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Abstract: For communities without access to uninterrupted, piped water, household wa-
ter storage (HWS) practices can lead to adverse public health outcomes caused by water
degradation and mosquito proliferation. With over 700,000 deaths caused by vector-borne
diseases annually, the objective of this study was to determine whether water disinfectants,
at concentrations deemed safe for human consumption and beneficial for water treatment,
are effective in reducing the emergence of adult mosquitoes that transmit disease. Lab-
oratory bioassays, designed to resemble the context of treating HWS containers, were
conducted to assess the larvicidal effects of chemicals at concentrations below regulatory
limits for drinking water: silver (20, 40, 80 µg/L Ag), copper (300, 600, 1200 µg/L Cu), and
chlorine (500, 1000, 2000 ug/L free chlorine). The water disinfectants demonstrated the
ability to significantly reduce the population of juvenile Ae. aegypti. Sodium hypochlorite
was found to be the most effective in decreasing the survival rate of late first instar larvae,
while silver nitrate exhibited the highest effectiveness in inhibiting the emergence of late
third instar larvae. Ultimately, this study highlights the potential of an integrated approach
to Water, Sanitation, and Health (WASH) solutions with vector control management.

Keywords: Aedes aegypti; household water storage; vector control management; water
treatment

1. Introduction
Eighty percent of the world’s human population is at risk of contracting one or more

vector-borne diseases (VBDs), which are caused by the spread of viruses, bacteria, and par-
asites from infected animals to a human [1,2]. These diseases account for more than 17% of
the global burden of infectious diseases. With rising global temperatures driven by climate
change, the risk of VBDs spreading to new regions continues to grow [3–5]. Many VBDs
fall under the category of neglected tropical diseases (NTDs) due to their disproportionate
impact on underserved or marginalized populations, particularly communities lacking
access to basic healthcare, clean water, and sanitation [6,7]. In the absence of accessible
vaccines and treatments for many VBDs, vector control management is essential to reducing
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the risk of disease transmission by controlling vector populations or disrupting human–
vector contact [8–11]. Effective vector control programs require a deep understanding
of the infected animals responsible for spreading disease, which are often blood-sucking
insects [2], with mosquitoes being the most prolific [12]. One of the two most abundant
mosquito species is the Aedes (Stegomyia) aegypti (Linneaus), responsible for transmitting
several arboviral diseases such as Chikungunya, Dengue, Yellow fever, and Zika [2,13,14].
Table 1 highlights key public health data for each of these diseases.

Table 1. Public health information regarding VBDs transmitted by Aedes aegypti.

Vector-Borne
Disease Common Symptoms Global Burden Location of Prevalence Vaccine for Prevention

Chikungunya
(CHIKV)

Fever, severe joint pain,
joint swelling, muscle

pain [15]

Since 2023, 5+ million
cases have been reported

in last 15 yrs [16]

Detected
in >100 countries as of

2021, circulating mainly
in Africa, Asia, South

America, and regions of
the Pacific Ocean [17].

IXCHIQ (manufactured
by Valenva) [16]

Dengue

High fever
(40 ◦C/104 ◦F), severe
headache, pain behind
the eyes, muscle and
joint pains, nausea,
vomiting, swollen
glands, rash [18]

In 2019, age-standardized
incidence rate (ASIR) (A
statistical measurement

that compares the
number of new cases of a
disease in a population to

a standard population.
It’s used to compare
health metrics across

populations with
different age

distributions.) estimated
to be 7.40 per 1000 [19].

An estimated
100–400 million

infections occur each
year [18].

Endemic in
>100 countries in WHO

regions of Africa, the
Americas, the Eastern

Mediterranean,
Southeast Asia and the

Western Pacific. The
Americas, Southeast Asia,

and Western Pacific
regions are most

significantly affected [18].

Dengvaxia®

(CYD-TDV), developed
by Sanofi Pasteur,

Qdenga® (TAK-003),
developed by Takeda

[18].

Yellow Fever

Fever, muscle pain,
headache, loss of

appetite, nausea or
vomiting, jaundice,

dark urine, abdominal
pain [20]

In 2018, estimated
109,000 severe infections

and 51,000 deaths in
Africa and South

America [21].

Thirty-four countries in
Africa and thirteen

countries in Central and
South America are either

endemic for, or have
regions that are endemic

for, yellow fever as of
2023 [20].

YF-VAX®,
manufactured by

Sanofi Pasteur [22]

Zika virus (ZIKV)

Fever, rash, headache,
joint pain,

conjunctivitis (red eye),
muscle pains. Virus can
be passed through sex
and from a pregnant

woman to her fetus [23]

In 2019, ASIR estimated
to be 3.44 per 100,000 [24]

Eighty-nine countries
and territories have

documented evidence of
current or previous
transmission as of

February 2022,
circulating primarily in

the Americas, South Asia,
and the Pacific Islands

[24,25].

No [24].

Understanding the life cycle of the Ae. aegypti (depicted in Figure 1), as well as its
behaviors and habitats, is crucial for developing effective strategies to prevent and control
the spread of these VBDs [9,26–28]. Typically living in tropical and subtropical regions,
Ae. aegypti are found in close association with humans [29]. Jansen et al. cites urbanization,
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socioeconomic factors, building design and constructions features, the quality of water
supply and management, and the quality of other public health infrastructure services as
significant influences shaping the geographic spread of Ae. aegypti [29]. The following
behavioral traits have been observed of adult female Ae. aegypti mosquitoes [9,29–32]:

1. They prefer to bite hosts during the daytime, with peak activity occurring between
dawn and dusk.

2. They feed on humans relative to other vertebrate species, obtaining bloodmeals which
provide the necessary nutrients required for a female mosquito’s egg production
and reproduction.

3. They feed on several hosts within one reproductive cycle which increases the potential
for the transmission of disease.

4. They prefer to lay eggs in manmade or artificial containers (e.g., household water
storage containers, plant pots, tires, etc.), which is why they are commonly referred to
as a container-breeding species.
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Figure 1. Life cycle of Aedes aegypti and its role in disease transmission. Figure created with
Biorender.com.

