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In Thailand, the agriculture sector and the fast fashion sector are two crucial aspects of the economy. However, as discarded
clothing and by-products from the fashion industry are dumped into landfills, contaminated wastewater creates soil pollution
that disturbs crop cultivation. This research explores the impact of clothing waste on farmland and strives for a viable solution
that allows the agriculture and garment industries to coexist without stunting the growth of each other. To confirm the impact
of clothing waste extract (CWE) on agriculture, the levels of Chemical Oxygen Demand (COD), chlorine, heavy metals and
microplastics (MPs) of CWE were measured to determine the biotoxicity of clothing on plant and human lung cells. Not only
were chlorine, heavy metals, and microplastics detected in CWE, plant growth and cell viability of human lung cells were
decreased by CWE of most clothing. Since oyster shells, oyster mushrooms, and Serratia marcescens, lignin decomposing
bacteria, were effective mitigating some pollutants and improving plant growth, they were mixed with cornstarch and agarose
to create a chip-shaped device: the CleanGrower. The rice grown in CleanGrower-applied soil were the healthiest as the soil’s
moisture was sustained, mitigating the negative effects of clothing waste and dye contaminants. Additionally, Deep Learning
Models which utilized provided data, predicted optimal conditions for the use of the CleanGrower. To conclude, the device, the
CleanGrower, developed in this study can be produced conveniently at low costs to eliminate the pollutants generated by the
clothing industry in Thailand croplands.
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Introduction

The Fashion Industry alone produces an estimated amount of
92 million tons of waste discarded into the atmosphere every
year1. Waste occurring at every stage of the garment manu-
facturing process, causes underground water pollution, air pol-
lution, odor pollution and marine pollution2. Consequently,
plants are provided with tainted water for sustenance and are
constantly facing unretractable impacts on their viability and
human safety as textile waste leaks into farmlands3.

A newly developed subtropical country, Thailand’s econ-
omy is heavily dependent on the profit that agriculture and
clothing production produce. Specifically, Thailand relies on
the 46.6% of land allocated to agricultural production4. How-
ever, in efforts to keep up with societal demands and reach new
heights of economic prosperity, Thailand has established over
2,600 garment companies in its own country5, allowing the
economy to increase at an average rate of 7.7% annually6. In
Thailand, the overconsumption of clothing from the textile in-
dustry has led to an alarming increase in textile waste7 which
leaves clothing to take up valuable space in landfills, poten-
tially leaking microfibers which in turn contaminate water-
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ways8. In addition to clothing waste and by-products contain-
ing heavy metals and various toxic substances, the fast fashion
industry is also notoriously known to be a major contributor of
microplastics that commonly pervade environments, such as
polyester (PET), polyamide (PA), acrylic (PAN), polypropy-
lene (PP), etc.9.

Prior studies have tackled the pollution of toxins in clothing
using prawn shells to remove discharged metals in water with:
Cu, Cr, Cd, Zn, Ni, As, or Pb; yet, a more eco-friendly alter-
native must be further researched10. Additionally, alternative
approaches of filtering out dyes11 and breaking down clothing
waste have emerged: micro mediation, adsorption, and co-
agulation all serve as methods of eliminating the pollutants in
clothing12. Despite the discovery of these tactics, there has not
been the creation of a soil-remediation technology specific to
combatting pollutants present in textile wastewater. Instead,
the technology presented above is utilized to mitigate pollu-
tants in general waste streams such as polluted water. Fur-
thermore, numerous challenges to applying these methods and
technology on Thailand’s agricultural farmlands still stand as
they are expensive to implement and maintain, and difficult to
put into practice on large-scale farms as these solutions are not
biodegradable.
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In search of a low-cost solution to mitigate clothing
waste impact on Thailand’s agricultural farmlands, several
biodegradable materials were tested to ensure soil fertility and
plant growth. The materials used to create the final bio-device
were considered with several standards: efficiency for farm-
land supply, suitability for Thailand’s humid climate, and the
feasibility of the materials to obtain in Thailand.

Wood-decaying mushrooms which have a natural metal re-
mediating ability13 and are found in Thailand’s moist environ-
ment were utilized in the final product of the CleanGrower.
Additionally, because seashells are abundant in Thailand due
to their natural beds14, crab and oyster shells were consid-
ered as an additional ingredient. Various types of lignin-
decomposing bacteria were also selected with the expecta-
tion that, due to their biopolymer-decomposing abilities15,16,
they could decompose synthetic polymers, specifically cloth-
ing textiles as biopolymers and polymers are chemically sim-
ilar in their basic composition. The materials selected for
the CleanGrower are all biodegradable, and can be locally
sourced, making it a widely applicable and efficient device to
be implemented in Thailand’s abundant farmlands.

Therefore, this study aimed to develop a low-cost, eco-
friendly device that can remove textile pollution in agriculture
and ensure the safety of crops and humans by integrating the
effective bio-materials mentioned above into a single final de-
vice.

