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ABSTRACT

Hospital wastewater (HWW) poses a serious challenge to environmental cleanup owing to its complex nature, and the
presence of pharmaceutical residues, microorganisms, and cytotoxic chemicals. In this study, we assessed the
phytoremediation capacity of the halophyte Sesuvium portulacastrum (L.) L. in a 24-day hydroponic experiment at 5%
HWW concentration, extending our research on this plant species in industrial wastewater situations. Physicochemical
profile showed significant reductions in parameters: BOD decreased by 56.9%, COD by 77.2%, TSS by 87.6%, and TDS
by 60.10%. The plant's biochemical response was biphasic: total phenolic content increased slightly on Day 8 before
declining to 8.40 mg GAE g! by Day 24, whereas total flavonoid content progressively increased to 108.13 pg QE g 'FW,
indicating a shift towards flavonoid-driven antioxidant defence over time. DPPH radical scavenging activity decreased to
62.3% on Day 8 before increasing to 79.2% on Day 24, indicating physiological adaptation of Sesuvium plants to the
wastewater exposure. Phytotoxicity testing with Vigna radiata seeds showed significantly better germination and seedling
development in the treated HWW than untreated HWW. These laboratory-scale results indicate that S. portulacastrum is
a low-cost, environmentally friendly alternative for hospital wastewater treatment.
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1. INTRODUCTION

Hospital wastewater (HWW) is distinguished from other effluent streams by its high chemical complexity, presence of
pharmaceutical residues, pathogenic bacteria, heavy metals, disinfectants, and cytotoxic medications [1,2]. Many of these
including antibiotics, antineoplastic medicines, and endocrine-disrupting chemicals (EDCs), stay biologically active, a/
beit at trace quantities, making HWW extremely challenging to management [3,4,5]. When HWW is released untreated
into water bodies, it promotes the antibiotic-resistant bacteria and resistance genes, a problem that is currently high on the
global public health agenda [6,7]. The ecological effects are serious, as these pollutants affect the entire ecosystem
including, aquatic plant reproduction, growth, and genetic integrity [8], and the genotoxic burden from chemotherapeutic
medications and radiological agents adds a new dimension that is still poorly regulated in many parts of the world.
Conventional wastewater treatment facilities (WWTPs) have been in practice to handle this complexity; however, their
shortcomings in eliminating pharmaceutical residues, EDCs, and resistant microorganisms from hospital effluents are also
well documented [9,10,11]. Ozonation, advanced oxidation processes (AOPs), and membrane bioreactors (MBRs) provide
better removal rates, but their cost and operational requirements make them unsuitable in resource-constrained situations
[3]. Meanwhile, as the urban healthcare industry grows, the volume of pharmaceutical-laden effluent discharged into city
water bodies, causing further selection for resistant microorganisms, also rises concurrently [12] and poses downstream
risks to agriculture, drinking water sources, and aquatic ecosystems [13]. The gap between the intensity of the problem
and available treatment solutions is particularly marked in the underdeveloped countries.

Phytoremediation is becoming increasingly popular as a low-cost, environmentally friendly method for treating
environmental pollution [14]. Halophytes are especially promising since their innate stress tolerance allows them to thrive
in the severe chemical environments of industrial and medical effluents [15,16]. Of the known phytoremediation
techniques (phytoextraction, rhizofiltration, phytostabilization), rhizofiltration and phytoaccumulation have produced the
most consistent outcomes in aqueous systems [17,18].

Sesuvium portulacastrum (L.) L. , a perennial, salt-tolerant halophyte from the Aizoaceae family, has been intensively
researched for its phytoremediation potential, particularly in heavy metal-contaminated and saline soils [19]. Its
exceptional metal-accumulating ability, tolerance to high salinity, and strong growth in degraded environments make it
an ideal candidate for wastewater treatment applications [20,21]. S. portulacastrum is often found in sandy environments
such as marshes, mangroves, beaches, dunes, and salt flats. Accumulation of metals such as cadmium, lead, copper, and
arsenic, as well as to tolerate oxidative stress through metabolic modifications such as antioxidant synthesis, has been well
established [22,23]. Lokhande et al. [21] found that this species' antioxidant enzymes and secondary metabolites, such as
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flavonoids and phenolics, were upregulated in response to metal stress. Kumawat et al. [24] investigated the
bioaccumulation capacity of Sesuvium for the removal of heavy metals and organic contaminants from river and industrial
effluent. Despite its potential, the use of S. portulacastrum in hospital wastewater cleanup has not been widely explored.
This is one of the first studies to assess the performance of S. portulacastrum in hospital effluents, focusing on
pharmaceuticals, pathogenic load, and other contaminants found in medical waste streams.