Ae. aegypti eggs can hatch within minutes after coming into contact with wa-
ter. Eggs also have been observed to remain viable for over a year in dry conditions
(i.e., desiccation-resistant) [33]. As a result, water storage practices play a crucial role in
controlling their breeding.
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Vector control management targets different life stages, including (1) larval and pupal
control, involving the stages at which the living organism is typically aquatic, and (2) adult
control, involving the stage which is responsible for transmitting diseases. Figure 2 depicts
a range of vector control management strategies aimed at different stages of the Ae. aegypti
life cycle. These strategies include chemical methods (spraying chemicals, introducing chem-
icals to water containers), biological methods (release of transgenic vectors with reduced
capacity to transmit disease and/or reproduce), and environmental approaches (environmen-
tal modification, environmental manipulation) [34,35]. When these methods are employed
in combination, it constitutes an integrated vector management approach [35,36]. The control of
Ae. aegypti has primarily relied on the use of chemicals, particularly pyrethroids [37]. This
has led to the onset of mass insect resistance [38–40] through the following four primary
mechanisms: behavioral resistance, reduced penetration/cuticular resistance, metabolic
detoxification, and target site resistance [41]. Thus, while chemicals serve as a useful tool,
they need to be used in moderation within targeted approaches that apply lesser quantities
of chemicals to delay or reduce the rate at which insects build resistance. Insecticides and
larvicides, even at sublethal doses, have been shown to affect the different mechanisms
associated with Ae. aegypti’s ability to reproduce such as their fecundity [42–44], egg hatch-
ing [44], immature development [44–46], adult longevity [47], sex proportion [48], adult
size [48], and blood feeding [49,50]. One such targeted approach to applying chemicals, as
a component in an integrated management plan, would be to treat water storage containers
in or around the home.
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In 2020, around one in four people lacked safely managed drinking water in their
homes [53]. For regions experiencing water shortages and water stress, particularly within
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communities without access to uninterrupted and reliable piped water connections [54,55],
water storage within or around the home is a common coping strategy [56,57]; however,
unsafe water storage practices, such as those illustrated in Figure 3, creates ideal breeding
grounds for mosquitoes, leading to their proliferation [29,30,58–62] and consequently in-
creasing the risk of contracting VBDs [60]. For this reason, it is important to implement
proper water storage and hygiene practices, such as covering and/or treating containers,
to reduce the risk of disease transmission [61]. Chemicals commonly used in HWS con-
tainers include temephos [63–68], diflubenzuron [69–74], pyriproxyfen [75–80], Bacillus
thuringiensis israelensis (Bti) [81–83], Spinosad DT [69,84,85], and various plant oils [86,87].
The Ae. aegypti, among other species, have demonstrated resistance to many of these
common insecticides currently employed in HWS containers, such as temephos, within
the context of large vector-borne disease mitigation efforts [39,64,88–92]. Thus, in this
study, we assess the efficacy of water disinfectants to mitigate larval growth, reduce adult
mosquito emergence, and ensure water being stored is safe for human consumption. Since
clean water access and VBD control are often interconnected, this approach can inform the
design of interventions for water storage containers, such as improved point-of-use water
treatment (POUWT) technologies that can address both issues simultaneously.
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Figure 3. Water storage containers, such as buckets, drums, or jars, are commonly used to store
and access water for daily use, particularly in settings with limited access to continuous water
supply. Poor water storage practices can result in standing water, providing ideal conditions for
mosquito-breeding sites. Addressing these issues typically falls under the umbrella of environmental
management in integrated vector management. Photos captured by Sydney Turner in in Dzimali,
South Africa, March of 2020, of water storage containers surrounding two different households.
Standard sizes of water storage containers surrounding homes in these images typically range from
50 to 200 L, reflecting common household and community water storage practices in many regions.

This paper examines the larvicidal effects of water disinfectants commonly used in
point-of-use water treatment (POUWT) technologies, on juvenile Ae. aegypti at concen-
trations within drinking water quality guidelines established by the U.S. Environmental
Protection Agency (EPA) [93] and the World Health Organization (WHO) [94–96]. The
study evaluates the effectiveness of sodium hypochlorite, silver nitrate, and copper sul-
fate pentahydrate for mosquito control while ensuring treated water remains safe for
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human consumption. The findings provide insights for practical, integrated public health
strategies that address both water quality and VBDs, enabling communities, governments,
and organizations to implement effective, sustainable, and context-specific solutions. The
study did find that elongated exposure to silver nitrate, copper sulfate pentahydrate, and
sodium hypochlorite at these low concentrations negatively impacted juvenile Ae. aegypti
development. While the goal was to achieve 100% inhibition of emergence, the study was
constrained by the drinking water regulations, thus not permitting the use of chemicals at
concentrations deemed unsafe for human consumption.

2. Materials and Methods
To analyze the efficacy of water disinfectants for mosquito larval source management

of Ae. aegypti, the bioassay experiments in this study were designed to resemble the context
of treating household water storage containers. This section describes the methods used
to culture and rear Ae. aegypti in the laboratory (Section 2.1), select disinfectants for the
bioassays and determine the test concentrations (Section 2.2), and test silver nitrate, copper
sulfate pentahydrate, and sodium hypochlorite against Ae. aegypti larvae (Section 2.3).

2.1. Culturing and Rearing

Ae. aegypti eggs were obtained commercially from Benzon Research, Inc. (Carlisle,
PA, USA). The colony, derived from the USDA “Gainesville” strain, has been continuously
colonized at Benzon Research since 1994. Eggs procured from Benzon were 2–3 weeks old.
The mosquitoes were reared in the Water Quality Laboratory at the University of Virginia
on a 12:12 h light–dark cycle. The Extech RHT20 Humidity and Temperature Datalogger
(Teledyne FLIR LLC, Nashua, NH, USA) was used to monitor the environmental conditions.
The Ae. aegypti eggs and larvae were cultured at 27.9 ± 0.2 (82.2 ◦F) in Sterlite plastic trays
(35.6 × 27.9 × 8.3 cm) containing deionized (DI) water. The larvae were fed daily with
ground larval food, a 3:1 mixture of liver powder–brewer’s yeast (MP Biomedicals™, Solon,
Ohio, USA). Five grams of this mixture was added to 400 mL water. The DI water was
deoxygenated by adding 1/8 oz of the food slurry to the rearing trays. Twenty-four hours
later, eggs attached to strips of paper were submerged into the trays. Larvae of an intended
instar were collected for each experiment. No food was added to rearing trays on the day
of the hatch. The larvae were fed 0.25, 0.5, and 1 oz on the first three days post hatching,
respectively. After day 3, larvae feed between 1 and 1.5 oz/day until pupation.

2.2. Water Treatment Disinfectants

Ae. aegypti larvae were assessed against varying concentrations of silver nitrate, copper
sulfate pentahydrate, and sodium hypochlorite. These disinfectants were selected for this
study due to their widespread use in water treatment processes, particularly in point-
of-use water treatment (POUWT) technologies commonly employed in resource-limited
settings [97]. Chlorine, particularly in the form of sodium or calcium hypochlorite, is one
of the most widely used disinfectants in water treatment processes worldwide due to its
strong oxidizing properties which allow it to eliminate a broad range of common water-
borne pathogens such as Escherichia coli, Legionella, Salmonella Typhi, Shigella, adenoviruses,
norovirus, and rotaviruses [97–99]. While cost effectiveness and availability make chlorine
an attractive option for water treatment interventions, the taste and odor of chlorine has
made it less culturally relevant in certain contexts [100,101], as well as its production of
harmful disinfection byproducts at high concentrations [102]. Thus, silver and copper have
gained traction as effective alternatives in water treatment applications [97,103–113]. Silver
has become increasingly prominent as a disinfecting agent in water purification systems
because of its high efficacy against killing Gram-negative bacteria at very low concentra-
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tions, as well as its minimal impact on the taste or odor of treated water [94,114,115]. While
copper has been observed in many studies to be less potent than silver at similar concentra-
tions, it has been demonstrated as effective against both Gram-negative and Gram-positive
bacteria, copper’s higher drinking water quality guideline allows for greater flexibility
in dosing and copper is approximately ten times less expensive than silver [97,113,116].
Established microbial efficacy ranges reported in previous laboratory and field studies for
chlorine, silver, and copper provided the rationale for testing these water disinfectants at
similar ranges for larvicidal efficacy.

The concentrations of disinfectants used in this study were selected based on es-
tablished drinking water quality guidelines (DWQGs) set by public health agencies: the
WHO [94–96] and the US EPA [93]. The DQWG values, reported in Table 2, served as the
reference points for the creation of a range of concentrations to test each disinfectant that
would maintain safety for human consumption when applied in the context of household
water storage containers. For free chlorine, 2 mg/L was selected as the upper boundary
condition as it aligns with the WHO guideline for POUWT contexts [117]. The WHO
DWQG was chosen over the EPA’s maximum contaminant level goal (MCLG: the level of a
contaminant in drinking water below which there is no known or expected risk to health)
of 4 mg/L [93] as it is more conservative, ensuring broader applicability across diverse
global contexts, including taste and odor thresholds. The EPA’s MCLG of 1.3 mg/L for
copper [93] was selected as the upper boundary instead of the higher 2 mg/L guideline
set by the WHO [95]. For silver, both the EPA and WHO DWQG align on a threshold of
100 µg/L, which was used as the upper boundary [93,96].

Table 2. Drinking water quality guidelines for disinfectants (silver, copper, and chlorine) and the low,
medium, and high concentrations tested in larvicidal bioassays.

