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a b s t r a c t 

Natural and synthetic particulates in aquatic environments can act as a vector for chiral pharmaceutical drugs. 
Understanding enantiomer enrichment in the particulate phase of water matrices is essential considering the 
enantiospecific effects that chiral drugs can have on exposed organisms. Therefore, the enantiospecific adsorption 
of the cationic drugs fluoxetine and propranolol to polyhydroxyalkanoate bioplastic, polyamide microplastic, 
and cellulose particulates was investigated in 0.01 M calcium chloride (CaCl 2 ) buffer and real environmental 
matrices. Fluoxetine enantiomers adsorbed to all particulate types under all conditions studied. Yet, propranolol 
only adsorbed to polyamide in 0.01 M CaCl 2 buffer at pH 11, and in samples prepared using real matrices (river 
water and wastewater). No enantioselectivity was observed in the adsorption of fluoxetine or propranolol, or their 
subsequent desorption in a simulated gastric environment. Findings showed the enantiomeric composition of the 
adsorbed drug will reflect that of the dissolved drug assuming no degradation takes place. However, further 
enantiospecific adsorption studies are now needed on a broader range of chiral drugs and particulate matter 
found in water. Importantly, drug adsorption was considerably greater in river water and wastewater compared 
to 0.01 M CaCl 2 buffer (2.1 to 5.3 times for fluoxetine). Most adsorption studies reported in the literature use 
0.01 M CaCl 2 buffer to conform with international guidelines for assessing the adsorption behaviour of chemicals. 
Although such conditions enable direct comparison with similar studies, they can underestimate cationic drug 
adsorption to particulates in engineered and natural environments. This needs consideration in future studies on 
drug adsorption to microplastics and other particulate matter in laboratory studies. 
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. Introduction 

There are concerns that particulate matter present in water, such
s microplastics, can act as a vector of other pollutants. This includes
harmaceutical drugs which have known health effects on aquatic or-
anisms ( Fogliano et al., 2022 ; Medkova et al., 2022 ). Research has
ound that cationic drugs more hydrophobic in nature have the great-
st propensity to (i) adsorb to synthetic microplastics in water, and
ii) desorb from the microplastic surface under a low pH gastric en-
ironment ( McDougall et al., 2022 ). Several of the more hydropho-
ic cationic drugs are chiral, including antidepressants and some beta-
lockers. Chiral drugs exist as two or more enantiomers which differ
n their three-dimensional structure. Differences in shape mean enan-
iomers of the same drug can interact differently in biological en-
ironments. To date, environmental research on enantioselective be-
aviour of chiral drugs has focussed on their occurrence, degradation,
nd toxicity ( Bagnall et al., 2013 ; Baker and Kasprzyk-Hordern, 2013 ;
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ndrés-Costa et al., 2017 ). Only a few studies have investigated the ad-
orption of chiral drugs at the enantiomeric level ( Sanganyado et al.,
016 ; Chen et al., 2022 ). It is essential to improve the understanding
f enantiospecific adsorption to suspended particulate matter to better
redict the fate and effects of chiral drugs in the environment. 

There is a variety of natural (e.g., cellulose) and synthetic partic-
late matter (e.g., microplastics) present in the aquatic environment.
ature particulates such as cellulose have several chiral centres in
ach repeating monomer which could result in different interactions
ith drug enantiomers. Indeed, cellulose based liquid chromatography

tationary phases (derivatised with achiral reagents) are commonly
pplied to separate drug enantiomers for enantioselective analysis
 Petrie et al., 2019 ). However, no previous study has investigated
he enantiospecific adsorption of chiral drugs to cellulose in water.
anganyado et al. (2016) investigated the enantiospecific adsorption
f various beta-blockers to wastewater sludge (containing an expected
ixture of natural and synthetic particulates) using controlled batch
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aboratory experiments. Several drugs including R/S( ± )- acebutolol
nd R/S( ± )- metoprolol showed enantioselective adsorption with up to
wo-fold difference in enantiomer adsorption of the same drug. 

Petroleum based microplastics in their manufactured form are not
hiral in nature and therefore not expected to result in enantiose-
ective drug adsorption. However, Elmer-Dixon et al. (2022) found
hat as polyethylene plastic aged it formed chiral nanostructures
n its surface which could result in enantioselective adsorption.
hen et al. (2022) noted a small (3–5%) but significant difference in
he adsorption of R/S( ± )- ofloxacin and levofloxacin ( S(-)- ofloxacin)
o polyethylene microplastics. Unfortunately, enantioselective analysis
as not performed to demonstrate differences in enantiomer adsorp-

ion in those experiments performed on the racemic drug. Numerous
tudies report non-linear adsorption isotherms for drugs and microplas-
ics ( Li et al., 2022 ; Sun et al., 2022 ; Wagstaff and Petrie, 2022 ), in-
icating a concentration dependant adsorption process. This could re-
ult in those drugs present in non-racemic composition in water being
ubject to enantioselective adsorption (causing differences between the
rug enantiomeric composition in water and that adsorbed to particu-
ate matter). 