Materials and Methods

Preparation of Dye Solutions, Clothing Waste Extracts,
and Their Water Quality Test

To prepare dye solutions, 3 g of red, yellow, or blue Rit Dye
powder was mixed with 100 mL of 3% (w/v) NaCl solution
and stirred until completely dissolved (Fig. 1A–B). To pre-
pare clothing waste extract (CWE), 20 g of small pieces from
a brown blouse, gray-red backpack, or navy gym shorts was
placed into separate plastic containers containing 500 mL of
DW (Fig. 1C–D). All containers were shaken at 150 rpm for 1
week to extract soluble compounds (Fig. 1D).

Each dye solution and CWE was centrifuged at 1,200 rpm
for 3 min to collect the supernatants. Supernatants were then
analyzed for chemical oxygen demand (COD), heavy metal
content, chlorine concentration, and pH using corresponding
test kits.

Environmental Impact of Clothing Dye and CWEs

Cabbage Growth in Dye Contaminated Soil
Among 10 Petri dishes containing potting soil, 2 dishes re-

ceived 1 mL of DW, 6 dishes received 1 mL of each red, yel-
low, or blue solution, and 2 dishes received 1 mL of 3% salt

Fig. 1 Preparation of clothing waste extract (CWE) (A. Rit dye
powders (red, yellow, and blue), B. Dye solutions, C. Small pieces
of clothing waste, D. Clothing pieces in DW on a shaker)

solution. Dishes were covered and incubated for 24 hr to allow
complete absorption. Nine cabbage seeds were then planted
in each dish and incubated for 1 week for germination. The
sprout heads were harvested and transferred to individual glass
tubes containing 4 mL of 70% ethanol (Fig. 2).

Fig. 2 Extraction of chlorophyll from cabbage sprouts. (A–B. Cut
sprouts, C. Sprouts in a glass vial with 70% ethanol, D. Chlorophyll
extraction)

After 2 days, chlorophyll was analyzed using three meth-
ods: spectrophotometric measurement, fluorescence imaging
of sprout leaves, and fluorescence imaging of chlorophyll ex-
tracts. Chlorophyll a and b contents were determined by mea-
suring absorbance at 663 nm and 645 nm, respectively. For
fluorescence imaging of sprout leaves, a Gel Doc (Fluor I
Gel, Korea) was used to visualize chlorophyll fluorescence
(Fig. 3C–D). For fluorescence imaging of chlorophyll extracts,
200 µL of each extract was added into a 96-well plate and im-
aged using the Gel Doc.

Fig. 3 Observation of cabbage sprouts and chlorophyll analysis
after dye exposure (A. Chlorophyll extract in glass tubes, B.
Chlorophyll extract in cuvette, C–D. Fluorescence imaging of
chlorophyll-extracted leaves using Gel-Doc, E. Fluorescence
imaging of chlorophyll extracts in a 96-well plate under filters of
Gel-Doc)

Viability of Lung Cells Exposed to CWE
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A549, a human lung cancer cell line, was purchased in
freeze-dried form from Korean Cell Line Bank (KCLB). After
thawing and subculturing, the cell suspension was seeded into
96-well plates and incubated at 37◦C, 5% CO2 for 48 hours
(Fig. 4). Dulbecco’s Modified Eagle Medium (DMEM) sup-
plemented with 10% fetal bovine serum (FBS) and 1× peni-
cillin/streptomycin was used as the culture medium. Cell-
grown wells were assigned to the following treatment groups:
no treatment, DW, brown CWE, navy CWE, and gray-red
CWE. Cells exposed to CWE were incubated for 48 hours be-
fore analysis. Cells are cultured in media. No treatment was
used as a control group to serve the basis for the experimen-
tation when no treatment is given to the cells. Furthermore,
CWE is created from clothing pollutants extracted into DW.
Thus, DW was used as a control group to confirm that the ac-
tivity of the lung cells exposed to CWE was due to the clothing
pollutants itself, not the DW it was mixed with.

To confirm the cell viability, the old medium was taken out
of the 96-well plate and 100 µL of 10% Cell Counting Kit-
8 (CCK-8) solution was added to each well. After 30 min
of incubation, the absorbance of each well was measured at
450 nm using a microplate reader.

Fig. 4 Cell seeding and culture of A549 cells (A. Cells before
treatment with 0.25% trypsin/EDTA, B. Cells after 0.25%
trypsin/EDTA treatment before cultivation, C. Cells after culture in a
96-well plate)

Microplastic Presence in CWE
To measure MPs of CWE, Nile red dye was used to stain

MPs in the CWE. Each CWE (1 mL) was mixed with 10 µL
of Nile red dye for 5 min and measured at 600 nm using a
visible spectrophotometer (Optizen 1412V, Korea). In addi-
tion, 10 µL of the stained solution was placed on a glass slide,
covered with a coverslip, and observed under a biological mi-
croscope to detect MPs.

To simulate soil contaminated with clothing-derived
MPs, orange fluorescent microplastics (FMPs) and styrene-
acrylonitrile (SAN) MPs were used. 10 µL of the orange FMP
stock solution was diluted with 1 mL of DW (Fig. 5), and 1.5 g
of SAN MPs was mixed with 10 mL of DW.

