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Introduction: Globally, the need for measuring exposure to algal toxins has
become urgent due to ever-increasing reports of contamination in sea and
freshwater, in shellfish and fish stocks and in aerosols.

Methods: To address this issue, we evaluated the potential of determining
autoantibodies to a panel of biomarkers known to be elevated following
exposure to the hepatotoxin microcystin leucine-arginine. The presence of
autoantibodies, specific to four selected stress-response, metabolomic and
chaperone biomarkers, namely, Heat shock protein 1, Triosephosphate
isomerase, Peroxiredoxin 1 and Peroxiredoxin 2 was employed in screening
371 serum samples from microcystin-exposed individuals in Tanzania. In
addition, the capacity of the LightDeck fluorescence-based detector, a point-
of-use device, to monitor these autoantibody responses in comparison to
enzyme-linked immunosorbent assay was evaluated.

Results: By using the determination of autoantibodies to this novel panel of
biomarkers an altered response was observed following microcystin exposure,
with levels generally upregulated. The presence of elevated levels of microcystin
leucine-arginine in water, as well as in food sources in Tanzania, may potentially
have significant health effects on the population.

Discussion: This novel biomarker panel may have potential for the detection of
microcystin leucine-arginine exposure as well as various microcystin exposure-
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associated cancers (e.g., hepatocellular cancer and colorectal cancer). In addition,
the utilisation of the LightDeck point-of-use device proved successful for the rapid
analysis of this biomarker panel.
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1 Introduction

There is a notable worldwide increase in the utilisation of panels
of biomarkers for clinical and diagnostic investigations and such
studies require biomarkers that have been thoroughly validated,
verified and evaluated. Such biomarker panels could reflect
responses/changes of individuals to specific exposures to toxic
materials (Silins and Högberg, 2011). However, there is no
generally agreed classification terminology, validation scheme or
systematic review of biomarkers for nutrition, health and food
intake currently available (Dragsted et al., 2017). This research
aims to study the potential efficacy of a panel of four biomarkers
for demonstrating microcystin (MC) exposure using a point-of-
use device.

Increased human population and activities, climate change and
environmental contamination have led to the eutrophication of the
water by cyanobacterial blooms. Cyanotoxins, produced by such
cyanobacterial blooms, cause severe water and food contamination,
as well as human and animal health issues. Microcystins are highly
toxic, and are one of the mostly commonly occurring cyanotoxins.
Microcystin leucine-arginine (MC-LR) is one of the most dangerous
as it is potentially carcinogenic for both animals and humans,
through inhibition of protein phosphatases, which then cause the
hyper-phosphorylation of cellular proteins (Lone et al., 2015).

High risk of MC-exposure was found in waterbodies providing
drinking water in Africa (Zhao et al., 2023). In many West African
countries, like Tazania, surface water is the main drinking water
source, and thus it is a potentially hazardous source forMC exposure
and can be a common public health problem in these areas.
Exposure to MC can also occur through eating contaminated fish
(including shellfish) and ingesting health-food supplements
containing contaminated algae. Once ingested, MC mainly targets
the liver, however, other organs such as lung, bladder, ovary,
prostate, kidneys and brain are also affected. It was reported that
chronic exposure to MC-LR causes lung barrier damage, kidney
structure and function damage, ovarian inflammation and decrease
of gonad index (Liu et al., 2021; Liu et al., 2022; Yao et al., 2023). It
also induces epithelial hyperplasia and inflammation in mouse
bladder, increasing the risk of bladder cancer (Zhang et al.,
2022). Moreover, MC-LR exposure induces prostatic toxicity,
skin barrier damage, brain tissue inflammation and oxidative
stress (He et al., 2022; Pan et al., 2023; Wang et al., 2023).
Cancers can be induced and/or promoted by MCs. MC-LRs are
purported inducers of hepatocellular carcinoma (HCC) (Zheng
et al., 2017; Shi et al., 2021) and colorectal cancer (CRC), the
fifth and the third most common malignancies in the world, and
their incidence is increasing globally (Megger et al., 2014; Jiang et
al., 2023).

Acute intoxications with MCs are very well documented,
however, chronic exposure to these toxins is much less well

understood and, importantly, long-term exposure, while it has
been linked to hepatocellular cancer and colorectal cancer,
requires more definitive and non-invasive tests for reliable
epidemiological studies (Meneely and Elliott, 2013). The
importance of human exposure to MC toxins in relation to the
development of cancers is currently not well understood. The
published literature is dominated by targeted analytical methods
capable of measuring MCs and these can detect acute exposure in
humans. Identification of chronic exposure to such toxins is more
complicated and difficult. Biomarkers play an important role in
helping to understand the relationships between exposure to
environmental toxins and the development of chronic human
diseases and cancer. Therefore, this research aims to utilise MC
exposure-specific biomarkers to accomplish this.

