization buffer, ideally 
by providing a constant supply of excess free 
electrons to the plasma. In the method pre-
sented here, Cs was added at a final concen-
tration of 500 mg/l. Variations in ionization 
conditions in the plasma were monitored by 
analysis of the Cs 455.528 and 672.328 emis-
sion lines over the course of the analytical 
run (Figure 3). Signal intensity for Cs lines 
was relatively constant (variation <10% in all 
samples and standards), suggesting that EIE 
effects were likely to be minimal. 

We also evaluated each sample individu-
ally for matrix interferences by monitoring 
the recovery of a 2 mg/l element spike. The 
spike recoveries demonstrated good recov-
ery, suggesting matrix interferences gener-
ally have minimal effect on the accuracy of 
the results (Table III). Sample 6 did show an 
unacceptably low recovery for the Ca spike. 
That sample contained the highest con-
centration of Ca (Table V), which may have 
impacted the spike recovery by resulting in 
an insufficient difference in concentration 
between the sample and spiked sample for 
accurate recovery determination. 
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FIGURE 2: Rhodium (10 mg/L) internal standard recovery.



Spectroscopy 11 November/December 2025

Method Detection Limits
Method detection limits were as-
sessed by analysis of 10 replicates 
of the blank solution (2% nitric acid; 
Table IV ). Determined MDLs, even 
with the significant degree of dilu-
tion utilized in this method, are suf-
ficiently low to determine electrolyte 
additives in sports drinks, which are 
often in the range of several hundred 
mg/l or higher. 

Results from Beverage Analysis
Results of the electrolyte elements 
determination in the sports drinks 
studied here are presented in Table 
V. Sodium is the main electrolyte el-
ement added to most of the drink 
formulations studied, though sig-
nificant quantities of potassium and 
lesser quantities of Ca and Mg are 
sometimes present. As sodium is the 
primary cation lost in sweat, it is un-
surprising that most of the studied 
formulations utilize sodium as the 
primary electrolyte. The observation 
of alternative formulations, however 
(such as those with significant K), dem-
onstrates the utility of using a multi-
element technique such as MP-AES, 
which can detect all four elements 
(Na, K, Ca, and Mg) when present as 
significant components of electrolyte 
mixtures. 

Conclusions
MP-AES is a fast, low-cost, multiele-
ment method suitable for determining 
electrolyte elements in sports drinks 
utilizing a simple “dilute and shoot 
technique.” Use of an internal stan-
dard and ionization buffer provides 
adequate control of matrix interfer-
ences in diluted samples, and the 
excellent sensitivity of Group I and 
II elements such as Na, K, Ca, and 
Mg allows sufficient sensitivity even 
with significant dilution. This makes 
MP-AES an attractive choice, espe-
cially for smaller labs that with lower 
sample throughput for which ICP-AES 
may prove too costly, but FAAS may 
be too slow (or have concerns about 
the safety of combustible gases). 

TABLE III: Spike recovery (%) for 2 mg/L spikes in diluted samples

Spike Recovery (%)

Sample Brand Na K Ca Mg

1 A 92 92 92 86

2 A 97 95 93 92

3 B 101 96 95 93

4 B 94 98 102 95

5 B 96 94 103 92

6 C 106 105 63 99

7 C 98 97 98 92

8 C 98 106 103 93

9 D 94 88 103 88

10 E 93 92 99 91

TABLE IV: Method detection limits determined in diluted and undiluted sam-
ples

Detection Limits (mg/L)

