
Introduction

Due to the bioactive nature of drugs and their toxic 
metabolites, it is believed that drugs in aquatic environments 
pose a greater threat to the environment and water quality than 
any other pollutant (Hashem et al. 2023). Ibuprofen is the 
third most popular, highly prescribed, and most widely sold 
nonprescription drug in the world, and its concentration in 
water bodies is increasing day by day as a result of increased 
consumption caused by population pressure (Kamal et al. 
2023). Approximately 15% of an oral dose of ibuprofen is 
excreted by humans as unchanged molecules (conjugated 
with glucuronide and thiol) as well as its metabolites 
carboxyibuprofen, hydroxyibuprofen, and carboxyhydratropic 
acid. Ibuprofen conjugates are hydrolyzed further in the 
environment (Khasawneh et al. 2023, Jan-Roblero and Cruz-
Maya 2023).

The ecotoxicology of 26 pharmaceuticals in aquatic systems 
in Spain was investigated to determine the environmental 
risk posed by these active compounds. Ciprofloxacin, 
acetaminophen, clofibrate, ibuprofen, clarithromycin, 
triclosan, parabens, omeprazole, and 1,4-benzoquinone were 
found to pose a risk to aquatic environments. Ibuprofen 

concentrations in the environment have increased as a result of 
anthropogenic activity. After human consumption, ibuprofen 
is not completely metabolized and is excreted, whereas the 
toxicity of its metabolites exceeds that of its parent molecule 
(Collivignarelli et al. 2023, Hawash et al. 2023). To determine 
acute and chronic toxicity, the toxicology study focuses on 
daphnia and fish. This enables the determination of its no-
observed effect concentration (NOEC), which is then used to 
compute its predicted no-effect concentration (PNEC). The 
estimated risk ratio for ibuprofen was less than one, indicating 
it was an environmentally hazardous substance  (Riva et al. 
2019). Studies have shown that pharmaceuticals decrease 
fish spawning and simultaneously increase the number of 
eggs in Oryzias latipes, Japanese medaka. It also disrupted 
the endocrine system of Mytilus galloprovincialis at modest 
concentrations. In addition, its presence led to the development 
of antioxidative stress. After exposure (within 7 days), it also 
increased the activity of catalase, superoxide dismutase, phase 
II glutathione S-transferase, and glutathione reductase. In 
mussels, membrane degradation in the digestive organ and 
increased lipid peroxidation were observed. At a concentration 
of 11.5 g/L, a reduction of genes harmed aerobic respiration, 
skeletal development, and immune function, whereas, at larger 
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ibuprofen and isopropyl ester salts of various amino acids. Twelve ibuprofen isopropyl esters of L-amino acids 
were used in the research. The obtained derivatives may be a safer and more effective alternative to ibuprofen. 
Biodegradation tests were carried out using activated sludge. Sewage sludge was obtained from the local sewage 
treatment plant in Szczecin "Pomorzany". Ibuprofen derivatives, ibuprofenates of isopropyl amino acid esters, were 
used for the tests. It was checked how the type of structural modification of ibuprofen affects the biodegradation of 
the drug used. In this publication, it was verified how the type of amino acid affects biodegradation. Our evaluation 
of the biodegradation of ibuprofen derivatives by bacterial cultures revealed that six compounds are attractive 
carbon and energy sources for the active material utilized. These compounds were readily biodegradable within 
28 days. There were no straightforward relationships between the structure, properties, and biodegradability of the 
obtained derivatives.
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concentrations, expression of arachidonic acid metabolism 
pathway regulatory genes and inflammatory response immune 
genes increased (Preglo et al. 2023, Lohmann and Dachs 2010).

The acute toxicity of pharmaceutical pollutants present in 
water bodies (including ibuprofen) is determined by the short-
term EC50 (10 and 100 mg/L), and the cyto- and genotoxic 
effects of analgesics are evaluated with prolonged exposure. 
Long-term exposure primarily causes an imbalance in the 
oxidative status of cells. Changes in growth rate, behavior, 
reproduction, as well as biochemical alterations are observed 
in aquatic organisms. Ibuprofen-diacylglycerol (ibuprofen-
DG) was responsible for the inhibition of cell division and the 
non-disjunction of several pairs of chromosomes. Ibuprofen 
increased the production of 17-estradiol while decreasing 
testosterone production and aromatase activity. In addition, 
the 0.1 g/L ibuprofen concentration has caused a delay in the 
hatching process (Jan-Roblero and Cruz-Maya 2023, Batucan 
et al. 2022, Salesa et al. 2022, Chopra and Kumar 2020b, 
Kayani et al. 2009).

Physicochemical processes eradicate ibuprofen from the 
aquatic environment efficiently. Highly reactive hydroxyl radicals 
initiate ibuprofen oxidation. Metabolites like 4-isobutylphenol, 
hydratropic acid, 4-(1-carboxyethyl) benzoic acid, 
4-ethylbenzaldehyde, 2-[4-(1-hydroxy-2-methylpropyl) phenyl] 
propanoic acid, 1-(4-isobutylphenyl-1-ethanol, 4-acetylbenzoic 
acid 1-isobutyl-4-vinylbenzene and 4-isobutylacetophenon 
are produced during this process, which the toxicity of these 
metabolites exceeds that of ibuprofen (Chopra and Kumar 
2020b, Marchlewicz et al. 2017, Żur et al. 2018).