While the body’s immune system produces antibodies in
response to the presence of external invaders, it also produces
autoantibodies to ‘self’ antigens or autoantigens, which are
produced, promoted, or modified by various diseases, especially
autoimmune disease and cancer. However, some autoantibodies are
also detected in healthy individuals, usually with low levels (Shome
et al., 2022). Autoantibodies are usually considered to be harmful,
some cause injury directly, while some are believed to play crucial
roles in immune responses that causes inflammation and damage
(e.g., autoantibodies could promote cancer progression, and drive
severe and long COVID-19) (Ma et al., 2022). However,
autoantibodies are very suitable to be used as diagnostic
biomarkers as they are generally more stable than circulating
antigens. Moreover, autoantibodies can be found at detectable
levels in the early stages of diseases including cancers (Zaenker
and Ziman, 2013; O’Reilly, et al., 2015). In addition, their presence
may precede the manifestation of clinical symptoms, making them
ideal candidates for pre-symptomatic screening (Li et al., 2005; Ladd
et al., 2013; Pedersen et al., 2013; O’Reilly et al., 2015).

In this paper four putative autoantibody-based biomarkers,
namely, Heat shock protein 90 (HSP90), Triosephosphate
isomerase (TPI), Peroxiredoxin-1 (PRDX1) and Peroxiredoxin-2
(PRDX2) were identified through extensive microcystin exposure
literature searches (Welten et al., 2020). The biomarkers were
ranked as to whether they were purported to be up or
downregulated in response to microcystin-LR exposure, whether
they were linked to the development of HCC and/or CRC, and the
number of literature references associated with each biomarker.

HSP90 is a chaperone protein and has many roles within the body,
for example, it aids the correct folding of other proteins, stabilises
proteins from heat stress, and plays a crucial role in protein
degradation. As HSP90 stabilises numerous crucial proteins in tumor
growth, it has the capacity to be a promising biomarker for diagnosis and
prognosis and may be of therapeutic value for monitoring various
cancers (Kryeziu et al., 2019). HSP90 is also a potential target for
anti-cancer treatment, e.g., HSP90 inhibitors have become popular
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candidates for anti-cancer therapy (Ernst et al., 2020). Studies have
indicated that HSP90 may be positively involved in the development of
HCC and may provide a potential biomarker for monitoring advanced
HCC (Qin et al., 2019). Also, Wei et al. (2020) concluded that the levels
of plasma HSP90α in HCC patients were significantly higher than in
healthy donors, and suggested that levels of plasma HSP90α could be
used in initial diagnosis. Moser et al. (2007) and Kryeziu et al. (2019)
reported that by blocking HSP90, colon cancer growth and hepatic
metastasis could be significantly inhibited.Moreover, it was reported that
the male red swamp crayfish, Procambarus clarkia, displayed
significantly increased levels of HSP90 following exposure to
0.1–100 μg/L MC-LR from 1 to 7 days (Yuan et al., 2016).
Dramatically increased levels of HSP90 were also observed in
zebrafish larvae exposed to low (200 μg/L) and high (800 μg/L)
concentrations of MC-LR from 12 h to 7 days (Li et al., 2008).

TPI is an enzyme required for cell growth and maintenance (Judith
et al., 1985) and is over expressed in many cancers including lung
adenocarcinoma, bladder squamous cell carcinoma and breast
carcinoma (Montgomerie et al., 1997; Chen et al., 2002; Tamesa
et al., 2009). A study by Chen et al. (2017), found that TPI was
associated with cancer, and had the potential to be a prognostic
indicator of overall survival in gastric cancer (GC) patients. It is
involved in migration and invasion of cancer cells (Chen et al.,
2017). Husi et al. (2019) identified TPI, as a potential target marker
for oesophagastric junction (OGJ) cancer, and hepatocellular carcinoma
(Hamaguchi et al., 2008). TPI was found to be upregulated in the
nasopharyngeal carcinoma cell line CNE-2 (a human poorly
differentiated neural progenitor cell line), and Chen et al. (2015),
concluding that among others, TPI and heat shock protein 90,
merited further investigation.