2. MATERIALS AND METHODS

2.1 Hospital Wastewater Collection and Plant Material

To avoid external contamination, hospital wastewater samples were collected from healthcare facilities in the Navi
Mumbai region in pre-cleaned, sterile 5-litre high-density polyethylene containers. Samples were transported to the
laboratory at 4°C and stored to ensure chemical integrity. The sampling approach included common hospital effluent
pollutants such as medication residues, disinfectants, and possible pathogenic contaminants [25].

2.2 Characterization of Hospital Wastewater

The analysis of hospital wastewater was done to determine key physicochemical characteristics needed to estimate the
initial pollutant load [26]. The analytical parameters viz., pH, Biochemical Oxygen Demand (BOD), Chemical Oxygen
Demand (COD), Total Dissolved Solids (TDS), and Total Suspended Solids (TSS). BOD and COD levels were calculated
using conventional methods (APHA 2008). BOD was determined using the standard five-day incubation protocol. The
hospital wastewater samples were diluted (1:300) with aerated BOD dilution water that contained vital nutrients and
buffering agents. The samples were transferred into sealed BOD bottles with no headspace and incubated at 20°C in the
dark for five days. A calibrated dissolved oxygen meter was used to measure both the initial (DO:) and final (DO2) values.
BODs (mg L") was calculated as (DO: — DO.)/P, where P is the decimal volumetric fraction of sample used. The
characteristics of the undiluted (raw) hospital wastewater are given in Table S1. The 5% HWW treatment was prepared
as 5% (v/v) raw HWW.

To calculate COD, the closed-reflux titrimetric method (APHA 5220 C) was used. Briefly, 2.5 mL of wastewater sample
was combined with 1.5 mL of potassium dichromate digestion solution and 3.5 mL of sulfuric acid reagent. The mixture
was digested at 150 °C in a COD reactor for two hours. After cooling, the excess dichromate was titrated with standardized
ferrous ammonium sulfate (FAS) using ferroin as an indicator until the color changed sharply from blue-green to reddish-
brown. A reagent blank, with distilled water in place of the sample, was processed in the same way. COD (mg L) was
calculated as [(A— B) x N x 8000]/V, where A and B are the volumes (mL) of FAS consumed by the blank and the sample,
respectively, N is the normality of FAS, and V is the sample volume (mL).

Total Dissolved Solids (TDS) and Total Suspended Solids (TSS) were measured on three separate days after treatment:
Day 8, Day 16, and Day 24. For each time point, treated hospital wastewater samples were collected in triplicate from
experimental units labeled set 1, set 2, and set 3. On Day 8, 50 mL of wastewater was collected from each set to determine
the TDS and TSS levels. On Days 16 and 24, 20 mL aliquots were removed from each replicate due to reduced water
volume resulting from prolonged plant exposure and evapotranspiration. The volume remaining in each container was
recorded at each sampling time.

Removal efficiency (%) of each parameter was calculated as [(Co — C;)/Co] % 100, where Co is the concentration on Day 0
and C, is the concentration on Day t. Because the solution volume decreased through evapotranspiration and sampling,
removal was also expressed on a mass basis as [(CoVo — CiV,)/(CoVo)] x 100, where Vo and V, are the solution volumes
on Day 0 and day t, respectively.

2.3 Collection and Growth of Sesuvium portulacastrum

Sesuvium portulacastrum plants were collected from natural halophytic zones along the coastal Mankhurd-Vashi region
in Maharashtra. Healthy, uniform-sized plants in identical physiological stages were carefully removed from their natural
environment. To remove adherent soil, plants were gently rinsed with distilled water and stored in plastic bags before
being transported to the laboratory. Hydroponic cultivation was carried out in plastic containers under controlled
conditions, using Hoagland medium enriched with 170 mM sodium chloride (NaCl) and, the plants were kept under these
circumstances for 20 days to acclimatize before being exposed to hospital wastewater, following the protocol described
in our previous study [60].