7 mL of DW, SAN suspension, FMP suspension, or brown
CWE was added to each Petri dish containing potting soil.
Agarose gel (1.5%, 20 mL) was prepared by microwave heat-
ing and poured into separate 300 mL plastic cups. The MPs-
or CWE-treated soil dishes were covered with the plastic cups

containing solidified agarose gel at the bottom and incubated
for 48 h to allow MP aerosolization into the surrounding en-
vironment. After 48 hours, each agarose gel was cut out and
placed on Petri dishes. Gels exposed to FMP-treated soil were
imaged using a fluorescence microscope, whereas gels ex-
posed to SAN MP– or brown CWE–treated soil were stained
with Nile red and observed under a biological microscope.

Fig. 5 Orange FMPs under a fluorescence microscope (A. FMPs
observed at 100×, B. FMPs observed at 400×, C. Manual counting
of FMPs using a tally counter)

Heavy Metal Accumulation in Plants Grown in CWE-
Contaminated Soil

Among 16 Petri dishes filled with soil, 3 mL of DW, brown
CWE, navy CWE, or gray-red CWE was added to 4 Petri
dishes per treatment. 2 corn seeds were planted in each of
8 Petri dishes, and 6 rice seeds were planted in each of the
remaining 8 dishes. After 12 days, 0.1 g of corn sprout leaves
grown in each sample was put into a 15 mL conical tube con-
taining 3 mL of DW and 10 beads. The tissue was homog-
enized using a vortex mixer to release plant extracts, and the
heavy metal content of the extract was then measured.

Selection of Remediation Materials for CWE-
Contaminated Soil

MPs-Decomposing Effect of Lignin-Decomposing Bac-
teria and Biotoxicity Test

Brown clothing pieces (0.1 g per flask) were placed into five
100 mL Erlenmeyer flasks containing 20 mL of nutrient broth
(NB) and sterilized by autoclaving. The lignin-degrading bac-
teria of bio-safety level 1 including, (Pseudomonas stutzeri
(NB KCTC 12166), Brucella endophytica (NB KCTC 42485),
or Serratia marcescens (NB KCTC 1299)) were inoculated
into the clothing-containing medium at an initial absorbance
of 0.001. A no-treatment control and an Escherichia coli–
inoculated control were also prepared. After 2 days of in-
cubation at room temperature, the clothing pieces were ob-
served using an inverted microscope. After 1 month, 10 µL
of each culture was loaded into a hemocytometer to quantify
microplastic particles released from the clothing.

To evaluate the environmental toxicity of the lignin-
degrading bacteria, P. stutzeri, B. endophytica, or S.
marcescens (OD = 0.001) was inoculated into 4 mL of DW,
brown CWE, or navy CWE, respectively. The resulting nine
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bacterial suspensions were each added (4 mL) to soil in Petri
dishes. One additional soil dish received 4 mL of DW as a
control. Four rice seeds were planted in each dish, and plant
growth was assessed after 1 month.

Adsorption of CWE Pollutants by Shell Powder and
Mushrooms

1 mL of brown CWE (1 mL) and DW (4 mL) were added
to three 15 mL conical tubes. 0.05 g of crab shell powder
or oyster shell powder was added to two tubes, and all tubes
were shaken on a shaker at 46 rpm for 2 days. Then, each
sample solution was centrifuged at 1,200 rpm for 3 minutes,
and the supernatants were measured by COD, heavy metal,
and chlorine contents. Each sample solution was stained with
Nile red for MP observation.

To evaluate the effect of shell powder on CWE-exposed
plants, 1 mL of DW, brown CWE, brown CWE + crab shell
powder, and brown CWE + oyster shell powder was added to
soil-filled Petri dishes. Each dish then received 2 mL of DW,
and cabbage seeds were planted to assess growth.

In addition, either 0.5 g or 1 g of dried oyster mushrooms
or shiitake mushrooms was added to 100 mL flasks containing
50 mL of a brown and navy CWE mixture (Fig. 6A–B). One
flask without mushrooms served as a control. All five flasks
were shaken for 2 days (Fig. 6C), and heavy metal concentra-
tions were measured at 30 min and on Day 2.

Fig. 6 Removal of heavy metals from CWE using mushrooms (A.
Dried shiitake mushrooms (SM) and oyster mushrooms (OM), B.
Navy CWE and Brown CWE, C. CWE with mushroom on a shaker)

Soil Remediation Agent, CleanGrower

To fabricate CleanGrower, 0.5 g of cornstarch, 1.5 g of agarose
powder, 0.5 g of oyster shell powder, and 0.5 g of ground oys-
ter mushroom were mixed with 100 mL of DW (Fig. 7A),
boiled in a microwave, and poured into a 6-well plate. The
plate was left in a fume hood for 1 day, and a hole was created
in the center of each CleanGrower using a sterilized yellow
tip. Then, 20 µL of S. marcescens suspension was added to
each hole (Fig. 7B). The CleanGrowers were put back into the
fume hood and dried for an additional day until a plastic-like
texture was obtained.

To evaluate the remediation effect of CleanGrower on
CWE-exposed plants, Gray-red, navy, and brown CWE were
combined to prepare 300 mL of mixed extract, to which 1 mL

Fig. 7 Creation of the CleanGrower (A. Powdered ingredients, B.
Dried out CleanGrower with Bacteria)

each of red, yellow, and blue Rit dye solutions was added.
20 mL of this CWE mixture was added to two soil contain-
ers each filled with 110 g of soil, and 6 CleanGrowers were
planted into one of the two containers. As a control, 20 mL
of DW was added to the third container. After 20 hours, rice
seeds were planted in all containers.