PRDX1, is a member of the peroxiredoxin (PRDX) family. The
peroxiredoxins are a ubiquitously expressed group of anti-oxidant
enzymes which mediate signal transduction in mammalian cells
(Huang et al., 2018). Proteins involved in oxidoreductase activity and
cytoskeletal processes are persistently affected by microcystin-LR
exposure (Welten et al., 2020). PRDX1 participates in cellular anti-
oxidation, cellular growth and proliferation. RACK1, RAN and
PRDX1 all associate with IgG from tumor cells and may form a
large complex (Wang et al., 2013). It is believed that PRDX1 plays a
key role in the progression and metastasis of human tumours, thus
providing a potential candidate for anti-cancer treatment (Ding et al.,
2017). Li et al. (2018) found that PRDX1 promoted tumor metastasis
and angiogenesis in colorectal cancer. Sun et al. (2015) identified
PRDX1 as being overexpressed in liver cancer tissue. Chen et al.
(2010) also indicated that PRDX1 positivity was linked to both a
poor response to neoadjuvant therapy and survival in patients with
colorectal cancer. Moreover, in cellular and animal experiments, the
inhibition of PRDX1 dramatically decreased tumor growth. Sun et al.
(2015) reported that PRDX1 was overexpressed in tumor tissues of liver
cancer and provided an independent prognostic factor for poor overall
survival. Chen et al. (2005) also found out that PRDX1 in mice was
upregulated within the first 4 h after exposure to low concentrations of
MC-LR.

Similarly to PRDX1, PRDX2 is another member of the
peroxiredoxin (PRDX) family. Upregulated levels of PRDX2 were
found in rat hippocampus (Li et al., 2012) as well as in mouse liver
after MC-LR exposure (Chen et al., 2005). Moreover, increased
levels of PRDX2 were also reported in various cancer cells and

tissues, including CRC (Lu et al., 2014; Chuerduangphui et al., 2020).
In CRC cells, PRDX2 plays a crucial role in oxidation-induced
apoptosis regulation, which makes PRDX2 a promising target for
CRC treatment. In addition, the upregulation of PRDX2 correlates
with tumor progression. Therefore, PRDX2 could also be used as a
potential biomarker for the prognosis of CRC (Peng et al., 2017).

Therefore, these four markers were selected and their
combination should provide greater efficacy for being able to
determine potential MC exposure.

2 Materials and methods

2.1 Materials

2.1.1 Reagents
Recombinant human heat shock protein (HSP90), proteins

peroxiredoxin 1 (PRDX1), peroxiredoxin 2 (PRDX2) and
triosephosphate isomerase protein (TPI) were all sourced from
Abcam (United Kingdom). Donkey anti-human (horseradish
peroxidase [HRP]-labelled) IgG was purchased from Jackson
ImmunoResearch Europe Ltd. (United Kingdom). Nunc 96-well
Enzyme-linked immunosorbent assay (ELISA) plates were purchased
fromGEHealthcare (United Kingdom). All other reagents were sourced
from Sigma–Aldrich (United Kingdom), unless stated otherwise.

2.1.2 Ethics statement
This study was approved by the National Institute for Medical

Research (NIMR) ethical committee with ethical clearance number
NIMR/HQ/R.8a/Vol. IX/2426. All human blood samples were
obtained with written informed consent. In total, sera from
368 patients were analysed in this study. All samples were retrieved
from Tanzania with water sources classed as ‘at risk’ for contamination
with microcystin. Blood was obtained from all patients in the Ukerewe
District. Serum was prepared and stored at −80°C.

2.2 Methods

2.2.1 Sample collection
A 5 mL fasting blood sample was collected by a qualified nurse

from each subject. The serumwas separated following centrifugation
for analysis of blood MC-specific biomarkers and stored at −80°C.