2.4 Experimental Setup

A hydroponic system was used to evaluate the phytoremediation effectiveness of Sesuvium portulacastrum when exposed
to hospital effluent at various concentrations. The experimental design comprised, transparent acrylic containers for each
treatment: 5%, 10%, and 15% HWW dilutions, with distilled water as the control. All treatments, including the control,
were supplemented with 170 mM NaCl to mimic the plant's native halophytic environment [23]. Each container was filled
with 1 litre of the appropriate solution and used to grow six uniformly sized plants. Each treatment was set up in three
independent containers (biological replicates, n = 3). The treatment period ranged from 0 to 24 days, with sampling every
8 days to evaluate pollutant elimination and plant response dynamics across time [27].

2.5 Physiological Observations of Sesuvium portulacastrum

Growth parameters were examined at 8, 16, and 24-day intervals to assess plant's tolerance and adaptive response to HWW
stress. The survival percentage, observable stress symptoms (chlorosis, necrosis, wilting), root and shoot development,
and initiation of new roots or leaves were all recorded.
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2.6 Phytochemical Analysis

Methanolic extracts were prepared to determine the phytochemical contents [28] of Sesuvium portulacastrum. To
efficiently extract bioactive chemicals, 500 mg of fresh plant biomass was homogenized and sonicated in 10 mL of 95%
methanol at 4°C for 30 minutes. To separate the particle debris, the homogenate was centrifuged at 7000 rpm for 10
minutes. The clear supernatant was collected and used for further phytochemical estimates [28].

2.6.1 Determination of Total Phenolic Content (TPC)

The Folin-Ciocalteu colorimetric assay [18] was used to measure total phenolic content (TPC) in methanolic extracts of
Sesuvium portulacastrum, with minor modifications to Molole et al.'s method [28], as described in our previous study
[60]. Fresh leaf tissues were collected from control plants (0 day; not exposed to hospital wastewater) and HWW -treated
plants at 8, 16, and 24 days following exposure. To prepare the extract, 500 mg of fresh leaf tissue was homogenized in
10 mL of methanol and centrifuged at 10,000 rpm for 10 minutes at 4°C. The resulting supernatant was collected and
tested for phenol content. The 200 uL of methanolic extract was mixed with 1 mL of Folin-Ciocalteu reagent (diluted 1:10
with distilled water) and incubated for 5 minutes in the dark. After adding 800 pL of 7.5% (w/v) sodium carbonate
(Na2CO0:s), the mixture was incubated at room temperature for 90 minutes. The absorbance was measured at 765 nm using
a UV-Vis spectrophotometer. A calibration curve was generated using gallic acid as the standard. The total phenolic
content was measured as milligrams of gallic acid equivalents per gram of fresh weight (mg GAE g FW).

2.6.2 Determination of Total Flavonoid Content (TFC)

The total flavonoid content (TFC) of methanolic extracts was determined using the Molole et al. method [28], as described
in our previous study [60]. Fresh leaf tissues were collected from control plants (0 day, not exposed to hospital wastewater)
and HWW-treated plants at 8, 16, and 24 days following exposure. Approximately 500 mg of fresh leaf tissue was
homogenized in 10 mL of methanol and centrifuged at 10,000 rpm for 10 minutes at 4 °C. The supernatant was collected
and used to prepare a methanolic extract. To prepare the extract, 200 uL. was combined with 600 pL of 95% ethanol, 40
pL of aluminum chloride (AICls), and 40 pL of potassium acetate (1M). Then 1.12 milliliters of distilled water were added
[18]. The reaction mixture was left in the dark at room temperature for 30 minutes. A UV-Vis spectrophotometer was
used to measure absorbance at 415 nm, with ethanol as a blank. A calibration curve was built using quercetin as the
standard. The total flavonoid concentration was reported as micrograms of quercetin equivalents per gram of fresh weight

(ng QE g FW).

2.7 Antioxidant Assay

2.7.1 DPPH Radical Scavenging Assay

The antioxidant potential of plant methanolic extracts under hospital wastewater (HWW) treatment was evaluated using
a modified DPPH (2,2-diphenyl-1-picrylhydrazyl) radical scavenging assay based on the method of Brand-Williams et al.
[29] with minor modifications as described by Patil et al. [30] and in our previous study [60]. Fresh leaf tissues were
collected from control (0 day) and HWW-treated plants at 8, 16, and 24 days of exposure. Methanolic extracts were
prepared by homogenizing 500 mg of fresh leaf tissue in 10 mL of methanol and centrifuged at 10,000 rpm for 10 minutes
at 4°C. A stock solution of DPPH (0.1 mM) was prepared in methanol and stored at -20°C. To ensure consistent radical
concentration and reproducibility during testing, the stock was diluted to provide a working solution with an initial
absorbance 0of 0.90 = 0.02 at 517 nm. In the test, 500 pL of methanolic extract was mixed with the DPPH working solution
and incubated in the dark at room temperature for 30 minutes. The absorbance was measured at 517 nm, with methanol
as a blank. A control is the absorbance of the DPPH working solution with methanol in place of extract, and A sample is
the absorbance with extract. The radical scavenging capacity (RSC) was calculated using the equation: %RSC = [(A
control — A sample) / A control] x 100.

