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ABSTRACT: Nanoplastics and other cocontaminants have raised
concerns due to their widespread presence in the environment and
their potential to enter the food chain. The harmful effects of these
particles depend on various factors, such as nanoparticle size,
shape, surface charge, and the nature of the cocontaminants
involved. On entering the human body, human serum albumin
(HSA) molecules bind and transport these particles in the blood
system. The esterase-like activity of HSA, which plays a role in
metabolizing drug/toxic compounds, was taken as a representative
to portray the effects of these particles on HSA. Polystyrene
nanoplastics (PSNPs) with different surface functionalization
(plain (PS), amine (PS-NH2), and carboxy (PS-COOH)),
different sizes (100 and 500 nm), and PS with cocontaminant
metformin hydrochloride (Met-HCl), a widely used antidiabetic
drug, were investigated in this study. Fluorescence emission spectra of HSA revealed that PS-NH2 exhibits a greater effect on protein
conformation, smaller NPs have a greater influence on protein structure than larger NPs, and Met-HCl lowers PSNPs’ affinity for
HSA by coating the surface of the NPs, which may result in direct NP distribution to the drug’s target organs and toxicity. Circular
dichroism spectra also supported these results in terms of secondary structural changes. Esterase activity of HSA was inhibited by all
the particles (except Met-HCl) by competitive inhibition as concluded from constant Vmax and increasing Km. Greater reduction in
enzyme activity was observed for PS-NH2 among functionalizations and for 100 nm PS among sizes. Furthermore, Met-HCl lowers
the inhibitory impact of PSNPs on HSA since the drug binds weakly to HSA, and so they can serve as a vector delivering PSNPs to
their target organs, resulting in serious implications.

1. INTRODUCTION
Plastic pollution, such as plastic fragments (mesoplastics,
macroplastics, microplastics: 1 μm to 5 mm and nanoplastics:
< 100 nm) formed from plastic bottles, bags, and packaging,
has recently attracted most to public, policy, and research
interest.1 Through consumption, they enter the food chain and
may have an impact on ecosystems at all levels.2 Additionally,
by adsorbing various copollutants on their surfaces, such as
heavy metals, organic pollutants, and medicinal chemicals,
nanoplastics serve as vectors for the transportation of other
copollutants.3 Polystyrene nanoplastics (PSNPs) are a
significant representative of nanoplastics that get degraded
from widely used disposable plates, tea cups, and so forth and
have been extensively studied for their toxicity to all species.4

Scientific studies have proved that polystyrene nanoplastics
(PSNPs) adsorb a wide range of environmental contaminants
such as pharmaceuticals (oxytetracycline5 and ciprofloxacin6),
pesticides (fipronil,7 triadimenol (TRI), myclobutanil (MYC),
and hexaconazole (HEX)),8 POPs (polychlorinated biphenyls
(PCBs), polycyclic aromatic hydrocarbons (PAHs), and
dichlorodiphenyltrichloroethane (DDT)9), and heavy metals

(arsenic10). However, the adsorption of these substances
depends on various factors such as the characteristics of the
plastics (particle size, surface area/volume, surface charge,
etc.11) and chemical interfaces, such as van der Waals bonds,
hydrophobic interactions, or intraparticle diffusion.12 Other
polymers also have similar physiochemical properties as
polystyrene13 such as nonpolar nature (polyethylene (PE),
polypropylene (PP)), amorphous structure (polyvinyl chloride
(PVC)), and a glass-transition temperature of −90 °C
(PVC).12 These polymers comparatively adsorb the environ-
mental copollutants (sulfamethoxazole on PE,14 tris(2,3-
dibromopropyl) isocyanurate and hexabromocyclododecanes
on PP,15 and tylosin on PP, PE, PS, and PVC16) as
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polystyrene. PVC6 and PE17 have the capacity to adsorb the
hydrophilic drug, ciprofloxacin.
Recent studies of wastewater treatment plant (WWTP)