Many toxicological studies found that the intermediates 
formed during conventional removing them from the aquatic 
environment were more toxic than parent compounds. Therefore, 
the proposed method of aerobic biodegradation of ibuprofen 
and its derivatives (economic and natural process) is seen as 
a future alternative for the removal of pharmaceuticals from 
waterbodies. Aquatic microorganisms used ibuprofen and its 
derivatives as a carbon and energy source. Biological treatment 
is considered an important method for pollutant removal. But 
they are characterized by some disadvantages, such as some 
pharmaceuticals having lower susceptibility rates during 
biodegradation; intermediates produced during biodegradation 
having a more toxic impact on the system than their parent 
molecule; though many microorganisms are having the capability 
to use the pharmaceuticals as carbon and energy sources, these 
microorganisms are often sensitive to changes in temperature and 
pH (Abbot et al. 2022, Kumar and Chopra 2022, Revaprasadu 
and Khan 2021, Alfonso-Muniozguren et al. 2021).

Numerous studies related to activated sludge have been 
performed to isolate and identify microorganisms present 
in activated sludge in wastewater treatment plants. Gram-
negative filamentous bacteria are commonly observed in 
activated sludge and contribute to poor settlement of activated 
sludge flocs in secondary sedimentation tanks. By using the 
morphological characters of these aquatic microorganisms, 
more than twenty-five types of filamentous bacteria present in 
sludge samples were distinguished. The important part of the 
gram-negative filamentous bacteria present in activated sludge 
are Haliscomenobacter spp., Sphaerotilus spp., Leptothrix 
spp., Thiothrix spp., and Leucothrix mucor (Wagner et al. 
1994, Conco 2016, Conco et al. 2018, Zhang et al. 2019). 

Depending on the environmental conditions, the 
microorganisms present in activated sludge have a variable 
morphology. Identified the following filamentous bacteria, 
such as Haliscomenobacter hydrossis, Sphaerotilus natans 
and Microthrix parvicella, which have nonfilamentous 
growth forms. At the same time, a member of the cytophaga-
flavobacterium cluster (Haliscomenobacter spp.) belongs to 
thin filamentous bacteria. They commonly occurred inside the 
sludge flocs drawn from the sewage treatment plant, but they 
were almost undetectable in thick sludge flocs without a specific 
staining reaction. In activated sludge samples, the presence 
of large coccoid cells, by hybridisation of activated sludge 
samples with fluorescein-labeled probe TNI and rhodamin-
labeled). These coccoid cells may represent the ovoid structures 
"gonidia" described for Thiothrix spp., Leucothrix mucor. In situ 
hybridisation proved the simultaneous presence of Thiothrix 
spp. and type 21N bacteria in three of the ten examined activated 
sludge samples. In the sample of the industrial wastewater 
treatment plant (Hoechst, Augsburg, Germany), Thiothrix 
spp. was found to be a dominant component of the microbial 
community and the only filamentous bacterium present. It is 
likely responsible for the sludge bulking observed at the time 
of sampling (Conco et al. 2018, Zhang et al. 2019, Chen et al. 
2022, Hamiruddin and Awang 2021).

Few investigations have been published on the ibuprofen-
degrading purified bacterial cultures isolated from activated 
sludge and effluent. Presently, little is also known about the 
metabolites produced during ibuprofen's biodegradation. Few 
pure isolates with the ability to degrade ibuprofen have been 
identified: Bacillus thuringiensis B1(2015b), Nocardia sp. 
NRRL 5646, Sphingomonas Ibu-2, and Patulibacter sp. strain 
I11. Some microorganisms are able to degrade ibuprofen in 
the presence of tryptone, yeast extract or glucose. Enzyme 
induction is essential for the biodegradation of ibuprofen 
by isolated strains because degradation is dependent on the 
ability of microbes to produce an ibuprofen-degrading specific 
enzyme (Marchlewicz et al. 2017, Kumar and Chopra 2022, 
Chopra and Kumar 2022).