2.8 Phytotoxicity

Phytotoxicity was assessed to compare the toxicity of untreated and treated (phytoremediated) HWW using Vigna radiata
(mung bean) system, based on seed germination and seedling survival rate, as described by Mitton et al. [31]. Ten seeds
were planted in sterile petri dishes covered with moist blotting paper. The treatments included distilled water (negative
control), untreated HWW and treated HWW collected after 8, 16, and 24 days of phytoremediation. Each treatment was
performed in triplicate. Seeds were irrigated daily with 5 mL of the appropriate treatment solution and kept under
controlled laboratory conditions. The germination % was calculated upon radicle emergence, while the seedling survival
rate was recorded on daily basis. Germination (%) was calculated as (number of germinated seeds/total seeds sown) % 100
and survival (%) as (number of surviving seedlings/total seeds sown) x 100. Root and shoot lengths were measured on
day 7 after sowing.

2.9 Statistical Analysis

All the experiments were conducted with three independent replicates (n = 3) and data are presented as mean + standard
deviation (SD) throughout. The Shapiro-Wilk test was used to verify data normality [32]. One-way analysis of variance
(ANOVA) was used to identify statistically significant differences between treatment groups for physicochemical
parameters (BOD, COD, TDS, and TSS), phytochemical parameters (TPC and TFC), antioxidant activity (DPPH radical
scavenging), and phytotoxicity indices (seed germination percentage, survival rate, root length, and shoot length). Tukey's
honestly significant difference (HSD) post hoc test was applied for multiple pairwise comparisons where significant
differences were detected (p < 0.05) [33]. Differences were considered significant at a 95% confidence level (p < 0.05).
Because the same containers were sampled repeatedly over time, water-subject factor. Removal percentages of the four
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water-quality parameters were compared statistically using one-way ANOVA followed by Tukey’s HSD test. Given the
small sample size (n = 3), the Shapiro-Wilk test has limited power, and residual plots were also inspected.

3. RESULTS AND DISCUSSION

3.1 Characterization of Hospital Wastewater

The collected HWW was pale yellow, turbid, and had a moderate odour, likely due to the dissolved organic matter and
suspended particles, and pharmaceutical residues. Initial pollutant load was considerable, with BOD at 325 mg/L and
COD at 1040 mg/L, indicating a significant organic burden. Sesuvium portulacastrum plants used for the phytoremediation
studies were healthy, and physiologically growing. The average shoot and root lengths were 5-6 cm and 7-8 cm,
respectively (Fig 1).
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Figure 1. Root and shoot growth of Sesuvium portulacastrum plants over 24 days in 5% hospital wastewater.

3.2 Plant Responses to Wastewater Treatment

Concentration of HWW had a significant impact on plant survival. At 15% HWW, browning and leaf senescence was
noticed by Day 8 which became more pronounced through Day 16 and 24, whereas, at 10% HWW, plants survived but
displayed leaf yellowing, root darkening, and wilting from Day 4 onward, with no substantial growth. Plants remained
visually healthy at 5% HWW, with no senescence, continuous root initiation, and increased shoot elongation. This
concentration-dependent trend led to study the physicochemical and biological responses by using the 5% treatment. Over
24 days, the growth responses of Sesuvium portulacastrum plants to 5% hospital wastewater were assessed. Initial
measurements on Day 1 revealed average root and shoot length, 8.0 cm and 5.9 cm, respectively. By Day 8, root and shoot
lengths had increased to 9.8 cm and 6.5 c¢cm, respectively, indicating plant acclimatization without obvious stress. By days
16 and 24, plants had grown significantly, with root lengths averaging to 16.2 cm and 18.0 cm, and shoot lengths to 7.8
cm and 8.5 cm, respectively (Fig 1). The treated HWW also displayed change in color during the study period. The HWW
was dark brown on Day 8, but the HWW had lightened noticeably by Day 16 and was significantly clearer by Day 24 (Fig
2).