Prediction of CleanGrower Utilization through Deep
Learning Models

The CleanGrower which was only tested on crop growth in
lab conditions, utilized deep learning models to predict how it
would aid the growth of plants in real life situations with di-
verse environmental factors. To confirm the predicted effects
of the CleanGrower on crops, a dataset was tailored for ma-
chine learning to analyze the plant growth and soil bacteria
of cabbage and rice seeds as displayed in Table 1. In total,
there were 5 groups of datasets, each dataset containing 10
cups filled with 10 cabbage seeds. In each of the datasets, 20
cabbage seeds represented the amount of CWE present either
with or without the addition of the CleanGrower as presented
in Table 1.

Soil bacteria was assessed with an absorbance test on day 2
and day 4, seed germination was observed on day 4, 5, 6, and
plant length was measured on day 6. Statistical tests and con-
ducted training and evaluation of a regression model based on
a multilayer perceptron (MLP) was utilized to clarify the im-
pact of the CleanGrower under various criteria. For the deep
learning model evaluation, the dataset was divided into train-
ing and testing using a 5-fold cross validation approach.

Table 1 Criteria used to test CleanGrower on crops

CleanGrower (+) CleanGrower (–)

CWE (mL) 0, 5, 10, 15, 20 0, 5, 10, 15, 20
Temperature (◦C) 4, 20, 24, 30, 37 4, 20, 24, 30, 37

MLP Model and Evaluation
The MLP was trained using the Adam optimization algo-

rithm, with a learning rate of 0.001, and early stopping was
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employed to avoid overfitting during training. Table 2 shows
the MLP model’s structure.

To evaluate the performance of the MLP, multiple statistical
metrics were applied. Mean Squared Error (MSE), Mean Ab-
solute Error (MAE), Root Mean Square Error (RMSE), and
R-Squared (R2). R2 values close to 1 indicated strong predic-
tive power.

Table 2 Structure of the MLP model

Layer Type Output Shape Parameters

1 Linear-1 (–1, 32) 608
2 LeakyReLU-2 (–1, 32) 0
3 Dropout-3 (–1, 32) 0
4 Linear-4 (–1, 128) 4,224
5 LeakyReLU-5 (–1, 128) 0
6 Dropout-6 (–1, 128) 0
7 Linear-7 (–1, 32) 4,128
8 LeakyReLU-8 (–1, 32) 0
9 Linear-9 (–1, 1) 33

Total parameters 8,993
Trainable parameters 8,993
Non-trainable parameters 0

Results

Quality of Clothing Polluted Wastewater

The quality of CWE- or dye-contaminated water samples is
shown in Table 3.

Chlorine is present during the production of clothing and
produces a severe threat to the environment due to its insta-
bility and reactivity with other chemicals. If chlorine is re-
leased from disposed clothing waste, it can spread into the
environment through air and waterways. Consequently, the
presence of chlorine in a plant’s environment can negatively
impair mechanistic pathways through the promotion of salin-
ity stress, and direct toxic accumulation. To assess the amount
of chlorine in different CWE and dyes, tests were conducted.
Chlorine was not detected in most of the CWE and dye solu-
tions, but 0.1 ppm was detected in the navy CWE. It indicates
that there is still a possibility of chlorine being released into
the environment from disposed clothing.

Even if chlorine was not detected in most CWE or dye solu-
tions, a wide variety of chemicals are still present in the solu-
tions, which can pose a threat to the ecosystem1. To assess the
overall level of pollution, COD levels were analyzed. All dif-
ferent CWE were contaminated to a certain degree; the brown
CWE contained the highest amount of oxygen needed, indi-
cating that the brown CWE contains the most contaminants.

However, the dye solution had lower COD levels compared
to that of CWE. Meaning that, the finished garment contains
more and different chemicals than the dye alone.

Heavy metals are present during textile production, which
leads to an increase in COD and biological oxygen demand
(BOD)2. The increase of COD and BOD levels in a plant’s
environment impedes its mechanistic pathway as it induces
stress, reduces growth, and disrupts physiological functions.
Among the various samples, the navy CWE contained the
highest concentration of heavy metals at 50 ppb. The remain-
ing CWE and dye solutions had 20 ppb, except for the brown
CWE, which contained 10 ppb. The pH was measured in the
Rit dye solutions. All dye solutions, including the control
group of 3% saltwater, had a pH of 6.5.

Table 3 Amount of contaminants from clothing waste (DW =
distilled water, Salt sol. = 3% salt solution, BC, NC, and GRC =
brown, navy, and gray-red CWE, YD, RD, and BD = yellow, Red,
and blue Rit dye solution)

Chlorine COD Heavy metals pH
Pollutant ppm mg/L ppb

DW 0 1 10 –
Salt sol. 0 4 10 6.5
BC 0 20 10 –
NC 0.1 10 50 –
GRC 0 15 20 –
YD 0 2 20 6.5
RD 0 1 20 6.5
BD 0 4 20 6.5

Impact of Clothing Polluted Wastewater on Plant and Hu-
man Cells

Negative Effect of Dye Solution on Plant Growth
Multiple colors of Rit dye were tested for chlorine, heavy

metals, pH, and COD, but all results indicated low levels of
contaminants in the Rit Dye. However, this does not indi-
cate that there were no bio-toxic pollutants in the dye solution.
Cabbage seeds were planted in Rit Dye-contaminated soil to
see the impact of the dye on plant growth. While cabbage
seeds germinated in salt water added soil, little germination
was observed in most dye-contaminated soils (Fig. 8).