Diluted Sample Undiluted Sample

Na 0.003 1.7

K 0.003 1.6

Ca 0.002 1

Mg 0.0009 0.43

FIGURE 3: Variation in intensity of cesium emission lines over the course of 
sample analysis.
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Abstract: This study explores the integration of genome sequencing and digital droplet polymerase
chain reaction (ddPCR)-based methods for tracking the diversity of COVID-19 variants in wastewater.
The research focuses on monitoring various Omicron subvariants during a period of significant viral
evolution. Genome sequencing, particularly using Oxford Nanopore Technology (ONT), provides
a detailed view of emerging variants, surpassing the limitations of PCR-based detection kits that
rely on known sequences. Of the 43 samples analyzed, 39.5% showed matching results between the
GT Molecular ddPCR kits and sequencing, though only 4% were exact matches. Some mismatches
occurred due to newer subvariants like XBB and BQ.1, which the ddPCR kits could not detect.
This emphasized the limitations of ddPCR kits, which rely on known variant sequences, while
sequencing provides real-time data on emerging variants, offering a more comprehensive view of
circulating strains. This study highlights the effectiveness of combining these methodologies to
enhance early detection and inform public health strategies, especially in regions with limited clinical
sequencing capabilities.

Keywords: COVID-19; Omicron; ddPCR; whole-genome sequencing; wastewater-based epidemiology

1. Introduction

The COVID-19 pandemic, caused by the SARS-CoV-2 virus, highlighted the critical
need for robust epidemiological tools to monitor and mitigate the spread of infectious
diseases. One of the most significant challenges in mitigating the pandemic has been the
emergence and spread of viral variants, which can have altered transmissibility, virulence,
and vaccine efficacy [1,2]. Genome sequencing has emerged as a pivotal technology in
tracking the temporal diversity of SARS-CoV-2 variants, providing invaluable insights into
the evolutionary dynamics of the virus and informing public health responses.

Genome sequencing allows for the characterization of the detailed genetic makeup of
SARS-CoV-2, enabling the identification of mutations and the classification of viral lineages.
This technology has been instrumental in detecting variants of concern (VOCs) and variants
of interest (VOIs), such as Alpha (B.1.1.7), Delta (B.1.617.2), and Omicron (B.1.1.529), which
have had significant impacts on the trajectory of the pandemic [3,4]. By analyzing the viral
genome, researchers can track the emergence of these variants and their spread across
different regions and time periods, providing a real-time map of viral evolution [5–7].

Wastewater-based epidemiology (WBE) has emerged as a complementary approach to
clinical testing, offering a non-invasive and cost-effective means to monitor community-
level infections. This method involves the collection and analysis of wastewater samples
to detect the presence of SARS-CoV-2 genetic material, allowing for the early detection of
outbreaks and the assessment of variant prevalence in the population [8,9]. The integration
of genome sequencing with WBE has proven particularly powerful, enabling the detection
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of low-frequency variants and providing a comprehensive view of viral diversity in a
community [6,10–12].

Oxford Nanopore Technology (ONT) has been widely adopted for sequencing SARS-
CoV-2 due to its portability, rapid turnaround time, and ability to generate long reads,
which are beneficial for detecting complex variants and reconstructing viral genomes from
mixed samples [9,13]. Studies employing ONT for wastewater sequencing have successfully
identified and tracked the temporal diversity of SARS-CoV-2 variants, demonstrating its
utility in public health surveillance and outbreak management [9,14–16].

Genome sequencing offers a more comprehensive approach to identifying COVID-19
variants compared to PCR testing, which was the pioneering tool developed to detect
COVID-19 in wastewater early in the pandemic [8,17]. While PCR tests are effective in
detecting the presence of the virus, they do not provide detailed information about the
genetic sequence, which is crucial for identifying and tracking specific variants [18]. The
PCR-based identification of COVID-19 variants is also limited to the detection of specific
known mutations, whereas genome sequencing deciphers the entire genetic code of the
virus, allowing researchers to detect new and emerging mutations and understand how
the virus is evolving [6,16,19,20].

