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1 | INTRODUCTION

and hydroxychloroquine. Although there were no correlations between pharmaceu-
tical and virus concentration, remdesivir detection occurred when the number of
hospitalized patients with COVID-19 increased, and dexamethasone detection co-
occurred with the presence of patients with COVID-19 on ventilators. Additionally,
Penn State decision-making regarding instruction modes explained the temporal vari-
ation of influent pharmaceutical concentrations, with detection occurring primarily
when students were on campus. Risk quotients calculated for pharmaceuticals with
known effective and lethal concentrations at which 50% of a population is affected for
fish, daphnia, and algae were generally low in the effluent; however, some acute risks
from sulfamethoxazole were high when students returned to campus. Remdesivir and
dexamethasone persisted through the wastewater treatment plants, thereby introduc-
ing novel pharmaceuticals directly to soils and surface water. These results highlight
connections between human health and water quality and further demonstrate the
broad utility of wastewater surveillance.

and at high concentrations in wastewater compared to the late

Wastewater-based epidemiology is increasingly being viewed
as a powerful tool for providing information about the health
of a community, with implications ranging from identifying
potential exposure to contaminants and pathogens to esti-
mating the use of legal and illegal drugs in a community
(Lorenzo & Pic6, 2019). Because each person in a treatment
plant’s service area inevitably contributes to the wastewa-
ter, analyzing wastewater provides an unbiased assessment
of the entire community. During the COVID-19 pandemic,
wastewater epidemiology became particularly useful because
infected individuals who are presymptomatic or asymp-
tomatic shed severe acute respiratory syndrome coronavirus
2 (SARS-CoV-2) through their feces (Wang, Hu, et al., 2020;
Wang, Xu, et al., 2020; Wu et al., 2020; Xiao et al., 2020; Xu
et al., 2020; Zhang et al., 2020), thereby introducing the novel
coronavirus to the wastewater stream. Therefore, wastewater
surveillance can be and has been successfully used to moni-
tor community spread (Balboa et al., 2021; Weidhaas et al.,
2021).

Although it is believed that SARS-CoV-2 is effectively
inactivated through wastewater treatment plants (WWTPs)
using typical wastewater treatment methods for removing
pathogens (CDC, 2020; Foladori et al., 2021), WWTPs are
known to be relatively ineffective in treating many over-the-
counter and prescription-strength pharmaceuticals, including
those that are likely to increase in usage by people who are suf-
fering from viral infection (Escher et al., 2011; Kibuye et al.,
2019; Musee et al., 2021; Noguera-Oviedo & Aga, 2016;
Wilkinson et al., 2017). For example, at the height of the 2009
HINI1 viral pandemic in England, antibiotics including sul-
famethoxazole and ofloxacin were detected most frequently

pandemic period (Singer et al., 2014). A possible explanation
is that viral infections can lead to secondary bacterial respira-
tory infections, which can lead to a higher risk of death among
patients hospitalized with a viral infection (Balcan et al., 2009;
Shafran et al., 2021; Singer et al., 2011, 2014).

Over the course of the COVID-19 pandemic, people expe-
riencing mild symptoms but not severely ill to the point
of needing hospitalization were generally advised to treat
their symptoms with pain relievers and cough suppressants,
including common over-the-counter pain medications such
as naproxen and acetaminophen (Shah et al., 2021; Yousefi-
fard et al., 2020). Meanwhile, some hospitalized patients were
treated with the malaria drug hydroxychloroquine (Gao et al.,
2020) and the therapeutic antiviral drug remdesivir (Beigel
et al., 2020). Dexamethasone, which is often used to treat
inflammation, began to be used to provide relief to patients
with COVID-19, particularly those on ventilators (Horby
etal.,2021; Musee et al., 2021). Usage of some of these drugs
to treat the novel coronavirus was experimental and, in some
cases, controversial; however, their usage would likely be
detected in the influent to WWTPs that have hospitals in their
service areas. Common over-the-counter pain medications
and antibiotics may be prevalent in wastewater regardless of a
hospital in the wastewater service area. However, it is possi-
ble that the detection of these pharmaceuticals may increase
with increasing detection of SARS-CoV-2, which could indi-
cate an increased usage of these drugs when COVID-19 cases
may be high.

By analyzing wastewater for SARS-CoV-2, prescrip-
tion medications, and over-the-counter medications, valuable
information regarding the well-being of an entire community
can be gained without the need to interview, survey, or test
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individuals. Here, we partnered with two WWTPs in the Com-
monwealth of Pennsylvania—the Pennsylvania State Univer-
sity Water Reclamation Facility (Penn State WRF) and the
University Area Joint Authority (UAJA) Wastewater Treat-
ment Plant—to monitor the concentrations of SARS-CoV-2,
two pain medications (acetaminophen and naproxen), five
antibiotics (ampicillin, doxycycline, ofloxacin, sulfamethox-
azole, and trimethoprim), two therapeutic agents (remdesivir
and dexamethasone), and hydroxychloroquine. Influent sam-
ples were analyzed for all constituents of interest, whereas
effluent samples were analyzed only for pharmaceuticals.
The specific objectives of this research were (a) to inves-
tigate relationships between SARS-CoV-2 and the pharma-
ceuticals of interest; (b) to identify relationships between
hospitalization data (i.e., number of hospitalized patients with
COVID-19) and constituents of interest; (c) to understand
potential ecological risks posed by effluent for pharma-
ceuticals with known effective and lethal concentrations
at which 50% of a population is affected (ECs, or LCjy,
respectively) and no observable effect concentration (NOEC)
values for fish, algae, and daphnia; and (d) when possible,
to compare effluent concentrations with influent concentra-
tions to understand the persistence of novel pharmaceuticals
through wastewater treatment. These objectives were selected
to further qualify wastewater surveillance as a tool to
inform community-scale decision-making and to estimate the
impacts of the pandemic on the quality of treated wastewater
for beneficial reuse activities (e.g., wastewater irrigation).