Measurement of the lengths of the germinated cabbage
sprouts revealed that they grew slightly less in salt water com-
pared to the control group (1.36 and 1.39 cm vs. 0.59 and
0.84 cm). Since salt water was used in the dye production,
this test was to determine whether the reduced growth of the
plants was due to salinity. However, the sprouts contaminated
with the dye solution were stunted even more, with lengths
ranging from 0.50 to 0.67 cm (Table 4). Indicating that, the
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Fig. 8 Cabbage sprouts grown in dye-contaminated soil
(Water=DW added soil, SW = 3% salt water added soil, RD, YD,
and BD = Red, yellow, and blue Rit dye solution added soil)

low growth of the sprouts in dye-contaminated soil was due to
toxic components from the Rit Dye. Furthermore, the stunted
plant growth can be attributed to the fact that Rit Dye acts as
a phytotoxic stressor that inhibits development, and interferes
with vital biological processes.

Table 4 Mean height of sprouts grown in Rit dye-contaminated soil

Sprout + Pollutant Height (cm)

Water 1, 2 1.36, 1.39
Salt Water 1, 2 0.59, 0.84
Red Dye 1, 2 0.50, 0.58
Yellow Dye 1, 2 0.50, 0.50
Blue Dye 1, 2 0.67, 0.50

Higher chlorophyll content in plant leaves leads to im-
proved photosynthetic function, making chlorophyll analysis
essential for understanding a plant’s functional capacity17.
Although the length of sprouts in the saltwater sample was
not significantly longer than in the dye solution sample, the
chlorophyll content was much higher in the saltwater sam-
ple (Fig. 9). These results indicate that the toxic substances
present in dyes negatively impact plant function.

To visually assess plant function, chlorophyll was extracted
from cabbage leaves. The chlorophyll was then placed in Gel-
Doc and observed under LED and UV light. R1 in Fig. 10
shows the leaf morphology of different samples under general
LED light, revealing that the leaves of the RD and BD samples
appear shriveled. R2 and R3 present photos of the leaves taken
under UV light in reverse and non-reverse states. The colors
emitted from the W and SW samples differ significantly from
those of the RD and BD samples. This phenomenon was also
observed in the chlorophyll extract captured under UV light.
Overall, these results indicate that the RD and BD samples
exhibit lower plant function.

Fig. 9 OD value of chlorophyll in cabbage sprouts grown in
dye-contaminated soil

Fig. 10 Photos of leaves from each sample taken using Gel-Doc
(Water = DW, SW = 3% salt water, RD and BD = Red and blue Rit
dye solution)

Negative Effect of CWE on Lung Cell Viability
CWE contains many contaminants as tested above and

shown in Table 3. If these contaminants enter the human lungs
through the respiratory tract, they endanger human health18.
The viability of human lung cells cultured with navy CWE
was higher than that of the control group which was set as the
standard, except for the brown clothing waste group (Fig. 11-
left). The cell morphology in the brown CWE group showed
reduced proliferation (Fig. 11-right). The result exemplifies
that the brown CWE, which has the highest COD, hindered
the growth of lung cells.

MPs Presence in CWE
This experiment was conducted to measure the amount of

MPs present in CWE. Since synthetic clothing is primarily
made from the same raw materials as plastics, microfibers
released from worn fabrics pose a threat to the environment
and humans, similar to MPs8. After dyeing each CWE with
Nile Red, which stains plastics, and measuring the absorbance
at 600 nm, microplastics were detected in all groups, with
the highest concentration found in the brown CWE at 0.133
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Fig. 11 OD value (left) and microscopic view (right) of human lung
cells exposed to CWE after treatment of CCK-8 (CTRL = Control,
BC = Brown CWE, NC = Navy CWE, G&RC = Gray-red CWE)

(Fig. 12-Left). This indicates the presence of MPs at a con-
centration of 0.133 × 109/mL. Fig. 12-right shows the dyed
MPs observed under a microscope in each sample. The con-
trol (DW) contained no MPs, while all other types of CWE
resulted in the presence of at least small amounts of MPs.
Therefore, no matter the type of clothing, there will always
be presence of MPs that can harm the environment. Further-
more, the presence of MPs in the soil decreases soil health as
it reduces its water-holding capacity, consequently inhibiting
plant root growth.

Fig. 12 OD value (left) and microscopic view (100×, right) of MPs
in each type of CWE after dyeing with Nile red. (CTRL = Control =
DW, BC = Brown CWE, G&R C = Gray-red CWE, NC = Navy
CWE)

Evaporation of MPs from Soil
If MPs evaporate with water vapor from contaminated soil,

they may enter the body through the respiratory tract. In this
experiment, various types of MPs were introduced into the
soil. The release of MPs from the soil was confirmed through
the analysis of agarose gel placed above the soil, which ab-
sorbs the evaporated vapor. Water vapor evaporating from
soil contaminated with FMPs, SAN, or brown CWE contained
high amounts of MPs. No matter the type of MPs, their evap-
oration was evident (Fig. 13).