Few studies have compared the usefulness and accuracy of the two methods side-
by-side [21], and the majority that have were using clinical nasal swabs [4,22,23], or a
combination of clinical and wastewater samples [24,25]. In a review of 80 studies on
COVID-19 variant determination, only 2 compared sequencing and PCR variant detection
in wastewater [21,26,27]. This study aims to compare the application of genome sequencing
in tracking the temporal diversity of COVID-19 variants with a commercially available
quantitative polymerase chain reaction wastewater variant kit. This study occurred during
a period of transition between various Omicron subvariants: BA.1, BA.2, BA.4, BA.5, XBB,
and BQ.1. Additionally, the study evaluates the effectiveness of these combined methodolo-
gies in offering early warning signs for public health interventions and in understanding
the geographical spread and persistence of different variants. This integrated approach
is particularly relevant for informing targeted public health strategies, especially in rural
areas with limited clinical sequencing capabilities. The insights gained from this study
will contribute to the optimization of wastewater-based epidemiology as a valuable tool in
managing current and future pandemics.

2. Materials and Methods
2.1. Study Location

Samples were gathered weekly, beginning June 2021, from 16 sites across Michigan’s
Eastern Upper Peninsula (EUP). The EUP includes Alger, Chippewa, Luce, Mackinac,
and Schoolcraft Counties, totaling about 70,000 residents over 5566 square miles, with an
average density of 11.3 people per square mile. Only 13 of the sites were included in this
study: 2 did not sample during the winter due to prohibitive ice and snow cover, and
1 did not have any samples during the study period, 9 January–27 April 2023, that met the
minimum criteria for genome sequencing (discussed later). Figure 1 shows the sampling
site locations included in this study.
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2.2. Wastewater Sampling

Wastewater grab samples (250 mL) were collected from wastewater influent streams
once per week. Samples were refrigerated or kept on ice until processed (up to 48 h).

2.3. Viral Concentration

Each sample of raw sewer water (100 mL) was combined with 8% (w/v) molecular-
grade polyethylene glycol (PEG) 8000 (Fisher Scientific) and 0.2 M NaCl (w/v) (Fisher
Scientific) [28,29]. After mixing for two hours at 230 rpm and 4 ◦C, samples were centrifuged
at 4200× g for 45 min at 4 ◦C [28,29]. Supernatant was removed using a sterile serological
pipet, and the pellet was resuspended in 3–6 mL of residual liquid (supernatant that could
not be removed without disturbing the pellet) [28,29].

2.4. RNA Extraction

Viral ribonucleic acid (RNA) was extracted from concentrated samples using the
Qiagen QiAmp Viral RNA Minikit following the manufacturer’s custom protocol for
the QIACube Connect (Qiagen, Hilden, Germany). RNA extraction resulted in a final
elution volume of 80 µL. Extracted RNA was used immediately for viral detection and
quantification or stored at −80 ◦C for later use.

2.5. Initial Virus Detection and Quantification

Bio-Rad’s One-step RT-ddPCR Advanced Kit for Probes was used with the Bio-Rad
Automated Droplet Generator and the QX200 ddPCR system to quantify N1, N2, and Phi6
RNA (Bio-Rad, Hercules, CA, USA). Each reaction contained a final concentration of 1×
Supermix (Bio-Rad, USA), 20 U/µL reverse transcriptase (RT) (Bio-Rad, USA), 15 nM DTT
(Bio-Rad, Hercules, CA), 900 nmol of each primer (BioSearch Tech, Novato, CA), 250 nmol
of each probe (BioSearch Tech, Novato, CA, USA), 1 µL of nuclease-free water, and 5.5 µL of
template RNA. See the Supplementary Information for primer/probe sequences. The final
reaction volume was 22 µL. Quality control samples on each plate included a non-template
control, extraction control (elution buffer spiked with Phi6), and processing blank (water
spiked with Phi6). Samples, controls, and blanks were analyzed in triplicate.

