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A B S T R A C T   

Wastewater-based epidemiology (WBE) is a promising technique for monitoring the rapidly increasing use of 
antiviral drugs during the COVID-19 pandemic. It is essential to evaluate the in-sewer stability of antiviral drugs 
in order to determine appropriate biomarkers. This study developed an analytical method for quantification of 17 
typical antiviral drugs, and investigated the stability of target compounds in sewer through 4 laboratory-scale 
gravity sewer reactors. Nine antiviral drugs (lamivudine, acyclovir, amantadine, favipiravir, nevirapine, osel
tamivir, ganciclovir, emtricitabine and telbivudine) were observed to be stable and recommended as appropriate 
biomarkers for WBE. As for the other 8 unstable drugs (abacavir, arbidol, ribavirin, zidovudine, ritonavir, 
lopinavir, remdesivir and efavirenz), their attenuation was driven by adsorption, biodegradation and diffusion. 
Moreover, reaction kinetics revealed that the effects of sediments and biofilms were regarded to be independent 
in gravity sewers, and the rate constants of removal by biofilms was directly proportional to the ratio of surface 
area against wastewater volume. The study highlighted the potential importance of flow velocity for compound 
stability, since an increased flow velocity significantly accelerated the removal of unstable biomarkers. In 
addition, a framework for graded evaluation of biomarker stability was proposed to provide reference for re
searchers to select suitable WBE biomarkers. Compared with current classification method, this framework 
considered the influences of residence time and different removal mechanisms, which additionally screened four 
antiviral drugs as viable WBE biomarkers. This is the first study to report the stability of antiviral drugs in gravity 
sewers.   

1. Introduction 

Antiviral drugs are a category of pharmaceuticals used to treat viral 
infections, such as influenza, hepatitis, herpes, and acquired immuno
deficiency syndrome (AIDs) (Clercq, 2007; Yao et al., 2021). It was 
estimated that over 240 million people worldwide were affected by 
chronic hepatitis B virus infection (Schweitzer et al., 2015), and China 
has a 6.1% weighted prevalence of hepatitis B surface antigen (HBsAg) 
adjusted for people (Razavi-Shearer et al., 2018). More than 36 million 
people worldwide are living with HIV infection (Pandey and Galvani, 
2019). Ncube et al. (2018) estimated that about 21.78 tons of antiviral 
drugs were consumed daily around the world. Meanwhile, with the 
prolonged global pandemic of COVID-19, a large number of 
anti-influenza drugs have been used continuously in clinical treatment 

(Kuroda et al., 2021). The preference of purchasing medicines online or 
at the pharmacy rather than from hospitals also makes the estimation of 
consumption of antiviral drugs from prescription data or hospital 
pharmacy sales more inaccurate (Hu et al., 2022). Therefore, it is 
extremely important to systematically monitor the consumption infor
mation of antiviral drugs in the ongoing COVID-19 pandemic. 

Wastewater-based epidemiology (WBE) is an objective, timely and 
convenient monitoring tool and is developed to back-estimate the 
regional consumption of illicit drugs and pharmaceuticals by analyzing 
human-excreted compounds in municipal wastewater influent (Daugh
ton, 2001a, b, 2018). WBE has been successfully used to estimate illicit 
drug abuse (Lancaster et al., 2019; Thomas et al., 2012; Zheng et al., 
2021), the consumption of alcohol and tobacco (Reid et al., 2011; Wang 
et al., 2021; Zheng et al., 2020), the usage of common pharmaceuticals 
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(Duan et al., 2022; Gao et al., 2016; Tomsone et al., 2022; Xu et al., 
2022a) and the prevalence of hepatitis B (Hou et al., 2020). Currently, 
WBE is also being developed to apply to monitor SARS-CoV-2 (Acosta 
et al., 2022; Li et al., 2022; Medema et al., 2020; Xu et al., 2022b). At 
present, the potential of antiviral drugs in WBE estimation needs to be 
further explored, which requires the support of biomarker stability re
sults in sewers. 