Our previous publications described the synthesis, 
properties, skin penetration, and skin accumulation of L-amino 
acid alkyl ester ibuprofenates, new ibuprofen derivatives. It 
has been demonstrated that these compounds have a much 
higher solubility in water and body fluids and a higher 
skin permeability than ibuprofen, making them a viable 
alternative (Janus et al. 2020, Ossowicz et al. 2020, Ossowicz-
Rupniewska et al. 2021, Ossowicz-Rupniewska at al. 2022a, 
Ossowicz-Rupniewska et al. 2022b, Ossowicz-Rupniewska 
et al. 2022c, Klebeko et al. 2022, Klebeko et al. 2023). In 
addition, it was shown that the obtained salts of amino acid 
alkyl esters did not lead increased toxicity to selected cell 
lines compared to unmodified NSAIDs. It was found that 
amino acid alkyl ester ibuprofenates [AAOR][IBU] showed no 
significant toxic effects on the human keratinocyte (HaCaT) 
cell line and the mouse 3T3 fibroblast cell line. Cytotoxicity 
studies and evaluation of the thermodynamics of the process 
of binding ibuprofenates of alkyl amino acid esters to bovine 
serum albumin are in the same range as for ibuprofen, which 
suggests a similar pharmacokinetic profile of the obtained 
derivatives. Slight differences in the binding stoichiometry and 
affinity constants for BSA within the series of derivatives are 
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probably due to the binding of cations preferably to a different 
binding site or different effectiveness of interactions within the 
same binding site (Ossowicz-Rupniewska et al. 2022a). Due 
to the numerous benefits of these compounds, it was decided 
to examine their impact on the environment by comparing the 
acidic-ibuprofen form to its organic salt, ibuprofenate amino 
acid alkyl ester. The effect of the structure of the organic cation, 
specifically the length of the alkyl chain, on the biodegradation 
process of these compounds was previously determined 
(Makuch et al. 2021). 

This study examines the biodegradation of ibuprofen and 
numerous amino acid isopropyl ester salts. In the investigation, 
twelve ibuprofen isopropyl esters of L-amino acids were 
utilised. The novelty of this work lies in its comprehensive 
investigation of the biodegradation of ibuprofen and its 
derivatives and the assessment of their environmental impact. 
The study focuses on the biodegradation of ibuprofen by 
purified bacterial cultures isolated from activated sludge and 
effluent. This area of research seems to be relatively unexplored, 
with limited investigations published on the subject. It was 
determined how the type of structural modification of ibuprofen 
influences the drug's biodegradation. This study confirmed 
the effect of amino acid type on biodegradation. The work 
delves into the environmental impact of these novel ibuprofen 
derivatives by comparing the acidic ibuprofen form to its 
organic salt, ibuprofenate amino acid alkyl ester. Moreover, 
the study examines how structural modifications of ibuprofen, 
particularly the incorporation of different amino acids and 
alkyl chains, affect its biodegradation. This provides insights 
into how chemical modifications can impact the environmental 
fate of pharmaceutical compounds. The research also explores 
the influence of the type of amino acid used in the structural 
modification on the biodegradation process. This helps in 
understanding how specific amino acids may affect the 
environmental persistence of the compound.

Materials and Methods

Materials
All used chemicals were commercially available and did not 
require purification prior to use. Potassium dihydrogen phosphate 
(KH2PO4), dipotassium hydrogen phosphate (K2HPO4), sodium 
phosphate dibasic dihydrate (Na2HPO4∙2H2O), ammonium 
chloride (NH4Cl), magnesium(II) sulfate heptahydrate 
(MgSO4∙7H2O), calcium chloride dihydrate (CaCl2∙2H2O), 
potassium hydroxide (KOH), sodium hydroxide (NaOH), 
barium hydroxide (Ba(OH)2), hydrochloric acid (HCl), and 
iron (III) chloride hexahydrate (FeCl3∙6H2O) were purchased 
from Chempur, (Piekary Śląskie, Poland). Formic acid (98-
100% for HPLC LiChropur™) was purchased by Supelco. 
Acetonitrile (for HPLC, gradient grade, ≥99.9%) was provided 
by Sigma-Aldrich.

Sodium dodecyl sulfate (SDS, Sigma-Aldrich, ≥99.0%) is 
a commonly used chemical in biodegradation tests, particularly 
in assessing the biodegradability of organic compounds. This 
compound was used as a reference and positive control.

All ibuprofen derivatives were obtained according to 
the method described in the previous publication (Ossowicz-
Rupniewska et al. 2022c). Figure 1 shows the general structure 
of the amino acid alkyl ester ibuprofenates used in the study.

Elemental Analysis
The CHNS/O elemental analysis was conducted using a Thermo 
ScientificTM FLASH 2000 CHNS/O Analyzer (Waltham, 
Massachusetts, United States). Compounds were weighed with an 
accuracy of 0.000001 g in tin crucibles (2–3 mg) for CHNS mode 
analysis and silver crucibles (1–2 mg) for oxygen mode analysis. 
In order to calibrate the device in CHNS mode, 2,5-(Bis(5-tert-
butyl-2-benzoxazol-2-yl) thiophene (BBOT), sulfanilamide, 
L-cysteine, and L-methionine were used as standards. The oxygen 
mode utilised acetanilide and benzoic acid.

The test medium
The test medium was prepared through the addition of the 
following solutions (per litre): 10 mL of solution 1 (adjusted 
to pH 7.4): 8.50 g of KH2PO4, 21.75 g of K2HPO4, 33.40 g of 
Na2HPO4

.2H2O and 0.50 g of NH4Cl; 1 mL of solution 2): 22.50 
g of MgSO4

.7H2O; 1 mL of solution 3: 36.40 g of CaCl2
.2H2O; 

and 1 mL of solution 4: 0.25 g of FeCl3
.6H2O.