2 | MATERIALS AND METHODS

2.1 | Study sites

We partnered with two wastewater treatment plants using ben-
eficial reuse of treated wastewater for weekly monitoring of
SARS-CoV-2 and selected pharmaceuticals: the Penn State
WREF and the UAJA facility. Beneficial reuse activities began
at both facilities as an alternative to discharging directly to
Spring Creek due to water quality concerns related to the
stream’s designated use as a high-quality cold water fishery
under Chapter 25 Pa. Code, Section 93.4b(a)(2)(i) (Carline
et al., 2011; Centre Regional Planning Agency, 2021).

Penn State’s University Park campus has separate stormwa-
ter and sewer systems, and the Penn State WREF treats
domestic wastewater for the campus, which has an under-
graduate enrollment of ~46,000 students. The facility has an
annual average hydraulic design capacity of ~11 million L
d~! (MLD) and an organic loading capacity of ~6,350 kg
d~! of biological oxygen demand. At the facility, (a) grit is
removed from raw influent; (b) grit is sent to a landfill, and
the rest of the wastewater undergoes screening and primary
clarification where biosolids are removed; (c) the wastewater

Core Ideas

* Pharmaceuticals were monitored at two wastewater
treatment plants through the COVID-19 pandemic.

* Novel pharmaceuticals persisted in reclaimed
wastewater for irrigation activities.

* Detection of dexamethasone occurred with
increasing numbers of patients with COVID-19 on
ventilators.

* Pharmaceuticals in effluent posed potential acute
risks to nontarget aquatic organisms.

undergoes biological treatment (i.e., activated sludge treat-
ment with biological nutrient removal) where microorganisms
remove/metabolize organic matter in the wastewater (food
to microorganism ratio of 0.3); (d) the wastewater under-
goes secondary clarification where any remaining solids are
removed by physical settling; and (e) the wastewater is dis-
infected with chlorine (Kibuye et al., 2019). Although the
hydraulic retention time varies widely throughout the day due
to diurnal flows and throughout the year based on the number
of students, the overall retention time in the entire treatment
process is typically 16-24 h. The Penn State WRF produces
Class B reclamation water that is beneficially reused for spray
irrigation at a 245-ha mixed-use (agricultural and forested)
area known as the “Living Filter” (Ferguson, 1983).

The UAJA treats domestic wastewater and some industrial
waste from the community surrounding Penn State, including
College, Harris, Patton, and Ferguson Townships; State Col-
lege Borough; and Mount Nittany Medical Hospital. Mount
Nittany is a 260-bed acute care facility with units dedicated
to airborne isolation, adult intensive care, general medi-
cal/surgical procedures, and pediatric care (Mount Nittany
Health, 2022; Pennsylvania Department of Health, 2021). The
facility is also equipped with 25 ventilators and an intensive
care unit dedicated to patients with COVID-19 (Pennsylvania
Department of Health, 2021).

Like the Penn State WRF, the UAJA has a separate
stormwater and sewer system. The UAJA treats ~23 MLD
of wastewater (UAJA, 2018a), of which ~13 MLD is bene-
ficially reused for commercial uses and golf course irrigation
(Centre Regional Planning Agency, 2021). The remainder of
the treated wastewater (~9 MLD) is discharged to Spring
Creek. At the facility, raw influent is treated similarly to the
primary and secondary steps (Steps a—d) at the Penn State
WREF. After secondary clarification, wastewater undergoes
secondary treatment where alum is added and small solids
and dissolved phosphorous are removed. From there, efflu-
ent destined for beneficial reuse is further processed through
microfilters and reverse osmosis. On the other hand, effluent
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that is destined to be discharged to Spring Creek undergoes
tertiary treatment where wastewater is passed through eight
anthracite coal/mono-media filters and disinfected with ultra-
violet (UV) filters before it is discharged into Spring Creek
(UAJA, 2018b). In this study, effluent was collected after UV
disinfection. Although the hydraulic retention time varies, the
average retention time for the treatment plant is typically 18 h.

2.2 | Wastewater sampling

From 28 May 2020 through 26 May 2021, one 24-h com-
posite raw influent and one 24-h composite treated effluent
sample were collected every Thursday from both treatment
plants (excluding the winter holiday period of 23 Dec.
2020-6 Jan. 2021), which provided a total of 200 samples
(50 influent and 50 effluent at each treatment facility). Sam-
ples were collected in trace-cleaned 1-L amber glass bottles
with polytetrafluoroethylene—lined caps. These samples were
analyzed for selected pharmaceuticals, including pain med-
ications and fever reducers (acetaminophen and naproxen),
for which use is encouraged to treat mild COVID-19 related
symptoms (Shah et al., 2021; Yousefifard et al., 2020); antibi-
otics (ampicillin, doxycycline, ofloxacin, sulfamethoxazole,
and trimethoprim), which are used to treat secondary bac-
terial infections experienced by some hospitalized patients
with COVID-19 (Chedid et al., 2021; Shafran et al., 2021)
and known to occur in waterways and wastewater treat-
ment plants (Ebele et al., 2017; Kibuye et al., 2019) during
viral pandemics (Singer et al., 2014); and therapeutic agents
(remdesivir and dexamethasone) and hydroxychloroquine,
which have been used in some cases to treat hospitalized
patients with COVID-19 (Beigel et al., 2020; Gao et al., 2020;
Horby et al., 2021). Analysis for dexamethasone began on 1
Oct. 2020. Additionally, starting 9 July 2020, a 250-ml aliquot
of the 24-h composite raw influent sample was collected into
a high-density polyethylene bottle every Thursday from each
WWTP for SARS-CoV-2 analysis.