Droplets were generated in the Bio-Rad Automated Droplet Generator (ADG) by
combining 20 µL of reaction volume with 70 µL of droplet generator oil (Bio-Rad, USA),
resulting in a reaction mixture–oil emulsion of 40 µL containing up to 20,000 droplets.
The droplets were transferred, via the ADG, to a 96-well PCR plate that was then heat-
sealed with foil and put in a Bio-Rad C1000 deep-well thermal cycler for PCR amplification
under the following conditions: 25 ◦C for 3 min, 50 ◦C for 60 min, 95 ◦C for 10 min,
40 cycles of 95 ◦C for 30 s and 55 ◦C for 1 min, 98 ◦C for 10 min, and hold at 4 ◦C.
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After thermal cycling, the plate was transferred to the Bio-Rad QX200 Droplet Reader for
concentration determination via the spectrophotometric detection of fluorescent probe
signal in gene-target positive droplets. Amplitude thresholding was performed manually
for each analysis using the QuantaSoft (BioRad, Hercules, CA) software (version 1.7). Lower
limit of detection (see Supplementary Information), N1, N2, and Phi6 gene copies for each
sample were then determined using the QuantaSoft output.

2.6. Variant Determination Using ddPCR

Samples that were N1- or N2-positive in the initial detection were then tested for
variant detection using the BA.1 (A67V; del69-70 mutations) and BA.2 (R408S mutation)
discrimination assay kit (GT Molecular). Each reaction contained 5.5 µL Supermix (Bio-Rad,
USA), 2.2 µL reverse transcriptase (RT) (Bio-Rad, USA), 1.1 µL DTT (Bio-Rad, USA), 1 µL
GT primer-probe solution (GT Molecular), 6.7 µL of nuclease-free water, and 5.5 µL of
template RNA for a total reaction volume of 22 µL. Droplet generation was performed in
the same manner as previously described. Thermal cycling conditions were as follows:
50 ◦C for 60 min, 95 ◦C for 10 min, 45 cycles of 94 ◦C for 30 s and 60 ◦C for 1 min, 98 ◦C for
10 min, and hold at 4 ◦C for 30 min. Concentration and target gene copies were determined
in the same manner as described above for N1/N2 determination.

2.7. Variant Determination Using Genome Sequencing

Previously extracted RNA was used for genome sequencing. Sequencing was per-
formed, retrospectively, several months after ddPCR variant detection. Only samples
with an N1 and N2 combined concentration of ≥9000 gene copies (GC) per 100 mL were
sequenced [30]. Forty-three samples during the study period (9 January–27 April 2023) met
these criteria for sequencing.

Reverse transcription was performed using the Midnight RT PCR Expansion kit
(EXP-MRT001, Oxford Nanopore Technologies, Oxford, UK). An input volume of 8 µL
of sample RNA was mixed with 2 µL LunaScript RT Supermix and then thermal cycled
in the following conditions: 25 ◦C for 2 min, 55 ◦C for 10 min, 95 ◦C for 1 min, and hold
at 4 ◦C. Midnight primer pools A and B were then mixed according to the manufacturer
protocol and aliquoted 10 µL each into a clean 96-well plate. To each primer pool, 2.5 µL of
RT reaction was added. Thermal cycling was performed under the following conditions:
98 ◦C for 30 s, 35 cycles of 98 ◦C for 30 s, 61 ◦C for 2 min, 65 ◦C for 3 min, and hold at 4 ◦C.

The addition of barcodes was performed according to the manufacturer’s protocol
using the Rapid Barcoding kit (SQK-RBK110.96, Oxford Nanopore Technologies). For each
sample, 2.5 µL from primer pools A and B was combined with 2.5 µL or nuclease-free water
in a clean 96-well plate. Then, 2.5 µL of Rapid Barcode was added to the corresponding
sample wells. The barcoded plate was incubated at 39 ◦C for 2 min and then 88 ◦C for
2 min. Barcoded samples were then pooled in a clean Eppendorf DNA LoBind tube. Half
of the pooled sample was used and half was stored at 4 ◦C in a case needed for reloading
during the sequencing run. To the pooled, barcoded sample, an equal volume of AMPure
XP Beads were added and then mixed on a rotator mixer at room temperature for five
minutes. After mixing, the tube was put on a magnet and the beads were washed twice
with 1 mL of 80% ethanol. Residual ethanol was discarded, and the pellet was resuspended
with 15 µL of elution buffer and incubated at room temperature for 10 min. Up to 800 ng of
DNA library was transferred to a clean tube and combined with 1 µL of Rapid Adaptor F.