Origin of samples of active sludge
First, the active sludge samples have been collected from the 
aeration chamber of the sewage treatment facility Pomorzany 
in Szczecin. The samples were subsequently aerated and stored 
until use. The concentration of active sludge suspensions was 
subjected to a microbiological assay (Schulke Mikrocount 
Duo) to determine the total number of microorganisms (CFU 
per 1 mL of active sludge). A microbiological test containing 
medium and TTC agar with Tergitol-7 (triphenyl tetrazolium 
chloride, according to ISO 9308) was immersed in an active 
sludge for 10 seconds. After 96 hours at room temperature, 
the number of bacteria was determined by comparing the test's 
appearance to that of a standard test (Figure 2).

The Microbial Challenge Test was performed according 
to the procedure described in the following publication 
(Adejokun & Dodou 2020). The microbial challenge test 
was performed using Schulke+ mikrocount® duo dipslides 
containing two agar surfaces (the yellow agar surface promotes 
bacteria growth, i.e., Staphylococcus spp or Escherichia coli, 
while the pink agar surface promotes yeast and fungi growth). 
The yellow surface of the agar was immersed in the test sample 
of activated sludge. The slide was then enclosed and left for 72 
h to allow optimum bacteria growth. All measurements were 
done at room temperature 25 ± 1 °C and a humidity of 33%.

Figure 1. The general structure of ibuprofen derivatives used 
in this study.
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The density of the colony formed on the nutrient plate 
is determined using the colony density charts specified by 
Schulke. After 72 h, microbial growth was observed for the 
10 activated sludge samples tested. Activated sludge samples 
tested, in reference to the colony density, as shown in Figure 2, 
had 105 CFU/mL activated sludge. 

In addition, the experimental method in the agar medium 
determined the total number of microorganisms on 1 ml of 
activated sludge (0.96·105 CFU/mL) (Nowak et al. 2022). The 
lactose Tergitol 7 TTC agar (Merck Millipore) medium was 
used for bacterial cultivation. The medium (20 mL) was poured 
into Petri dishes with a diameter of 90 mm. After the medium 
had solidified 1 mL (1000-fold diluted in PBS) of activated 
sludge was added. The inoculum was evenly spread over the 
surface of the medium. The inoculum was evenly spread over 
the surface of the medium. The slide was then enclosed and left 
for 72 h to allow optimum bacteria growth. All measurements 
were done at room temperature 37 ± 1 °C. The results after 72 
h were used for final analyses. After this time, the number of 
bacterial colonies was calculated, which ranged from 94 to 98. 
The studies showed that the density of the bacterial cultures 
ranged from 0.94-0.98·105 CFU per mL.

Method for determining the potential for aerobic 
biodegradation of ibuprofen derivatives

The only source of carbon and energy were organic 
compounds ibuprofen (IBU) and its derivatives: [GlyOiPr]
[IBU], [AlaOiPr][IBU], [ValOiPr][IBU], [IleOiPr][IBU], 
[LeuOiPr][IBU], [SerOiPr][IBU], [ThrOiPr][IBU], [CysOiPr]
[IBU], [MetOiPr][IBU], [Asp(OiPr)2][IBU], [LysOiPr][IBU], 
[LysOiPr][IBU]2, [PheOiPr][IBU], [ProOiPr][IBU], and SDS 
(sodium dodecyl sulfate as reference compound) in organic 
carbon concentration 40 mg/L, which were tested in triplicate, 
and the results were presented as mean + SD. Three tests were 
conducted independently (in three measuring vessels).

Figure 3 presents the arrangement of the test vessels (1, 
2, 3, 4, and 5) and the placement of a magnetic stirrer (6) 
connected with tubes. The test apparatus was aerated by air 
(I) passing through carbon dioxide (CO2) absorbers (II and 
III). Air, whose velocity was controlled by a valve (IV), was 
routed to a carbon dioxide absorber (1), followed by a CO2 
indicator (2), to indicate the presence of carbon dioxide in 
the air via turbidity. 250 mL of the test medium, 2.5 mL of 
active sediment, and an organic compound corresponding to 

40 mg/L of organic carbon were deposited in test vessel 3. The 
concentrations of the starting compounds were:  53.24 mg/L 
IBU, 59.85 mg/L [GlyOiPr][IBU], 59.16 mg/L [AlaOiPr]
[IBU], 57.96 mg/L [ValOiPr][IBU], 57.46 mg/L [IleOiPr]
[IBU], 57.45 mg/L [LeuOiPr][IBU], 61.96 mg/L [SerOiPr]
[IBU], 62.09 mg/L [ThrOiPr][IBU], 59.42 mg/L [CysOiPr]
[IBU], 63.05 mg/L [MetOiPr][IBU], 61.33 mg/L [Asp(OiPr)2]
[IBU], 59.73 mg/L [LysOiPr][IBU], 57.18 mg/L [LysOiPr]
[IBU]2, 61.09 mg/L [PheOiPr][IBU], 57.92 mg/L [ProOiPr]
[IBU], and 84.11 mg/L (SDS), respectively.