2.3 | SARS-CoV-2 analysis

Sample aliquots in 250-ml high-density polyethylene bottles
were pasteurized (90 min at 60 °C) to inactivate biohaz-
ardous agents. After pasteurization, each influent sample was
split into three 40-ml aliquots. One aliquot was spiked with
400,000 copies of heat-inactivated SARS-CoV-2 (for a final
concentration of 10,000 copies ml~!). All aliquots were fil-
tered through a 0.2-pm filter onto polyethylene glycol 8000
and NaCl at a final concentration of 10% (w/v) and 0.4 M,
respectively. Samples were vortexed briefly and centrifuged
at 12,000 x g for 2 h at 4 °C. The supernatant was dis-
carded, and the concentrated pellet containing nucleic acids
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and viral particles was processed using the QIAamp viral
RNA mini kit (Qiagen) to isolate purified RNA, which was
quantified using the 2019-nCoV Centers for Disease Con-
trol qPCR Kit (N2 gene), on an ABI 7500 Fast Real-Time
PCR System. Commercial master mix was used for real-time
quantitative polymerase chain reaction analysis to provide
optimal reproducibility between assay measurements over
time. Initially, gScript One-Step qRT-PCR, low-ROX master
mix (QuantaBio) was used, later replaced by qScript 1-Step
Virus ToughMix (Quantabio) in December 2020. During a
1-mo trial period, samples were analyzed using both mas-
ter mixes in parallel, yielding similar results, especially for
corrected values; however, qScript 1-Step Virus ToughMix
performed better for samples derived from higher-strength
wastewater with more polymerase chain reaction inhibitors
and was used exclusively in the later part of the study. Viral
concentrations in unspiked aliquots were corrected based on
the recovery of spiked virus from the same sample matrix.
The limit of detection for this method was approximately one
to two virus copies per 40 ml of wastewater.

2.4 | Pharmaceutical analysis

Influent and effluent samples collected in 1-L amber glass
bottles underwent the same pasteurization process as noted
above before they were analyzed for pharmaceuticals fol-
lowing USEPA Method 1694 (USEPA, 2007). First, each
sample was filtered through 0.47-pm glass fiber filter paper.
Filtered samples were then concentrated onto a hydrophobic-
lipophilic balanced solid-phase extraction cartridge (Waters,
Oasis) and eluted with 6 ml of liquid chromatography—mass
spectrometry—grade methanol at a rate of three drops per sec-
ond. The eluant was then blown down to 1 ml under a gentle
stream of nitrogen gas in a water bath held at 45 °C and filtered
through a 0.2-um polyethersulfone membrane into a 1.8-ml
amber glass autosampler vial. The concentrated sample was
analyzed using a high-resolution accurate mass Q Exac-
tive mass spectrometer (Thermo-Fisher Scientific) interfaced
with an ICS-5000+ chromatography system (Thermo-Fisher
Dionex) via a heated electrospray injection source. Ten micro-
liters of sample were injected onto a 2.1 mm by 100 mm,
3-pm Hypersil Gold aQ column (Thermo-Fisher Scientific)
and eluted using 0.1% formic acid and 4 mM ammonium for-
mate in water (A) and methanol (B) under the following linear
gradient: 88%A:12%B at 0 min, 100%B at 9 min with a 2-min
hold, followed by a 3-min equilibration at 88%A:12%B. The
flow rate during the elution was 0.3 ml min~'. The mass
range for the mass spectrometer was set from 80 to 1,100 m/z
with a resolution of 70,000 and operated in data-dependent
MS2 mode for all analytes of interest. The data-dependent
MS2 mode used a resolution of 35,000 and used normalized
collision energies of 20, 40, and 60 electron volts.
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Each of the pharmaceuticals of interest had an instrument
limit of detection of 1 pg L™! (LOD = 2 X z;_, 6, where
Z1_q 1s the standard normal variable, and o is the standard
deviation of the blank) and a method limit of quantification
of 5 ug L~! (LOQ = 10 X o). The recovery percentage for
each analyte was determined to be >90%. The instrument cal-
ibration range for each of the analytes was 5-5,000 pg L~
After the samples were concentrated and adjusted for the esti-
mated error variance, the measured concentration range of
each analyte was 0.1 ng L™! to 100 pg L~!.

2.5 | Risk quotient calculations

To assess the potential ecological risk pharmaceuticals in the
treated effluent may pose to the aquatic environment, acute
and chronic risk quotients (RQs) were calculated following
European Commission (2003) guidelines and examples in
existing literature (Kosma et al., 2014; Kumari & Kumar,
2022; Vestel et al., 2015). The RQ is defined as the measured
environmental concentration (MEC) divided by the predicted
no-effect concentration (PNEC) (Equation 1).