Disinfectant Drinking Water Quality
Guideline (DWQG)

Concentrations Tested (µg/L)

High
(80–95% of DWQG)

Mid
(40–50% of DWQG)

Low
(20–25% of DWQG)

Silver (Ag): AgNO3 EPA and WHO: 100 µg/L 20 40 80

Copper (Cu): CuSO4.5H2O EPA: 1300 µg/L
WHO: 2000 µg/L 300 600 1200

Chlorine (OCl−/HOCl):
NaOCl

EPA: 4000 µg/L(EPA)
WHO: 2000 µg/L free
chlorine dose for clear
water (<10 NTU) and

4000 µg/L for turbid water
(≥10 NTU) for POUWT

500 1000 2000

To avoid potential health effects associated with concentrations exceeding recom-
mended DWQG for consumption (e.g., high levels of chlorine may cause eye and nose
irritation and stomach discomfort) and to address social acceptability factors (e.g., chlorine
taste thresholds in different populations, cost implications), a range of concentrations were
tested, none of which were directly at the uppermost boundary identified from reviewing
DWQG set by public health organizations. The concentration ranges selected for this study
represent high-, mid-, and low-range dosing for water treatment. A mid-range concentra-
tion was chosen at approximately 40–50% of the DWQG. The lower range was determined
by halving the selected mid-range value, which resulted in about 20–25% of the DWQG
value, while the higher range was set at double the mid-range value, making it 80–95% of
the DWQG value of the specified disinfectant. For example, the DWQG set by the United
States EPA and WHO for silver is 100 µg/L and the concentrations tested in the present
study represent 20%, 40%, and 80% of that DWQG. This approach aligns with the design
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and operational practices of POUWT technologies, which aim to dose disinfectants at levels
below the maximum DWQG to ensure safety while simultaneously producing sufficient
disinfectant to effectively target microbial disinfection of waterborne pathogens.

2.2.1. Silver Nitrate

The stock solution was made by dissolving 16.99 g of AgNO3 powder (Artcraft Chem-
icals, CAS No. 7761-88-8, South Glens Falls, NY, USA) into 1000 mL of DI water. One
milliliter of this 100 mM AgNO3 stock solution (10.79 g of silver in 1000 mL) was added to
1077 mL of DI water to make a 10 mg/L silver solution. Serial dilutions of the stock solution
(10 mg/L to 1 mg/L to 0.1 mg/L) were performed to make test concentrations of 80 µg/L
(high dose), 40 µg/L (mid dose), and 20 µg/L (low dose). Nominal silver concentrations
were confirmed by inductively coupled plasma mass spectrometric analysis (ICP-MS) using
the Agilent 7900 ICP-MS instrument (Agilent, Santa Clara, CA, USA). Samples for the
ICP-MS were prepared by adding 2% trace metal grade nitric acid (HNO3, Fisher Chemical,
Fair Lawn, NJ, USA).

2.2.2. Copper Sulfate Pentahydrate

The 100 mM stock solution was prepared by dissolving 25.22 g of copper sulfate
pentahydrate (CuSO4.5H2O, Alfa Aesar, Thermo Fisher Scientific, CAS No. 7758-99-8,
purity: 99%, Waltham, MA, USA) into 1000 mL of deonized (DI) water. The 100 mM was
diluted to 10 mM by transferring 10 mL of the stock solution into a 100 mL volumetric
flask and filling to the mark with DI water. A 1 mM solution was prepared by transferring
10 mL of the 10 mM solution into another 100 mL volumetric flask and diluted with DI
water. For a 10 µM solution of copper sulfate pentahydrate (equivalent to 2497 µg/L), 1 mL
of the 1 mM solution was transferred into a 1000 mL volumetric flask and diluted to the
mark with DI water. Further serial dilutions were performed to make test concentrations of
1200 µg/L (high dose), 600 µg/L (mid dose), and 300 µg/L (low dose).The copper level was
confirmed using the ICP-MS. Samples for the ICP-MS were prepared by adding 2% HNO3.

2.2.3. Sodium Hypochlorite

Free chlorine is an indicator of the overall chlorine concentration in the water available
for disinfection and lethality. Sodium hypochlorite (NaOCl) is a powerful oxidizing agent
that can react with water to release free chlorine. Free chlorine is in a solution as hypochlor-
ous acid (HOCl) or hypochlorite ion (OCl)−. When sodium hypochlorite is added to water,
the hydrolysis reaction occurs. These processes are represented in the following equations:

NaOCl ⇌ Na+ + OCl− (1)

HOCl ⇌ H+ + OCl− (2)

The dissociation of HOCl in water has an equilibrium constant, Ka, much smaller
than 1, indicating only a small fraction of HOCl dissociates into H+ and OCl−, making it a
weak acid.

Ka =

[
H+

][
OCL−]

[HOCl]
= 3.5 × 10−8 (3)

where [H+] is the concentration of hydrogen ions, [OCl−] is the concentration of hypochlo-
rite ions, and [HOCl] is the concentration of undissociated hypochlorous acid. Depending
on factors such as pH, temperature, and pressure, the ratio of OCl− and HOCl will change.
For instance, higher temperatures might slightly increase the dissociation of HOCl in water.
At lower pH, HOCl dominates over OCl− and is more effective as a disinfectant. Depend-
ing on the conditions, the resulting mixture of free chlorine, OCl−, and HOCl reacts with
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and disinfects microorganisms present in the water, making it safe for consumption or
other uses.

The stock solution of sodium hypochlorite with 10–15% available chlorine was pro-
cured from Sigma-Aldrich (CAS No. 7681-52-9, St. Louis, MO, USA). Serial dilutions were
performed to create a new stock solution at a concentration of 25 mg/L. Further serial
dilutions to make free chlorine test concentrations of 0.5 mg/L (low dose), 1 mg/L (mid
dose), and 2 mg/L (high dose) were performed directly before the start of an experiment.
Concentrations of free chlorine were measured directly, utilizing the USEPA DPD Method
8021 for low-range free chlorine, before and after the addition of larvae, as well as at 4 and
8 h, using a HACH DR6000 spectrophotometer.

2.3. Survival Bioassays: Evaluation of Dose Response to Water Treatment Disinfectants

The main objective of the survival bioassays was to determine the optimum application
of common water disinfectants silver, copper, and chlorine against juvenile Ae. aegypti to
create recommendations for water treatment within household water storage containers
for the purpose of vector control. Each experiment was conducted with three replicates of
each test concentration and control. Each set of experiments was performed in triplicate on
different days, using fresh solutions and batches of larvae each time to counter confounders
in the bioassay. The resulting data, which included counts of larvae, pupae, and adult
mosquitoes in each container, were subject to statistical analysis.

2.3.1. Experimental Setup

Experimental methods for the laboratory study were influenced primarily by WHO’s
Guidelines for laboratory and field testing of mosquito larvicides [118]. Per test concentration,
25 larvae were placed in aliquots of 200 mL prepared solution within a 250 mL beaker
(3 replicates) for bioassays. Control beakers (three replicates) were filled with DI water.
The larvae were transferred to test beakers by means of disposable transfer pipettes. The
test beakers were held at the same environmental conditions described in Section 2.1:
27.9 ± 0.2 ◦C, photoperiod of 12L:12D.

Larval activity (surviving larvae, the emerging pupae, and adult mosquitoes) was
recorded in both treated and control beakers. Observations were made every 24 h until
completion of adult emergence in all treatment groups or until the experiment reached
day 16 post exposure. Test and control beakers were covered with netting to prevent
successfully emerged adults from escaping. The number of successfully emerged adults
were confirmed by observations of the empty pupal cases left in the solution in the instance
that an adult mosquito may have escaped. The water disinfectant’s inhibitory effect on
mosquito emergence was indicated by the observation of adult mosquitoes that failed
to fully separate from their pupal cases and the presence of moribund or dead larvae
and pupae. Larvae were considered moribund or dead when they did not move when
their aquatic environment was disturbed and, furthermore, could not be induced to move
even after being probed. Larvae matching this description were counted as dead larvae
for calculating survival. To calculate mortality, any larvae that successfully completed
their metamorphosis into adult mosquitoes were considered alive for the duration of
the experiment.

