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Abstract
Paracetamol is a widely recognized pharmaceutical contaminant in the environment, emphasizing 
the need for effective biotransformation strategies for its remediation. This study explored the 
biotransformation ability of Alcaligenes sp., isolated from waste-burned soil, using high performance 
liquid chromatography analysis. Bacterial isolation was performed on nutrient agar containing 50 mg/L 
paracetamol as the sole carbon source, followed by identification through Gram staining and ALSP 
testing. Paracetamol biotransformation was conducted in liquid nutrient medium and incubated at 
30 °C on a shaker for 72 hours. Three bacterial isolates (RZP1, RZP2, and RZP3) were obtained, with 
RZP2 and RZP3 confirmed as Alcaligenes sp. All isolates were Gram-negative and exhibited distinct 
morphological characteristics. Thin layer chromatography showed varying Rf values for each isolate: 
RZP1 (0.48), RZP2 (0.58), and RZP3 (0.74), compared to 0.70 for the paracetamol standard. HPLC analysis 
revealed a complex biotransformation profile, with five metabolite peaks detected at 1.657, 2.418, 
2.975, 5.311, and 8.225 minutes, whereas the paracetamol standard exhibited a single peak at 5.71 
minutes. The total metabolite peak area reached 76,184,224, indicating extensive biotransformation 
involving both hydrolytic and oxidative pathways. These results demonstrate that Alcaligenes sp. can 
biotransform paracetamol into multiple metabolites with diverse polarity profiles, highlighting its 
potential application in environmentally sustainable pharmaceutical bioremediation.
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INTRODUCTION

	 Biotechnology has experienced rapid 
development,1 and the increasing public demand 
for sustainable pharmaceutical products has 
positioned biotechnology as a key solution 
for meeting these needs while addressing 
environmental challenges.2 However, the rapid 
growth of the pharmaceutical industry has 
negatively impacted the environment, particularly 
through the discharge of pharmaceutical 
compounds into aquatic and terrestr ial 
ecosystems.3

	 Acetaminophen (APAP), widely known 
as paracetamol, is among the most commonly 
used analgesic and antipyretic drugs globally 
for managing headaches, fever, and mild 
pain.4 Its widespread availability and low cost 
contribute to an estimated annual production 
of approximately 145,000 tons worldwide.5 This 
extensive consumption makes paracetamol 
a significant environmental concern, as it is 
frequently detected in various environmental 
matrices, including wastewater, surface water, 
and groundwater.6-8 The increasing prevalence of 
pharmaceutical pollutants underscores the need 
for effective biotechnological approaches for their 
transformation and remediation.9

	 Microbial  biotransformation has 
emerged as a promising strategy for processing 
pharmaceutical compounds due to the enzymatic 
specificity that enables selective and efficient 
substrate conversion.10 Biological waste treatment 
relies on microorganisms such as bacteria, fungi, 
and protozoa to break down organic waste 
into simpler compounds, converting them into 
CO2‚ H2O, and biomass that support microbial 
growth and reproduction.11 Microorganisms also 
play critical roles in food and pharmaceutical 
production.12 Previous studies have reported 
successful biotransformation of bioactive 
compounds using endophytic and soil microbial 
isolates, such as the conversion of catechins from 
gambir plants (Uncaria gambir Roxb.) into novel 
metabolites with diverse bioactivities.13

	 Soil represents a natural habitat rich 
in microbial diversity, particularly bacteria.14,15 
As a component of the earth’s crust composed 
of minerals and organic matter, soil provides 

nutrients and water essential for microbial 
survival.16 Waste-burned soil contains abundant 
minerals and organic compounds, making it both 
a fertile growth medium and a promising source 
of metabolically versatile bacteria.17 The high 
cellulose content in landfill soil, derived from 
organic materials such as leaves and household 
waste, creates a natural environment for cellulolytic 
bacteria.18 Bacterial groups capable of cellulose 
hydrolysis include Achromobacter, Angiococcus, 
Bacillus, Cellulomonas, Cytophaga, Clostridium, 
Cellivibrio, Flavobacterium, Pseudomonas, 
Poliangium, Sorangium, Sporocytophaga, Vibrio, 
and Cellfalcicula,19 as well as Citrobacter, Serratia, 
Klebsiella, Enterobacter, and Aeromonas.20