Concerns on the effects and persistence of plastics in the environment
as led to the design and production of biodegradable plastic alterna-
ives or bioplastics. Bioplastics such as polylactic acid and polyhydroxy-
utyrate/polyhydroxyvalerate co-polymers are derived from biological
ubstances rather than petroleum. Resultantly, they have chiral struc-
ures which could see different interactions with drug enantiomers. Drug
dsorption to bioplastic particulates has been established ( Sun et al.,
022 ). However, no study has investigated drug adsorption at the enan-
iomeric level to bioplastic particulates. 

A further consideration for drug enantiomer adsorption is their inter-
ction with other chiral dissolved organic species in the water matrix.
or example, humic acid is found in natural waters at comparatively
reater concentrations than drugs. Studies found humic acid can influ-
nce drug adsorption to microplastics ( Zhang et al., 2018 ). Humic acid
an retain drugs in the aqueous phase if itself does not adsorb to par-
iculate matter. Otherwise, humic acid that adsorbs to the particulate
urface can act as a bridge for drug adsorption ( Zhang et al., 2018 ).
umic acid has been found to adsorb to the more polar microplastics

e.g., polyamide) ( Zhang and Bai, 2002 ), whereas it has little interac-
ion with polyethylene ( Wu et al., 2016 ). Therefore, it is important to
ndertake enantioselective adsorption studies in the presence of humic
cid. 

Suspended particulate matter can be ingested by cold- and warm-
looded aquatic organisms. Microplastics have been found in the
astrointestinal tract of birds, mammals, fish, and macroinvertebrate
 Hoang and Mitten, 2022 ; Parker et al., 2022 ; Philipp et al., 2022 ). Nu-
erous studies report considerable desorption of drugs ( ≥ 50% of the ad-

orbed concentration) from microplastics in a simulated low pH gastric
nvironment ( Lin et al., 2020 ; McDougall et al., 2022 ; Wagstaff et al.,
022 ). The role of enzymes (e.g., pepsin) in the desorption process
ay also result in enantioselectivity, different to that observed during
etabolism. Liu et al. (2020) reported pepsin can enhance drug desorp-

ion by increasing drug solubility in solution as well as competing for
dsorption sites on microplastics surfaces. Again, no data exists on the
nantioselectivity of drugs during the desorption process. 

The aim of this study was to address some of the knowledge gaps on
he enantioselective adsorption and desorption of chiral drugs to and
rom suspended particulate in water. Enantiospecific adsorption to dif-
erent particulates including polyhydroxybutyrate/polyhydroxyvalerate
% bioplastic, polyamide, and cellulose, and their subsequent des-
rption in gastric fluids was investigated. Laboratory studies were
tilised to enable close control of test conditions and to study partic-
lates in isolation of others. The beta-blocker propranolol and the anti-
epressant fluoxetine were investigated due to their propensity to ad-
orb to particulate matter in water, and their ubiquity in the environ-
ent ( Proctor et al., 2021 ). 
2 
. Materials and methods 

.1. Materials 

Reference standards of R/S( ± )- propranolol hydrochloride, S(-)-

ropranolol hydrochloride, R( + )- propranolol hydrochloride, R/S( ± )-

uoxetine hydrochloride, S( + )- fluoxetine hydrochloride and R(-)-

uoxetine hydrochloride were purchased from Sigma Aldrich (Gilling-
am, UK). High-performance liquid chromatography (HPLC) grade
ethanol and ammonium acetate, glacial acetic acid, calcium chloride

CaCl 2 ), GF/F glass fibre filter papers, 4 mm polyvinylidene fluoride
PVDF) 0.45 μm syringe filters, hydrochloric acid (HCl) and sodium hy-
roxide (NaOH) were obtained from Fisher Scientific (Loughborough,
K). Pepsin A ( ≥ 500 U mg − 1 ), sodium chloride (NaCl), humic acid
nd sodium azide (NaN 3 ) were purchased from Sigma Aldrich. Ul-
rapure water was 18.2 M Ω cm 

− 1 quality. Bioplastic (polyhydroxybu-
yrate/polyhydroxyvalerate 1%) and polyamide (Nylon 12) were pur-
hased from Goodfellow Cambridge Limited (Huntingdon, UK). Cellu-
ose (microcrystalline) was obtained from Sigma Aldrich (see Table 1 ).
unicipal wastewater (5 L) was collected from a septic tank and river
ater (5 L) from the River Don in North-East Scotland during October
021 and frozen at − 20 °C. Wastewater and river water did not contain
etectable levels of propranolol and fluoxetine. 