This study examined two distinct larval stages: late third instar larvae and late first
instar larvae. By testing these stages, the study aimed to illustrate two potential scenarios
within the context of household water storage:

1. A mosquito deposits eggs in a water storage container, resulting in newly hatched
larvae being exposed to a freshly applied disinfectant. This scenario evaluates whether
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a POUWT technology introduced into the water storage container can effectively
reduce the survival and emergence of newly hatched larvae.

2. Larvae are already present in the source water supplying the household water storage
(HWS) system, allowing them to develop further before encountering the water
storage container and disinfectant.

The older instar experiments took place over 16 days (when the control larvae reached
full emergence and larvae in the treatment groups either emerged, died, or were moribund).
If adult emergence in the control was less than 80%, the test was discarded and repeated.
For the younger instar experiments, larvicidal data were collected for 3 days.

The older larvae were fed after observations on day 4, and the younger instar larvae
were fed after observations on day 2. Two drops of the slurry were added per test beaker at
each feeding, which occurred every other day until the experiment was terminated. While
delaying the feeding, as described above, is suboptimal for typical lab-grown Ae. aegypti
growth rates as observed in the literature, this particular food regiment was chosen for
this particular study for two main reasons: (1) to simulate the scenario when the water
within the household water storage container has been disinfected/safe to drink, and (2) to
decrease the confounding variable of the water treatment disinfectant interacting with the
food slurry (e.g., volatility of the chlorine, interactions between silver or copper ions and
brewer’s yeast or liver powder that could affect toxicity).

2.3.2. Data Analysis

Larvicidal activity was calculated using the WHO’s bioassay protocol [118] and meth-
ods established in Ngonzi et al. [119]. Data from all replicates in an experiment were pooled
for analysis. Where the emergence was between 80% and 95%, mortality was calculated
using Abbott’s (1925) formula [120].

Survival (%) = 100 − ((C − T)/C ∗ 100) (4)

where C = percentage survival in the untreated control and T = percentage survival in the
treated sample. Larvae that developed into successfully emerging adults was expressed in
terms of emergence:

Emergence (%) = 100 − ((C − T)/C ∗ 100) (5)

where C = percentage emergence in the untreated control and T = percentage emergence in
the treated sample. Inhibition of emergence (IE) was calculated on the basis of the number
of larvae exposed. IE% is calculated using the following formula:

Inhibition of Emergence (IE%) =100 − (T ∗ 100)/C (6)

where T = percentage emergence in treated batches and C = percentage emergence in the
control. Abbot’s correction was also applied when appropriate according to the WHO
guidelines for laboratory testing of mosquito larvicides [118].

All statistical analyses were performed using R (version 4.2.2) and RStudio (2022.07.2
Build 576). To assess the dose response of silver, copper, and chlorine on the number of
larvae, pupae, and emerged adult mosquitoes, the sample mean, standard deviation (SD),
and standard error of mean (SEM) were calculated on the observed data.

Probit analysis, a method first published in Science by Chester Ittner Bliss in 1934 [121]
and then popularized by the work of Finney [122], is commonly used in toxicology in order
to analyze the relationship between a dose and a response [123]. To investigate the impact of
the treatments on the probability that a larva survives and/or has emerged, a mixed-effect
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probit regression model was fit to the data in R. The response variable was the classification
of percent survival or percent emergence, while the independent variables were time (days),
dosage, and their interaction. A natural spline with two degrees of freedom was applied
to time to account for non-linearity in the rate of change per day. Each experiment was
treated as a random effect. The function glmer (which stands for “generalized linear mixed
effects regression”), from the lme4 package, was employed to produce predictive models
for each of the treatments. The function emmeans (which stands for “estimated marginal
means”) was used to perform pairwise comparisons of the estimated means.

For the inhibition of emergence predictive model, day 16 post exposure values for the
control were obtained from the emergence model. Bootstrapping was used to generate a
confidence interval using the upper and lower limits of the 95% confidence interval for
emergence. The bootMer (which stands for “bootstrap for mixed effects models”) function
simulated 100 samples based on the bounds of the model.

The probit regression curves presented in the analysis represent the probability of the
binary response variable taking on the value of 1 (“alive” or “has emerged”) as a function
of the predictor variables with a 95% confidence interval. Thus, the probit regression model
predicts the probability of survival or emergence for the juvenile Ae. aegypti over the course
of the experiment. Within the analysis in this paper, extrapolation of the inhibition of
emergence model beyond the experimental range of this study was performed to estimate
the conditions required to achieve a predicted 100% inhibition of emergence by day 16.
This estimation was used to assess whether the required concentration would remain
within drinking water quality guidelines. Further experimentation would be necessary
to validate these predictions and confirm whether 100% inhibition can be achieved under
these conditions.

3. Results and Discussion
Within this study, testing larvae at different life stages allowed the researchers to un-

derstand if susceptibility of the larvae to the water disinfectants’ effects was dependent on
the age of the larvae as reflected in previous studies [124–126]. For older instar experiments,
survival and emergence data are presented over a 16-day post exposure period. For the
younger larvae, results reflect survival over the course of 72 h of exposure to the treatments.

3.1. Late Third Instar Experiments

This section reports the survival and emergence results for the experiments conducted
on late third instar Ae. aegypti utilizing silver nitrate, copper sulfate pentahydrate, and
sodium hypochlorite treatments. Observed data (summarized in Table 3) serve as input
for probit regression models. Observed data results are expressed in terms of Percentage
Mean ± SEM, and the model data results (summarized in Table 4) are expressed in terms of
Predicted Probability Mean [Upper 95% Confidence Interval, Lower 95% Confidence Interval].

3.1.1. Silver Nitrate Exposure to Older Instar

Introducing silver nitrate into the aquatic environment of juvenile Ae. aegypti neg-
atively impacted their growth and development at all concentrations tested (20, 40, and
80 µg/L Ag) when compared to the growth and development of the control larvae by
the end of the experimental period (pcontrol < 0.001). Within the environmental condi-
tions tested, silver nitrate treatment shows great potential to inhibit emergence. The data
reflected a dose–response relationship: 80 µg/L achieved the highest inhibition of emer-
gence of 88.66 ± 5.70% on day 16 of exposure, followed by 40 µg/L at 81.56 ± 3.39% and
20 µg/L at 72.40 ± 4.13%. Emergence and survival values are comparable, suggesting that



Water 2025, 17, 348 12 of 31

most of the larvae that survived the treatment emerged into adult mosquitoes during the
experimental period.

Table 3. Observed data for silver nitrate (AgNO3) treatments of 20, 40, and 80 µg/L; copper sulfate
pentahydrate (CuSO4.5H2O) treatments of 300, 600, and 1200 µg/L; and for sodium hypochlorite
(NaOCl) treatments of 0.5, 1, and 2 mg/L free chlorine (OCl−/HOCl). Standard deviation (St. dev)
and standard error of mean (SEM) is presented with the mean percentage survival, emergence
percentage, and inhibition of emergence (IE) percentage of older instar Ae. aegypti larvae on day
16 post exposure. Data are corrected with Abbot’s formula (1925).