	 Among these microbial groups, the 
genus Alcaligenes has been identified as capable 
of degrading various aromatic compounds.21 
Studies indicate that Alcaligenes sp. isolated 
from activated sludge can degrade indole through 
metabolic pathways involving indoxyl, isatin, 
anthranilic acid, and gentisic acid.22 This metabolic 
versatility suggests that Alcaligenes species 
possess enzymatic systems suitable for the 
biotransformation of pharmaceutical compounds 
such as paracetamol. High performance liquid 
chromatography (HPLC) has become the analytical 
standard for characterizing biotransformation 
products because of its high resolution, sensitivity, 
and reproducibility.23 Its application enables 
precise monitoring of substrate degradation and 
metabolite formation, providing essential insights 
into microbial metabolic pathways. Despite 
growing interest in microbial biotransformation 
of pharmaceutical compounds, research exploring 
bacteria from unique environments such as waste 
burned soil remains limited. Such environments 
may harbor novel bacterial strains with unique 
metabolic capabilities relevant to pharmaceutical 
biotransformation.
	 Based on this background, this study 
aimed to investigate the biotransformation of 
paracetamol by Alcaligenes sp. isolated from 
waste burned soil and to identify the resulting 
metabolite profile using HPLC analysis. The 
findings are expected to contribute valuable 
knowledge to advance biotechnology applications 
in pharmaceutical processing and environmental 
remediation.
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MATERIALS AND METHODS

Chemicals and growth medium
	 Paracetamol (C8H9 NO2, 151.17 g/mol) 
was obtained in analytical grade purity from 
Sigma-Aldrich (St. Louis, MO, USA). Nutrient agar 
(NA; Merck, Darmstadt, Germany), nutrient broth 
(NB; HiMedia, Mumbai, India), and all analytical 
grade reagents, including PA grade methanol 
(Fisher Scientific, USA), were used throughout the 
study.

Bacterial growth and paracetamol transformation
	 The study employed a laboratory based 
qualitative descriptive method.24 Soil samples 
from burned waste were collected aseptically 
from a waste incineration site in the Sarojo area, 
Bukittinggi City, West Sumatra. Two grams of 
soil (Sample ID: S1) were transferred into sterile 
containers, stored in a cool box, and transported 
to the laboratory. Bacteria were isolated following 
standard soil dilution plating procedures on 
nutrient agar.25 One gram of soil was added to 
a sterile test tube containing 10 mL nutrient 
broth and homogenized using a vortex mixer 
for 30 seconds. Serial dilutions were performed 
up to 10-1. From the 10-1 to 10-1 dilutions, 1 mL 
of each suspension was plated onto sterile Petri 
dishes, followed by the addition of 15 mL molten 
NA supplemented with 50 mg/L paracetamol 
as the sole carbon source. Plates were gently 
swirled and incubated at 37 °C for 48 hrs. Distinct 
colonies were purified using the quadrant streak 
method and incubated again at 37 °C for 48 hrs. 
Colony morphology, including pigmentation, form, 
elevation, and margin, was systematically recorded 
following standard microbiological guidelines.26

	 Biotransformation assays were conducted 
using 15 mL sterile nutrient broth in culture 
bottles sterilized via autoclaving at 121 °C for 
15 min at 2 atm. After cooling, selected isolates 
were inoculated using two sterile inoculating 
needles and incubated for 24 hrs at 30 °C and 
150 rpm to obtain pre cultures. A 50 mg/L 
paracetamol solution was then added, and 
cultures were incubated at 30 °C and 150 rpm for 
72 hrs. A control sample consisting of medium and 
paracetamol without bacterial inoculation was 
prepared in parallel. After incubation, cultures 
were centrifuged at 6,000 rpm for 20 min. The 

supernatant was filtered through a 0.22 µm syringe 
filter (Millipore, USA) prior to solvent extraction 
with PA grade methanol. Extracts were analyzed 
using thin layer chromatography (TLC), preparative 
TLC (TLCP), and HPLC.