As an effect of the compound's biodegradability, vessel 3 
produced carbon dioxide (CO2), which reacted with sodium 
hydroxide (NaOH) to produce sodium carbonate (Na2CO3):

	    2 NaOH + CO2 = Na2CO3 + H2O � (1)

To identify the concentration of carbon dioxide in a vessel 
(3), 10 mL of solution from vessel (4) was transferred to a 
25 mL volumetric flask. The flask was filled with deionised 
water to the determined maximum level. The sample was 
then analysed (using in triplicate) with a total organic carbon 
analyser by TOC-LCSH/CSN SHIMADZU CORPORATION:

Na2CO3 + 2 HCl = CO2 + 2 NaCl + H2O

NaHCO3 + HCl = CO2 + NaCl + H2O �
(2)

The test sample contains carbonates (Na2CO3) and 
acidic carbonates (NaHCO3) that have been acidified with 
hydrochloric acid (HCl) to achieve a pH of 2-3. Na2CO3 and 
NaHCO3 acidified with HCl are converted to CO2. First, a 
calibration curve was drawn up for sodium carbonate (Na2CO3) 
and sodium bicarbonate (NaHCO3). For this purpose, 4.415 g 
of Na2CO3 (previously dried in a muffle furnace for 2 hours 
using a temperature of 285°C) was introduced into a 1 L flask, 
and then 3.500 g of NaHCO3 (previously dried for 2 hours 
over silica gel) was introduced into the flask. Finally, the flask 
was filled to the mark with deionised water (the water was 
previously boiled). From the starting solution thus prepared, 
dilutions of sodium carbonate and sodium bicarbonate were 
prepared in the concentration range of 0-100 mg/L inorganic 
carbon (IC) and a calibration curve was prepared. The volume 
of the dispensed sample was 50 µL. The calibration curve (y 
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Figure 2. The appearance of the test obtained after immersion of the insert in the active sludge – rights, the appearance of the 
reference test - left.
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= 4.1187x + 7.1718; R2 = 0.999) was used to calculate the 
inorganic carbon (IC) concentration in the test samples.

Figure 3 shows the carbon dioxide measurement apparatus, 
which consisted of the following components: 
I: air with an aeration rate of 50-100 mL/min, used to aerate 
the all test system; 
II and III: CO2 absorber (potassium hydroxide); 
IV: aeration rate control valve a test system; 
1: CO2 absorber (potassium hydroxide at 5 mol/L concentration);
2: CO2 indication (barium hydroxide at 0.01 mol/L 
concentration);
3: 500 mL capacity test vessels stirred mingled with a magnetic 
stirrer 6;
4: CO2 absorber (sodium hydroxide at 0.05 mol/L 
concentration); 
5: O2 absorber (distilled water); 
7: container filled with distilled water, inside which test vessels 
a 500 mL capacity were placed and 
8: cryostat that allows you to precisely set the temperature of 
the distilled water in the container. Incubation was carried out 
at 23 ± 0.5 οC for 28 days.

The biodegradation degree of the test compound was 
determined according to the following formula (1): 
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� (1)

where:
%B - degree of biodegradation,
CIC - concentration of inorganic carbon in the test vessel 4, 
obtained by TOC analysis of the test sample corrected by blank 
(mg/L),
R- dilution of the sample collected from the test vessel 4 (2.5),
V0 - initial volume of NaOH solution in the test vessel 4 (0.25 
L),
i - sample number,
Vp - volume of sample taken from the test vessel 4 (0.01 L),

m - mass of test compound injected into the test vessel 3 (mg),
U - the proportion of carbon in the test compound introduced 
into the test vessel 3 (-).

UPLC-MS/MS method 
Chromatographic separation was carried out with an Ultra-
Performance liquid chromatography system (SCIEX, 
Framingham, MA, USA) equipped with a binary gradient pump 
using a Kinetex® C18 column (100 x 2.1 mm, 2.6 µm particle 
size, 100 Å, Phenomenex, Torrance, CA, USA). Separation was 
performed with a binary mobile phase at 0.5 mL/min flow rate 
for 0.1 min using 0.1% formic acid in water (v/v) (A) and 0.1% 
formic acid in acetonitrile (v/v) (B). The gradient elution was: 
0–0.5 min, 98% B; 0.5–15.0 min, 2–98% B; 15.0–20.0 min, 
98% B; 20.0–20.1 min, 98–2%B. The sample injection volume 
was 10 μL. The UPLC instrument was coupled to ZenoTOF™ 
7600 System – high-resolution mass spectrometry. MS and 
MS/MS data were collected for each sample using Zeno IDA 
for optimal sensitivity on the ZenoTOF 7600 system. Data 
acquisition consisted of a TOF MS scan to collect accurate 
mass precursor ions from 100 to 840 Da and a TOF MS/MS 
full scan ranging from 30 to 840 Da. Data were acquired and 
processed using SCIEX OS software 2.1. 

Results and discussions

Before beginning the biodegradation experiments, the organic 
carbon content was confirmed through elemental analysis. 
Below are the results for the carbon, hydrogen, nitrogen, 
sulphur, and oxygen content of the tested compounds. 