As WBE relies on the quantification of specific biomarkers in 
wastewater, it requires biomarkers to remain stable or undergo pre
dictable removal in sewers (Shimko et al., 2022). If the concentration of 
unstable biomarkers in the influent of wastewater treatment plants is 
directly used, the drug consumption will be significantly under
estimated. In the urban sewer system, gravity sewer pipes are the main 
component (Hvitved-Jacobsen et al., 2013). According to the structural 
and hydraulic conditions in pipes and the existence of suspended solid in 
wastewater, sediments and biofilms are widespread in gravity sewer 
pipes, which can cause significant drug removal (Cheng et al., 2022; 
Hvitved-Jacobsen et al., 2013). Many studies focused on the effect of 
biofilms on various biomarkers (Ahmed et al., 2021; He et al., 2021; 
O’Brien et al., 2019). Li et al. (2020) firstly reported the stability of illicit 
drugs and pharmaceuticals in sewer sediments and proposed a rate 
constant to describe the transformation processes. Up to now, only a few 
pilot-scale simulations (Gao et al., 2019; Li et al., 2019) focused on the 
effects of sediments on biomarkers in gravity sewers. In addition, the 
sewage flow velocity, another vital operation parameter in gravity 
sewers, varies considerably in different pipeline conditions or at 
different seasons (Carrera et al., 2015). Increased flow velocities can 
reduce the thickness of diffusive boundary layer at the sediment surface 
by directly changing the shear stress, thereby affecting the mass transfer 
of biomarkers in sewers. Under this circumstance, the stability of bio
markers might be significantly altered. However, to our best knowledge, 
no studies have focused on the effect of flow velocity on the biomarker 
stability. 

In this study, we utilized four laboratory gravity sewer reactors to 
explore the influence of sediments, biofilms and flow velocity on anti
viral drugs. The aims of this study include: i) examine the stability of 17 

typical antiviral drugs in raw sewage and realistic gravity sewer con
ditions; ii) verify the rationality of current kinetic model describing 
biomarkers removal in sewer; iii) explore the effect of sewage flow ve
locity on stability of biomarkers preliminarily. Additionally, a 
biomarker stability assessment framework considering residence time 
and removal mechanism was presented to help researchers screening for 
suitable biomarkers. These findings would improve the understanding of 
biomarkers removal processes in gravity sewers, thereby reducing un
certainties in back estimation of antiviral drugs in future WBE studies. 

2. Materials and methods 

2.1. Chemicals and reagents 

The information and properties of 17 target antiviral drugs and 3 
other compounds used in this study are listed in Table S1 in the Sup
plementary Material. The standards of the 20 compounds were pur
chased from First Standard (China). The isotope-labeled internal 
standards of acyclovir-d4, ribavirin-13C5, amantadine-d15 and zidovu
dine-13C,d3 were also acquired from First Standard (China). Ritonavir-d6 
and lamivudine-13C1,d2 were obtained from Toronto Research Chem
icals (Canada). Methanol and formic acid of HPLC grade were purchased 
from Fisher Scientific (USA) and Sigma-Aldrich (USA), respectively. 

2.2. Stability of antiviral drugs in sewage 

Raw sewage was collected from a municipal sewer on the campus of 
Tsinghua University (Beijing, China), containing 237–348 mg of chem
ical oxygen demand (COD)/L, 34–44 mg of NH3-N/L, 0.42–0.51 g of 
suspended solid (SS)/L, 1.7–4.9 mg of H2S-S/L. As shown in Table 1, six 
different pretreatment groups were designed to investigate the contri
bution of different processes and in-sample stability at a low tempera
ture (4℃). Sterilization was carried out at a temperature of 121℃ and a 
pressure of 0.12 MPa for 20 min (Lin et al., 2010; Liu et al., 2022a) and 
filtration was performed with 0.45 μm glass fiber filters (Whatman, UK). 

Except for lamivudine (~1 μg/L), raw sewage didn’t contain other 
target antiviral drugs (Table S6). In each reactor, we added 60μL 2 mg/L 
mixed standard solution into 40 ml sewage, resulting in an initial con
centration of 3 μg/L for each drug. Every pretreatment group contained 
three parallel reactors. Except for the low temperature group, all groups 
were incubated at 25℃ and stirred at 160 rpm for 24 h in dark. Sewage 
samples were collected at multiple time points (0, 0.5, 1, 2, 4, 8, 12 and 
24 h), filtered, spiked with internal standards (20 μg/L) and then 
analyzed by direct injection. 

Table 1 
Pretreatment groups of sewage stability batch test.  