TLC and TLCP analysis
	 TLC was performed on silica gel 60 
F254 plates  (Merck,  Germany)  us ing a 
methanol:chloroform (7:3 v/v) mobile phase 
according to established analytical protocols. 
Plates were developed in a saturated chamber for 
20 minutes and visualized under UV light at 254 
nm. For TLCP, silica bands were scraped, eluted 
with methanol, vortexed, and filtered prior to HPLC 
analysis.27

HPLC analysis
	 HPLC was conducted using a Shimadzu 
LC-20AT system equipped with UV Vis detection 
and LabSolutions software. Separation was 
performed on a C18 column (250 mm × 4.6 mm, 
5 µm; Agilent Technologies). The mobile phase 
consisted of methanol:water (60:40 v/v) delivered 
at 1.0 mL/min. The injection volume was 20 µL, the 
column temperature was maintained at 30 °C, and 
detection was carried out at 243 nm. Analytical 
procedures and performance characteristics 
followed ICH Q2 (R2) validation guidelines for 
specificity, precision, and reproducibility.28

RESULTS AND DISCUSSION

Macroscopic and microscopic characterization
	 The macroscopic evaluation of bacterial 
colonies isolated from waste burned soil revealed 
considerable morphological variation, reflecting 
ecological adaptation to environments enriched 
with thermally modified organic residues and 
xenobiotic byproducts. Post combustion soil 
systems typically exhibit altered pH, residual 
combustion hydrocarbons, and structurally 
oxidized substrates, which act as selective agents 
favoring thermotolerant, stress resistant, and 
xenobiotic metabolizing microorganisms. The three 
isolates displayed distinct visual and microscopic 
characteristics. The macroscopic characteristics of 
the bacterial isolates are summarized in Table 1. 
Colonies were evaluated based on six categories: 
color, shape, edge, elevation, size, and texture.
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	 Macroscopic characteristics were 
recorded based on six categories: color, shape, 
edge, elevation, size, and texture of bacterial 
colonies.29 Colony morphology was documented 
in terms of pigmentation, elevation, optical 
properties, margin integrity, and surface 
texture, following established microbiological 
classification frameworks. These variations are 
essential indicators of adaptive enzyme system 
expression and resource acquisition strategies, 
often correlating with metabolic specialization. 
Observed colony phenotypes showed clear 
distinctions: RZP1 exhibited an irregular and 

wavy morphology with a rough texture and large 
size, whereas RZP2 and RZP3 formed round 
colonies with intact edges and convex elevations 
but differed in size and texture.30 Morphological 
differentiation among isolates strongly suggests 
divergent metabolic competencies relevant to 
biotransformation.
	 Sukmawati and Rosalina31 reported that 
two bacterial isolate species from soil can inhibit 
the growth of pathogenic bacteria by producing 
antibiotic compounds.32 Microorganisms’ ability 
to detoxify xenobiotic compounds allows them 
to survive in toxic environments, utilizing carbon, 

Table 1. Macroscopic characteristics of bacterial isolates from soil burned waste

Isolate	 Color	 Shape	 Edge	 Elevation	 Size	 Texture

RZP1	 White	 Irregular	 Undulate	 Flat	 Large	 Rough
RZP2	 White	 Circular	 Entire	 Convex	 Moderate	 Smooth
RZP3	 White	 Circular	 Entire	 Convex	 Small	 Smooth

Table 2. Gram staining results of bacterial isolates from Waste-Burned Soil

No.	 Sample Origin	 Sample Owner	 Batch Code	 Test Results

1	 Location 1	 Mhd Riza Marjoni	 P1.1	 Damaged
2	 Location 2	 Mhd Riza Marjoni	 P2.2	 Gram-negative
3	 Location 3	 Mhd Riza Marjoni	 P3.2	 Gram-negative