.2. Microplastics characterisation 

Attenuated Total Reflectance-Fourier Transform Infrared (ATR-
TIR) Spectroscopy analysis was used to confirm the material received
rom the supplier. The ATR-FTIR scanning wavenumber was set from
00 to 4000 cm 

− 1 . The spectra were produced using 32 scans per sam-
le at resolution of 4 cm 

− 1 (Figure S1). The particle size distribution was
valuated using the Mastersizer 3000 Laser Diffraction Particle Size an-
lyzer (Malvern Panalytical, UK). The zeta potential measurement was
arried out in 0.01 M CaCl 2 buffer under different pH values (3, 5, 7,
, and 11) using a Malvern Zetasizer (Nano ZS, UK). Scanning Electron
icroscopy (SEM, EVO LS10, Carl Zeiss, UK) imaging was performed to

valuate the surface morphology of the particulates. 

.3. Adsorption experiments 

Adsorption experiments were conducted in 0.01 M CaCl 2 in ultra-
ure water adjusted to pH 7.5. In 50 mL conical flasks 20 mL of 2500 mg
 

− 1 bioplastic, polyamide or cellulose were prepared. These were kept
n the dark and mixed at 220 rpm using a MaxQ 4000 orbital shaker
Thermo Scientific, Loughborough, UK) maintained at 20 °C. This en-
ured all particle types were fully mixed and evenly distributed in the
ater. Samples were mixed for one hour prior to spiking with drugs. Up-

ake kinetics and equilibrium time were established at a spiked racemic
rug concentration of 1 mg L − 1 (i.e., 0.5 mg L − 1 of the individual
nantiomers). This gave drug to particulate ratios similar to previous
tudies ( Wu et al., 2016 ; Razanajatovo et al., 2018 ). Samples were col-
ected following 0.5, 1, 2, 4, 6, 24, 48, 72 and 96 h mixing ( Wagstaff and
etrie, 2022 ). The uptake kinetics were fitted using the pseudo-second
rder model: 

 𝑡 = 

𝑞 2 
𝑒 
𝑘𝑡 

1 + 𝑞 𝑒 𝑘𝑡 
(1)

Where q t (mg kg − 1 ) is the adsorbed fluoxetine concentrations at any
ime, q e (mg kg − 1 ) is the adsorbed enantiomer concentration under equi-
ibrium, t (hours) is the mixing time and k (kg mg − 1 h − 1 ) is the equi-
ibrium rate constant. 

Racemic drugs concentrations of 0.5, 1.0, 1.5, 2.0 and 2.5 mg L − 1 

ere used to establish adsorption isotherms Wagstaff and Petrie, 2022 ).
he Freundlich ( (2) and Langmuir (3) isotherms were used to model the
ata: 

 = 𝐾 𝐶 

1∕ 𝑛 
(2)
𝑒 𝐹 𝑒 
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Table 1 

Properties of the bioplastic, polyamide, and cellulose particulates. 

Particulate material Monomer Size (μm) Surface area 
(m 

2 kg − 1 ) 
Zeta potential 
(mV) 

SEM image d 

D 50 Range 

Bioplastic a 

(polyhydroxybutyrate/ 
polyhydroxyvalerate 1%) 

R = CH 3 (polyhydroxybutyrate) 
R = CH 2 CH 3 (polyhydroxyvalerate) 

13 1–310 790 − 1.4 (pH 3) 
− 19.0 (pH 5) 
− 26.2 (pH 7) 
− 27.1 (pH 9) 
− 29.5 (pH 11) 

Polyamide (Nylon 12) b 89 4–211 110 − 4.6 (pH 3) 
− 8.4 (pH 5) 
− 14.8 (pH 7) 
− 14.9 (pH 9) 
− 16.8 (pH 11) 

Cellulose 
(microcrystalline) c 

126 11–352 69 − 2.3 (pH 3) 
− 3.2 (pH 5) 
− 5.5 (pH 7) 
− 4.0 (pH 9) 
− 5.5 (pH 11) 

Note: the chemical composition of the different particulate material was confirmed by FTIR analysis (Figure S1). 
a Manufacturer reported maximum size = 250 μm. 
b Manufacturer reported maximum size = 250 μm; D 50 = 90 μm. 
c Manufacturer reported mean size = 90 μm. 
d 10,000x magnification for bioplastic and 1,000x for polyamide and cellulose. 
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 𝑒 = 

𝑞 𝑚𝑎𝑥 𝐾 𝐿 𝐶 𝑒 

1 + 𝐾 𝐿 𝐶 𝑒 

(3)

C e (mg L − 1 ) is the remaining enantiomer concentration in water,
 F [(mg kg − 1 )(mg L − 1 ) n ] and n are the Freundlich constants, K L is the
angmuir constant (L mg − 1 ), and q max (mg kg − 1 ) is the estimated max-
mum adsorption capacity. The data was modelled in Microsoft Excel
sing the Solver tool. 