MEC

RQ = ——
Q= PNEC

9]

Here, the measured environmental concentration is taken
to be the measured effluent concentration, and RQs for acute
and chronic toxicity (RQ,.ue and RQ,onic) Were calculated
using acute and chronic PNECs, as defined in Equations 2
and 3, where NOEC is the no-observed-effect concentration
(European Commission, 2003; Kosma et al., 2014; Vestel
et al., 2015):

MEC MEC
RQacutC - PNECacutC - <M) :
1,000
MEC MEC
RQhronic = B 3
Qchronic PNEC 4 onic (M) v
10

Compound-specific ECsy, LCsy, and NOEC values for
fish, algae, and daphnia were used to calculate PNECs,
which can be found in Supplemental Table S5. In cases
where these values were not available in published toxi-
cological studies, predicted ECs,, LCsy, and NOEC values
were obtained from the USEPA ECOSAR database (v2.0)
(Kumari & Kumar, 2022; Nejumal et al., 2021; Sanderson
et al., 2003; USEPA, 2017). Because both WWTPs direct a
portion or all their effluent to beneficial reuse, RQs are used
to speculate how these activities could mitigate ecological
risks posed by pharmaceuticals in effluent to protect Spring
Creek.

2.6 | Assessing risk to Spring Creek

Once the treated effluent from UAJA is discharged to Spring
Creek, the risk of pharmaceuticals present in the effluent on
the aquatic ecosystem is influenced, in part, by the streamflow.
Streamflow data were downloaded for a USGS gauging sta-
tion (Station no. 01546400) located 1.6 km downstream of the
UAJA discharge point (USGS, 2022). Monthly minimum and
maximum discharge values observed in Spring Creek were
used to determine the range in the percentage contribution
of UAJA effluent to the Spring Creek flow rate. This per-
centage was used as a dilution factor to estimate a diluted
pharmaceutical concentration in Spring Creek, and these
diluted pharmaceutical concentrations were used to calculate
acute and chronic risk quotients that the pharmaceuticals may
pose once diluted in Spring Creek. This assessment assumes
homogenous mixing of effluent with influent, which is not
typically realistic when effluent is discharged into waterways.
Further, this assessment does not account for the influence
of biogeochemical and physical factors like pH, soil/water
partitioning, temperature, and sunlight, that can influence the
transport/fate of contaminants and therefore the risk they pose
to the aquatic environment (Kibuye et al., 2020; Liet al., 2010;
McCarthy & Alvarez, 2014; Sabourin et al., 2009).

3 |

3.1 | Influent concentrations during the
pandemic

RESULTS AND DISCUSSION

3.1.1 | Over-the-counter pain and fever
medications

Over the 1-yr study period, acetaminophen and naproxen
were detected ubiquitously (>96% of weekly influent sam-
ples) at concentrations orders of magnitude higher than all
other pharmaceuticals of interest, exceeding 2 ug L' on aver-
age (Table 1). Seasonal trends were observed, with higher
concentrations of both acetaminophen and naproxen during
the colder period (December 2020—April 2021) (Figure 1). No
correlations were observed between virus concentrations and
influent concentrations of either naproxen or acetaminophen.
These over-the-counter medications typically exhibit seasonal
trends in wastewater influent and therefore are not indicators
of the prevalence of COVID-19 in the community serviced by
the treatment plants.

3.1.2 | Antibiotics

Although COVID-19 is a viral disease for which antibi-
otics are not effective treatment, hospitalized patients with
secondary bacterial infections have often required longer
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TABLE 1

and the University Area Joint Authority (UAJA)
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Summary statistics for each constituent of interest for the influent and effluent of the Penn State Water Reclamation Facility (WRF)

Penn State WRF UAJA

Constituent Influent Effluent Influent Effluent

Pain medications and fever reducers

Acetaminophen 1,990 ng L 30.37 ng L~!; <LOD-334.6 4,230 ng L 13.3 ng L~!'; <LOD-185.1
<LOD-15,800 ng ng L!; 54 <LOD-24,600 ng ng L7142
L' 96 L-!: 98

Naproxen 2,280 ng L7, 520ng L~'; <LOD-5,150 ng 4,850 ng L7'; 40.25ng L7,
<LOD-11,100 ng L1 90 <LOD-18,200 ng <LOD-290.5ng L!; 68
L!;98 L' 100

Antibiotics

Ampicillin 9.24ng L7}, 10.19 ng L~!; <LOD-22.4 8.89ng L°!; 10.0 ng L~!; <LOD-22.0
<LOD-23.3ngL™"; ng L~'; 40 <LOD-20.7 ng ng L1520
38 L' 44

Doxycycline N/A; <LOD-22.0 ng N/A; N/A; 0 N/A; N/A; 0 N/A; N/A; 0
L2

Ofloxacin 3.78ng L7}, 4.33ng L7!; <LOD-17.3 ng 10.85ng L1, 8.60 ng L™!; <LOD—48.1
<LOD-13.8ngL7!; L1 26 <LOD-62.6 ng ngL7'; 34
24 L7172

Sulfamethoxazole 77.36 ng L7!; 126.7 ng L~!; <LOD-486.9 172ng LY 250 ng L~!'; <LOD-1,010
<LOD-301.1 ng ng L~!; 52 <LOD—9%40 ng ng L1590
L-!;36 L-';70

Trimethoprim 71.1ng L7, 80.44 ng L™!; <LOD-421.7 1052 ng L1 114.6 ng L7';