Pretreatment Corresponding processes 

Filtration+Sterilization Hydrolysis 
Sterilization Hydrolysis + Adsorption by SS 
Filtration Hydrolysis + Biodegradation 
Filtration+Acidized Altered Hydrolysis + Biodegradation 
Raw sewage Hydrolysis + Adsorption by SS + Biodegradation 
Filtration+LowT(4℃) In-sample Stability 
Ultrapure Water Blank Control  

Fig. 1. Structures of gravity sewer reactors used in this study.  
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2.3. Laboratory gravity sewer reactor 

According to previous studies (Li et al., 2020, 2018), we employed 
four gravity sewer reactors (Fig. 1) to investigate the stability of antiviral 
drugs in gravity sewers. The laboratory reactors had an effective volume 
of 1.8 L (14 cm in diameter and 12 cm in depth) (Zuo et al., 2021). 
Sediment samples with an initial depth of approximately 5 cm were 
added into reactor 1 and reactor 2. The biofilm systems in reactor 2 and 
3 were established on inner wall and surface of carriers, respectively, by 
sewage cultivation. The resulting biofilm-area to wastewater-volume 
(A/V) ratio was 28.6 m2/m3 in reactor 2 and 55 m2/m3 in reactor 3. 
In addition, reactor 4 was a replica of reactor 2. 

The reactors were fed with the same fresh sewage as Section 2.2 via 
the inlet on the sidewall by a peristaltic pump and the effluent was 
drained through the outlet 1. The average wastewater retention time 
was 12 h. Reactor 1, 2 and 3 were operated at a stirring speed of 24 rpm 
while reactor 4 was operated at 54 rpm, resulting in shear velocities of 
0.07 and 0.17 m/s, respectively. The detailed conversion equations were 
obtained from previous studies and were listed in the SI, Section 1 (Liu 
et al., 2016; Zuo et al., 2021). All four reactors have been in stable 
operation for over 300 days. During the whole operation, the biofilms 

attached on inner walls of reactor 1,3 and stirrer were removed each 
week. 

2.4. Batch test to assess stability of antiviral drugs in gravity sewer 
reactors 

A batch test was designed to explore the stability of antiviral drugs in 
gravity sewers. Before each test, all reactors were drained completely 
and extra bioactive parts, such as biofilm attached on stirrer, were 
removed. Raw sewage was collected to determine the background 
concentration. Then, mixed stock solution was added into sewage to 
obtain a spiked concentration of at least 3 μg/L. Rhodamine B was added 
together to indicate the adsorption of unbiodegradable hydrophobic 
compounds. The mixed sewage was slowly poured into reactors, 
ensuring that biofilms and sediments were undisturbed. After that the 
stirrers were turned on. The whole experiment was conducted under 
dark conditions. Each test was conducted in triplicate. During the 
experimental period, liquid samples were taken at 0, 0.5, 1, 2, 4, 8, 12, 
24 h. Two artificial sweeteners (acesulfame and sucralose) existing in 
raw sewage were measured together as reference of variation of stable 
compounds. The concentrations of sulfate and sulfide in reactor 2 and 3 

Fig. 2. Variations of 17 antiviral drugs under different sewage pretreatment conditions. (X-axis: time (hours) after spiking; Y-axis: ratio of concentration compared to 
t = 0). 
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were determined in the first 12 h. The analytical methods of sewage 
parameters are listed in SI, Section 2. 

2.5. Analytical methods 

2.5.1. Pretreatment and analytical method of target compounds 
In each sampling, 400μl liquid sample was added to a vial containing 

100μl methanol. After spiking 10 ng isotope internal standard, the mixed 
solution was filtered by 0.22 μm PTFE microporous membrane. 10μL of 
filtered sample was injected for analysis using a UPLC system (Shi
madzu, Japan) coupled to a tandem mass spectrometer (Sciex 5500 
QTrap, America). The chromatographic separation was performed on a 
Kinetex 2.6 μm Biphenyl 100 × 3.0 mm column (Phenomenex, America) 
at 40℃ and the flow rate was 0.4 mL/min. The mobile phase gradient, 
mass spectrometry parameters and QA/QC information are listed in the 
SI (Table S3, S4, S5). Data was quantified by MultiQuant 3.0.3. A ten- 
point calibration curve was used (0.05–50 μg/L) for quantification. 
For every 15 samples, a calibration point, a spiked sewage sample and a 
method blank were analyzed to confirm instrument status and method 
performance. 