The influence of drug enantiomeric composition on adsorption was
nvestigated at different drug enantiomeric fraction (EF) values of 0.1,
.3, 0.5, 0.7 and 0.9 at 1 mg L − 1 total drug concentration (sum of
oth enantiomers). The EF is used to describe the concentration of drug
nantiomers relative to one another and calculated using: 

𝐹 = 

( + ) 
( + ) + ( − ) 

(4)

 + ) is R( + )- propranolol or S( + )- fluoxetine, and (-) is S(-)- propranolol
r R(-)- fluoxetine. The EF value can vary between 0 (when the concen-
ration of ( + ) is zero) and 1 (when the concentration of ( − ) is zero) and
n EF of 0.5 represents a racemic mixture of enantiomers. 

The role of changing drug speciation and particulate surface charge
n enantiomer adsorption was investigated by adjusting water pH (3,
3 
, 7, 9 and 11) using HCl or NaOH. The effect of dissolved organic
atter on enantiomer adsorption was studied using humic acid con-

entrations at 0, 5, 10, 25 and 50 mg L − 1 . Adsorption was also in-
estigated in filtered wastewater and river water (instead of 0.01 M
aCl 2 buffer). For these experiments wastewater and river water was
efrosted overnight, filtered through GF/F filters, and treated with 0.2 g
 

− 1 sodium azide to limit any microbial activity. All samples were col-
ected following 72 h of mixing. Water samples were filtered through
.45 μm PVDF filters ready for enantioselective high-performance liq-
id chromatography-tandem mass spectrometry (HPLC-MS/MS) anal-
sis. Equivalent experiments without particulates (control) to evaluate
ny pharmaceutical losses to glassware were utilised for all experiments,
nd to determine the adsorbed drug concentrations. All experiments
ere performed in triplicate. 

.4. Desorption experiments 

Initially, adsorption experiments were conducted in 0.01 M CaCl 2 
uffer (pH 7.5) at racemic drug concentrations of 2.5 mg L − 1 as de-
cribed in Section 2.2 . Following 72 h mixing the particulates were col-
ected and transferred into 20 mL gastric fluid (particulate concentra-
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Fig. 1. Adsorption of S( + )- fluoxetine and R(-)- fluoxetine to bioplastic (a), polyamide (b) and cellulose (c) particulates in 0.01 M CaCl 2 buffer at pH 7.5 over 96 h, 
and the difference in enantiomeric fraction of the adsorbed drug compared to the enantiomeric fraction of the drug in water without particulates added (EF DIFFERENCE ). 
The dashed line represents the data fitted to the pseudo-second order model. 

t
p  

s  

b  

a  

t  

p  

p  

t  

d

2

 

c  

p  

a  

0  

u  

q  

t  

N  

t  

l  

p  

t  

fl  

T  

e

3

3

 

R  
ion = 2500 mg L − 1 ). Simulated gastric fluids comprised 3.2 g L − 1 

epsin A in 100 mM NaCl at pH 2 using HCl ( Liu et al., 2020 ). Desorption
tudies were undertaken at 20 °C and 37 °C to mimic cold- and warm-
looded organism temperatures. Samples were mixed at 220 rpm using
 MaxQ 4000 orbital shaker and collected at 15, 30, 60, and 120 min
o encompass a typical gastric digestion time ( Wang et al., 2011 ). Ex-
eriments were conducted on bioplastic, polyamide and cellulose and
erformed in triplicate. Experiments were also conducted without par-
iculates at a 1 mg L − 1 racemic drug concentration to determine any
rug loses in the gastric fluid over the 120-minute study period. 

.5. Analytical methods 

Enantiomer separation was performed using a Chirobiotic V2® HPLC
olumn (250 × 2.1 mm; 5 𝜇m) maintained at 11 °C. The mobile
hase was methanol containing 1 mM ammonium acetate and 0.01%
cetic acid operated under isocratic conditions with a flow rate of
.35 mL min − 1 . The injection volume was 4 𝜇L and run time 19 min-
4 
tes. An Agilent 1200 Infinity Series HPLC coupled to a 6420 triple
uadrupole MS/MS (Cheshire, UK) was used for analysis. Positive elec-
rospray ionisation (ESI) with a capillary voltage of 4000 V was used.
itrogen was the nebulising, desolvation and collision gas. The desolva-

ion temperature was 350 °C with a gas flow of 12 L min − 1 . The nebu-
ising pressure was 50 psi. Multiple reaction monitoring transitions for
ropranolol and fluoxetine is found in Table S1. Matrix matched calibra-
ions (0.01 M CaCl 2 buffer, wastewater, river water or simulated gastric
uids) were used to account for any matrix specific signal suppression.
he calibrations ranged from 0.01 to 3 mg L − 1 of the racemic drug. An
xample chromatogram is shown (Figure S2). 