Figure 1. Macroscopic colony morphology of bacterial isolates from waste-burned soil. (A) Isolate RZP1 exhibiting 
irregular colony shape with undulate margins and rough surface texture. (B) Isolate RZP2 displaying circular colonies 
with smooth surface, entire margins, and convex elevation. (C) Isolate RZP3 showing circular colonies with convex 
elevation and distinct size variation compared to RZP2
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phosphorus, sulfur, and nitrogen from available 
sources. Diverse microbial populations in harsh, 
contaminated environments demonstrate 
significant potential to degrade and transform 
pollutants. Waste-incineration environments 
contain a variety of complex organic compounds, 
including pharmaceutical residues, plastics, 
and other chemicals, creating high selective 
pressure on microorganisms. The persistence 

of emerging contaminant compounds (CECs) 
in the environment has led to the evolution of 
microbes capable of utilizing them as a sole 
source of carbon and energy. These conditions 
favor the natural selection of bacteria with 
specialized enzymatic systems for the degradation 
of xenobiotic compounds such as paracetamol. 
Distinct macroscopic colony morphologies were 
observed among the isolates (Figure 1A-C). Isolate 

Table 3. Bacterial Isolation and Identification

No.	 Sample Origin	 Sample Owner	 Batch Code	 ALSP Test Results

1	 Location 1	 Mhd Riza Marjoni	 P1	 -
2	 Location 2	 Mhd Riza Marjoni	 P2	 +
3	 Location 3	 Mhd Riza Marjoni	 P3	 +

Description: ALSP: Alcaligenes sp.; (+): Positive; (-) : Negative

Table 4. Results of Rf Value Measurements

Standard and Sample	 Spot Height	 Rf value

Paracetamol	 5.6	 0.7
RZP-1	 3.2	 0.48
RZP-2	 4.6	 0.58
RZP-3	 3.8	 0.74

Figure 2. HPLC analysis of paracetamol biotransformation by Alcaligenes sp.

RZP1 (Figure 1A) exhibited irregular colonies with 
undulate margins and a rough surface texture. In 
contrast, RZP2 (Figure 1B) formed circular colonies 
with smooth surfaces, entire margins, and convex 
elevation. Similarly, RZP3 (Figure 1C) displayed 
circular colonies with convex elevation, although 
slight variations in size and surface characteristics 
were observed compared to RZP2.
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Gram staining and identification
	 Gram staining revealed a uniform 
Gram-negative reaction among all isolates, 
consistent with Alcaligenes related taxa, which 
are characterized by thin peptidoglycan layers 
and outer membranes rich in lipopolysaccharides. 
The Gram-negative profile is strongly associated 
with environmental resilience, especially in soils 
contaminated with combustion derived aromatic 
compounds. Such bacteria typically possess 
outer membrane efflux systems, permeability 
barriers, and inducible catabolic enzymes, enabling 
survival and substrate utilization in chemically 
stressed habitats. The detailed Gram staining 
results are summarized in Table 2. Subsequent 
biochemical identification using the ALSP test 
further confirmed that isolates P2 and P3 were 
affiliated with Alcaligenes sp., while P1 showed a 
negative reaction, as presented in Table 3.

TLC profile of paracetamol and metabolites
	 T L C  s u c c e s s f u l l y  d i s t i n g u i s h e d 
paracetamol from its biotransformation products. 
The paracetamol standard consistently exhibited 
an Rf value of 0.70, whereas metabolite bands 
exhibited Rf values ranging from 0.48-0.74, 
reflecting shifts in compound polarity due to 
microbial enzymatic modifications such as 
hydroxylation, deacetylation, or partial ring 
oxidation. These variations indicate that the 
isolates possess diverse enzymatic functionalities 
capable of modifying multiple structural regions 
of the parent compound. Such chemical behavior 
aligns with documented Alcaligenes associated 
xenobiotic degradation pathways, where microbes 
express multifunctional oxygenases and hydrolases 
to process complex substrates.

	 The distribution of chromatographic 
mobility values for paracetamol and its metabolites 
is summarize in the Table 4.