2.5.2. Analytical method of microbial community of sediments 
Microbial DNA was extracted from the samples using the E.Z.N.A.® 

soil DNA Kit (Omega Bio-tek, Norcross, GA, U.S.). The DNA concentra
tion and purity were determined with NanoDrop 2000 UV–vis 

spectrophotometer (Thermo Scientific, Wilmington, USA). The V4 re
gion of the bacterial 16S rRNA gene were amplified with primer pairs 
515F (5′-GTGCCAGCMGCCGCGG-3′) and 806R (5′-GGAC
TACHVGGGTWTCTAAT-3′) by an ABI GeneAmp® 9700 PCR thermo
cycler (ABI, CA, USA). The detailed analysis methods are described in 
the SI Section 3. 

2.6. Statistical analysis 

At time 0, the concentrations of each biomarker were used as the 
initial concentration (C0). Zero-order kinetics, first-order kinetics and 
exponential two-phase kinetics were applied to fit the degradation of 
biomarkers (SI Section 4) and concentrations below LOQ were excluded. 
If correlation value (R2) of zero or first order kinetics was over 0.8, the 
model with a higher R2 would be used. The two-phase kinetics was 
selected only if it was the only adequate model (R2>0.8). Attenuation of 
certain biomarker in different sewer reactors was fitted using the same 
model to generate comparable data. The straight line in Fig. 4 was fitted 
by the least squares method based on relative residuals (Hendricks, 
1931). More details are shown in the SI section 5. Statistical analysis and 
data visualization were implemented by Origin 2021 and R version 
4.2.1. 

Fig. 3. Regression results for variation of investigated antiviral drugs in sediment (R1), sediment + biofilm (R2) and biofilm (R3) sewer reactors. (X-axis: time 
(hours) after spiking; Y-axis: ratio of concentration compared to t = 0). 
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3. Results and discussion 

3.1. Stability of antiviral drugs in sewage 

This study firstly investigated the stability of target antiviral drugs in 
raw sewage. The loss of nonvolatile drugs in sewage can be attributed to 
the combination of hydrolysis, adsorption and biodegradation (Liu et al., 
2022a). The 24-hour concentration changes of 17 antiviral drugs under 
different pretreatments are shown in Fig. 2. Considering the influence of 
matrix effect, measurement error and concentration range of two stable 
sweeteners (section 3.2.3), we referred to the criteria adopted by 
(Ahmed et al., 2021) for selecting stable biomarkers:  

a Highly stable biomarkers: 0–20% removal in aqueous phase within 
24 h;  

b Moderately stable biomarkers: 20–50% removal within 24 h;  
c Unstable biomarkers: >50% removal within 24 h; 

The results showed that, except for arbidol (umifenovir) and 
remdesivir, most antiviral drugs were highly stable in sewage within 24 
h. For arbidol, apparent removal was found in both raw and sterilized 
sewage but it was suppressed by filtration, indicating that its removal 
was mainly due to particle adsorption. A high log Kow value (Table S1) 
made it more inclined to be adsorbed by organic matter. Ul’yanovskii 
et al. (2022) also found the accumulation of arbidol and its trans
formation products in biological sludge at wastewater treatment plants 
and bottom sediments of reservoirs. As for remdesivir, both sterilization 
and filtration lessened its attenuation. The sum of reduction percentages 
of the two pretreatment groups well explained the variation in raw 
sewage and acidification had no extra effect compared to filtration, 
indicating that remdesivir may be simultaneously adsorbed and bio
degraded in raw sewage. It was reported that intravenous remdesivir 
will be rapidly hydrolyzed to its metabolite by liver esterases (Zhang 
et al., 2022). Although no study has reported the biodegradation process 
of remdesivir in wastewater, we speculated that its biotransformation 
may be attributed to the potential esterase activity present in sewage 
(Fischer et al., 2013). 

3.2. Stability of antiviral drugs in gravity sewer reactors 

3.2.1. Physicochemical and biological properties of sewer sediments and 
biofilms 

The bulk density of sediment was 1.45 g/cm3. The total solids (TS) 
and volatile solids (VS) contents were 69.3% and 3.1% (wet weight), 
respectively, which were comparable to previous studies (Liu et al., 
2015; Zuo et al., 2021). The wastewater pH in all reactors ranged at 
7.2–7.7 during the batch test. Furthermore, the changes of sulfur species 
were commonly used to indicate biological activity in sewers (Zuo et al., 
2020a). The sulfate concentration changes in reactor 2 and 3 were 
shown in Figure S1. The linear regression results of the first 4 h showed 
that the maximum sulfate reduction rates of reactor 2 and 3 were 2.24 
mgS/L/h and 2.40 mgS/L/h, respectively. The results were comparable 
with previous results of sediments and biofilms in laboratory gravity 
sewer (Ahmed et al., 2021; He et al., 2021; Li et al., 2020; Liu et al., 
2016). Because of the presence of overhead air, sulfide concentration in 
solution exhibited weak linearity. 