. Results and discussion 

.1. Adsorption of chiral drugs to particulate matter in water 

Initially, the adsorption of R/S( ± ) -propranolol and
/S( ± ) -fluoxetine was investigated to polyhydroxybu-
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Fig. 2. Freundlich (broken line) and Langmuir 
isotherms (unbroken line) of S( + )- fluoxetine 
and R(-)- fluoxetine adsorption to bioplastic 
(green), polyamide (yellow) and cellulose 
(blue) particulates in 0.01 M CaCl 2 buffer at 
pH 7.5. Circles show the experimental data. 

Fig. 3. Influence of fluoxetine enantiomeric fraction in 0.01 M CaCl 2 buffer at pH 7.5 (x-axis) on the enantiomeric fraction of fluoxetine adsorbed to bioplastic (a), 
polyamide (b) and cellulose (c) particulates (y-axis). 
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yrate/polyhydroxyvalerate 1% bioplastic, polyamide and cellulose
uring 96 h mixing. Adsorption of fluoxetine enantiomers fitted the
seudo-second order kinetic model with coefficient of determination
 r 2 ) values ≥ 0.946 suggesting that 94.6% of the variability in the data
as described by the regression line (Table S2). Both the experimental
nd calculate q e values compare well ( Fig. 1 ; Table S2). Fluoxetine
nantiomer adsorption followed the order; bioplastic (74 mg kg − 1 )
 polyamide (67 mg kg − 1 ) > cellulose (51 mg kg − 1 ) ( Fig. 1 ; Table
2). Concha-Graña et al. (2022) found the adsorption of pesticides
nd personal care products was higher to polyhydroxybutyrate than
olyamide. Bioplastics typically contain nanoscale pores which other
ollutants can enter and become trapped ( Ribba et al., 2022 ). However,
t should be noted that the adsorption in our study increased with
ncreasing surface area (and increasing negative surface charge) of
he three particulate types ( Table 1 ). Therefore, direct comparisons
etween particulate type in this study should be made with caution due
o differences in their size and surface charge ( Table 1 ). 

Since adsorption proceeded rapidly ( Fig. 1 ), subsequent experiments
sed 72 h mixing, aligning with previous studies investigating the drug
5 
dsorption to microplastics in 0.01 M CaCl 2 buffer ( Razanajatovo et al.,
018 ; Elizalde-Velázquez et al., 2020 ). Interestingly, little difference in
( + ) -fluoxetine and R(-) -fluoxetine adsorption was observed. No no-
able differences in fluoxetine EF values in control experiments and that
dsorbed to the particulate material were observed ( Fig. 1 ). Previous re-
earch indicates that the cationic speciation of fluoxetine coupled with
ts hydrophobicity are important for its adsorption ( McDougall et al.,
022 ). 

The adsorption of propranolol enantiomers was < 5% and no measur-
ble concentration difference was found in water between the control
no particulates) and test experiments (particulates removed by filtra-
ion following mixing). The less hydrophobic nature of propranolol com-
ared to fluoxetine, as shown by its lower pH dependant octanol-water
artition coefficient at pH 7.5 (log D OW 

1.55 compared to 1.75 – Figure
3), is likely to contribute to its lack of adsorption. However, previous
esearch in environmental waters has found higher adsorption of pro-
ranolol to microplastics than observed in this study ( McDougall et al.,
022 ; Wagstaff et al., 2022 ). Puckowski et al. (2021) showed that
he sorption of pharmaceuticals, including propranolol, on polyethene,
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Fig. 4. Effect of water pH (left) and humic acid concentration (right) on adsorption of S( + )- fluoxetine and R(-)- fluoxetine to bioplastic (a), polyamide (b) and 
cellulose (c) particulates in 0.01 M CaCl 2 buffer (primary y-axis), and the difference in enantiomeric fraction of the adsorbed drug compared to the enantiomeric 
fraction of the drug in water without particulates added (secondary y-axis). Water containing different humic acid concentrations was kept constant at pH 7.5. K d (L 
kg − 1 ) is the distribution coefficient between the particulate and water phases. 
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olypropylene, and polyvinyl chloride was negatively influenced by the
onic strength of the medium. Propranolol occurs predominantly in its
ationic form at pH values below 9.52 (as does fluoxetine). It is pos-
ible that the low sorption of propranolol is due to chaotropic effect,
hereby the CaCl 2 of the buffer acts as a chaotropic agent that disrupts
ydrogen bonds between the polar functional groups of the particulates
nd propranolol. Propranolol has a hydroxyl functional group within its
tructure whereas fluoxetine does not (Figure S4). Chaotropic effect has
een reported in lignocellulosic biomass ( Zongo et al., 2019 ), chiral sta-
ionary phases ( Flieger, 2009 ) and biofibers ( Mittal et al., 2019 ). There-
ore, hydrogen bonding (involving the hydroxyl functional group) may
e the dominant adsorption interaction between propranolol and par-
iculates in water. Whereas fluoxetine has a trifluoromethyl functional
6 
roup within its structure leading to hydrophobic interactions (Figure
4). 