HPLC analysis
	 HPLC provided definitive confirmation of 
paracetamol biotransformation. The paracetamol 
standard consistently eluted at 5.71 minutes 
under validated chromatographic conditions, fully 
meeting ICH Q2 (R2) specificity requirements. In 
contrast, the biotransformation extract exhibited 
four distinct metabolite peaks at 2.418, 2.975, 
5.311, and 8.225 minutes, each representing 
a unique intermediate or end product in the 
degradation pathway.
	 The corrected total peak area of 
7618.8254 quantitatively reflects metabolic 
turnover. Early-eluting peaks indicate increased 
polarity due to hydroxylation or deacetylation, 
whereas later-eluting peaks suggest retained 
hydrophobicity or partial aromatic ring integrity. 
These retention behaviors support the occurrence 
of multi-stage enzymatic transformations. 
The HPLC chromatogram is presented in  
Figure 2.	
	 The detailed DAD-A peak parameters 
recorded at 206.4 nm, including retention time, 
area, and peak characteristics, are summarized in 
Table 5.

Proposed biotransformation pathways
	 Integration of TLC and HPLC data 
suggests that paracetamol underwent a 
sequence of microbial transformations, likely 
involving hydroxylation, deacetylation, and 
oxidative cleavage. Hydroxylation reduces Rf 
values by increasing polarity, clarifying previous 
misinterpretations. These pathways align with 
biochemical models reported for Alcaligenes 
species, which express broad specificity 
monooxygenases, amide hydrolases, and ring 
cleavage dioxygenases. This metabolic versatility 
highlights their potential utility in environmental 
bioremediation targeting pharmaceutical 
pollutants.33

Sustainability Assessment (Green Analytical 
Chemistry [GAC] and White Analytical Chemistry 
[WAC])
	 The GAC scores were assigned based on 

Table 5. DADI A Spectroscopy Data (Sig = 206.4 Ref 
= off)

Peak	 Time (RT) 	 Area	 Height	 Tf
	 [min]

1	 2.418	 2284.9822	 1248.11	 0.77069
2	 3.975	 3,628.7741	 1.93	 2.419911
3	 5.311	 1433.2421	 -	 0.95389
4	 8.225	 186.1618	 2.44	 0.92222
Total		  7618.8254		
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the 12 established principles of Green Analytical 
Chemistry, each evaluated according to the 
characteristics of the analytical workflow used 
in this study.34 The scoring scale ranged from 
0 to 4, where 0 indicates poor alignment with 
sustainability principles and 4 indicates excellent 
adherence. Several factors influenced the scoring. 

Solvent usage and toxicity
	 Only methanol (PA grade) was used as 
the organic solvent and in relatively low volumes. 
Because methanol presents moderate toxicity, 
parameters related to solvent safety and toxicity 
were assigned mid-range scores (2-3).

Waste generation
	 The method produced low amounts of 
waste due to small HPLC solvent flow rates and 
minimal solid waste from TLC plates. This justified 
higher scores (3).

Energy consumption
	 Microbial incubation at 30 °C and HPLC 
analysis at room temperature required minimal 
energy input, supporting greener scoring (3).

Safety considerations
	 The absence of corrosive reagents, strong 
acids, strong bases, or carcinogenic chemicals 
resulted in a score of 4 for operator safety.

Sample preparation design
	 As no derivatization or multi-step 
purification was required, the method scored 
highly for minimal sample preparation.

Material reuse and life-cycle considerations
	 Although the HPLC column is reusable, 
solvents cannot be recycled, which reduced the 
score in this category (2).
	 Overall, the total GAC score reflects 
a balanced methodology that is green, safe, 
and efficient, although still limited by reliance 
on methanol and non-recyclable solvents. This 
systematic scoring ensures transparency and 
supports reproducibility of the assessment. The 
analytical procedure aligns with the principles 
of Green Analytical Chemistry by prioritizing 
reduced solvent usage, minimal reagent toxicity, 
and efficient chromatographic operation. The full 
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GAC scoring framework, evaluating greenness, 
operational safety, and material efficiency, should 
be provided in Table 6.
	 The WAC evaluation was performed 
using the Red-Green-Blue (RGB) model, which 
balances analytical performance, environmental 
friendliness, and operational practicality.35 A 
score of 0-4 was assigned for each parameter 
based on predefined criteria, and the results are 
summarized in Table 7.