2.2.2 Autoantibody detection using ELISA
An indirect enzyme-linked immunosorbent assay (ELISA) was

developed to detect autoantibodies in human serum. In brief, ELISA
plates were coated with HSP90, TPI, PRDX1, PRDX2, respectively
(overnight incubation (o/n) at 4°C; 100 μL/well; 2 μg/mL for HSP90,
TPI, PRDX1; 1 μg/mL for PRDX2) (The coating concentration of each
antigen was optimised using ELISA). Plates were washed, blocked (1 h,
37°C), and incubated with human sera (overnight at RT; 100 μL/well;
1 in 200 dilution). Following washing, plates were incubated with horse
radish peroxidase (HRP) labelled-donkey anti-human IgG (1 h at 37°C;
100 μL/well; 1 in 20,000 dilution). Tetramethylbenzidine (TMB) was
used as substrate for the peroxidase reaction (RT; 100 μL/well) and the
enzymatic reaction was stopped after 10 min with 10% (v/v) HCl (RT;
50 μL/well). The optical density (OD) was read at 450 nm (Safire2 plate
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reader, Tecan Group). Commercial human serum (Sigma, Ireland; S1-
100ML; Lot number: 3610512; each lot is produced by collection of 100 L
from 400 to 500 donors) was used in quadruplicate as a control across
ELISA plates. ELISA ‘cut-offs’ were calculated as the average of the
commercial serum relative OD values, which are the mean ± standard
deviation (S.D.), where n = 4. Serum samples with values above the ‘cut-
off’ were identified as positive for autoantibodies against the protein of
interest. All tests were analysed using GraphPad Prism 9 software
(GraphPad Software, La Jolla, CA, United States).

2.2.3 Autoantibody detection using
LightDeck system

The design and production of portable optical-planar waveguide
cartridges for the determination of microcystin was carried out in
collaboration with LightDeck Diagnostics, Colorado, United States
of America (Murphy et al., 2015) (Figure 1). A panel of four
biomarkers indicative of microcystin exposure were employed/
tested as a diagnostic platform. Biomarkers (HSP90, TPI,
PDRX1 and PDRX2) were printed using a Bio-Dot
AD3200 robotic arrayer onto microarrays at varying
concentrations (5, 20, 100 and 250 μg/mL). Spots with a diameter
of 0.5 mm were generated using a Bio-Jet print head which
dispensed 20 nL. Each antigen concentration was printed onto a
grid with 1 mm centres, blocked with a protein-based blocking agent
(0.5% (w/v) casein in PBS (150 mM, pH 7.4) with Proclin300 anti-

microbial agent) prior to spin-drying. Microarrays were then
assembled into an injection-moulded cartridge with a 5 mm wide
fluidic channel (max volume: 30 µL), which contains a single inlet
port for the addition of sample and reagents, as well as an outlet port
for waste collection. Multiple human serum samples were screened.
LightDeck harnesses the power of advanced planar waveguide
technology to generate quantitative, lab-quality results almost
anywhere in a very short timeframe.

All steps were carried out at room temperature, and the excess fluid
was pipetted out of the cartridge outlet port after each step. In the initial
assay step individual human serum samples (100 µL of 1:100 dilution in
PBS) were added to the cartridge coated with the relevant biomarkers,
followed by a 10 min incubation. ‘Washing’ was performed by addition
of 170 µL of PBS followed by incubation for 3 min. Detection antibody
(Alexa Flour™ 647 labelled anti-human IgG antibody (Fisher,
Cat. No: 10337882), 100 µL of 1:2,000 dilution in PBS) was then
applied to the cartridge and incubated for 10 min, followed by the
secondwash, by addition of 170 µL of PBS and incubated for 3 min. The
cartridge was then inserted into the LightDeck system and the
fluorescence response determined immediately.

Commercial human serum samples (Sigma, Ireland; S1-100 mL;
Lot number: 3610512; each lot was produced by combining 100 L of
sera from 400 to 500 donors) were used, in sextuplicate, as negative
controls. LightDeck ‘cut-offs’ were calculated as the average of the
negative control serum relative signal values, which are the mean ±

FIGURE 1
LightDeck Platform. (A) The cartridge set-up for autoantibody detection using LightDeck. (B) Strategy for autoantibody detection used with
fluorescently labelled (Alexa-647) antibody.
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standard deviation (S.D.), where n = 6. Serum samples with values
above the ‘cut-off’ (negative control) were identified as positive for the
presence of autoantibodies against the target protein of interest. The
percentage positivity was calculated using the following formula:

Positivity � [(VTestserum − VNegative control spot within each cartridge)

− [Average(VCommercial negative control serum

− VNegative control spot within each cartridge)]

/Ave(VCommercial negative control serum

− VNegative control spot within each cartridge)

V = value determined, Ave = average value.
All tests were analysed using GraphPad Prism 9 software

(GraphPad Software, La Jolla, CA, United States of America).

3 Results

ELISA and LightDeck-based immunoassay ‘cut-offs’ levels were
calculated as the average of the commercial serum (negative control)
relative values. For ELISA, the negative control ‘cut-off’ are the
mean ± standard deviation (S.D.), where n = 4. For LightDeck, the
‘cut-off’ are the mean ± standard deviation (S.D.), where n = 6.
Serum samples with values above the ‘cut-off’ were identified as
positive for autoantibodies against the protein of interest. All tests
were analysed using GraphPad Prism 9 software (GraphPad
Software, La Jolla, CA, United States).