Observed Data

Silver Treatment 20 µg/L Ag 40 µg/L Ag 80 µg/L Ag Control

Variable Mean St. Dev SEM Mean St. Dev SEM Mean St. Dev SEM Mean St. Dev SEM

Survival (%) 26.85 6.25 3.61 17.09 4.58 2.64 10.75 8.64 4.99 91.11 0.77 0.44

Emergence (%) 25.01 6.44 3.72 16.69 5.24 3.02 10.29 8.94 5.16 90.67 1.33 0.77

IE (%) 72.40 7.16 4.13 81.56 5.86 3.39 88.66 9.87 5.70

Copper Treatment 300 µg/L Cu 600 µg/L Cu 1200 µg/L Cu Control

Variable Mean St. Dev SEM Mean St. Dev SEM Mean St. Dev SEM Mean St. Dev SEM

Survival (%) 42.55 7.13 4.12 25.80 10.91 6.30 11.92 7.50 4.33 89.78 0.77 0.44

Emergence (%) 40.30 5.38 3.11 24.88 9.94 5.74 11.44 7.51 4.34 89.33 0.00 0.00

IE (%) 54.89 6.02 3.48 72.15 11.12 6.42 87.19 8.41 4.86

Chlorine Treatment 500 µg/L Free Cl 1000 µg/L Free Cl 2000 µg/L Free Cl Control

Variable Mean St. Dev SEM Mean St. Dev SEM Mean St. Dev SEM Mean St. Dev SEM

Survival (%) 58.40 21.88 12.63 24.75 12.85 7.42 17.39 14.70 8.49 90.67 2.67 1.54

Emergence (%) 56.53 20.75 11.98 24.98 12.99 7.50 17.59 14.95 8.63 89.78 2.78 1.60

IE (%) 37.44 21.35 12.32 72.46 13.77 7.95 80.65 16.04 9.26

Table 4. Predicted mean probability of survival and predicted probability of emergence of older instar
Aedes aegypti on day 16 after contact with silver nitrate (AgNO3) treatments of 20, 40, and 80 µg/L;
copper sulfate pentahydrate (CuSO4.5H2O) treatments of 300, 600, and 1200 µg/L; and for sodium
hypochlorite (NaOCl) treatments of 500, 1000, and 2000 µg/L free chlorine (OCl−/HOCl). Modeled
inhibition of emergence (IE) percentage produced with the probit regression model for emergence.
Data are corrected with Abbot’s formula (1925).

Probit Regression Model

Silver Treatment 20 µg/L Ag 40 µg/L Ag 80 µg/L Ag Control

Survival (%) 23.57 [18.10, 28.57] 15.91 [11.49, 20.01] 11.21 [8.25, 14.29] 91.39 [87.75, 94.15]

Emergence (%) 21.04 [15.48, 29.37] 14.10 [8.79, 20.55] 8.20 [4.81, 11.96] 92.84 [88.22, 95.93]

IE (%) 78.96 [71.87, 85.19] 85.90 [78.13, 90.51] 91.80 [86.72, 94.84]

Copper Treatment 300 µg/L Cu 600 µg/L Cu 1200 µg/L Cu Control

Survival (%) 42.56 [34.02, 53.57] 27.50 [19.17, 37.88] 12.52 [7.05, 20.42] 90.52 [84.18, 94.76]

Emergence (%) 42.65 [36.46, 49.15] 24.43 [18.71, 30.17] 11.77 [7.96, 15.68] 93.36 [90.36, 95.58]

IE (%) 57.35 [49.48, 64.47] 75.57 [70.91, 82.82] 88.23 [84.47, 91.90]

Chlorine Treatment 500 µg/L Free Cl 1000 µg/L Free Cl 2000 µg/L Free Cl Control

Survival (%) 57.53 [8.14, 17.24] 19.77 [14.32, 26.56] 12.19 [7.64, 18.30] 91.63 [86.98, 94.90]

Emergence (%) 58.34 [45.76, 69.53] 21.57 [14.00, 34.51] 13.73 [7.55, 21.99] 92.85 [86.58, 96.58]

IE (%) 41.66 [31.12, 54.55] 78.43 [67.94, 86.38] 86.27 [79.95, 92.99]
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Figure 4 depicts the experimental data for survival with curves fitted by probit regres-
sion overlaid, illustrating the relationship between the model and observed experimental
data. The probit regression curves for probability of survival across the different treatments
are plotted together on a single graph in Figure 5. The model predicted that 11.21% [8.25,
14.29] of the juvenile Ae. aegypti treated with 80 µg/L survived by day 16, followed by
15.91% [11.49, 20.01] at 40 µg/L, and 23.57% [18.10, 28.57] at 20 µg/L.
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As seen in Figure 5, there is a clear indication that the final proportion of individuals
that have emerged into adult mosquitoes by day 16 in the treatment groups is significantly
lower than that of the control (pCntrl–20Ag ≤ 0.001, pCntrl–40Ag ≤ 0.001, pCntrl–80Ag ≤ 0.001).
The visual interpretation of the model shows separation between all treatment groups from
the control by day 7, with the first four days of the experiment characterized by minimal
emergence in the controls. While the predicted probability of emergence for the controls by
day 16 was 92.84% [88.22, 95.91], the emergence predicted for larvae in water containing
20, 40, and 80 µg/L Ag was 21.04% [15.48, 29.37], 14.10% [8.79, 20.55], and 8.20% [4.81,
11.96], respectively. In the model, the 20 µg/L and 40 µg/L Ag treatments were found to
be significantly different [p40Ag–20Ag = 0.032] for the predicted probability that a larva has
emerged by day 16.

While the ultimate objective of vector control is to achieve a 100% inhibition of emer-
gence (IE% = 100%), excessive use of disinfectants beyond what is necessary to achieve this
goal may lead to diminishing returns in terms of cost-effectiveness and human health; thus,
it is important to balance the concentration of the chemical used with the desired outcome.
Depicted in Figure 6, extrapolation of the IE% model outside of this study’s experimental
range suggests that 100% inhibition of emergence on day 16 would occur at a concentration
of 117.32. µg/L Ag, which is slightly greater than the drinking water quality guideline.
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To validate this prediction, more experiments would need to be conducted within a
wider range of silver concentrations, including those concentrations not safe for human
consumption, to validate whether linear regression is the most appropriate model for this
relationship between concentration of the larvicide and percent inhibition of emergence.
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Prolonged exposure of the larvae to higher concentrations of the water disinfectant may
lead to compound effects (e.g., threshold toxicity concentration reached for the larvae or
cumulative developmental effects over the duration of the experiment) that may cause the
relationship to be more non-linear in fit.

3.1.2. Copper Sulfate Pentahydrate Exposure to Older Instar

All copper concentrations tested (300, 600, and 1200 µg/L Cu) resulted in decreased
survival and emergence of juvenile Ae. aegypti compared to the control group by the end
of the experimental period (pcontrol < 0.001), as reported in Table 3. The control group
exhibited a survival and emergence of roughly 90%, while those that came into contact
with 300 µg/L Cu had a survival and emergence of only 42.55 ± 4.12% and 40.30 ± 5.38%,
respectively. Increasing the dose to 1200 µg/L resulted in a more drastic reduction in
both the emergence and survival of the Ae. aegypti, with on average 11.44 ± 4.34% having
emerged by day 16 and 11.92 ± 4.33% probability of survival. A dose response is reflected
within the inhibition of emergence data, with 300, 600, and 1200 µg/L Cu, resulting in IE%
on day 16 of 54.89 ± 3.48%, 72.15 ± 6.42%, and 87.19 ± 4.86%, respectively.

The probit model for the predicted probability of survival of juvenile Ae. aegypti
in the presence of different concentrations of copper sulfate pentahydrate and the pre-
dicted probability that a larva has emerged is illustrated in Figure 7. When compared
to the control group on day 16, the predicted survival and emergence of Ae. aegypti
exposed to copper treatments was significantly lower at all concentrations tested
(pcntrl–300Cu ≤ 0.001, pcntrl–600Cu ≤ 0.001, pcntrl–1200Cu ≤ 0.001). As was observed with silver
nitrate, a dose response is evident in emergence with copper sulfate (p600Cu–300Cu ≤ 0.001,
p1200Cu–600Cu ≤ 0.001, p1200Cu–300Cu ≤ 0.001).