Fig. 13 MPs evaporated from soil to agarose gel (Control = DW,
OFMP = Orange fluorescence MPs, SAN = Styrene-acrylonitrile
MPs, BC extract = Brown CWE MPs)

Heavy Metal Accumulation in Plants Exposed to CWE
Rice and corn were planted in different CWE contaminated

soils. After germination, corn grown in brown CWE contami-
nated soil faced stunted growth, while the corn sprouts in DW
remained healthy. The rice sprouts grown in navy or gray-
red CWE-contaminated soil had the most stunted and short-
est crops compared to those grown in DW-watered soil. Rice
grown in DW grew the tallest and healthiest (Fig. 14).

Fig. 14 Corn and rice sprouts grown in CWE-contaminated soil. (A.
All corn sprouts, B. All rice sprouts)

Heavy metal tests were conducted with corn sprouts grown
in different CWE-contaminated soils (Table 5). Heavy metals
appeared in corn sprouts grown in CWE-contaminated soils,
meaning that the heavy metals in CWE, along with water
transfer to plants through the vascular system. The presence
of heavy metals in crops causes toxicity by interfering with
nutrient uptake. Thus, if eaten, these crops can potentially
cause unnatural heavy metal accumulation in the human body
as well.

Table 5 Heavy Metal of corn sprouts grown in CWE

Clothing Pollutant in Soil Heavy metal (ppb)

DW 20
Brown CWE 70
Navy CWE 70
Gray-red CWE 50
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Selection of Remediation Materials for CWE-
Contaminated Soil

Selection of MP-decomposing Bacteria
If lignin-decomposing bacteria breaks down a biopolymer

lignin, then the bacteria could also effectively decompose
plastic, a polymer due to similar chemical structure of basic
composition and bonds19,20. Specifically, this process would
consist of bacteria breaking down covalent bonds between
polymers, transforming them into monomers21.

Brown clothing pieces were treated with lignin-
decomposing bacteria, B. endophytica, P. stutzeri, and
S. marcescens in which S. marcescens had the best positive
outcome. Additionally, E. coli, used as a positive control,
was inefficient in deteriorating apparel. While other bacteria,
including lignin-decomposing strains, were ineffective in
breaking down clothing, S. marcescens caused the clothing to
release brown dye and accumulated pollutants after 48 hours.
Furthermore, after 1 month, S. marcescens successfully
extracted the most MPs from the clothing fibers compared to
the other bacteria (Fig. 15).

Fig. 15 Clothing waste breakdown by Bacteria (CTRL = Control)

Safety of MPs-decomposing Bacteria for Plant Growth
Along with other lignin-decomposing bacteria, S.

marcescens, which proved to be effective in breaking
down clothing, was analyzed to observe the impact and safety
on plant growth. Rice seeds planted in the soil treated with P.
stutzeri or S. marcescens similarly grew the tallest (average
6.6 cm vs. 6.5 cm) (Fig. 16). Despite similar heights, S.
marcescens was utilized in creating the final bio-device
because it most effectively degraded clothing microfibers.

Absorption of Shell Powder for CWE Pollutants
The removing ability of shells from shellfish was tested in

lessening MPs, heavy metals and chemicals from CWE. While
CWE and CWE treated with crab shells contained the same
amounts of heavy metals, the crab shells nor the oyster shells

Fig. 16 Rice grown in lignin-decomposing bacteria and CWE
treated soil (Brown, Navy = Brown CWE added soil, DW =
Distilled water added soil)

were ineffective in removing heavy metals (Table 6). Addi-
tionally, COD and chlorine tests were conducted. Out of the
three CWE samples, crab shells were most effective in reduc-
ing the chemical contaminants, including chlorine, of CWE
(Table 6). After testing MPs adsorption, while the CWE con-
tained 54 MPs, the CWE containing crab shells had the least
amount of 39 MPs meaning that crab shells decreased original
MPs by approximately 27.78% (Table 6).

Table 6 Pollutants Present in CWE treated with Shells

Treatment Heavy Metal COD Chlorine MPs
ppb mg/L ppm

CWE 50 20 0.15 54
+Oyster Shells 60 20 0.2 61
+Crab Shells 50 15 0.1 39

Effect of Shells on Plants Grown in Contaminated Soil
Cabbage plant seeds were grown in soil contaminated with

crab or oyster shell-treated CWE to observe the soil remediat-
ing ability of the shells on the growth and health of the plants.
While the data presented in Table 6 suggests that crab shells
caused toxin levels of CWE to be lower, sprouts grown in the
oyster shell group grew 1.5× taller than those of the crab shell
group and were similar heights to those of the control group
(Fig. 17). Evident through the physical growth of the sprouts,
oyster shells were generally more effective in neutralizing tox-
ins and therefore were chosen to be used in the final bio-device
over the crab shells.