Figure 2. Decolorization of hospital wastewater upon exposure to Sesuvium portulacastrum plants over a period
of 24 days.
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3.3 Changes in the Treated HWW
In general, BOD and COD levels in the treated HWW decreased steadily from Day 0 to Day 24 (although BOD increased

slightly on Day 8), with COD dropping from ~1040 mg/L to ~230 mg/L and BOD from 325 mg/L to ~140 mg/L (Fig 3
A, B).

3.3.1 Biological Oxygen Demand (BOD)

Phytoremediation with Sesuvium portulacastrum resulted in considerably lower BOD values (p < 0.05), indicating
effective removal of biodegradable organic matter in hospital wastewater. Initial BOD concentrations in untreated 5%
HWW were recorded at 325 mg L™!, however following 8 days of treatment, BOD showed a marginal increase to 335 mg
L, likely reflecting early microbial acclimation to HWW (Fig 3A). A significant reduction was observed by Day 16, with
BOD declining to 180 mg L' (p < 0.05, *), representing a 44.6% decrease from the initial value (Fig 3A). By Day 24,
BOD reached its lowest recorded value of approximately 140 mg L', corresponding to a maximum removal

A B
450 1200
400 1000 *
350 %%
— 300 — 800
) )
g0 * £ 600
8 200 %k 8
o 150 O 400 sk Kk %
100 500
0 0
0 8 16 24 0 8 16 24
Exposure time (Days) Exposure time (Days)
C D
3500 5000
3000 4000
— 2500 —
> B 3000
a0 2000 ad
£ = * %
& 1500 e
9 * 3 K £ 2000 % %
F 1000 * ok % =
0 0
0 8 16 24 0 8 16 24
Exposure time (Days) Exposure time (Days)

Figure 3. (A) BOD, (B) COD, (C) TSS, (D) TDS in 5% HWW treated with S. portulacastrum plants under
exposure to HWW (0 Day, 8th day, 16th day and 24th day). Data are presented as mean + standard deviation
(SD) of three independent replicates. Asterisks (*) indicate statistically significant differences compared with the
control Day 0: *p < 0.05, **p < 0.01, ***p < 0.001.

Efficiency of 56.9% (p < 0.01, **) compared to Day 0. Huang et al. [34] observed significant reductions in biodegradable
carbon fractions in floating treatment wetlands planted with S. portulacastrum, citing increased microbial mineralization
in the rhizosphere. Similarly, Zheng et al. [35] demonstrated that S. portulacastrum treatments effectively reduced organic
pollutants and nitrogen load in aquaculture water system. The BOD reduction observed from Day 16 onwards is consistent
with the view that S. portulacastrum roots may support oxygen transfer, microbal colonisation and aerobic-facultative
degradation of biodegradable organic matter [36]

3.3.2 Chemical Oxygen Demand (COD)

Chemical oxygen demand (COD) levels reduced significantly (p < 0.05) throughout the treatment period, indicating
successful removal of chemically oxidizable organic matter: chemicals such as pharmaceuticals, disinfectants, and other
recalcitrant substances. Initial COD was noted at approximately 1040 mg L', however, a significant reduction was first
observed at Day 8, with COD declining to approximately 930 mg L™ (p < 0.05, *), representing a 10.6% decrease (Fig
3B). By Day 16, COD decreased further to approximately 760 mg L™ (p <0.01, **), representing a 26.9% reduction from
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day 0. The most substantial reduction was recorded at Day 24, where COD declined to 230 mg L™ (p < 0.001, ***) (Fig
3B), representing a maximum removal efficiency of 77.9%, suggesting progressive and sustained phytoremediation
activity throughout the treatment period. Huang et al. [34] found considerable decrease in dissolved organic carbon and
humic-like compounds in S. portulacastrum-based treatment mediating the transformation of complex organic molecules.
The stepwise and statistically significant COD reduction across all time points confirmed that COD reduction occurs via
rhizodegradation, microbial oxidation, adsorption on root surfaces, and partial phytouptake [37].