<LOD-336.8 ng
L1 54

COVID-19 therapeutic agents

ngL7';26

Remdesivir 526 ngL7"; 5.58 ng L™!; <LOD-7.59 ng
<LOD-6.82ng L7!; L1 28
16

Dexamethasone N/A; <LOD-11.5 ng 8.89 ng L~!; <LOD-10.8 ng
L6 L ;9

Hydroxychloroquine N/A; <LOD; 0 N/A; <LOD; 0

Virus surveillance

SARS-CoV-2 1,205 copies ml™!; N/A; N/A; N/A

<LOD-9,955 copies

ml~!; 95

<LOD-448.3 ng
L1 88

6.15ng L1,
<LOD-11.9 ng
L' 28

12.1ng L7,
<LOD-17.0 ng
L1; 31

N/A; <LOD; 0

1,680 copies ml~!;

8.10—8,604 copies

ml~'; 100

<LOD-656.7 ng L!; 84
5.37 ng L-!'; <LOD-7.87
ng L7!; 20

122ng L~!; <LOD-15.4
ng L' 16

N/A; <LOD; 0

N/A; N/A; N/A

Note. Values are average; range; % >limit of detection (LOD). Average concentrations are reported for only the samples with concentrations above the LOD. N/A, not

applicable.

hospitalization times and experienced higher death rates
(Shafran et al., 2021). The antibiotics ampicillin, ofloxacin,
sulfamethoxazole, and trimethoprim were detected more fre-
quently in the samples from the UAJA compared with the
Penn State WRF (Table 1), likely at least in part due to a
hospital located within the service area of the UAJA. Doxycy-
cline was detected in only one sample collected from the Penn
State WRF and was not present at detectable levels in any
samples collected from the UAJA (Supplemental Table S1).
Sulfamethoxazole and trimethoprim were the most frequently
detected antibiotics in the influent of both the Penn State WRF
(36 and 56% of samples, respectively) and the UAJA (70 and

88% of samples, respectively). The concentrations observed
at each treatment plant were generally on the same order of
magnitude, with ofloxacin and ampicillin detected at average
concentrations between 3 and 10 ng L™!, whereas average
concentrations of sulfamethoxazole and trimethoprim were
each ~70 ng L™! at the Penn State WRF and >100 ng L~!
at the UAJA (Table 1).

In general, the highest antibiotic concentrations were
observed in the colder months (Figure 1), which aligns with
other studies (Kibuye et al., 2019). At the UAJA, antibiotics
were detected more frequently, and concentrations were an
order of magnitude higher than the Penn State WRF influent
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Penn State Water Reclamation Facility
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Weekly influent (bars) and effluent concentrations (dots) of select pharmaceuticals at the Penn State Water Reclamation Facility

and the University Area Joint Authority (UAJA) over the 1-yr study period. Acetaminophen, naproxen, and antibiotic concentrations are plotted with

severe acute respiratory syndrome coronavirus 2 concentrations detected in influent samples. At the UAJA, remdesivir concentrations are plotted
with the number of hospitalized patients with COVID-19, and dexamethasone concentrations are plotted with the number of patients with COVID-19
on ventilators in the hospital within the treatment plant’s service area. The 14-d average hospitalization data were obtained from the Pennsylvania

Department of Health (2021)

(Table 1). At the Penn State WRF, antibiotic concentrations
were further influenced by the semester schedule, typically
dropping below the detection limit when students were largely
away from campus for break or remote learning (Figure 1).
Penn State students were a mix of remote and in-person in
the fall 2020 semester and were switched to fully remote
instructional mode from late November 2020 to February
2021.

3.1.3 | Therapeutic agents for COVID-19

Of the three experimental pharmaceuticals used for treat-
ment of patients with COVID-19, hydroxychloroquine was
not detected in any of the influent samples collected at
either treatment plant (Table 1). Given its controversial
usage and ineffectiveness for treating patients with COVID-
19, its lack of detection in the influent samples is in line
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with current understanding of hydroxychloroquine’s utility
for treating patients with malaria, rather than patients with
COVID-19, and malaria’s rare occurrence in the United States
(Gao et al., 2020). However, remdesivir and dexametha-
sone, which have been shown to effectively treat patients
with COVID-19 (National Institutes of Health, 2021), were
detected in both wastewater treatment plants (Table 1;
Figure 1). The frequency of detection of both pharmaceuticals
in the Penn State influent was low, with detections occurring
in only 16% of samples for remdesivir and 6% of samples for
dexamethasone.

The source of remdesivir in the Penn State WRF wastewater
is unclear because the WRF does not receive wastewater from
hospitals, and remdesivir is primarily used to treat hospital-
ized patients with COVID-10 (Beigel et al., 2020). However,
remdesivir is used in some experimental research settings on
Penn State’s campus, and it is not treated as hazardous waste.
Therefore, it is possible that remdesivir was present in the
treatment plant due to laboratory experiments conducted on
campus and not from sick patients. In the case of dexam-
ethasone, it was detected in Penn State influent only when
campus activities resumed for the spring semester. At that
time, dexamethasone concentrations in UAJA influent sam-
ples were also increasing along with the number of patients
with COVID-19 on ventilators (Figure 1). Considering dex-
amethasone’s half-life in the body is 36-72 h (Cronin et al.,
2012), excretion likely continues for up to 1 wk after treatment
with dexamethasone stops. Therefore, it is possible that the
presence of dexamethasone in the Penn State WRF could be
from students or staff returning to campus after being treated.
It is also possible that the presence of dexamethasone could
be from treatments unrelated to COVID because dexametha-
sone is also used as an anti-inflammatory/immunosuppressive
agent in some human and veterinary medicines (Lalone
et al., 2012). According to the Mayo Clinic (2022),
aside from reducing inflammation, dexamethasone can be
used to relieve redness/itching and to treat severe aller-
gic reactions, skin conditions, adrenal problems, arthritis,
asthma, blood/bone marrow problems, and kidney problems.
Specifically, dexamethasone has been used in treatments
of meningitis, myeloma, and bronchiolitis (Musee et al.,
2021).