Elemental analysis (%) for IBU: C 75.69, H 8.80, N 0.00, 
O 15.51, for [GlyOiPr][IBU]: C 66.83, H 9.04, N 4.33, O 19.80, 
for [AlaOiPr][IBU]: C 67.64, H 9.25, N 4.15, O 18.96, for 
[ValOiPr][IBU]: C 69.23, H 9.65, N 3.86, O 17.45, for [IleOiPr]
[IBU]: C 69.63, H 9.83, N 3.58, O 16.87, for [LeuOiPr][IBU]: 
C 69.61, H 9.84, N 3.59, O 16.86, for [SerOiPr][IBU]: C 64.58, 
H 8.83, N 3.95, O 22.64, for [ThrOiPr][IBU]: C 65.37, H 9.04, 
N 3.82, O 21.76, for [CysOiPr][IBU]: C 61.76, H 8.45, N 3.80, 
O 17.31, S 8.68, for [MetOiPr][IBU]: C 63.45, H 8.87, N 3.51, 
O 16.10, S 8.06, for [Asp(OiPr)2][IBU]: C 65.23, H 8.80, N 
3.32, O 22.68, for [LysOiPr][IBU]: C 66.98, H 9.72, N 7.11, O 
16.23, for [LysOiPr][IBU]2: C 69.98, H 9.38, N 4.67, O 15.99, 
for [PheOiPr][IBU]: C 72.62, H 8.54, N 3.36, O 15.49, and for 
[ProOiPr][IBU]: C 69.40, H 9.15, N 3.84, O 17.62.

The results indicate that only purified compounds were 
utilised in the research.

Biodegradation study
Figure 4 shows the degradation of the analysed compounds.

Table 1 shows the biodegradation of IBU, amino acid 
derivatives of ibuprofen and SDS (as a reference compound) 
by bacterial cultures. 

The maximum level of biodegradation after 28 days was 
65% ± 3 of ibuprofen. It is, therefore, classified as easily 
degradable (Figure 4). Furthermore, six modified compounds 
[GlyOiPr][IBU] (96%±8), [ValOiPr][IBU] (77%±1), [SerOiPr]
[IBU] (64%±4), [MetOiPr][IBU] (62%±2), [LysOiPr][IBU]2 
(69%±1), and [PheOiPr][IBU] (75%±2), and the reference 
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Figure 3. The test system for measuring carbon dioxide.
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compound - sodium dodecyl sulfate (87%±9) were characterised 
readily by biodegradability. In the case of eight compounds 
[AlaOiPr][IBU] (31%±3), [IleOiPr][IBU] (17%±4), [LeuOiPr]
[IBU] (39%±4), [ThrOiPr][IBU] (49%±3), [CysOiPr][IBU] 
(32%±2), [Asp(OiPr)2][IBU] (39%±4), [LysOiPr][IBU] 
(36%±2) and [ProOiPr][IBU] (42%±5) poorly biodegradation 
susceptibility was observed, after 28 days of the experiment 
(Figure 4).
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Figure 4. Biodegradation curves for the ibuprofen IBU (red line), and ibuprofen salts: [GlyOiPr][IBU], [AlaOiPr][IBU], [ValOiPr][IBU], 
[IleOiPr][IBU], [LeuOiPr][IBU], [SerOiPr][IBU], [ThrOiPr][IBU], [CysOiPr][IBU], [MetOiPr][IBU], [Asp(OiPr)2][IBU], [LysOiPr][IBU], 

[LysOiPr][IBU]2, [PheOiPr][IBU], [ProOiPr][IBU], and sodium dodecyl sulfate SDS (as reference compound – purple line).

Table 1. The half-life of ibuprofen and its derivatives by 
bacterial cultures

The half-life of the analysed compound

IBU [GlyOiPr]
[IBU]

[AlaOiPr]
[IBU]

[ValOiPr]
[IBU]

(h/days)
492/21 206/9 1093/46 347/15

[IleOiPr] 
[IBU]

[LeuOiPr]
[IBU]

[SerOiPr]
[IBU]

[ThrOiPr]
[IBU]

(h/days)
1959/82 856/36 389/16 689/29

[CysOiPr]
[IBU]

[MetOiPr]
[IBU]

[Asp(OiPr)2]
[IBU]

[LysOiPr]
[IBU]

(h/days)
1043/44 381/16 862/36 932/39

[LysOiPr]
[IBU]2

[PheOiPr]
[IBU]

[ProOiPr]
[IBU] SDS

(h/days)
403/17 409/17 804/34 162/7

Table 2. Biodegradation of IBU, amino acid of ibuprofen 
derivatives and SDS by bacterial cultures.