3.1 Comparison of ELISA and LightDeck
results using 20 randomly selected patient
serum samples

Ten serum samples were randomly selected from the high risk
exposure group (main source of water is either shallow water or lake
water) and 10 from the low risk exposure group (main source of
water is either deep water or tap water). Controls were composed of
commercially available human sera that consisted of a pooled
sample of 400–500 individuals.

3.1.1 Analysis using ELISA
For TPI and PRDX2, the autoantibody positivity in high risk

exposure individuals is 50% and 60%, whereas in low risk it is 70%
and 80%, respectively, when compared with autoantibody levels in
controls. In addition, the overall and mean levels of anti-HSP90 and
anti-PRDX1 autoantibodies is higher than those of anti-TPI and
anti-PRDX2 autoantibodies (Figure 2).

3.1.2 Analysis using LightDeck/Mbio system
When we comparing the ELISA results with the results obtained

from LightDeck system, similar conclusions were made. HSP90 and
PRDX1 are the two biomarkers with higher positive rates than TPI and
PRDX2. However, the overall positive rate detected by the LightDeck
system is a little lower when compared with ELISA (Figure 3). This

FIGURE 2
Analysis of 20 random blood samples towards the antigens of
interest (HSP-90, TPI, PRDX1 and PRDX2) by ELISA. Ten patient serum
samples from high risk patients (H) whose main source of water is
either shallow water or lake water, and 10 from low risk patients
(L) whose main source of water is either deep water or tap water,
were used.

FIGURE 3
Analysis of 20 randomblood samples towards the target antigens
(HSP-90, TPI, PRDX1 and PRDX2) using the LightDeck system. A =
absorbance of each individual exposure sample; A0 = average
absorbance of the controls. H = high risk; L = low risk.
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difference may be because the LightDeck system is less sensitive, or is
more accurate, providing less false positive results, which in turn require
further analyses. However, the use of multiple controls within the
cartridge (i.e., negative controls: BSA and print buffer; positive
control: anti-human IgG) provided by the LightDeck system in each
detection for every sample, would suggest there is good reason to believe
that LightDeck system is more accurate with less false positive readings.

3.1.3 Comparison of ELISA and LightDeck results
The results obtained from ELISA and LightDeck tests are very

similar, which demonstrated that LightDeck provided reliable
analysis potential with increased speed to assist future diagnosis
and treatments. Autoantibody levels against HSP90 and
PRDX1 showed 95%–100% positivity levels using both the ELISA
and LightDeck tests, when compared with the autoantibody levels in
controls. The mean levels of anti-HSP90 and PRDX1 autoantibody
levels in high risk exposure individuals are higher than in low risk
individuals. While the overall autoantibody positivity levels against
TPI (60%) and PRDX2 (60%–80%) are relatively lower than those
against HSP90 and PRDX1 determined using both ELISA and
LightDeck-based immunoassay (Figure 4).

3.2 Large-scale screening of 371 patient
serum samples using LightDeck system

3.2.1 Overall positive rate for each biomarker
A total of 371 individual esposure samples were analysed for

autoantibodies against HSP90, TPI, PRDX1 and PRDX2 and
upregulation of autoantibodies against each was identified when
compared with autoantibodies in healthy controls, using either
250 μg/mL or 100 μg/mL as the coating concentration of
antigens. Similar results were obtained for each autoantibody
level determination, as shown in Supplementary Figure S1. The
difference between the results obtained when using either 250 μg/

mL or 100 μg/mL of coated antigens was small varing from
1% to 3%.

3.2.2 Analysis of patients’ data together with water
source information

Generally, the individuals who take water from the low risk
water source (including tap water and deep water) showed no
significantly different outcomes when compared with individuals
who use the high risk water source (including lake and shallow
water) (Table 1; Figure 5A; Supplementary Figure S2). Interestingly,
individuals that sourced the tap water NT (no treatment), which is
the low risk water, showed the worst outcomes for both PRDX 1 and
2, indicated by the highest positive rate (100%) (Figure 5B). The low
risk water, deep water with other treatment (OT; treatment other
than filtered) and high risk water, lake water with NT showed the
lowest positive rates (42% and 50%, respectively) against TPI when
comparing with individuals taking other water sources (Figures 5C,
D). The lake water with OT gave the highest positive rate (78%)
(Figure 5D). While high risk water, shallow water [with filtering (F)
and OT] result in the lowest positive rates to PRDX1 (75%) and
PRDX 2 (53%), respectively (Figure 5E). For HSP90, shallow water
NT gave the highest positive rate; while the tap water OT, the lowest.