Additionally, to ensure representation and consistency of sediments 
across reactors, we analyzed the microbial community of surface sedi
ments in reactor 1 and 2 with two biological replicates. The dominant 
phyla in reactor sediments were Proteobacteria, Halobacterota, Firmicutes, 
Chloroflexi and Bacteroidota (Figure S2), which were similar to sewer 
sediments in previous studies (Shi et al., 2018; Zuo et al., 2021, 2020b). 
Combined with the genus-level structure (Figure S3), it further illus
trated the similarity of sediments between two reactors and the presence 
of methanogens and sulfate-reducing bacteria (Mohanakrishnan et al., 
2009). Overall, the gravity sewer reactors mimicked a representative 

condition of real sewers. 

3.2.2. Effects of sediments and biofilms on antiviral drugs 
In this section, we conducted simulations to observe the variation of 

antiviral drugs in three gravity sewer reactors with sediments and bio
films. The results showed that investigated compounds exhibited 
various removal patterns in reactor 1, 2 and 3 (Fig. 3). In 24 h, 5 antiviral 
drugs (acyclovir, oseltamivir, ganciclovir, emtricitabine, telbivudine) 
and 2 sweeteners (acesulfame and sucralose) were highly stable (<20% 
removal). Five drugs (lamivudine, amantadine, favipiravir, nevirapine 
and abacavir) were classified as moderately stable. Among them, lam
ivudine, amantadine, favipiravir and nevirapine were stable in the first 
12 h, but followed by continuous decreases with an overall removal of 
24–28% by 24 h in reactor 2. Considering that the median sewer 
retention time was estimated to be much less than 12 h (3.3 h) (Kapo 
et al., 2017), these four antiviral drugs can be considered stable in 
gravity sewer in the back estimation of WBE. The other eight com
pounds, including ribavirin, zidovudine, ritonavir, arbidol, lopinavir, 
remdesivir, efavirenz and rhodamine B, experienced significant con
centration decreases (>50%) in gravity sewer reactors and were iden
tified as unstable biomarkers. 

Most unstable biomarkers, except for ribavirin and zidovudine, have 
relatively high log Kow values (Table S1), which made them more in
clined to be absorbed by sludge or sediments (Nannou et al., 2020). 
Moreover, the variations of these antivirals, such as efavirenz, lopinavir 
and arbidol, in three reactors were highly consistent with the 
adsorption-controlled rhodamine B. This illustrated both the relevant 
effects of adsorption and the indicative role of rhodamine B for hydro
phobic biomarkers. In all reactors, the concentration variation of 
rhodamine B followed a two-phase kinetic model. At the beginning, the 
first rapid phase may represent the diffusion process of biomarkers from 
the water phase to sediment or biofilm surfaces. Because of the con
centration gradient between water and sediment phases, the spiked 
compounds diffused into sediments and were diluted by mixing with 
pore water in the porous sediments (Kunkel and Radke, 2008; Li et al., 
2020, 2015). Subsequently, adsorption played a major role in the second 
phase. 

On the other hand, the hydrophilic unstable antivirals, including 
abacavir, zidovudine and ribavirin, were probably dominated by 
biodegradation. Compared to other studies, the half-life of abacavir in 
reactor 2 (24 h) fell between the values observed in wetland water (80 h) 
and activated sludge (0.44 h), while the half-life of zidovudine in the 
three reactors (12–25 h) was shorter than that observed in activated 
sludge (54.4 h) (Funke et al., 2016; Prasse et al., 2015). So far, no study 
has measured the biodegradation rate of ribavirin, but its removal rate 
in this study was higher than that observed in moving bed biofilm 
reactor and the anoxic-anaerobic-anoxic-oxic process (Liu et al., 2022b). 
These differences to some extent reflect the uncertainty of laboratory 
simulations. In future, pilot or field scale studies (Li et al., 2018) and 
calibration studies based on environmental monitoring and prescription 
data (Kannan et al., 2023) are needed to validate the stability results and 
provide more reliable correction factors for WBE estimation of unstable 
biomarkers. 