The prepared DNA library was combined with 37.5 µL Sequencing Buffer and 25.5 µL
Loading Beads and loaded into a MinION R9.4.1 flow cell which was placed onto a Min-
ION Mk1C sequencer (Oxford Nanopore Technologies) for 24–72 h using the MinKNOW
software (version 23.04.5) (min accepted quality score 8, minimum 200 bp read length).
Data were analyzed using EPI2ME’s (Oxford Nanopore Technologies) FastqQC + ARTIC +
NextClade workflow with the ARTIC nCoV-2019 protocol.
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3. Results and Discussion

During the study period, N1 + N2 gene copies fluctuated between 1163 and 2.8 million,
with a mean of 32,127 and a median of 3607. Of the 210 samples tested from the 13 included
sites, 43 met the minimum criteria of 9000 N1 + N2 combined gene copies. Figure 2 shows
the normalized N1 + N2 gene copies by site over the study period.

Appl. Microbiol. 2024, 4, FOR PEER REVIEW  5 
 

 

read length). Data were analyzed using EPI2ME’s (Oxford Nanopore Technologies) 
FastqQC + ARTIC + NextClade workflow with the ARTIC nCoV-2019 protocol. 

3. Results and Discussion 
During the study period, N1 + N2 gene copies fluctuated between 1163 and 2.8 mil-

lion, with a mean of 32,127 and a median of 3607. Of the 210 samples tested from the 13 
included sites, 43 met the minimum criteria of 9000 N1 + N2 combined gene copies. Figure 
2 shows the normalized N1 + N2 gene copies by site over the study period. 

 
Figure 2. Normalized N1 + N2 gene copies per 100 mL by site during the study period week of 9 
January 2023 through the week of 24 April 2023. Sites were separated (A,B), alphabetically, to im-
prove data visualization. 

All of the samples sequenced contained genetic markers from the Omicron family of 
subvariants. Of the 43 samples compared, 39.5% of the samples had matching results be-
tween the GT Molecular ddPCR kits and ONT sequencing. Of these, 4% were an exact 
match, and 33.5% were an “assumed” match, meaning that if the GT kit gave positive 
results for both BA.1 and BA.2, it was possible that BA.4 or BA.5 were present based on 
shared mutations among the four subvariants [31,32]. Seven percent of the samples did 
not register a positive result in the GT Molecular kit (<LOD) but were assigned a clade (a 
group of similar viruses based on genetics) using sequencing. Two of those seven were 
identified as BA.2 and one as recombinant. The remaining 53.5% of the samples were not 
matched with the two methods utilized. The majority of non-matches were assigned as 
“recombinant” using sequencing (35%). Others were BA.3, XBB, and BQ.1, for which there 
existed no markers in the GT Molecular kit being used (see Table 1). 

Table 1. Comparison of subvariants identified using Oxford Nanopore Technologies sequencing 
and GT Molecular ddPCR BA.1/BA.2 discrimination kit over the study period 9 January–27 April 
2023. The number of sequencing instances was dependent upon meeting the 9000 N1 + N2 gene 
copies per 100 mL minimum. 

DATE SITE ONT ddPCR KIT 
3/14/2023 Bay Mills Community BA.5 BA.1 and BA.2 (4/5) 
3/1/2023 Brevort BA.3 BA.2 
3/8/2023 Brevort BA.2 BA.2 
3/15/2023 Brevort BA.5 BA.1 and BA.2 (4/5) 
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All of the samples sequenced contained genetic markers from the Omicron family
of subvariants. Of the 43 samples compared, 39.5% of the samples had matching results
between the GT Molecular ddPCR kits and ONT sequencing. Of these, 4% were an exact
match, and 33.5% were an “assumed” match, meaning that if the GT kit gave positive
results for both BA.1 and BA.2, it was possible that BA.4 or BA.5 were present based on
shared mutations among the four subvariants [31,32]. Seven percent of the samples did
not register a positive result in the GT Molecular kit (<LOD) but were assigned a clade (a
group of similar viruses based on genetics) using sequencing. Two of those seven were
identified as BA.2 and one as recombinant. The remaining 53.5% of the samples were not
matched with the two methods utilized. The majority of non-matches were assigned as
“recombinant” using sequencing (35%). Others were BA.3, XBB, and BQ.1, for which there
existed no markers in the GT Molecular kit being used (see Table 1).