4 Discussion

There were several difficulties that had to be confronted during
this research. The selection of appropriate controls was problematic.
We realised that using the commercial serum as negative control was
not the ideal option, however, it was the best choice available. The
negative control serum is crucial to the determination of positivity rate
and up/downregulation of the relevant biomarker. If the autoantibody
level in the serum samples used as negative controls is higher than that
in the ideally matched control, then a lower positivity rate will be
detected, as well as lower upregulation and higher downregulation.

FIGURE 4
Comparison of ELISA and LightDeck results using 20 randomly selected patient serum samples. H = high risk; L = low risk.
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On the other hand, if the autoantibody level in the sera used as
negative controls is lower than that in the ideally matched control,
then a higher positivity rate will be detected, as well as higher
upregulation and lower downregulation. The ideal controls would
be individuals living in the same area, definitely consuming
uncontaminated (by MCs) water and food, but it is highly likely
that they do not exist, as the water and food in entire nation and the
neighboring nations may be contaminated by MCs at various levels
(Mchau et al., 2019; Tamele and Vasconcelos, 2020; Mutoti
et al., 2022).

Other factors that can be improved are within the survey. There
are various additional elements included in the survey, but the
number of some samples are too small for comparison or to make a
conclusion. For instance, there are only 49 samples from patients
who smoke in comparison with 322 samples from patients who do
not smoke; 32 consumed boiled water, while 339 consumed
unboiled water. Therefore, only general comparisons can be
made. In order to improve such studies, more samples from
these small subgroups should be included. However, it would be
very difficult to apply in practice.

Moreover, it was discovered after sampling that there were issues
with people switching water source. Hence, the individuals who took
part in the survey may have potentially changed their main water
sources from low to high risk, or high to low risk, which will also

affect the final results. Therefore, more accurate results will be
obtained if the survey could include more detailed information
on the main water source used in the past few years (e.g., in the
past 5 years).

The World Health Organization (WHO) suggested that there
are mainly two methods that can be applied to reduce MCs in
drinking-water: physical removal of cell-bound MCs and dissolved
MCs removal (WHO, 2023). A high proportion of MCs are cell-
bound in healthy cyanobacterial cells. Large amounts of MCs are
only released into water during cell rupture (e.g., cell lysis) (Wang
et al., 2021). Therefore, the majority of MCs can be removed by
physical processes. For MCs already dissolved in water, they can be
effectively depleted by adsorption onto powdered activated carbon
(PAC) or granular activated carbon (GAC) (El Bouaidi et al., 2022).

It has also been suggested that in order to prevent cyanobacterial
regrowth, which leads to the production of MCs, water should be
protected from light (required for cyanobacteria growth). In
addition, chlorine will inhibit cyanobacterial regrowth.
Temperature, pH, and nutrient levels also impact the growth and
toxicity of microcystin-producing algae. Therefore, there is a
potential to use such parameters to forecast bloom severity.

It was reported that temperature controls toxin release from
cyanobacterial cells. For instance, cyanobacterial biomass in a lake
(temperature ranged from 3°C to 27°C) increased with warming up

TABLE 1 Comparison of autoantibody levels among individuals drinking from various water sources using LightDeck-derived results (antigen coating
concentration = 100 μg/mL). F = Filtered water; NT = water with no treatment; OT = water with other treatment (e.g., boiling, water guard and others).

Water sources Number of
samples

Positivity against
HSP90 (%)

Positivity against
TPI (%)

Positivity against
PRDX1 (%)

Positivity against
PRDX2 (%)

Low risk water (tap and deep
water)

165 88 65 85 77

Tap water 63 87 65 90 87

Tap water (F) 28 93 75 89 78

Tap water (NT) 16 88 62 100 100

Tap water (OT) 19 79 53 84 89

Deep water 102 89 66 82 70

Deep water (F) 52 88 71 83 69

Deep water (NT) 35 88 66 80 77

Deep water (OT) 15 93 47 87 60

High risk water source (Lake
and shallow water)