The probit regression model was applied to create a model for inhibition of emergence,
depicted in Figure 8. At the conclusion of the experimental period, this model predicts that
1200 µg/L concentration results in an 88.23% [84.47, 91.90] inhibition of emergence, which
is roughly 1.5× more effective than the 300 µg/L treatment (IE%: 57.35% [49.48, 64.47]);
however, the concentration is four times greater. From the linear regression model which
establishes a relationship between concentration of copper and percentage inhibition of
emergence, and through extrapolation, it is predicted that 100% inhibition of emergence
could potentially occur at roughly 1500 µg/L Cu. This concentration is over the drinking
water quality standard set by the EPA, but does not surpass the guideline set by the WHO.
The linear regression line appears to underestimate the inhibition of emergence potential
of the 600 µg/L Cu treatment, which may indicate that there is a non-linear relationship
between the concentration of the water disinfectant and percent inhibition of emergence at
these low concentrations after a prolonged exposure to the treatment.

3.1.3. Sodium Hypochlorite Exposure to Older Instar

The results indicate that all concentrations of free chlorine tested (500, 1000, and
2000 µg/L) adversely affected the development and survival of the Ae. aegypti when com-
pared to the control group (pCntrl–500Cl ≤ 0.001, pCntrl–1000Cl ≤ 0.001, pCntrl–2000Cl ≤ 0.001), as
reported in Table 3. The control group survival and emergence were both near 90% by day
16, while the treatment groups of 500, 1000, and 2000 µg/L free chlorine caused survival to
drop down to 58.40 ± 12.63%, 24.75 ± 7.42%, and 17.39 ± 8.49%, respectively. Inhibition of
emergence for free chlorine concentrations on day 16 for 500, 1000, and 2000 µg/L were
37.44 ± 12.32%, 72.46 ± 7.95%, and 80.65 ± 9.26, respectively.
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The probit model that predicts the survival of juvenile Ae. aegypti after they have
encountered a single dose of free chlorine of concentration 500, 1000, and 2000 µg/L
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is illustrated in Figure 9. Similar to the response observed with the other two water
disinfectants, a dose response was evident with free chlorine, with predicted survival
probabilities of 57.53% [8.14, 17.24], 19.77% [14.32, 26.56], and 12.19% [7.64, 18.30] at the
end of the observational period for 500, 1000, and 2000 µg/L, respectively. Similarly, the
chlorine treatment decreased the larvae’s ability to reach adulthood (pCntrl–500Cl ≤ 0.001,
pCntrl–1000Cl ≤ 0.001, pCntrl–2000Cl ≤ 0.001). As the concentration of free chlorine increased,
the predicted probabilities that a larva has emerged decreased: 58.34% [45.76, 69.53] for
500 µg/L, 21.57% [14.00, 34.51] for 1000 µg/L, and 13.73 [7.55, 21.99] for 2000 µg/L. These
results suggest that chlorine has a dose-dependent effect on the development of Ae. aegypti
(p500Cl–1000Cl ≤ 0.001, p2000Cl–1000Cl = 0.008, p2000Cl–500Cl ≤ 0.001). Depicted in Figure 9, the
model also portrays that while a single dose of 500 µg/L free chlorine reduced emergence,
the treatments of 1000 and 2000 µg/L were roughly twice as effective.
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Figure 9. Predicted probabilities of (A) survival of Ae. aegypti larvae in contact with chlorine and
(B) emergence of Ae. aegypti larvae in contact with chlorine at concentrations of 500, 1000, and
2000 µg/L of free chlorine.

When considering the other treatments tested in this study (silver and copper), there
is greater variability in the chlorine data for larval emergence, as indicated by the larger
standard deviation in the observed data and the wider confidence interval in the model.
Three possible explanations for this variation include the following:

1. The volatility of chlorine, which makes it less stable compared to silver and copper
during long exposure periods, especially in elevated temperatures that can increase
chlorine evaporation;
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2. Differences in the rate of free chlorine consumption within each beaker, potentially caused
by larvae, external contamination sources, or variations in pH and temperature;

3. The ratio of hypochlorous acid (HOCl) to hypochlorite ion (OCl−), as HOCl is the
more effective disinfectant of the two forms and may also exhibit stronger larvicidal
effects (ratio is influenced by the pH of the solution; higher pH values correspond to a
greater concentration of OCl−).

These factors lead to different contact times and forms of chlorine exposure for the
larvae, depending on the specific environmental conditions in each beaker.

The relationship between free chlorine concentration and the inhibition of Ae. aegypti
emergence is shown in Figure 10. Data extrapolation suggests that a free chlorine concentra-
tion of approximately 2.3 mg/L would completely inhibit larval emergence under the tested
environmental conditions. The linear model for inhibition of emergence underestimates the
potential for the 1 mg/L free chlorine treatment, indicating that prolonged larval exposure
may not follow a strictly linear relationship.
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Figure 10. The modeled inhibition of emergence of Ae. aegypti larvae on day 16 of exposure to copper
sulfate, with concentrations of 0.5, 1, and 2 mg/L free chlorine. Observed error bars represent a 95%
confidence interval.

3.2. Younger Instar Experiments

This section reports the results for the experiments conducted on late first instar
Ae. aegypti utilizing silver nitrate, copper sulfate, and sodium hypochlorite treatments.
Each of the following sections will start with observed data (summarized in Table 5),
which will serve as input for probit regression models (represented in Table 6). Significant
differences will then be examined through analysis of the models. Observed data results are
expressed in terms of Percentage Mean ± SEM, and the model data results are expressed in
terms of Predicted Probability Mean (UCI_95%, LCI_95%).

3.2.1. Silver Nitrate Exposure to Younger Instar

Silver nitrate was effective against first instar Ae. aegpyti, contributing to the observed
57.73 ± 7.10%, 36.44 ± 11.23%, and 7.95 ± 6.41% survival of the larvae after 72 h of
exposure to 20, 40, and 80 µg/L treatments, respectively. Table 5 presents the observed
survival of larvae after 24, 48, and 72 h exposure to the silver nitrate treatments. The probit
regression model was built using the observed data as the input. Table 6 and Figure 11
present the predicted probability of survival models. By 72 h, each of the treatments
performed significantly differently from each other (p40Ag–20Ag ≤ 0.001, p80Ag–40Ag ≤ 0.001,
p80Ag–20Ag ≤ 0.001), with the highest concentration of silver nitrate (80 µg/L) leading to
the greatest mortality.
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Table 5. Observed data for silver nitrate (AgNO3) treatments of 20, 40, and 80 µg/L, copper sulfate
pentahydrate (CuSO4.5H2O) treatments of 300, 600, and 1200 µg/L, and sodium hypochlorite (NaOCl)
treatments of 500, 1000, and 2000 µg/L. Standard deviation (St. dev) and standard error of mean
(SEM) is presented with the mean percentage survival of younger instar Ae. aegypti larvae after 24, 48,
and 72 h of exposure. Data are corrected with Abbot’s formula (1925).