3.3.3 Total Suspended Solids (TSS)

TSS concentrations were dramatically reduced (p < 0.05) after phytoremediation (Fig 3C). Untreated 5% HWW (control)
had the highest TSS concentration (2908 mg L"), whereas after 8 days of treatment, TSS concentrations in treated HWW
were reduced to 2113 mg L' (27.34% reduction). Though this early-stage decline was not statistically significant, TSS
levels decreased significantly to 861 mg L' by Day 16 (Fig 3C) (p < 0.001, ***), corresponding to a 70.4% reduction
from the initial value in TSS concentrations in untreated HWW, and reached their lowest concentration of 360 mg L™! at
Day 24 (p <0.001, ***), resulting in maximum removal effectiveness of 87.6%, the highest removal efficiency recorded
among all physicochemical parameters in this study. The significant and progressive TSS removal across Day 16 and Day
24 is mostly due to physical filtering and trapping of dispersed particles within S. portulacastrum’s dense root network,
combined with increased sedimentation and aggregation processes in the rhizosphere [36,38,39]. The contribution of
gravitational setting could not be quantified without an unplanted control.

3.2.4 Total Dissolved Solids (TDS)

TDS removal in the HWW showed a gradual trend (Fig 3D). With initial levels at 3321 mg L™! in untreated HWW, TDS
declined to 2036 mg L! by Day 8, a statistically significant 38.7% reduction (p < 0.05, *). TDS showed a slight decrease
to 1998 mg L™ on Day 16 (p < 0.05, *), which could be due to the temporary equilibrium between ion uptake by plant
tissues and reversal in the medium, a pattern generally observed in rhizofiltration systems in other plants [40]. Active
removal resumed at Day 24, with TDS reaching 1325 mg L' (Fig. 3D), with a final removal of 60.1% (p < 0.01, **)
suggesting TDS removal was sustained throughout the treatment period, which is attributed to rhizofiltration, selective
ion uptake, intracellular sequestration, and rhizosphere microbial activity as the likely contributing mechanisms [40—43].
3.4 Total Phenolic and Flavonoid Content

Sesuvium portulacastrum exhibited a significant metabolic response to hospital wastewater exposure, characterized by an
altered secondary metabolite profile. Compared to 12.13 mg GAE g 'FW TPC of untreated (control) plants, exposure to
5% HWW resulted in a slight increase in TPC to 12.85 mg GAE g! FW on Day 8 (p <0.01, **), indicating early activation
of antioxidant defence mechanisms. Prolonged exposure led to a progressive decrease in TPC to 10.21mg GAE g! FW
on Day 16 (p < 0.001, ***) and reached 8.40 mg GAE g! FW on Day 24, representing a significant reduction of
approximately 30.8% compared to the control (p < 0.001, ***). This significant decline suggests that phenolic compounds
are continuously upregulated for anti-oxidant response under prolonged oxidative stress imposed by hospital wastewater
[44].

On the other hand, in case of flavonoids, the TFC in control plants was 67.46 pg QE g 'FW, and it increased at every time
point in treated plants (79.84 and 92.76 pug QE g 'FW on Day 8 and 16; p < 0.01 and p < 0.001, respectively), reaching
108.13 pg QE g'FW by Day 24, a 60.3% increase over control (p <0.001, ***) (Figure 4). Unlike phenolics, flavonoids
showed an increasing trend, suggesting a metabolic shift toward more stable antioxidant compounds as a longer-term
protective strategy [45,46]. Taken together, the TPC and TFC data show a biphasic response: rapid phenolic deployment
in the early stress phase, followed by flavonoid accumulation as the dominant long-term protective mechanism [47]. This
pattern is consistent with stress adaptation mechanisms documented in halophytes [48—54], and the continued divergence
between TPC and TFC pathways over the 24 days highlights the role of flavonoids as indicators of sustained metabolic
adaptation [53,54]. From a practical standpoint, the plant's sustained biochemical activity throughout the treatment period
is consistent with its phytoremediation potential [55].
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Figure 4. A. Total phenolic content (TPC) of Sesuvium portulacastrum plants exposed to 5% hospital
wastewater for 24 days. Values are expressed as mean = SD (n = 3). ***p < 0.001 compared with the Day 0
control. B. Total flavonoid content (TFC) of Sesuvium portulacastrum plants exposed to 5% hospital wastewater
for 24 days. Values are expressed as mean + SD (n = 3). ***p <0.001 compared with the Day 0 control.
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3.4 Antioxidant Activity