206 90 70 84 72

Lake water 92 89 70 86 71

Lake water (F) 67 90 73 85 69

Lake water (NT) 16 88 50 94 75

Lake water (OT) 9 89 78 78 78

Shallow water 114 90 71 82 74

Shallow water (F) 57 91 68 75 82

Shallow water (NT) 40 95 75 88 70

Shallow water (OT) 17 82 70 94 53

Note: The numbers in bold are either the highest or the lowest in either the high risk or low risk group.
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to 18°C, but declined sharply with further temperature elevation
(Walls et al., 2018). Zepernick et al. (2021) found out that increased
pH (≥9.2) decreased growth rate and diatom silica deposition.
Moreover, pH plays a crucial role in bloom succession, which
may lead to prolonging summer microcystin blooms and
constrain diatom fall resurgence. It is well-known that nutrients
(mainly nitrogen and phosphorus) trigger algal biomass. It appears
that the concentration of nitrogen and phosphorus instead of the
nitrogen/phosphorus ratio regulated Microcystis dominance (Li
et al., 2023). Recently, hydrogen peroxide (7 mg/L) was
successfully applied to control cyanobacteria in ponds apparently
without influence on beneficial algae and aquatic animals
(Ng et al., 2013). Moreover, after the treatment with either

hydrogen peroxide (10 mg/L) or hydroxyapatite (40 µm particles
at 2.5 g/L), mcyA gene copies and MC levels decreased dramatically
(Struewing et al., 2022).

HSP90 and PRDX1 showed the highest (over 90%) positive
autoantibody levels in small-scale testing of the four selected
biomarkers. Similarly, HSP90 and PRDX1 showed the highest
positive autoantibody rates (93% and 86%, respectively) in large-
scale analysis. Both the small and large scale tests indicated that these
four selected biomarkers can be upregulated on long-term exposure
to MC, by consuming MC-contanimated water and food in
Tanzania. Interestingly, based on the results of the large-scale
testing, these four biomarkers can also be downregulated when
examining exposure to MC (via consuming MC-contanimated

FIGURE 5
Analysis of autoantibody levels [from individuals using high or low risk water (A), which included tap water (B), deep water (C), lake water (D) or
shallow water (E), as their main water source] against HSP90, TPI, PRDX1 and PRDX2 using LightDeck system. F = filtered; NT = no treatment; OT =
other treatment.
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water and food in Tanzania) in about 10%–35% of the patients
analysed. Similar results were also reported by Chen et al. (2005),
who found out that the PRDX1 in mice was upregulated in the first
4 h after exposure to a low concentration of MC-LR (50 μg/kg) and
then downregulated to some extent, while increasing concentrations
of MC-LR resulted in the downregulation of PRDX1. Therefore,
different concentrations of MC-LR exposure with different terms of
exposure (long or short) may lead to very different levels for
different biomarkers. More research is required in this area.

Another interesting result arising from this study is that low risk
and high risk groups showed very little difference in positive
autoantibody levels against these four biomarkers. Moreover,
individuals using lake water, which is a high risk water source,
generally showed better outcomes (less positivity) against these
four biomarkers, similar to results for the deep water (with
filtering) group, a group of low risk. However, not all the results
surprised us. Shallowwater source users, a high risk group, showed the
worst outcomes (highest autoantibody positive rates) for all the four
biomarkers.

Importantly, these results must also be considered amongst
other factors and circumstances, for example, influences such as
food source and lifestyle habit need to be taken into consideration.
Especially important is food consumption, which includes fish,
crops, vegetables and any other food in the daily diet. In our
survey for the 371 candidates in this research, 100% of
individuals eat one to two fish per week. Over 90% of fish
consumed are lake fish, whose living enviroment is badly
contaminated by MC (Mchau et al., 2019) and it was not
surprising to have found high concentrations of MC in lake fish
(Rumisha and Nehemia, 2013). All of the 371 candidates consumed
maize flour/maize as their main food, while about 36% also take
other crops (e.g., rice, cassava and cassava flour). Unfortunately,
irrigation with MC-LR-contanimated water raises the potential risk
of the presence of MC-LR in crops. Cao et al. (2018) investigated the
bioaccumulation of MCs congeners in a soil-plant system. They
reported that the accumulation of MCs in soils, roots, leaves and
grains (rice) was detected in the natural cyanobacteria bloom-
containing lake water region (Chen et al., 2012; Cao et al., 2018).
Due to their high chemical stability and low molecular weight, MCs
can survive in high quantities in various parts of plants (roots, stems,
and leaves), which leads to the increasing of health risks for
consumers of agricultural products (Melaram et al., 2022).