3.3. Verification of the kinetic model of WBE biomarkers removal in 
sewer 

A kinetic model dividing the concentration decreases of biomarkers 
into abiotic and biotic processes has been widely used to describe the 
concentration changes of biomarkers with time in the sewer reactors (Li 
et al., 2020, 2019, 2018; Li et al., 2021; McCall et al., 2016; Ramin et al., 
2018). The widely used first-order and zero-order kinetic equations can 
be respectively described as follows: 

C = C0⋅e− ktotal ⋅t = C0⋅e− (kww+ksd+kbio)⋅t = C0⋅e
−

(

kww+ksd+k’
bio ⋅A

V

)

⋅t
(1) 

J. Wen et al.                                                                                                                                                                                                                                     



Water Research 238 (2023) 120023

6

C = −
(
kww,0 + ksd, 0 + kbio,0

)
⋅t + C0 = −

(

kww,0 + ksd, 0 + k’
bio,0⋅

A
V

)

⋅t + C0

(2)  

Where ktotal (h − 1) represents the total removal rate in aqueous phase of 
gravity sewer reactor. kww (h − 1) is used to describe the conversion of 
biomarkers in raw sewage. ksd (h − 1) indicates the effect of sediments. 
kbio (h − 1) and k′

bio (m⋅h − 1) stand for the biotransformation by biofilms 
without or with the normalization with respect to the A/V ratio (m − 1), 
respectively. kww,0, ksd, 0, kbio,0 and k′

bio,0 represent the corresponding 
parameters in zero-order kinetics. According to the kinetic model, the 
removal of biomarkers in three reactors of this study can be described as 
eq (3)-(5) separately: 

k Total
Reactor− 1 = kww + ksd (3)  

k Total
Reactor− 2 = kww + ksd + k′

bio⋅
(

A
V

)

Reactor− 2
(4)  

k Total
Reactor− 3 = kww + k′

bio⋅
(

A
V

)

Reactor− 3
(5) 

The rate difference between reactor 1 and 2 is caused by the sewer 
biofilm (3)-(4): 

k Total
Reactor− 2 − k Total

Reactor− 1 = k′

bio⋅
(

A
V

)

Reactor− 2
(6) 

For stable or moderately stable biomarkers in raw sewage, kww is 

small or equal to 0. Then, the rate constants of three reactors will satisfy 
a linear relationship: 

k Total
Reactor− 2 − k Total

Reactor− 1 = K⋅k Total
Reactor− 3 (7)  

Where the constant K is the ratio of the A/V ratio of reactor 2 and 
reactor 3: 

K =

(
A
V

)

Reactor− 2

/(
A
V

)

Reactor− 3
(8) 

To verify the rationality of kinetic model, the rate constants of 7 
unstable antiviral drugs and rhodamine B in sewer reactors were fitted 
according to the relationship of Eq. (6) (Fig. 4). A least squares method 
based on relative residuals was used to average the contributions of each 
point. For compounds merely fitting the two-phase kinetic model, such 
as rhodamine B, an adjusted first-order kinetics was used to make rate 
constants comparable (SI Seaction2). All relevant data used in fitting are 
listed in Table 2. The rate constants of other curves in Fig. 3 can be found 
in Table S7. 

As shown in Fig. 4, except for remdesivir, all compounds passed a 
cross-origin straight line with a high correlation (R2=0.96). The slope 
value (K = 0.554±0.056) was basically consistent with the actual A/V 
ratio of the two reactors (Ktheoretic=0.52), indicating that the kinetic 
model is suitable for gravity sewer reactors containing both sediments 
and biofilms. However, remdesivir was the only unstable biomarker in 
raw sewage (>50% attenuation), and even if the influence of kww was 
considered, its rate constant still cannot satisfy the linearity. As dis
cussed in Section 3.1, the removal of remdesivir in raw sewage was 

Fig. 4. Cross-origin linear regression results of kreactor2− kreactor1 and kreactor3.  

Table 2 
Regression results of unstable compounds in sewer reactors.  