Adsorption was assessed at individual enantiomer concentrations in
ater ranging from 0.25 to 1.25 mg L − 1 . No adsorption of propra-
olol was noted at any of the studied concentrations. The adsorption
ata for fluoxetine enantiomers were fitted to the Langmuir and Fre-
ndlich isotherms with r 2 values in the range 0.766–0.980 ( Fig. 2 ; Table
2). They had similar or greater r 2 values when fitted to the Freundlich
sotherm compared to the Langmuir isotherm (Table S2). Fitting to the
reundlich isotherm indicates multilayer adsorption to the particulate
urface and has been commonly used to model the adsorption of drugs
o particulate matter ( Zhang et al., 2018 ; Liu et al., 2019 ). There was
o clear difference between the adsorption of individual enantiomers at
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Fig. 5. Adsorption of S( + )- fluoxetine and R(-)- fluoxetine to bioplastic (a), polyamide (b) and cellulose (c) particulates in 0.01 M CaCl 2 buffer, river water and 
wastewater (primary y-axis), and the difference in enantiomeric fraction of the adsorbed drug compared to the enantiomeric fraction of the drug in water without 
particulates added (secondary y-axis). K d (L kg − 1 ) is the distribution coefficient between the particulate and water phases. 
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ach of the concentrations studied. However, the non-linear adsorption
greater adsorption at lower concentrations – see Fig. 2 ) suggests enan-
ioselectivity in adsorption may be observed where the drug is already
n non-racemic composition. 

.2. Enantiomeric fraction variation 

The influence of drug EF on enantiomer adsorption was assessed at
F values of 0.1, 0.3, 0.5 (racemic), 0.7 and 0.9 (sum of both enan-
iomers = 1 mg L − 1 ). There was a close agreement between the mea-
ured EF in the blank (water with no particulates added) and the EF of
dsorbed fluoxetine for all experiments ( Fig. 3 ). This is despite an EF of
.1 and 0.9 having a nine-fold difference in enantiomer concentration.
he data used to model the isotherms had a five-fold difference between
he minimum and maximum enantiomer concentrations. However, the
sotherm data is generated from different total drug concentrations. It is
ostulated that as the drug concentration in water increases it begins to
aturate the number of available preferential adsorption sites resulting
n a reduced percentage of adsorbed drug. As the total drug concentra-
ion was constant where the EF was varied (1 mg L − 1 ), the same pro-
ortion of total drug was adsorbed and no enantiospecific adsorption
ccurred. Therefore, it can be expected that the EF adsorbed to partic-
late matter in aquatic environments will reflect the EF of the aqueous
hase assuming no degradation takes place. Evans et al. (2015) reported
 fluoxetine EF value of 0.7 in influent wastewater, effluent wastewater,
nd digested sludge. 

.3. Water pH 

Mobile phase pH is an important optimisation parameter when
anipulating enantiomer interactions with chiral stationary phases in
PLC analysis ( Sanganyado et al., 2017 ). Therefore, it was anticipated

hat water pH may influence enantiomer specific adsorption to those chi-
al particulates studied (bioplastic and cellulose). Enantiomer adsorp-
ion was studied at pH values of 3, 5, 7, 9 and 11 to assess the influence of
hanging drug speciation and particulate surface charge on enantiomer
dsorption. However, no enantioselectivity in adsorption was observed
cross the three particulate types at any of the pH values investigated
 Fig. 4 ). Water pH did influence total fluoxetine adsorption. Adsorption
o polyamide particulates increased from pH 3 to pH 9. Under these pH
onditions the fluoxetine enantiomers are present in cationic form (Fig-
re S3). The greater adsorption as pH increased was attributed to an
7 
ncreasing negative surface charge of the polyamide which encourages
lectrostatic interaction ( Table 1 ). 