The period of January through April 2023 saw several Omicron subvariants circulating
in the Midwest region of the United States, including BA.2, BA.4, BA.5, XBB, and BQ.1,
with the dominant subvariant being XBB [33]. Although BA.4/5 variant ddPCR kits were
available at the time of initial analysis, BA.1/2 kits were still being used while transitioning
to genome sequencing. Furthermore, the frequency of BA.2, BA.2.12.1, BA.4, and BA.5,
all BA.2 relatives, fluctuated during this transition period, making the BA.2 kits still
relevant [32]. The paired sequencing and ddPCR data illustrate the temporal limitations of
using ddPCR variant kits alone to determine current circulating COVID-19 variants. While
BA.2 was a common subvariant in circulation in the study region during the study period,
early instances of XBB (1/18/23) and BQ.1 (1/30/23) in the region were missed during
initial ddPCR analysis (see Table 2). These results reflect that even though BA.4/BA.5
ddPCR kits were available, the incidence of newer Omicron subvariants like XBB and BQ.1
would still have been missed because the ddPCR kits were not capable of detecting those
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variants at that time. Figure 3 shows the temporal occurrence of subvariants determined by
ddPCR and ONT methods.

Table 1. Comparison of subvariants identified using Oxford Nanopore Technologies sequencing and
GT Molecular ddPCR BA.1/BA.2 discrimination kit over the study period 9 January–27 April 2023.
The number of sequencing instances was dependent upon meeting the 9000 N1 + N2 gene copies per
100 mL minimum.

DATE SITE ONT ddPCR KIT

3/14/2023 Bay Mills Community BA.5 BA.1 and BA.2 (4/5)

3/1/2023 Brevort BA.3 BA.2
3/8/2023 Brevort BA.2 BA.2

3/15/2023 Brevort BA.5 BA.1 and BA.2 (4/5)
3/22/2023 Brevort BA.5 BA.1 and BA.2 (4/5)
3/29/2023 Brevort BA.2 BA.1 and BA.2 (4/5)
4/5/2023 Brevort BA.5 BA.1 and BA.2 (4/5)

4/26/2023 Brevort XBB BA.2

1/31/2023 Brimley Recombinant BA.2
3/7/2023 Brimley Recombinant BA.2

4/18/2023 Brimley XBB BA.2

2/2/2023 Cedarville BQ.1 BA.1 and BA.2 (4/5)
2/23/2023 Cedarville BA.2.10 BA.2

1/10/2023 Kinross BA.5 BA.1 and BA.2 (4/5)
2/28/2023 Kinross Recombinant BA.1 and BA.2 (4/5)
3/14/2023 Kinross Recombinant BA.2
3/21/2023 Kinross BA.2.10 BA.2
3/28/2023 Kinross BA.2.10 BA.2
4/4/2023 Kinross BA.2 BA.2

3/15/2023 LSSU BA.2.10 BA.2

1/30/2023 Manistique BQ.1 BA.1 and BA.2 (4/5)
3/20/2023 Manistique BA.2 <LOD

1/23/2023 Munising Recombinant BA.2
3/13/2023 Munising BA.2 BA.2
3/20/2023 Munising Recombinant BA.1 and BA.2 (4/5)
4/10/2023 Munising XBB BA.2

1/31/2023 Newberry BA.5 BA.1 and BA.2 (4/5)
2/14/2023 Newberry Recombinant <LOD
4/4/2023 Newberry Recombinant <LOD