Silver Treatment 20 µg/L Ag 40 µg/L Ag 80 µg/L Ag Control

Time (h) Mean St. Dev SEM Mean St. Dev SEM Mean St. Dev SEM Mean St. Dev SEM

24 92.78 4.47 2.58 89.70 1.92 1.11 86.06 7.46 4.31 99.11 1.54 0.89

48 81.13 11.95 6.90 65.55 2.36 1.36 54.11 15.69 9.06 94.22 2.04 1.18

72 57.73 12.30 7.10 36.44 19.45 11.23 7.95 11.10 6.41 82.22 2.04 1.18

Copper Treatment 300 µg/L Cu 600 µg/L Cu 1200 µg/L Cu Control

Time (h) Mean St. Dev SEM Mean St. Dev SEM Mean St. Dev SEM Mean St. Dev SEM

24 82.59 14.96 8.64 79.47 14.77 8.53 68.31 24.64 14.23 99.11 1.54 0.89

48 57.24 25.06 14.47 49.21 25. 64 14.80 32.41 33.08 19.10 94.22 2.04 1.18

72 21.85 23.74 13.71 17.71 12.43 7.18 12.81 15.23 8.79 82.22 2.04 1.18

Chlorine Treatment 500 µg/L Free Cl 1000 µg/L Free Cl 2000 µg/L Free Cl Control

Time (h) Mean St. Dev SEM Mean St. Dev SEM Mean St. Dev SEM Mean St. Dev SEM

24 76.67 6.55 3.78 72.56 12.53 7.23 36.91 11.13 6.43 93.78 5.39 3.11

48 25.67 3.79 2.19 14.72 17.20 9.93 6.13 5.36 3.10 81.33 4.00 2.31

72 15.40 1.20 0.69 8.60 11.93 6.89 0.00 0.00 0.00 75.11 3.36 1.94

Table 6. Predicted mean probability of survival (%) of younger instar Aedes aegypti after 24, 48,
and 72 h of exposure to silver nitrate treatments of 20 µg/L, 40 µg/L, and 80 µg/L; copper sulfate
pentahydrate treatments of 300 µg/L, 600 µg/L, and 1200 µg/L; and sodium hypochlorite (NaOCl)
treatments of 500, 1000, and 2000 µg/L. Data corrected by Abbot’s formula (1925).

Silver Treatment 20 µg/L Ag 40 µg/L Ag 80 µg/L Ag Control

t = 24 h 94.75 [91.50, 96.92] 91.51 [87.19, 94.63] 89.85 [85.30, 93.27] 99.24 [97.52, 99.81]

t = 48 h 79.20 [72.29, 84.97] 63.89 [55.72, 71.47] 50.09 [41.91, 58.26] 94.24 [90.01, 96.91]

t = 72 h 58.66 [49.92, 66.99] 36.87 [28.85, 45.52] 8.38 [4.90, 13.45] 82.43 [75.48, 87.98]

Copper Treatment 300 µg/L Cu 600 µg/L Cu 1200 µg/L Cu Control

t = 24 h 88.71 [75.01, 95.97] 85.46 [69.89, 94.42] 74.39 [54.91, 88.25] 99.42 [96.88, 99.93]

t = 48 h 53.40 [32.80, 73.11] 44.86 [25.47, 65.60] 26.94 [12.57, 46.72] 95.02 [85.93, 98.66]

t = 72 h 20.67 [8.66, 39.21] 16.82 [6.59, 33.90] 11.38 [3.92, 25.69] 83.63 [66.76, 93.64]

Chlorine Treatment 500 µg/L Free Cl 1000 µg/L Free Cl 2000 µg/L Free Cl Control

t = 24 h 77.29 [71.79, 82.13] 72.55 [66.53, 77.97] 41.02 [35.19, 47.05] 94.55 [91.65, 96.59]

t = 48 h 25.37 [20.28, 31.05] 14.57 [10.53, 19.56] 3.34 [2.02, 5.29] 80.39 [75.26, 84.82]

t = 72 h 15.24 [11.04, 20.38] 8.92 [5.75, 13.23] 0.80 [0.18, 2.87] 75.44 [69.54, 80.66]

3.2.2. Copper Sulfate Pentahydrate Exposure to Younger Instar

The results suggest that copper sulfate pentahydrate was effective in controlling first
instar Ae. aegypti. The larvae’s survival rates after exposure to 300, 600, and 1200 µg/L
treatments for 72 h were 21.85 ± 13.71%, 17.71 ± 7.18%, and 12.81 ± 8.79%, respectively. The
predicted probability of survival, presented in Figure 12, for first instar Ae. aegypti exposed
to 300, 600, and 1200 µg/L treatments for 72 h were 20.67% [8.66, 39.21], 16.82% [6.59, 33.90],
and 11.38% [3.92, 25.69], respectively. By the end of the experimental period, all treatments



Water 2025, 17, 348 20 of 31

performed similarly in terms of producing larvicidal effects (pCuTreatments–Control ≤ 0.001;
p600Cu–300Cu = 0.744, p1200Cu–600Cu = 0.430, p1200Cu–300Cu = 0.122).
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3.2.3. Sodium Hypochlorite Exposure to Younger Instar

This study finds that sodium hypochlorite shows great efficacy in managing young
Ae. aegypti larvae. After being subjected to treatments of 500, 1000, and 2000 µg/L for 72 h,
the larvae exhibited survival rates of 15.40 ± 0.69%, 8.60 ± 6.89%, and 0 ± 0%, respectively.
The survival rates of the larvae following exposure to the sodium hypochlorite treatments
for 24, 48, and 72 h are shown in Table 5. As illustrated in Figure 13, the first instar
Ae. aegypti that were exposed to 500, 1000, and 2000 µg/L free Cl treatments for 72 h have
a predicted probability of survival of 15.24% [11.04, 20.38], 8.92% [5.75, 13.23], and 0.80%
[0.18, 2.87], respectively. While the 500 µg/L and 1000 µg/L free chlorine treatments were
not statistically significant on day 3 (p1000Cl–500Cl = 0.161), both treatments were statistically
different from the better performance of the 2000 µg/L treatment (p(2000Cl–500Cl) ≤ 0.001;
p(2000Cl–1000Cl) ≤ 0.001).

3.3. Comparing and Contextualizing the Results

To compare differences across water disinfectants, Figure 14 provides a summary of
the model generated IE% data for older instar on day 16. Based on the model output, it was
determined that within the low dosage range, the treatment of 20 µg/L Ag was notably
more effective than both the 300 µg/L Cu treatment and the 500 µg/L free Cl treatment.
The interpretation of the model data also demonstrated that as the concentrations of the
water disinfectants increased into the mid-range and high range, the differences in efficacy
between the various treatments became less pronounced. The analysis also considered
the statistical significance across the treatments in order to determine if significant dose
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responses were occurring. The key findings of this analysis are summarized below for each
of the three disinfectants for the late third instar Ae. aegypti:

• Silver nitrate treatments: The 80 µg/L Ag treatment was significantly different from
the 20 µg/L treatment, but not significantly different from the 40 µg/L treatment.

• Copper sulfate pentahydrate treatments: The model found that all copper treatments
were statistically significant from each other.

• Free chlorine treatments: The 500 µg/L free chlorine treatment was statistically sig-
nificant from the 1000 µg/L and 2000 µg/L treatments; however, the 1000 µg/L and
2000 µg/L treatments were not statistically different from each other.
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Figure 14. Summary of predicted probabilities of inhibition of emergence results regarding the
efficacy of water disinfectants as larval control for older instar Ae. aegypti. IE% calculated from the
model generated data from day 16. Error bars represent the 95% confidence interval.

While the study design revealed that the first instar larvae were highly vulnerable to
all of the water disinfectants, the treatment that yielded the best results was 2000 µg/L Cl,
with no larvae surviving the 72 h exposure period. Figure 15 displays the summary of the
predicted probability of survival of the late first instar Ae. aegypti after 72 h of exposure
to the water disinfectants. The relatively large error bars representing the 95% confidence
interval in Figure 15 reflect the biological variability inherent in working with live mosquito
larvae, particularly at concentrations that require extended time to achieve lethal effects.
Each batch of Ae. aegypti mosquitoes may exhibit slight differences in susceptibility, as
evidenced by variability seen even in the controls. This can be expected at such young and
vulnerable stages and may suggest that Ae. aegypti egg batches tested were not equally fit
or there were minor inconsistencies in environmental conditions or handling.
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Figure 15. Summary of predicted probability of survival at 72 h regarding the efficacy of water
disinfectants as larval control for younger instar Ae. aegypti. Error bars represent the 95% confi-
dence interval.

The results of this study are consistent with previous research demonstrating that
small aquatic invertebrates (relevant to the egg and larval stages of mosquito development)
experience toxicity to metals silver and copper [127–138] and to various formulations of
chlorine [139–142].