Zhang et al. (2021) examined the phytotoxicity and
bioconcentration of MCs in agricultural plants finding that
durum wheat, corn, white mustard and garden cress showed the
greatest phytotoxicity, while vegetables could bioconcentrate about
3 times more microcystins than other plants. Moreover, cyanotoxins
could also transfer to plants from surface irrigating waters.
Therefore, plants like lettuce and cabbage that require spray
irrigation could have significant potential for contamination by
cyanotoxins (Liu et al., 2016). In addition, cyanotoxin
contamination might also be occurring via application of
cyanotoxin-contaminated water during food processing (Mutoti
et al., 2022). Therefore, water is only one among the many
factors which affect the definition of low or high risk of MC
exposure. This may explain why the low risk and high risk group
showed very little difference in autoantibody positivity rates against
the selected four biomarkers.

Point-of-care/use testing enables fast (usually 10–30 min),
accurate, sensitive and non-invasive diagnosis/detection which
may assist in the selection of the most appropriate disease
treatment or demonstration of contamination (Hayes et al.,
2018). ELISA is accurate and sensitive, but it is relatively slow
(usually 3–4 h) and there is an ongoing need for rapid generation
of results. Moreover, point-of-care/use tests can be applied a non-
laboratory environment and are easy to use, with very little or no
training required (Ma et al., 2021). ELISA, however, requires a
laboratory environment, professional training and advanced
laboratory practice for good performance. The combination of
our novel biomarker panel and a point-of-care/use device could
address these issues. The findings of our research will also aid the
development of other autoantibody-based point-of-use testing for
various diseases or contaminant exposures (e.g., cardiovascular
disease and polluted food/water) (Patel et al., 2022). The initial
limitation of the LightDeck point-of-use device is the cost of
purchase of the device and cartridges, while systems for ELISA
are quite commonly available and plates can easily be generated in-
house. For LightDeck, cartridges may need to be customised for
particular applications and this will be an additional cost.

The results generated in this study show low levels of difference
between the point-of-use device, LightDeck, and ELISA. The general
positivity measured by ELISA is slightly higher than that measured
by LightDeck. Taking into consideration the multiple controls in
each cartridge and beside each coating spot (e.g., BSA control,
control with buffer only and the anti-human IgG positive)
included in the LightDeck system for individual sample
detection, this 0%–10% slight difference could highly possibily be
caused by higher accuracy of LightDeck, which provides less false
positive results. Moreover, for ELISA, which included limited
negative controls (i.e., four negative controls) for the whole plate
(e.g., while testing 92 samples), will provide less accuracy due to the
time difference for addition of each sample. For instance, the time
difference of preparation/addition between the first sample and the
last sample (96th sample) could be 10–30 min, which may lead to
incubation time differences (10–30 min) of samples on the same
plate, and this may cause differences in the binding of each sample
(in this case binding between the autoantibody and coated antigen).
However, for the LightDeck system, each sample is detected
independently in an individual cartridge. Therefore, the point-of-
use (LightDeck) device may provide more accurate and rapid
diagnosis/detection when compared with traditional ELISA testing.

In summary, upregulation of the four selected biomarkers (HSP90,
TP1, PRDX1 and PRDX2) was successfully detected following long-
term exposure to MC, by LightDeck and by ELISA. Due to the
correlation of chronic exposure to MCs and various cancers (e.g.,
hepatocellular cancer and colorectal cancer), this novel panel of
biomarkers has potential to assist cancer diagnostics and
therapeutics for population in MCs-polluted area. Similarly, the
autoantibodies against these biomarkers can also be applied as
natural, stable and safe biomarkers. There are several benefits for
using autoantibodies as biomarkers, which have been reported to be
produced, promoted, or modified by various diseases (e.g., cancers and
cardiovascular diseases). Firstly, the longer half-lives (when compared
with autoantigens) of autoantibody makes their detection easier than
autoantigen detection. Secondly, autoantibodies enable earlier
diagnosis, as many can be detected as early as 2 years before the
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clinical manifestations of the disease (O’Reilly et al., 2015). This novel
panel of biomarkers can also be employed for monitoring of
occupational health, particularly for workers potentially exposed to
MC-LR in specific work environments.

While there are issues arising in the sampling of patients based
on their potential MC exposure, the utility of using panels of targets
to highlight long-term exposure to toxins is clearly as very valuable
strategy. The feasibility of this approach was demonstrated by the
deployment of a rapid, highly sensitive and accurate point-of-use
device for the enumeration of autoantibodies to selected target
autoantigens, thus eliminating potential disadvantages associated
with ELISA.
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