Influent from the UAJA, which does contain a hospital in
its service area, had detectable concentrations of remdesivir
and dexamethasone in 28 and 31%, respectively, of samples
collected during the study period. Detection of remdesivir
appeared to follow the number of patients hospitalized with
COVID-19 (14-d averages obtained from the Pennsylvania
Department of Health [2021]) (Figure 1). Detections gener-
ally coincided with increases in patients with COVID-19 at
the local hospital during the late fall and winter surges in
COVID-19 hospitalizations (Figure 1). Remdesivir was also

detected following the Fourth of July holiday in July 2020
(Figure 1). On the other hand, detections of dexamethasone
appeared to increase as the number of hospitalized patients
with COVID-19 on ventilators increased in winter and spring
2021 (Figure 1). This could be due to the primary use of dex-
amethasone to reduce severe upper respiratory inflammation
for patients requiring ventilators (Horby et al., 2021; Musee
et al., 2021). Detection of dexamethasone in the wastewater
influent occurred five times on days when the number of hos-
pitalized patients on ventilators was as low as two, and three
times when the number of hospitalized patients on ventilators
was one (Pennsylvania Department of Health, 2021). Overall,
detection of dexamethasone and remdesivir at the wastewa-
ter treatment plant despite the small number of patients likely
receiving these drugs relative to the entire population in the
UAIJA service area demonstrates the sensitivity of wastewater
surveillance.

3.2 | Comparison of influent and effluent
concentrations

3.2.1 | Over-the-counter pain and fever
medications

Whereas acetaminophen was detected in nearly all (>95%)
of the influent samples, it was present at detectable levels
in only 40-50% of the effluent samples (Table 1; Figure 2).
Further, the concentrations were reduced by several orders of
magnitude, with average removal rates >90% for both treat-
ment plants (Figure 3) and average effluent concentrations of
30 and 13 ng L~! for the Penn State WRF and the UAJA,
respectively (Table 1). Although naproxen was similarly well
removed (>80%), it persisted in a higher percentage of the
treated effluent samples for both treatment plants, with a fre-
quency of detection of 90% for the Penn State WRF and 68%
for the UAJA (Table 1). The ability of the treatment plants to
remove acetaminophen and naproxen nearly fully from influ-
ent is consistent with other studies (Kibuye et al., 2019; Lin
et al., 2009; Luo et al., 2014; Shreve & Brennan, 2019).

Seasonal trends were also observed in the effluent at both
treatment plants, particularly for naproxen, with concentra-
tions generally highest in the winter (Figure 2). Similar trends
for pain/fever reducers have been observed in other studies
(Franklin et al., 2018; Kibuye et al., 2019; Zhang et al., 2015).
This is likely due to increased consumption of pain/fever
reducers in the colder months (Zhang et al., 2015). Reduced
metabolic activity of activated sludge microorganisms at
lower temperatures can also contribute to lower removal effi-
ciencies and increased effluent concentrations in the colder
months (Onesios et al., 2009; Vieno et al., 2007; Zhang et al.,
2015).
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3.2.2 | Antibiotics

Antibiotics generally persisted through both wastewater treat-
ment plants, with average concentrations mostly remaining on
the same order of magnitude in the effluent compared with
the influent (Table 1). The ability of each treatment plant
to remove antibiotics present in the influent was mixed. The
Penn State WRF was best able to reduce the influent concen-
trations of trimethoprim, with an average removal efficiency
of 63%, whereas its ability to remove ofloxacin, sulfamethox-
azole, and ampicillin was generally poor (Figure 3). The
UAJA treatment plant also experienced difficulties reducing
sulfamethoxazole and trimethoprim from the influent; how-
ever, it was better than the Penn State WRF at reducing
ampicillin and ofloxacin, with average removal efficiencies
of these antibiotics of 71 and 54%, respectively. The UAJA
facility produces class A+ reclaimed water through advanced
treatment processes, likely increasing its ability to remove
ampicillin and ofloxacin relative to the Penn State WREF,
which produces Class B reclaimed water (Kibuye et al., 2019;
UAJA, 2018b). As part of its advanced treatment process,
UAJA uses UV disinfection. Because De la Cruz et al. (2012)
found that ofloxacin was 65-100% removed with UV disin-
fection, this advanced treatment step likely allowed for better
removal of this antibiotic.

Sulfamethoxazole showed the poorest removal efficiency in
both WWTPs (average, less than —50%) (Figure 3). Negative
removal efficiencies of sulfamethoxazole through treatment
plants have been documented in other studies (Kibuye et al.,
2019; Shreve & Brennan, 2019; Zhang et al., 2017). For
example, the median removal efficiency of sulfamethoxa-
zole during integrated fixed-film activated sludge treatment
across six treatment plants was —44% (Shreve & Brennan,
2019). Microorganisms involved in the activated sludge pro-
cess drive the removal of nutrients and the breakdown of
organic parent compounds into their metabolites (Ebele et al.,
2017; Onesios et al., 2009). However, for some compounds,
like sulfamethoxazole, it is likely that microorganisms con-
vert primary metabolites back to their parent form, increasing
effluent concentrations (Gobel et al., 2007; Luo et al., 2014,
Shreve & Brennan, 2019).