Mushroom Effectiveness in Removing Heavy Metals
Observed from the results of 3.5, heavy metals were seen to

accumulate in sprouts, necessitating a new solution to clearing
heavy metal contamination in plants. Consequently, mush-
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Fig. 17 Sprout growth in soil containing Crab or Oyster Shells. (A.
Sprout growth, B. Sprout height comparison, DW = Distilled water,
BC = Brown CWE, BC+CrabSh = Brown CWE + crab shell
powder, BC+OysterSh = Brown CWE + oyster shell powder)

rooms’ effectiveness in removing heavy metals were tested
due to the fact that they serve as wood-decaying fungi and
have successfully decreased heavy metal content12. Specif-
ically, Shiitake and Oyster mushrooms were tested because
they are easily found in Thailand’s environment.

1% or 2% of Shiitake or Oyster mushrooms were mixed
with the CWE. After 1-hour, 2% of both mushrooms indicated
a low heavy metal amount compared to 1% (Table 7). Because
mushroom concentrations of 2% too densely colored, only 1%
of both mushroom groups were tested after 48 hours. The
1% Oyster mushroom group had significantly reduced heavy
metal content to 20 ppb, while the only CWE group had a
heavy metal content of 70 ppb. Thus, 1% of Oyster mush-
rooms was selected to be used in creating the final bio-device.

Table 7 Heavy Metal Content of CWE with Shiitake or Oyster
Mushrooms (Unit = ppb)

CWE Shiitake mushroom Oyster mushroom

1% 2% 1% 2%

1 hr 100 80 40 100 30
48 hrs 70 50 N/A 20 N/A

Soil Remediation of the CleanGrower

Due to the successful remediation of pollutants by S.
marcescens, Oyster shells and Oyster Mushrooms, these mate-
rials were combined to create the CleanGrower: a chip-shaped
bio device made from agar and cornstarch (Fig. 18).

To observe the effect of the CleanGrower on rice plants,
three containers filled with soil were prepared. One of the
containers contained 6 CleanGrowers and was supplied with
CWE. The other two containers were supplied with either wa-
ter or CWE. Rice seeds were planted in all the containers, and
their growth was compared.

The sprouts grown with the aid of the CleanGrower grew
taller and retained more moisture than those grown without
the CleanGrower, indicating that this bio-device effectively

Fig. 18 The CleanGrower bio-device. (A. Dried CleanGrower, B.
CleanGrower in Soil)

mitigates the pollutants of CWE (Fig. 19). Although the con-
trolled soil only contained DW, the germination rate of the rice
sprouts was significantly slower and less frequent than that of
the soil containing CWE and CleanGrower. The soil contain-
ing only CWE supported no germination due to the damaged
soil.

Fig. 19 Growth of rice in soil remediated by CleanGrower (Control
= Soil with DW, Device = Soil with CWE and CleanGrower, CWE =
Soil with CWE)

Predicting the Ability of CleanGrower Utilization in Real-
Life Environments Using Deep Learning Models

Effectiveness of CleanGrower in Various Conditions
First, to prepare the dataset for developing deep learning

models, the CWE concentration, the presence or absence of
the CleanGrower, and temperature were varied to measure soil
bacterial concentration and the number of germinated crops
in each soil group. Fig. 20 shows the results of the OD val-
ues of soil bacteria taken on Day 2 under each condition.
Soil bacteria proliferated rapidly within just two days under
the presence of the CleanGrower compared to the control (no
CleanGrower), regardless of CWE concentration or tempera-
ture. This increased bacterial activity in the soil, evident in the
test groups, is expected to positively impact subsequent plant
germination and growth.

Fig. 21 shows the number of germinated cabbage sprouts
on Day 6. Although the germination count was lower un-
der increasing CWE concentration or temperatures outside the
24–30◦C range, in all conditions, the presence of the Clean-
Grower resulted in higher germination rates compared to those
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Fig. 20 OD values of soil bacteria on Day 2 (A. in
CWE-contaminated soil, B. in CWE-contaminated soil with
CleanGrower)

with the absence of the CleanGrower. This demonstrates that
the CleanGrower can help reduce clothing fiber pollutants and
support crop growth even under extreme conditions and envi-
ronments.

Fig. 21 Number of germinated cabbage sprouts on Day 6 (A. in
CWE-contaminated soil, B. in CWE-contaminated soil with
CleanGrower)

Statistical Testing
In this experiment, regression analysis was performed on

previously collected plant length data for each criteria, and the
results are shown in Table 8. The statistical tests conducted
demonstrate the significant effect of CleanGrower treatment
and its interaction with other variables on plant growth. The
regression analysis reveals that CleanGrower treatment alone
positively influences plant growth, as evidenced by its coef-
ficient of 0.4005, indicating a substantial increase in growth.
With a p-value of 0.00000573, the effect is statistically sig-
nificant. In addition, the variables representing “Days,” “CG
& Days,” and “CG & temperature” also exhibit a significant
positive long-term effect on plant growth.