2/22/2023 Pickford BA.2 BA.2
3/29/2023 Pickford BA.5 BA.1 and BA.2 (4/5)

2/2/2023 Rudyard BQ.1 BA.1 and BA.2 (4/5)
2/23/2023 Rudyard Recombinant BA.2
3/30/2023 Rudyard Recombinant BA.2
4/27/2023 Rudyard XBB BA.2

1/18/2023 Sault Ste. Marie XBB BA.2
1/24/2023 Sault Ste. Marie Recombinant BA.1 and BA.2 (4/5)
2/14/2023 Sault Ste. Marie Recombinant BA.2
2/28/2023 Sault Ste. Marie Recombinant BA.2

2/8/2023 St. Ignace XBB BA.2
3/15/2023 St. Ignace BA.2 BA.2
3/22/2023 St. Ignace Recombinant BA.1 and BA.2 (4/5)
3/29/2023 St. Ignace BA.2.10 BA.2
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Table 2. Percent of samples (n = 43) identified as each subvariant using ONT sequencing and GT
Molecular ddPCR kit.

SUBVARIANT ONT ddPCR KIT

BA.2 28% 58%
BA.3 2% 0%

BA.4 or BA.5 14% 25%
XBB 14% 0%
BQ.1 7% 0%

Recombinant 35% 0%
<LOD N/A 7%
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Although more sensitive to detecting key spike protein mutations [16], ddPCR kits
for detecting COVID-19 variants have a significant limitation: they rely on the specific
genetic sequences of known variants. Consequently, these kits require that a variant is
already in circulation before materials can be created to detect it. This limitation means that
ddPCR kits might not be effective in identifying new variants immediately as they emerge,
potentially delaying the detection and tracking of these new strains [34,35]. Furthermore,
recent variants of concern contain more than 30 mutations in the spike protein, complicating
the detection of these variants and enhancing their ability to evade detection by standard
testing methods like ddPCR [36]. In contrast, genome sequencing incorporates data from
global sequencing efforts, often within days of new sequences being submitted [37]. This
allows for real-time tracking and analysis of SARS-CoV-2 variants, providing insights into
the virus’s spread and evolution without the delay for the development of new detection
materials [6,16].

Another advantage of sequencing wastewater samples is that it can provide data at a
population scale in places where sequencing clinical samples is limited by resources [12,38],
especially when overall clinical testing has declined significantly [39,40]. During the study
period, the Michigan department of Health and Human Services reports that only two
clinical samples from the entire region were sequenced (S.S., personal communication,
6/18/2024). Given that there were at least five different subvariants circulating at the time,
each with potentially differing transmission and virulence characteristics, sequencing only
two samples would provide little information about the distribution pattern and evolution
of the virus across an expansive geographic region like the Eastern Upper Peninsula
of Michigan.

4. Conclusions

In summary, using PCR for the initial detection and quantification of COVID-19 virus
particles in wastewater remains one of the most effective, time-efficient, and cost-efficient
methods for monitoring the virus within a population [41,42]. While PCR-based variant
detection kits are highly sensitive to spike protein mutations [16], they depend on known
genetic sequences, resulting in delays in identifying emerging variants [34,35]. In contrast,
genome sequencing technologies like ONT offer early insights into new and emerging
variants spreading within communities, surpassing the capabilities of variant-specific PCR
tests [16]. This study underscores the value of ONT sequencing of wastewater in providing
real-time information about dominant circulating variants, equipping health officials with
critical data for making targeted and effective public health decisions. Real-time data are
particularly crucial in regions like the Upper Peninsula of Michigan, where limited clinical
samples are sequenced. Both methods provide data about circulating variants, but ONT
provides a more complete picture in rapidly evolving COVID-19 scenarios by detecting
individual mutations, which allows for the identification of any current variant as well
as emerging or yet-unknown variants or subvariants. This is especially helpful during
transitions between highly related subvariants like the BA.2/BA.4/BA.5 family.
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