3.4.1 DPPH Radical Scavenging Activity

The results on the DPPH Radical Scavenging Activity showed a higher DPPH radical scavenging activity of 85.5% RSC,
reflecting the elevated constitutive antioxidant capacity typical of halophytes adapted to saline, oxidatively stressful
environments [53]. When exposed to HWW, %RSC dropped sharply to 62.3% by Day 8 (p <0.001, ***), a 27.1% decline
that indicates the plant's baseline antioxidant responses to the pharmaceutical and xenobiotic load of the wastewater
(Figure 5) [56]. From Day 8 onward, %RSC showed an increase of 74.8% by Day 16 (p <0.05, *) and 79.2% by Day 24
(p < 0.05, *), recovering approximately by 72.7% of the control. The upward trend from Day 8 to Day 24 suggests an
adaptive response of the plants to the stress imposed by HWW [57,58] and that flavonoid biosynthesis may be the primary
mechanism of the restored radical scavenging capacity [45,46,53].

ng QE g'FW
100 A

DPPH radical scavenging (%RSC)

Day 16 Day 24
Exposure Days

Figure 5. DPPH radical scavenging activity (%RSC) of Sesuvium portulacastrum leaves exposed to 5% hospital
wastewater for 0, 8, 16 and 24 days. Values are expressed as mean £+ SD (n = 3). Asterisks indicate significant
differences compared with Day 0 (one-way ANOVA followed by Tukey’s HSD test): *p < 0.05, ***p < 0.001.

3.5 Phytotoxicity Studies

A phytotoxicity assay was conducted using mung bean (Vigna radiata) seeds to assess the impact of phytoremediated
HWW on plant development. Seeds irrigated with untreated HWW displayed delayed germination, stunted primary root
formation, and weak seedling development, with 70% germination and survival (Table 1). Morphological observations
revealed chlorosis and suppressed shoot elongation, suggesting possible disruption of cell division, membrane integrity,
and nutrient uptake by the pharmaceutical contaminants in HWW [44,52]. Seeds irrigated with treated HWW at Day 8
showed 100% germination and survival, with normal root and shoot emergence and no visible stress symptoms (Figure 6
A-C). Germination rates remained at 90% even at Days 16 and 24, with robust seedling growth suggesting the
physicochemical reductions mediated by the halophyte S. portulacastrum through detoxification of specific analytes may
have resulted in less toxicity to the tested Vigna seeds [38,59]. The results confirm findings from other halophyte-based
phytoremediation studies [34,43] and constructed wetland systems treating industrial and hospital effluents [26,31]. Taken
together, the germination data suggest that wastewater treated for 8 days by S. portulacastrum may find reuse applications,
however, field-scale studies will substantiate the results obtained in the study.

Table 1. Phytotoxicity study parameters of mung bean (Vigna radiata).

Parameters Untreated HWW Treatment period

HWW (5%) Day 8 Day 16 Day 24
Root Length (cm) 0.50+0.10 1.50£0.10 2.00£0.10 6.00+0.10
Shoot Length (cm) 2.00£0.10 10.00 £ 0.10 11.03 £0.15 13.00 +0.10
Survival (%) 70.0£1.0 80.0+1.0 80.0+2.0 85.0+1.0
Germination (%) 70.0+ 1.0 80.0+ 1.0 80.0+2.0 85.0+ 1.0
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Figure 6. Phytotoxicity effect on seed germination of mung bean (Vigna radiata) : A- Day 1 of germination, B-
Day 7 of germination, C-seedling growth of HWW and treated- HWW grown single seedlings over 8-24 days.
Progressive increase in root and shoot length observed, with maximum growth at 24 days of treatment.

4. CONCLUSION

This study has highlighted the potential of Sesuvium portulacastrum, a halophyte for application in industrial and heavy-
metal remediation contexts, for phytoremediation of hospital wastewater. The results showed that over 24 days of
hydroponic treatment at 5% HWW, BOD decreased by 56.9%, COD by 77.9%, TSS by 87.6%, and TDS by 60.1%. Higher
removal of TSS reflected the physical filtration capacity of the plant’s dense root network. Biochemically, phenolic
accumulation and sustained flavonoid accumulation and DPPH radical scavenging capacity from Day 8 to Day 24
indicated better growth and development of plants in an active metabolic state for phytoremediation. The phytotoxicity
data based on mung bean germination assay suggested the treated effluent may be suitable for reuse applications. Further
work is needed on longer treatment durations, higher plant densities, and integration with large field experiments.
Nonetheless, the study offers a viable applied strategy for hospital wastewater management in developing countries aiming
at environmental sustainability.
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