MLP Model Evaluation
The dataset obtained for each condition was divided into

five groups (Fold 1–5) and applied to the MLP model to ana-

Table 8 Regression analysis results for the effects of CleanGrower
treatment on plant growth. (CG = CleanGrower; CoE = coefficient;
SE = standard error)

Variable CoE SE T-Statistic P-Value

CleanGrower 0.400499 0.087956 4.553426 0.00000573
Days 0.411341 0.024247 16.964700 0.00000001
Temperature 0.012447 0.004140 3.006443 0.00268938
CG & Days 0.153290 0.017316 10.702912 0.00000001
CG & Temp. 0.016825 0.003163 5.319007 0.00000012
CG & CWE 0.012642 0.003601 3.510360 0.00046142

lyze the prediction accuracy. The MLP model was developed
by providing the dataset to Cops Lab, and the analysis results
are shown in Table 9.

MLP demonstrated high predictive accuracy, as indicated
by an average R2 value of 0.8209 across five cross-validation
folds. This suggests that the model explains approximately
82% of the variance in plant growth data, underscoring its ef-
fectiveness. Additionally, the results of the MLP model, in-
cluding MSE, MAE, RMSE, and R2, demonstrating consis-
tency and robustness across five folds.

Table 9 Cross-validation performance metrics of the MLP model
(MSE = Mean Squared Error; MAE = Mean Absolute Error; RMSE
= Root Mean Square Error; R2 = R-Squared)

Fold 1 Fold 2 Fold 3 Fold 4 Fold 5 Average (± std)

MSE 0.5433 0.2967 0.7599 0.4723 0.3783 0.4990 ± 0.1797
MAE 0.2194 0.1673 0.2182 0.1722 0.1626 0.1846 ± 0.0359
RMSE 0.7371 0.5447 0.8717 0.6873 0.6151 0.6951 ± 0.1260
R2 0.8313 0.8994 0.7326 0.7994 0.8557 0.8209 ± 0.0623

Fig. 22 demonstrates that the values predicted by the devel-
oped AI model after training closely align with the actual mea-
surements. This minimized-deviation model accurately pre-
dicts the usefulness of the CleanGrower, indicating that it has
the ability to effectively remove pollutants and supports nor-
mal crop growth under conditions contaminated with waste
clothing or CWE.

Discussion

Clothing waste imposes detrimentally harmful effects on agri-
culture, including the stunting of plant growth due to the tox-
ins such as heavy metals and microplastics present in clothing
waste extract22. Due to Thailand’s economy being heavily
reliant on agriculture and clothing production for economic
profit, the harmful relationship between the clothing industry
and farmlands must be addressed. Therefore, the intertwined
relationship between the clothing waste discarded from fac-
tories and agriculture must be clarified through an emergent
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Fig. 22 Results obtained by training the AI model. (Prediction =
plant length predicted by the model after training; Target = actual
observed plant growth data (ground truth))

solution.
To do this, clothing waste extract and clothing dye were

tested to find specific toxins that the clothing industry im-
poses on the environment. With this, the toxins were more in-
tricately inquired, as possible eco-friendly bio-products were
tested to mitigate these toxins. Bio-products of shells, mush-
rooms, and lignin-decomposing bacteria were not only tested
for effectiveness in clearing pollutants, but they were also
tested to ensure positive impact on overall plant growth (Ta-
ble 10).

Commonly found in Thailand, oyster shells23, oyster mush-
rooms24 and S. marcescens most positively mitigated pollu-
tants of clothing waste extract without interfering in plant
growth. While oyster shells increased plant growth even under
suppressive conditions with clothing pollutants, oyster mush-
rooms were effective in lessening heavy metal content, and S.
marcescens were effective in degrading clothing.

Table 10 Organization of solution effectiveness (E = Effective)
Materials Plant Growth Heavy Metals MPs Degradation of Clothing

Oyster Shells E Not E Not E Not E
Oyster Mushroom – E – Not E
S. marcescens E Not E Not E E

The shape of the final bio-device, the CleanGrower, was
considered by standards of money, efficiency and sustainabil-
ity. While the chip-shaped CleanGrower is cheap and efficient
to produce, the CleanGrower also utilizes only sustainable ma-
terials and is efficient for farmers to use. With customers in
mind, the CleanGrower only necessitates farmers to plant their
crops with the CleanGrower without taking it out, due to the
CleanGrowers ability to biodegrade.

After the careful selection of materials, and the mindful cre-
ation of CleanGrower, the effectiveness of the bio-device in
improving plant growth and health was finally tested. The
rice sprouts in the soil containing clothing waste extract and
the CleanGrower grew taller than that of the control with
only DW. With moisture retained soil and tall healthy rice
sprouts, the CleanGrower can prove to be effective for the
cultivation of rice, a major crop in Thailand25. The Clean-
Grower has proven to be effective in this study conducted over
a short-period of time. Thus, further tests and research must
be conducted to substantiate the CleanGrower’s long-term im-
pact on crop growth, soil health, and pollutant re-release. To
predict the usefulness of CleanGrower, regression analysis
and the MLP model were employed. Results demonstrated
that CleanGrower treatment is effective in streamlining crop
growth and sustainability, even under various environmental
conditions. In conclusion, the CleanGrower developed with
agarose gel, cornstarch, oyster mushroom, oyster shells, and
S. marcescens not only enhances the growth of rice sprouts in
CWE-contaminated soils, but also proved to be effective un-
der unpredictable environmental conditions using the AI deep
learning model.
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