Analytical Performance (Red Criteria)
Accuracy (score 4)
	 The HPLC method produced a sharp and 
well-resolved paracetamol peak at a validated 
retention time of 5.71 min, fulfilling ICH Q2 (R2) 
specificity requirements.

Precision (score 3)
	 Replicate chromatograms showed 
consistent retention times and reproducible 
metabolite profiles. Minor natural variability in 
microbial metabolism prevented a maximum 
score.

Selectivity/Specificity (score 4)
	 Combined TLC and HPLC analyses 
confirmed clear separation of parent paracetamol 
from its metabolites, justifying the highest score.

Sensitivity (score 3)
	 The analytical system successfully 
detected metabolites derived from 50 mg/L 
paracetamol, demonstrating adequate sensitivity 
for biotransformation studies.

Table 7. White Analytical Chemistry (WAC) Evaluation

A. Analytical Performance (Red Criteria)

Parameter	 Score (0-4)	 Justification

Accuracy	 4	 HPLC produced sharp, well-defined peaks with validated RT (5.71 min).
Precision	 3	 Reproducible peak retention times and consistent metabolite profile.
Selectivity/Specificity	 4	 TLC + HPLC provided clear discrimination between paracetamol and 
		  metabolites.
Sensitivity	 3	 Adequate detection at mg/L concentration; sufficient for  
		  biotransformation studies.
Total Red Score	 14/16	 Excellent analytical performance.

B. Environmental Impact (Green Criteria)

Parameter	 Score	 Justification

Solvent toxicity	 2	 Methanol is moderately toxic but manageable.
Energy consumption	 3	 Low-temperature incubation and ambient-temperature chromatography.
Waste generation	 3	 Low volumes of organic waste and minimal solid waste.
Operator safety	 4	 No corrosive, carcinogenic, or highly hazardous chemicals.
Total Green Score	 12/16	 Low environmental impact.

C. Practicality (Blue Criteria)

Parameter	 Score	 Justification

Cost efficiency	 2	 HPLC operational cost moderately high.
Time efficiency	 3	 Workflow efficient; 72 hour culture + rapid chromatographic screening.
Operational simplicity	 3	 Standard microbiology + chromatography; no specialized 		
		  instrumentation.
Reproducibility	 4	 Procedure easily replicable across laboratories.
Total Blue Score	 12/16	 High practicality and feasibility.

Overall WAC Score = 38/48 (Balanced White Method)
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	 These scores demonstrate strong 
analytical performance.

Environmental Impact (Green Criteria)
Solvent toxicity (score 2)
	 The use of methanol, although moderate 
in toxicity, limited the score.

Energy consumption (score 3)
	 B o t h  m i c ro b i a l  i n c u b at i o n  a n d 
chromatographic analysis operated under low-
energy conditions.

Waste generation (score 3)
	 Limited organic solvent waste and 
minimal solid waste justified a favorable score.

Operator safety (score 4)
	 The absence of corrosive, explosive, or 
high-risk chemicals resulted in excellent safety 
conditions.
	 These parameters al ign with the 
environmental dimension of WAC.

Practicality (Blue Criteria)
Cost efficiency (score 2)
	 Routine HPLC operating costs, including 
solvent consumption and column usage, remained 
moderate.

Time efficiency (score 3)
	 Although microbial incubation required 
72 hours, analytical steps were rapid, supporting 
a mid-to-high score.

Operational simplicity (score 3)
	 The workflow relied on standard 
microbiological and HPLC equipment widely 
available in analytical laboratories.

Reproducibility (score 4)
	 U s e  o f  co m m o n  m ate r i a l s  a n d 
standardized protocols facilitated straightforward 
replication.
	 The WAC scoring therefore reflects a 
balanced and realistic evaluation of methodological 
practicality.

General principles used in scoring determination
	 Across both GAC and WAC frameworks, 
the following academic criteria guided score 
assignment. 