Considerably greater fluoxetine adsorption to polyamide was ob-
erved at pH 11 than any other pH ( Fig. 4 ). This was due to the drug be-
ng in non-ionic form at this water pH (Figure S3), resulting in the drug
aving greater affinity to the hydrophobic polyamide surface. This data
howed a similar trend to fluoxetine adsorption to the same polyamide
articulates in wastewater at different pH values ( Wagstaff et al., 2022 ).
luoxetine adsorption to the bioplastic increased with increased surface
harge ( Fig. 4 ; Table 1 ). However, enhanced adsorption at pH 11 was not
bserved due to the bioplastic not being as hydrophobic as polyamide.
he difference in hydrophobicity was clear when conducting the ex-
eriments as the polyamide tended to aggregate together or ‘stick’ to
lassware surfaces whereas the bioplastic (and cellulose) was uniformly
ixed in the 0.01 M CaCl 2 buffer. Water pH had little effect on cellulose

urface charge and fluoxetine adsorption. 
The only pH conditions that resulted in measurable adsorption of

ropranolol enantiomers was to polyamide particulates at pH 11. The
articulate-water distribution coefficients were 65 ± 6 L kg − 1 and 71 ± 2 L
g − 1 for S(-)- propranolol and R( + )- propranolol, respectively. Under
hese pH conditions propranolol is in non-ionic form (Figure S3), en-
bling hydrophobic interaction with the non-polar polyamide surface
like the adsorption behaviour observed for fluoxetine). 

.4. Humic acid and real matrices 

Humic acid concentrations up to 50 mg L − 1 had little influence
n the enantioselectivity of fluoxetine or its adsorption ( Fig. 4 ). How-
ver, environmental matrices such as river water and wastewater com-
rise a diverse range of dissolved organic species that can influence
rug-particulate interactions. Interestingly, although no enantioselectiv-
ty in fluoxetine adsorption occurred, both river water and wastewater
esulted in enhanced enantiomer adsorption to all particulates studied
 Fig. 5 ). Enantiomer adsorption was 2.1 to 5.3 times in river water or
astewater compared to 0.01 M CaCl 2 buffer. The greatest difference in
dsorption was observed for polyamide particulates. Measurable, albeit
ow adsorption was found for propranolol enantiomers in the samples
repared using environmental matrices (45–67 L kg − 1 for bioplastic;
0–109 L kg − 1 for polyamide; 52–63 L kg − 1 for cellulose), however, no
nantioselectivity was observed. 

Enhanced adsorption of pharmaceuticals in real environmen-
al matrices is significant as most adsorption studies are un-
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Fig. 6. Desorption of S( + )- fluoxetine and R(- 

)- fluoxetine from bioplastic (A), polyamide (B) 
and cellulose (C) particulates in simulated gas- 
tric fluids incubated at 20 °C and 37 °C (primary 
y-axis), and the difference in enantiomeric frac- 
tion of the desorbed drug in gastric fluid com- 
pared to the enantiomeric fraction of the ad- 
sorbed drug (secondary y-axis). 
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ertaken in controlled laboratory conditions using 0.01 CaCl 2 
uffer ( Razanajatovo et al., 2018 ; Elizalde-Velázquez et al., 2020 ;
uckowski et al., 2021 ). Tramadol, a cationic drug, was found to have
ignificantly greater adsorption to soil from wastewater effluent com-
ared to 0.01 M CaCl 2 buffer ( Garduño-Jiménez et al., 2022 ). Reduced
dsorption of fluoxetine observed in our study could be a result of Ca 2 + 

ons competing for adsorption sorption sites and reducing the particulate
urface charge, whereas the lack of propranolol adsorption is caused by
haotropic effect as previously discussed. Although adsorption studies
sing CaCl 2 buffer conform to the Organisation for Economic Cooper-
tion and Development 106 Guideline ( OECD, 2000 ), enabling direct
omparison of studies across the literature, they can underestimate the
 F  

8 
dsorption of cationic pharmaceuticals to particulates in the environ-
ent. 

.5. Desorption 

Fluoxetine enantiomers were found to be unchanged in simulated
astric fluids over 120 min exposure (Figure S5). Propranolol was not
nvestigated due to its low adsorption to all studied particulates in
.01 M CaCl 2 , not enabling desorption to be investigated. Therefore,
ny changes observed during the desorption experiments were a
esult of the desorption process over transformation caused by pepsin.
luoxetine enantiomer desorption reached ∼50% from bioplastic and
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ellulose particulates at both 20 °C and 37 °C ( Fig. 6 ). There is limited
ata available on the desorption of drugs from bioplastics. However,
an et al. (2021) also reported considerable desorption ( > 50%) of tetra-
ycline and ciprofloxacin from virgin and aged bioplastics (polylactic
cid) in simulated intestinal fluids. Little difference in desorption was
bserved over 120 min for bioplastic or cellulose particulates. Previous
esearch has found desorption from microplastics to proceed rapidly in
astric fluid ( Liu et al., 2020 ; Wagstaff and Petrie, 2022 ). 