Like naproxen, seasonal trends were observed for antibi-
otics at both treatment plants, with mean effluent antibiotic
concentrations higher in winter compared with other seasons
(Figure 2). This trend aligns with previous studies where
ofloxacin, sulfamethoxazole, and trimethoprim concentra-
tions were higher in wastewater during the winter (Franklin
et al., 2018; Kibuye et al., 2019; Zhang et al., 2015). In addi-
tion to seasonal trends, influent and effluent concentrations
of antibiotics were driven by changes in instructional mode
(e.g., switch from in-person to remote learning) (Figure 1). In
contrast, antibiotic concentrations in the UAJA effluent did

not follow the Penn State semester schedule but had more
consistent detections throughout the entire study (Figure 1).

3.2.3 | Therapeutic agents for COVID-19
When remdesivir and dexamethasone were present in wastew-
ater influent, the Penn State WRF was generally poor at
removing these compounds, whereas the UAJA was more
capable (Figure 3). Average removal efficiencies for remde-
sivir and dexamethasone at the Penn State WRF were less
than —12%. At the UAJA, the average removal efficiency
for remdesivir and dexamethasone was 39 and 56%, respec-
tively. Interestingly, remdesivir was detected more frequently
in the effluent than in the influent throughout the study period
(Figure 1). Although there was not a hospital source of remde-
sivir to the Penn State WRF, some experiments that were
conducted on campus used a metabolized form of remdesivir
known as remdesivir triphosphate. It is possible that the detec-
tion of remdesivir in the Penn State WRF effluent was due
to the conversion of this metabolite back to the parent form,
a phenomenon that has been documented for some emerg-
ing contaminants, like estrogens (Wilkinson et al., 2017) and
antibiotics (Gobel et al., 2007; Luo et al., 2014; Shreve &
Brennan, 2019). However, this was not observed at UAJA,
where remdesivir was only detected in the effluent at the
same times that it was detected in the influent (Figure 1).
Regarding dexamethasone, transformation of the metabolites
back to the parent compound has been observed in wastew-
ater treatment that utilizes chlorination disinfection (Musee
et al., 2021). Because the Penn State WRF utilizes this treat-
ment, this could explain why removal of dexamethasone was
lower than in the UAJA (Figure 3). These results suggest
that surveillance efforts should include metabolized forms of
pharmaceuticals to better understand their potential to enter,
transform, and/or persist through wastewater treatment plants
before entering the terrestrial or aquatic environments through
irrigation activities or direct discharge to receiving surface
water bodies.

3.2.4 | Ecological risks

To understand potential ecological risks that the treated efflu-
ent could pose once released into the environment, risk
quotients (RQs) were calculated for six pharmaceuticals
(acetaminophen, naproxen, ampicillin, ofloxacin, sulfameth-
oxazole, trimethoprim, and dexamethasone) on three repre-
sentative trophic levels (fish, algae, and daphnia). Remdesivir
could not be calculated because EC5, and NOEC values
could not be found in the literature or through the ECOSAR
database. Risk quotient values >1 suggest a high ecological
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risk, values between 0.1 and 1 suggest a medium risk, and
values between 0.01 and 0.1 suggest a low risk. These thresh-
olds were set by Hernando et al. (2006) and have been used in
other publications (Ginebreda et al., 2010; Kosma et al., 2014;
Sanderson et al., 2003).

Acute and chronic RQs with values at or above the lowest
possible risk (0.01) for fish, algae, and daphnia are shown in
Figures 4 and 5. These values and all other values can be found
in Supplemental Tables S7T-S10. For estimating acute toxicity,
RQs were based on the highest measured effluent concen-
tration each month; for chronic toxicity, RQs were based on
the average concentration for each month. Concentrations of
pharmaceuticals measured in effluent samples are provided in
Supplemental Tables S2 and S4.

Most pharmaceuticals posed low to medium risk to sen-
sitive aquatic organisms. Of the three species, algae were
the most sensitive, which aligns with previous studies that
consider the toxicity of pharmaceuticals on algae (Kosma
et al., 2014; Kumari & Kumar, 2022). Because algae can
accumulate a variety of contaminants, bioaccumulation and
biomagnification are also of concern (Kumari & Kumar,
2022). Of all the pharmaceuticals, sulfamethoxazole posed
the highest risk, with an acute risk to algae >0.1 nearly every
month, peaking in February 2021 when students returned to
campus after being remote for the beginning of the Spring
2021 semester. At the same time, sulfamethoxazole posed a
low chronic risk to algae at the UAJA. At the Penn State
WREF, naproxen primarily posed a low to medium acute risk
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to fish, algae, and daphnia and a low chronic risk to fish,
mainly in the winter and spring. At the UAJA, trimethoprim
posed a low to medium acute risk to fish nearly every month
and a low acute risk to algae in the spring. At both treat-
ment plants, dexamethasone posed a low acute risk to fish
during or after February 2021. Despite the high effluent con-
centrations of sulfamethoxazole, naproxen, and trimethoprim
at the Penn State WRF (and corresponding elevated RQs),
the beneficial reuse for irrigation of agricultural and forested
areas at the Living Filter has the potential to reduce the con-
centrations (and associated RQs) by the time the effluent
infiltrates through the soil profile and enters the groundwater.
For example, Kibuye et al. (2019) found that concentrations
of naproxen and acetaminophen were several orders of magni-
tude lower in receiving groundwater than in Penn State WRF
effluent that was spray irrigated onto the Living Filter. At the
same site, Franklin et al. (2018) found that trimethoprim in
effluent degraded quickly through the Living Filter and did
not reach groundwater. However, the same study found that
ofloxacin and sulfamethoxazole did not degrade as readily
through the soil profile and that sulfamethoxazole was the
most mobile and had the highest concentrations in ground-
water compared with the other antibiotics. In the same way,
the beneficial reuse of UAJA effluent to irrigate golf courses
could reduce the RQs of compounds that posed a medium
and/or high acute risk (trimethoprim and sulfamethoxazole)
before they reached groundwater.