Compound
Phase of degradation (%/h)

Lag 
phase

Degradation 
phase Plateau phase

IBU 0-7/0-33 7-59/33-556 59-65/556-672

[GlyOiPr][IBU] 0-10/0-24 10-86/24-507 86-96/507-672

[AlaOiPr][IBU] 0-3/0-26 3-28/26-500 28-31/500-672

[ValOiPr][IBU] 0-8/0-34 8-69/34-517 69-77/517-672

[IleOiPr][IBU] 0-2/0-12 2-15/12-594 15-17/594-672

[LeuOiPr][IBU] 0-4/0-10 4-35/10-461 35-39/461-672

[SerOiPr][IBU] 0-6/0-21 6-58/21-604 58-64/604-672

[ThrOiPr][IBU] 0-5/0-17 5-44/17-465 44-49/465-672

[CysOiPr][IBU] 0-3/0-13 3-29/13-391 29-32/391-672

[MetOiPr][IBU] 0-6/0-19 6-56/19-451 56-62/451-672

[Asp(OiPr)2][IBU] 0-4/0-86 4-35/86-395 35-39/395-672

[LysOiPr][IBU] 0-4/0-37 4-32/37-349 32-37/349-672

[LysOiPr][IBU]2 0-7/0-29 7-62/29-626 62-69/626-672

[PheOiPr][IBU] 0-8/0-16 8-68/16-619 68-75/619-672

[ProOiPr][IBU] 0-4/0-17 4-38/17-587 38-42/587-672

SDS 0-9/0-15 9-78/15-537 78-87/537-672

SDS - sodium dodecyl sulfate (reference compound).
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The half-life of ibuprofen and its derivatives by bacterial 
cultures is shown in Table 1. 

The half-life of ibuprofen was 21 days (Table 1). 
Furthermore, SDS and six modified compounds [GlyOiPr]
[IBU], [ValOiPr][IBU], [SerOiPr][IBU], [MetOiPr][IBU], 
[LysOiPr][IBU]2, [PheOiPr][IBU] were characterised by a 
shorter half-life than ibuprofen:  7, 9, 15, 16 (both for Ser and 
Met derivatives), and 17 (both for Lys and Phe derivatives) days, 
respectively. The rest eight ibuprofen derivatives [ThrOiPr]
[IBU] (the half-life 29 days), [ProOiPr][IBU] (the half-life 34 
days), [LeuOiPr][IBU] and [Asp(OiPr)2][IBU] (the half-life 36 
days), [LysOiPr][IBU] (the half-life 39 days), [CysOiPr][IBU] 
(the half-life 44 days), [AlaOiPr][IBU] (the half-life 46 days), 
and [IleOiPr][IBU] (the half-life 82 days) were characterised 
by a longer half-life, than the original ibuprofen - Table 1. 

Table 2 presents the degradation phase of ibuprofen and its 
derivatives and SDS.

The ibuprofen reached 10% degradation after 33 hours, 
while ibuprofen derivatives [GlyOiPr][IBU], [AlaOiPr][IBU], 
[IleOiPr][IBU], [SerOiPr][IBU], [ThrOiPr][IBU], [CysOiPr]
[IBU], [MetOiPr][IBU], [LysOiPr][IBU]2, [PheOiPr][IBU], 
[ProOiPr][IBU], and sodium dodecyl sulfate in less than 33 
hours. Due to adaptations of the lag phase microorganisms, the 
compounds [ValOiPr][IBU], [Asp(OiPr)2][IBU] and [LysOiPr]
[IBU] reach 10% degradation not until 34, 86 and 37 hours later. 
The degradation phase of IBU is 523 hours. In contrast, for 9 
ibuprofen derivatives [GlyOiPr][IBU] (degradation time 483 
h), [ValOiPr][IBU] (degradation time 483 h), [AlaOiPr][IBU] 
(degradation time 474 h), [LeuOiPr][IBU] (degradation time 
451 h), [ThrOiPr][IBU] (degradation time 448 h), [MetOiPr]
[IBU] (degradation time 432 h), [CysOiPr][IBU] (degradation 
time 378 h), [LysOiPr][IBU] (degradation time 312 h), and 
[Asp(OiPr)2][IBU] (degradation time 309 h) the degradation 
phase is shorter and ranges from 309 h to 483 h. For 5 ibuprofen 
and sodium dodecyl sulfate derivatives, the degradation phase 
is over 523 h: [IleOiPr][IBU] (degradation time 582 h), 
[SerOiPr][IBU] (degradation time 583 h), [LysOiPr][IBU]2 
(degradation time 597 h), [PheOiPr][IBU] (degradation time 
603 h), [ProOiPr][IBU] (degradation time 570 h) - Table 2.

It has been shown that the structural modification of 
ibuprofen, specifically the introduction of different amino acids 
and alkyl esters, has a significant impact on the biodegradation 
of the drug. Here's how the structural modifications affect 
biodegradation: 
a) Easily Biodegradable Compounds: [GlyOiPr][IBU], 
[ValOiPr][IBU], [SerOiPr][IBU], [MetOiPr][IBU], [LysOiPr]
[IBU]2, and [PheOiPr][IBU] all showed high levels of 
biodegradation (ranging from 64% to 96%) after 28 days. 
This suggests that these modified compounds are readily 
biodegradable. The presence of specific amino acids and alkyl 
esters in these compounds likely enhances their susceptibility to 
microbial degradation. The structural modifications may make 
them more appealing to the biodegrading microorganisms, 
leading to higher degradation rates. 
b) Poorly Biodegradable Compounds: [AlaOiPr][IBU], [IleOiPr]
[IBU], [LeuOiPr][IBU], [ThrOiPr][IBU], [CysOiPr][IBU], 
[Asp(OiPr)2][IBU], [LysOiPr][IBU], and [ProOiPr][IBU] 
exhibited lower levels of biodegradation (ranging from 17% to 
49%) after 28 days. These compounds, despite being structurally 
modified, showed a reduced susceptibility to biodegradation. 