Fluoxetine desorption from polyamide was ∼40% at 20 °C. However,
esorption increased from 40% at 15 min incubation to 50% following
20 min incubation at 37 °C ( Fig. 6 ). This can be important considering
 typical gastric retention time is 120 min ( Wang et al., 2011 ). Increased
rug desorption from polyamide particulates at greater incubation tem-
eratures was previously observed ( Lin et al., 2020 ; Wagstaff et al.,
022 ). The difference in risk posed by adsorbed fluoxetine on polyamide
articulates to cold- and warm-blooded organisms is expected to be
reater at lower environmental temperatures. Importantly, no enantios-
lectivity in the desorption of fluoxetine was observed. Overall, there
as little difference in desorption of fluoxetine enantiomers between

he natural and synthetic particulates studied. 

. Conclusions and future research 

The study revealed that fluoxetine enantiomers adsorbed to polyhy-
roxyalkanoate bioplastic, polyamide microplastic, and cellulose par-
iculates in 0.01 M CaCl 2 buffer, but without any enantioselectivity.
ubsequent desorption in gastric fluid was not enantioselective. Al-
hough enantioselectivity in adsorption was not observed in real matri-
es (wastewater and river water), there was enhanced enantiomer ad-
orption compared to 0.01 M CaCl 2 buffer. This is an important consid-
ration for future studies that investigate the interaction of drugs with
articulates in water. Despite a lack of enantioselectivity in adsorption
bserved for propranolol and fluoxetine in this study, there is a need
o assess their adsorption to other particulate material found in water
including those pre-exposed to environmental conditions resulting in a
eathered surface). Furthermore, a broader range of chiral drugs need

nvestigated to better understand enantioselectivity in adsorption. 
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 11 

 12 

Figure S1. Attenuated Total Reflectance-Fourier Transform Infrared (ATR-FTIR) spectra of the 13 
bioplastic (A), polyamide (B) and cellulose (C) particulates   14 
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 15 
Figure S2. Enantioselective HPLC-MS/MS chromatograms of racemic propranolol and fluoxetine 16 

at 1 mg L-1 in 0.01 M CaCl2 buffer 17 

 18 

 19 

 20 
Figure S3. Speciation of propranolol (A) and fluoxetine (B) at different pH values. The pH 21 

dependant octanol-water partition coefficient (log DOW) is presented on the secondary y-axis. Data 22 
obtained from ChemAxon (2021) and Pubchem (2021). The orange line represents the cationic 23 

species, the blue line is the neutral (non-ionised) species, and the broken black line is the log DOW 24 

 25 

 26 

 27 
Figure S4. Structures of propranolol (a) and fluoxetine (b)  28 

 29 

 30 
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 32 
Figure S5. Fluoxetine concentration and enantiomeric fraction in gastric fluid at 20 °C and 37 °C 33 

over 120 minutes 34 

 35 

 36 

Table S1. Multiple reaction monitoring parameters for propranolol and fluoxetine 37 

Drug Precursor 
(m/z) 

Cone 
voltage (V) 

Product 1 
(m/z) 

Collision 
energy (eV) 

Product 2 
(m/z) 

Collision 
energy (eV) 

R/S(±)-
propranolol 259.9 110 115.9 10 182.9 10 

R/S(±)-
fluoxetine 309.8 90 44.0 2 147.7 10 

 38 
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Table S2. Kinetics and isotherm data for fluoxetine and bioplastic, polyamide, and cellulose particulates in 0.01 M CaCl2 buffer 40 

Model Type Parameter 
Bioplastic Polyamide Cellulose 

S(+)-fluoxetine R(-)-fluoxetine S(+)-fluoxetine R(-)-fluoxetine S(+)-fluoxetine R(-)-fluoxetine 
Kinetics Pseudo-second 

order 
qe (mg kg-1) 74.0 74.1 66.6 66.7 50.8 51.1 
k (kg mg-1 h-1) 0.0586 0.0489 0.0374 0.0293 0.0196 0.0172 
r2 0.979 0.980 0.991 0.988 0.946 0.946 

Isotherm Freundlich KF [(mg kg-1)(mg L-1)1/n] 130 133 76.0 73.0 66.0 66.0 
  n 1.89 1.79 1.80 1.77 1.65 1.65 
  r2 0.991 0.980 0.790 0.810 0.915 0.916 
 Langmuir qmax (mg kg-1) 190 205 130 128 123 135 
  KL (L mg-1) 1.95 1.69 1.40 1.32 1.15 0.987 
  r2 0.955 0.940 0.766 0.782 0.919 0.924 

 41 
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