Biomarkers Reactor 1 Reactor 2 Reactor 3  

R2 Fitting model k R2 Fitting model k R2 Fitting model k 

Ribavirin 0.85 First-order 0.15 0.75 First-order 0.23 0.97 First-order 0.20 
Zidovudine 0.95 Zero-order 0.022 0.98 Zero-order 0.036 0.98 Zero-order 0.021 
Ritonavir 0.91 First-order 0.061 0.88 First-order 0.090 0.94 First-order 0.040 
Arbidol 0.89 First-order 0.24 0.91 First-order 0.36 0.84 First-order 0.26 
Lopinavir 0.81 First-order 0.068 0.89 First-order 0.11 0.81 First-order 0.046 
Remdesivir 0.99 First-order 0.20 0.99 First-order 0.35 0.99 First-order 0.12 
Efavirenz 0.97 First-order 0.088 0.95 First-order 0.13 0.93 First-order 0.060 
Rhodamine B 0.98 First-order 0.090 0.96 First-order 0.13 0.98 First-order 0.072  
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contributed by hydrolysis, adsorption of SS and biodegradation. This 
suggested that, for some biomarkers, the effect of sewage probably 
cannot be simply reflected by kww in a gravity sewer reactor. Generally, 
the influence of sediments and biofilms on biomarkers satisfies the ad
ditive relationship of independent effects. Even in the presence of 
sediment, the removal rate produced by biofilm was still proportional to 
the A/V value. In consequence, the current kinetic model effectively 
describes the removal of biomarkers in gravity sewer reactors. 

3.4. The effect of flow velocity on stability of WBE biomarkers 

In this section, the effect of sewage flow velocities in gravity sewers 
on stability of biomarkers was preliminarily investigated through setting 
a high stirring speed (54 rpm) in reactor 4. Flow velocities can change 
the shear stress in sewers and then affect the mass transfer resistance of 
substrates (e.g., sulfide, sulfate, organic matter and dosed chemicals) 
(Jiang et al., 2010; Shypanski et al., 2018). The variations of investi
gated compounds in reactor 2 and 4 were shown in Figure S4. Inter
estingly, for highly or moderately stable antiviral drugs, an increased 
flow velocity did not alter their stability. This was consistent with the 
variations of two stable benchmarks, acesulfame and sucralose. If 
varying flow velocities under natural conditions don’t alter the stability 
of in-sewer stable biomarkers, the uncertainty in their WBE estimations 
would be effectively reduced. 

For the 8 unstable compounds in sewer reactors, except for remde
sivir, a higher flow velocity significantly increased their removal rates. 
Notably, the attenuation of indicator rhodamine B changed from two- 
phase kinetics to first-order kinetics, indicating that its adsorption was 
significantly accelerated. That’s probably because a higher flow velocity 
facilitated its diffusion from the water phase to sediment and biofilm 
parts. The variation of rhodamine B to some extent explained why the 
removal of unstable hydrophobic antivirals (arbidol, ritonavir, lopina
vir, and efavirenz) was expedited. For biomarkers determined by 
biodegradation, a higher velocity probably accelerated their removal (e. 
g. zidovudine, ribavirin) but might have no significant effect (e.g. 
remdesivir, abacavir), primarily depending on whether their removal 

was controlled by mass transfer. In addition, another study reported that 
an increased shear velocity significantly changed the abundance of 
specific microbial phyla in different layers of sediments, which might 
also affect some biodegradation processes (Zuo et al., 2021). 

Overall, the results of this study indicate that flow velocity is a po
tential factor affecting biomarker stability. Whereas, this finding is un
certain due to the variable conditions of actual pipeline networks in 
different locations as well as the influence of pipeline intersections on 
flow velocity (Carrera et al., 2015). Therefore, we recommend 
pilot-scale or field pipeline studies to further investigate the effect of 
flow velocity and establish correlation factors for WBE studies. 

3.5. WBE biomarker possibility—a grading criterion 

Previous studies on stability of biomarkers usually classified them by 
apparent removal rates in laboratory-scale reactors (Ahmed et al., 2021; 
Choi et al., 2020; He et al., 2021), as was the previous discussion in this 
article (Section 3.1). However, current methods do not pay enough 
attention to the important role of in-sewer residence time and the in
fluence of different effects such as adsorption and biodegradation. 
Considering the variation of in-sewer residence time in different regions, 
it is difficult to directly determine whether those moderately stable 
compounds are suitable biomarkers. For example, abacavir was an 
inappropriate biomarker in this study, but the other four moderately 
stable biomarkers are suitable for most circumstances. Therefore, based 
on current standards, this study proposed a framework for the assess
ment of biomarker stability. The stability results were graded into three 
levels as shown in Fig. 5. 