The specific modifications or combinations of amino acids and 
alkyl esters in these compounds may make them less accessible 
or less favourable to biodegrading microorganisms.

In summary, the structural modifications of ibuprofen, 
such as the incorporation of different amino acids and alkyl 
esters, have a direct impact on the biodegradability of the 
drug. Some modifications enhance biodegradability, making 
the compounds more easily degraded by microorganisms, 
while others reduce biodegradability, making them persist 
longer in the environment. The specific chemical structures 
and properties of the modified compounds likely play 
a crucial role in determining their biodegradation rates. 
Based on the structures of amino acid anions, differences in 
the biodegradability of different [AAOiPr][IBU] could be 
explained. The use of amino acids with branched side chains, 
such as Val, Leu, and Ile, as anions increased resistance to 
degradation by microorganisms, resulting in biodegradability 
of 17–39%, as opposed to the 96% biodegradability observed 
with the unbranched side chain of [GlyOiPr][IBU]. Similar 
observations have been made with amino acid anions to date. 
According to Petkovic et al., ILs with branched-chain alkanoate 
anions are more resistant to fungal attack than their linear 
isomers (Petkovic et al. 2010). In addition, Hou et al. found 
a decrease in the aerobic biodegradation of branched amino 
acid derivatives of choline [Chol][AA] (Hou et al. 2013). In 
our investigation, [AlaOiPr][IBU] exhibited unexpectedly 
high resistance to degradation (31% biodegradability). The 
presence of a hydroxyl group in the chain was not observed 
to increase biodegradability, as observed by other authors 
(Ford et al. 2010). In accordance with Boethling's principles 
of thumb (Boethling, Sommer & DiFiore 2007), the presence 
of carboxylate groups or hydrolysable bonds, such as ester and 
amide, increases aerobic biodegradability. However, the results 
of this study do not support these assumptions. What is also 
interesting and quite rare, the amino acid derivative containing 
the structure of a single aromatic ring [PheOiPr][IBU] gave 
relative biodegradability results (75%).

Metabolites analysis
Based on literature data on ibuprofen metabolites and 
transformation proposals from the Molecular Profiler program, 
a list of potential metabolites and possible transformations 
during the biodegradation process of analysed compounds was 
selected, presented in Table 3.

The results of the content of selected individual metabolites 
in the tested derivatives are shown in Figure 5. Detailed data 
obtained from the UPLC-MS/MS analysis are presented in 
Table 4. There is a strong similarity between the metabolite 
profile of ibuprofen and its amino acid derivatives. For all 
analysed compounds, the oxidation process and the formation 
of a metabolite with a molar mass of 222.13. Processes 
such as desaturation and the formation of a metabolite with 
a molar mass of 204.11 were also confirmed. In addition, in 
all analyzed samples, with the exception of [LysOiPr][IBU]2, 
the process of Demethylation and Hydrogenation and the 
formation of 3-isobutylphenol are observed. We compared the 
contents of 5 metabolites observed and confirmed in the case 
of biodegradation, most ibuprofen derivatives. It can be seen 
that the change of the amino acid substituent affects the content 
and type of metabolites formed.
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Conclusions

The removal of ibuprofen by an activated sludge system is 
influenced by a number of physical and biological factors, 
including ibuprofen concentration in wastewater, the 
pretreatment system, environmental conditions, and the 
microbial community present in sludge (Chopra & Kumar 
2020a). The inability of microorganisms to degrade ibuprofen 
could account for its presence in water (Rastogi, Tiwari & 
Ghangrekar 2021). In order to completely eliminate these 
compounds from wastewater, it is necessary to synthesize 
ibuprofen derivatives with a higher degradation profile in 
aquatic environments. This study evaluated the biodegradability 
of 16 organic compounds (including 14 novel ibuprofen salts) 
using activity sludge under aerobic conditions to ascertain their 
persistence in the environment. The OECD-recommended 
method for assessing the biodegradability of these compounds 
was proposed, in which aerobic biodegradability was evaluated 
by measuring the CO2 emitted. The biodegradability degree 
was calculated. The results from three series of experiments 
were presented as the mean value with standard deviations. 
According to the biodegradability value, ibuprofen and its new 
derivatives were classified as readily or poorly biodegradable. 
Our research on the assessment of the biodegradation of 
ibuprofen and its derivatives by bacterial cultures showed that 
8 of 14 compounds tested: IBU, [GlyOiPr][IBU], [ValOiPr]
[IBU], [SerOiPr][IBU], [MetOiPr][IBU], [LysOiPr][IBU]2, 
[PheOiPr][IBU] and SDS constitute an attractive source of 
carbon and energy for the active sludge used. Within 28 days, 
these compounds were readily biodegradable. There were no 
simple relationships between the structure, properties of the 
obtained derivatives, and biodegradability.

The samples after biodegradation were subjected to 
UPLC-MS/MS analysis in order to analyze the metabolites, and 
it was shown that the metabolite profiles of ibuprofen and its 
derivatives are similar.
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