The effectiveness of these water disinfectants as vector control agents is highly de-
pendent on contact time with the larvae and the developmental stage at which the larvae
encounter the disinfectant. This has been observed in other studies examining mosquito
larvae development in metal stressed environments [127,128,135] and chlorinated envi-
ronments [139,140]. For example, a study utilizing household bleach with 5.25% sodium
hypochlorite as the active ingredient found that the lethal dose for first instar Ae. aegypti
larvae in the presence of food was 16 mg/L, whereas the lethal dose for third and fourth
instar larvae jumped up to 250 mg/L [141], illustrating the significant impact of instar age
on treatment efficacy. Building on the concept that age at which mosquito larvae come into
contact with a disinfectant matters, a study that dosed first instar Ae. aegypti larvae with a
copper sulfate treatment of 1250 µg/L observed that most mortality occurred during the
first instar stage. Larvae that reached the second instar were generally able to progress
to the pupal stage, suggesting mosquitoes are particularly sensitive to metal exposure as
first instar. The findings also suggest the concept that surviving larvae rapidly develop
tolerance to metal exposure [127]. In another study examining the effects of copper sulfate
on third instar Ae. aegypti, researchers found that exposure to the disinfectant at concen-
trations of 1500 and 15,000 µg/L reduced the survival of Ae. aegypti during the immature
stages, specifically citing that the development of Ae. aegypti was impaired both in the
transition from larvae to pupae and from pupae to adult; however, in that study, the larvae
were exposed to copper sulfate for only 24 h, which may explain why larvicidal effects
were not observed at concentrations below 1500 µg/L [134]. In contrast, the larvicidal
effects presented in this paper reflect the cumulative effects of prolonged exposure to the
disinfectant as the larvae are in contact with the disinfectant during the duration of the
observation period.

Many prior studies investigating the effects of silver, copper, and chlorine on
mosquitoes did not specifically focus on the application of these chemicals in treating
water storage containers for both vector control and drinking water purposes; thus, higher
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concentrations of the chemicals were often used in these studies yielding increases in
larvicidal efficacy in shorter exposure periods [130,131,138,141]. These studies typically
aimed to determine LC50 or LC90 values, which represent the concentration of a chemical
required to kill 50% or 90% of the exposed population, respectively, within a period of 24 to
48 h. In contrast, the experiments presented in this paper involved observing older instar
larvae over a 16-day exposure period and younger instar larvae over a 72 h exposure period.
For example, one study found that the LC50 for copper sulfate at 24 h was 33 mg/L for late
third instar Ae. Aegypti, which is over 25 times that of EPA’s drinking water standard for
copper. Within the same study, researchers observed 7% mortality at 3200 µg/L and 1%
mortality at 320 µg/L after 24 h [132]. For comparison, in the experiments described in this
paper, we observed a 6.6 ± 4.0% and 5.8 ± 3.2% mortality at 24 h for third instar Ae. aegypti
exposed to 1200 µg/L and 300 µg/L, respectively. The discrepancy in the mortality out-
comes between the two studies can likely be attributed to differences in environmental
conditions, such as the use of tap water versus deionized (DI) water; Ae. aegypti strains;
culturing methods; and feeding protocols.

Studies considering these water disinfectants have also tested various mosquito species
such as the Ae. albopictus, Anopheles (An.) subpictus, An. quadrimaculatus, An. farauti,
Culex (Cx.) quinquefasciatus, and Cx. pipiens [128,130,131,133,136–138,140,142]. Among the
studies considering other species, some included test concentrations of the disinfectants
at levels considered safe for human consumption. In one study, first instar larvae of
Ae. albopictus, Cx. quinquefasciatus, and Cx. pipiens were exposed to copper sulfate at con-
centrations between 1100 and 10,000 µg/L, with Cx. pipiens found to be the most sensitive
to the treatments, highlighting that different mosquito species exhibit varying levels of
sensitivity to the same treatments. Focusing on the most affected species, Cx. pipiens, at
3300 µg/L, 50% of larvae died within 24 h, whereas no significant mortality was observed at
1100 µg/L with the same contact time; however, after 72 h of exposure, approximately 50%
mortality was recorded at 1100 µg/L, and 80% mortality was observed at 3300 µg/L [136].
Comparing these results with our study, at 24 h, approximately 30% mortality was observed
in first instar Ae. aegypti, and at 72 h, roughly 87% mortality was recorded at 1200 µg/L.

The mechanisms of action underlying the developmental effects of silver, copper, and
chlorine treatments on mosquito larvae reveal a complex interplay of physiological and
biochemical disruptions, with many details still largely understudied. Sodium hypochlorite
treatments have been observed to significantly prolong the larval development period,
with adverse effects on the integument (the outer covering of the larvae) and abnormalities
in the siphon (the breathing tube). Many treated larvae exhibited an inability to shed
their exoskeleton, ultimately failing to complete the metamorphosis process, suggesting
that hypochlorite disrupts key developmental processes essential for molting and meta-
morphosis [140]. For copper, one proposed mechanism of action involves its negative
impact on the larval gut microbiota, with some studies suggesting that this can lead to
gut dysfunction, impairing nutrient absorption. This, in turn, could reduce the amount of
energy available for larval development, including molt, metamorphosis, and adult devel-
opment [113,114,120,121]. Other mechanisms of action for the effects of copper on mosquito
larvae include direct toxicity to the larvae, interference with physiological processes such as
respiration or ion transport, or disruption of key enzymes or proteins involved in develop-
ment [143]. The mechanisms of action underlying the effects of silver nitrate on mosquito
larvae are not well understood. While silver’s antimicrobial properties suggest potential
disruptions in cellular processes, specific studies detailing its effects on mosquito larval
development are lacking.
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4. Conclusions
The presence of water storage containers near and within households provides an

opportunity for mosquitoes to breed in close proximity to humans, thus increasing the
risk for the spread of vector-borne diseases. The increase in cases and burden of mosquito-
borne diseases has been exacerbated by the emergence of resistance to common chemical
interventions, such as temephos, currently utilized in large global mosquito mitigation
efforts. As a result, there is a need for innovative and creative approaches to manage and
control mosquito populations, including the treatment of water storage containers. This
research seeks to provide communities, organizations, and governments with guidance
regarding chemical water treatment alternatives that may serve as viable options for
addressing both vector control and water treatment management. The findings of this
laboratory study suggest that using water disinfectants in water storage containers can
serve two purposes simultaneously—making the water safe to drink and preventing the
proliferation of disease-carrying mosquitoes.

In this study, alternative methods for treating water storage containers were examined,
focusing on the use of silver nitrate, copper sulfate pentahydrate, and sodium hypochlorite.
These treatments, tested at concentrations deemed safe for human consumption, were
assessed based on their ability to reduce the survival of juvenile Ae. aegypti and prevent
the emergence of larvae into adult mosquitoes capable of disease transmission. The find-
ings demonstrate that low concentrations of commonly used water disinfectants exhibit
significant larvicidal effects, offering a viable option for treating water storage containers.
While the ideal vector control management approach would involve rapidly and com-
pletely eliminating all larvae, this study represents an initial step toward understanding the
potential for water treatment disinfectants as a viable solution. Future work could explore
the use of these treatments in tandem with other strategies to achieve the ultimate goal of
comprehensive larval elimination.

By addressing two important issues simultaneously, public health projects that in-
corporate this approach may be more appealing to funding agencies and donors who
prioritize a holistic approach to health and environmental concerns. Additionally, the use
of water treatment chemicals for vector control can be seen as a cost-effective strategy for
controlling disease transmission, as it targets the mosquito larvae at the source, which may
be more efficient than other control methods. Other necessary ingredients for a successful
integrated vector management approach include integrated vector and disease surveillance,
education to promote community awareness, social mobilization (e.g., commitment from
governments and community engagement), and a multisectoral approach.
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