Hazard vs. risk distinction
	 A s s e s s m e n t s  c o n s i d e r e d  b o t h 
toxicological classification and actual operator 
exposure risk.

Volume-based environmental assessment
	 Lower solvent volumes were directly 
associated with reduced environmental burden.

Energy-demand analysis
	 All procedures were evaluated based on 
heating, cooling, pressurization, and instrument 
run times.

Analytical necessity
	 Steps such as the combined TLC–HPLC 
approach were evaluated based on analytical 
justification rather than procedural complexity.

Interlaboratory reproducibility
	 Techn iques  employ ing  common 
consumables and equipment received higher 
scores.

Holistic balance (WAC RGB model)
	 Trade-offs between sustainability 
and analytical performance were explicitly 
acknowledged.
	 Similarly, WAC scoring emphasizes 
methodological balance across analytical 
performance, environmental footprint, and 
resource expenditure. The complete WAC scoring 
breakdown is provided below.
	 Th is  ind icates  strong analyt ica l 
performance balanced with environmental and 
operational feasibility.

Summary of findings
	 Overall, the results demonstrate that 
Alcaligenes sp. isolated from waste-burned soil 
exhibits substantial paracetamol biotransformation 
capacity, generating multiple metabolites with 
distinct chromatographic signatures. The observed 
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chromatographic shifts suggest the involvement 
of multi-step enzymatic pathways, including 
deacetylation, hydroxylation, and partial aromatic 
ring transformations, consistent with previously 
reported microbial degradation mechanisms.36 
In addition, the combined TLC-HPLC workflow 
proved reliable and reproducible for monitoring 
biotransformation dynamics, supporting its 
applicability for routine analytical assessment.37 

These findings align with recent studies highlighting 
the strategic role of metabolically versatile bacteria 
in sustainable, microbially driven pharmaceutical 
bioremediation systems.38

CONCLUSION

	 This study provides comprehensive 
evidence of the paracetamol biotransformation 
capacity of bacterial isolates obtained from waste 
burned soil, with two dominant isolates (RZP2 
and RZP3) conclusively identified as Alcaligenes 
sp. Through integrated TLC and HPLC analyses, 
a diverse set of biotransformation products was 
characterized, including five distinct metabolites 
with unique chromatographic and polarity 
profiles, confirming the occurrence of multi-step 
hydrolytic and oxidative transformations. These 
results reinforce the role of xenobiotic adapted 
soil bacteria as potent agents for pharmaceutical 
degradation.
	 The chromatographic differences 
observed between the parent compound and 
its metabolites, particularly the broadened 
retention time distribution and altered Rf 
values, provide strong analytical evidence of 
enzymatic modifications. The findings support 
the involvement of deacetylation, hydroxylation, 
and partial aromatic ring transformation pathways 
within the isolates. Such mechanistic insights 
expand understanding of microbial paracetamol 
degradation and highlight the ecological 
relevance of microbes inhabiting post combustion 
environments.
	 Importantly, this study emphasizes the 
biotechnological potential of waste burned soil as a 
reservoir of metabolically versatile microorganisms 
capable of transforming pharmaceutical 
contaminants. The ability of Alcaligenes sp. to 
convert paracetamol into multiple downstream 

metabolites positions this genus as a promising 
candidate for environmentally sustainable 
bioremediation applications. This supports the 
development of biological treatment strategies 
that reduce reliance on chemical inputs and energy 
intensive processes.
	 From an analytical perspective, the 
combined TLC–HPLC workflow demonstrated high 
reliability, sensitivity, and reproducibility in tracking 
biotransformation dynamics. This approach offers 
a cost effective and scalable analytical framework 
suitable for routine monitoring, and future 
integration with advanced analytical techniques is 
expected to enable detailed structural elucidation 
of metabolites and enhance method robustness 
for larger scale applications. Overall, the findings 
contribute substantially to the fields of microbial 
biotechnology and environmental remediation 
by demonstrating that contaminated soils can 
serve as valuable sources of microorganisms with 
significant xenobiotic modifying capabilities.
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