As shown in Fig. 5, biomarkers are classified into 3 levels by whether 
stable in sewage or sewers within 24 h. Biomarkers that are stable in 
both sewage and sewers are classified as Level 1, those that are stable in 
the sewage but not in sewers are Level 2, and those that are unstable in 
sewage are Level 3. For biomarkers of level 1, they are always stable and 
are recommended as suitable candidates for WBE. Level 2 biomarkers 
are further divided into three sub-levels (a, b, and c) to reflect the in
fluence of in-sewer residence time and different effects. Generally, the 

Fig. 5. Framework to evaluate the stability of biomarkers.  
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in-sewer residence time determine the stability of most biomarkers. In 
other words, if the target compounds keep temporarily stable within the 
residence time, they remain a viable option for back estimation. 
Therefore, these temporarily stable biomarkers are identified as level 2a, 
which is a potential class of biomarker candidates second only to reliable 
level 1 ones. According to the reports by Kapo et al. (2017) and Ort et al. 
(2014) on sewer conditions of America and Europe, respectively, the 
average in-sewer residence time (RT) is assigned as 4 h in this study, and 
it can be variable in other studies depending on the actual situation in 
the study area. Then, for the biomarkers unstable (>20% removal) in the 
average retention time, those totally affected by adsorption are classified 
as level 2b, and those undergoing other processes such as biodegrada
tion are recognized as level 2c. This classification is to reflect the special 
effects of adsorption. It should be noted that adsorption might gradually 
weaken or even approach equilibrium with the increase of adsorption 
quantity. Therefore, for some chronic disease medicines (such as hepa
titis B, hypertension, etc.), their adsorption in actual sewers might be 
much less than the estimation of the laboratory simulation. These level 
2b compounds would also be viable biomarkers under some circum
stances. Finally, compounds at level 2c and level 3 are highly unpre
dictable in sewage and sewers, so we recognize them as unsuitable 
biomarkers from the perspective of in-sewer stability. The grading 
framework can not only help researchers screen appropriate biomarkers, 
but also provide readers with a direct reference for the reliability of back 
estimation results by different biomarkers. 

According to this framework, the 17 antiviral drugs investigated in 
this article could be graded and the results were shown in Table 3. Five 
antivirals were classified into level 1 and considered as the most reliable 
biomarkers. Four moderately stable drugs were categorized as level 2a 
and regarded as potential biomarker choices. Three other antivirals 
identified as level 2b ones could also be considered under certain con
ditions after careful evaluation. The other 5 level 2c and level 3 drugs 
were the least recommended biomarker choices in this study. Compared 
with the standard in Section 3.1, which can only directly identify five 
suitable biomarkers, this framework solved the classification problem of 
moderately stable biomarkers and finally recommended a total of 9 
antiviral drugs for WBE estimation. These biomarkers can be used in 
regional WBE studies to estimate community consumption of drugs for 
influenza, hepatitis B, herpes, and HIV, providing valuable information 
for public health. 

In addition, although not included in this study, metabolites as a 
category of potential biomarkers should also meet this framework. The 
metabolites’ information of the 17 target antivirals was summarized in 
Table S9. It can be seen that most targets are eliminated mainly as parent 
or glucuronide conjugates that can be totally reconverted to the parent 
form(Gao et al., 2017). However, there are still some metabolites that 
are the main form of excretion, such as oseltamivir carboxylate, T705M1 
and 8-OH-efavirenz. This is a limitation of the study and further ex
periments are needed to reveal the stability of these metabolites. 

4. Conclusions 

This study examined the stability of 17 common antiviral drugs in 
both sewage and gravity sewers with the presence of sediments and 
biofilms under two typical average flow velocities. The results showed 
that arbidol and remdesivir were significantly removed in untreated 

sewage and the stability of investigated biomarkers varied in gravity 
sewer reactors due to adsorption, biodegradation and diffusion mecha
nisms. A kinetic model using sediment reaction rate ksd and biofilm rate 
normalized to A/V ratio k′

bio were found to be suitable for gravity sewers. 
An increased flow velocity might not affect the stability of stable bio
markers, but probably accelerated the removal processes of unstable 
biomarkers. This study proposed a grading framework to comprehen
sively evaluate the biomarker stability. Under this framework, a total of 
9 antiviral drugs, including 5 level 1 antivirals (acyclovir, oseltamivir, 
ganciclovir, emtricitabine and telbivudine) and 4 level 2a antivirals 
(lamivudine, amantadine, favipiravir and nevirapine), were recom
mended as appropriate WBE biomarkers from the perspective of in- 
sewer stability. 
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