For the UAJA, ~9 MLD of treated effluent that is not
beneficially reused is discharged into Spring Creek, and there-
fore the risk posed to the ecosystem in the receiving water
body is likely mitigated to some extent due to dilution of
the treated effluent by the streamflow in the creek. During
the 1-yr study period, the UAJA effluent made up 1-17%

of total stream discharge in Spring Creek (Supplemental
Table S11). During the drier months (fall and early winter),
effluent made up 6-17% of stream discharge. Based on these
dilution factors, the level of risk that the treated effluent poses
on its own could be reduced once it is discharged into Spring
Creek, with trimethoprim posing a medium acute risk to fish
and sulfamethoxazole posing a low to medium acute risk to
algae. Further, these dilution factors suggest that no com-
pounds posed a significant acute risk to daphnia and that no
compounds posed a chronic risk to fish, daphnia, or algae
(Figure 6; Supplemental Tables S12 and S13).

Although dilution of the effluent in Spring Creek could the-
oretically reduce the risk pharmaceuticals pose to the aquatic
ecosystem, this assumes that the effluent is uniformly mixed
into Spring Creek, which is not necessarily true. Furthermore,
this assessment does not account for physical or biogeochem-
ical factors, such as temperature and pH, that can influence
the ability of compounds to partition in or out of streambed
sediment and be taken up by aquatic organisms (Kibuye
et al.,, 2020; Li et al., 2010; McCarthy & Alvarez, 2014;
Sabourin et al., 2009). Therefore, although dilution can help
to reduce overall risk, there are other confounding factors that
influence the fate and risk of pharmaceuticals in the aquatic
environment.

Finally, although the RQs calculated in this paper consid-
ered the individual risks that each compound could pose on
aquatic life, this calculation does not account for the poten-
tial risks that could come from the synergistic effects of these
compounds in a mixture. For example, a mixture of several
pharmaceuticals, including sulfamethoxazole and naproxen,
was shown to have an additive acute and chronic effect on
bioluminescent bacteria (Neale et al., 2017). Therefore, it is
possible that the individual risks of these compounds could
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underestimate the collective risk that these compounds pose
as a mixture (Godoy et al., 2019; Kosma et al., 2014; Kumari
& Kumar, 2022).

4 | CONCLUSION

To explore the potential effects of the COVID-19 pandemic on
water quality, the presence of SARS-CoV-2, over-the-counter
pain medications, antibiotics, and therapeutic agents was ana-
lyzed in the influent and effluent for two WWTPs in central
Pennsylvania. Pharmaceutical concentrations did not corelate
to SARS-CoV-2 concentrations in influent samples. Over-the-
counter pain medications were detected most frequently and
had the highest concentrations in influent samples but also
exhibited the greatest removal efficiencies. Pain medications
and antibiotic concentrations were typically highest in the
winter and spring. At the Penn State WREF, antibiotic concen-
trations were further influenced by decisions regarding mode
of learning.

The two WWTPs included in this study enabled a com-
parison between the removal efficiency of pharmaceuti-
cals through a facility that produces Class B wastewater
reuse (Penn State WRF) and a facility that produces Class
A+ wastewater reuse (UAJA). Although both treatment
plants consistently removed naproxen and acetaminophen
with removal efficiencies typically >75%, they were unable
to remove sulfamethoxazole. The UAJA consistently removed
ampicillin but experienced mixed performance results in
removing ofloxacin and trimethoprim. In contrast, the Penn
State WRF was consistent in reducing trimethoprim but typi-
cally was unable to reduce ofloxacin from the influent. Finally,
our data suggest that the Penn State WRF was often unable to
remove remdesivir and dexamethasone from the influent, but
these two compounds were removed at least to some extent
in the UAJA facility. Overall, producing Class A+ wastewater
appears to offer some benefits for improved removal of remde-

sivir, dexamethasone, ampicillin, and ofloxacin compared
with producing Class B wastewater.

For the pharmaceuticals that persisted in the treated efflu-
ent, sulfamethoxazole posed the highest acute risk to aquatic
life, especially when normal campus activities resumed in
February 2021. Therefore, the ability of the Living Filter
site to mitigate these risks highlights its important ecosys-
tem services to protect Spring Creek. In UAJA influent, the
detection of remdesivir co-occurred with increasing hospi-
talization of patients with COVID-19, whereas detection of
dexamethasone co-occurred with increasing cases of patients
with COVID-19 on ventilators. The ecological risks posed by
beneficial reuse of UAJA effluent containing remdesivir are
unclear due to a lack of toxicological data. Overall, this study
highlights the opportunity that wastewater surveillance pro-
vides to understand the effects of human health on the quality
of wastewater influent and the potential risks the quality of
wastewater effluent could pose to ecological health.
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