effluent and surface water have found extremely high quantities
of one such pharmaceutical pollutant: metformin hydro-
chloride (Met-HCl), an antidiabetic drug.18 Our previous
research highlighted the physical and chemical interactions
involved in the adsorption of metformin hydrochloride (Met-
HCl) on PSNPs. Adsorption mechanisms follow pseudo-
second-order kinetics, intraparticle diffusion, and Langmuir
isotherm, undertaking both physisorption (electrostatic
attraction, van der Waal’s interactions, and hydrogen bonds
at different pH) and chemisorption between Met-HCl and
PSNPS, as evidenced from the research.19 Comparably, other
emerging pollutants also adsorb on micronanoplastics (MNPs)
(fipronil,7 oxytetracycline,5 pyrene,20 etc.). Further, similar to
Met-HCl, other hydrophilic compounds (antibiotics,6,17

personal care products11) can also be adsorbed on MNPs.
Several combined toxicity studies of nanoplastics and
copollutants have been conducted on aquatic organisms,21−25

mice models,26,27 and cell lines.28,29 However, only a few
research studies have looked into how MNPs and associated
cocontaminants affect the human circulatory system. Corre-
spondingly, their combined impact on plasma protein, a major
distributor of exogenous compounds in the human blood-
stream, is indispensable to explore. Thus, in this study, the
cocontaminant (Met-HCl)-adsorbed PSNPs on the enzyme
activity of human serum albumin (HSA) were investigated,
which can be extrapolated to other emerging pollutants.
The interaction between HSA and nanoplastics and the

formation of their complex are termed a protein corona.30 This
protein corona is related to the environmental occurrence of
biocorona or ecocorona between MNPs and other environ-
mental contaminants (biomolecules, toxicants, etc.). MNPs
can form corona extensively with a variety of different
substances, including metal cations, inorganic anions, organic
compounds, and biomolecules, due to their high surface area
and significant binding affinity. These coronated compounds
enter the food chain (marine plankton, fishes, higher
organisms) and eventually enter humans causing several
toxicities.31 A number of plasma proteins had a potent affinity
for NPs and generated multilayered corona ranging in size
from 13 to 600 nm. The nonspecific protein−protein
attraction used by the coronated NPs to attract one another
eventually led to protein-induced coalescence in the NPs.
From the protein’s perspective, the contact led to denaturation
and conformational alterations, which rendered the protein
bioincompatible. In comparison to virgin NPs, coronated NPs
with enhanced protein confirmation modifications had a
greater genotoxic and cytotoxic effect on human blood cells
(hemolysis, thrombocyte activation, etc.).32

HSA is perhaps the most explored serum albumin protein; it
has a well-known structure with 585 amino acid residues and
17 disulfide bridges.33 It has three homologous helical
domains, with subdomains IIA and IIIA each having two
unique ligand binding sites designated as site I and site II,
respectively.34 Any foreign particles entering the circulatory
system are immediately exposed to serum albumins, which
attach to them.35 Drug or toxic material distribution and cell
uptake and internalization are all influenced by plasma protein
binding.31,36 Strong protein binding inhibits high molecular
protein−ligand complexes from traversing biological mem-
branes, impairing metabolism, and renal clearance, which may

be a symptom of persistence and/or bioaccumulation.37 HSA
serves as a carrier protein for both endogenous and exogenous
substances, facilitating the delivery of drugs, nutrients,
hormones, fatty acids, and other molecules to specific organs.
These actions assist the HSA’s physiological actions in
conserving homeostasis and aiding the transfer of vital
compounds throughout the body. If the chemical is toxic,
this interaction would result in structural and functional
changes in the molecules, denaturing HSA and reducing its
biological activity.38

HSA has a wide range of enzymatic properties, one such is
“esterase activity”, which refers to HSA’s capacity to hydrolyze
or cleave ester linkages or form covalent bonds with ester
substrates through specific amino acids, which produces
alcohol and carboxylic acid.39 These activities may be
physiologically significant, such as the metabolism of drugs
and other endogenous and exogenous substances, including
toxic substances besides the detoxification of substances
containing ester groups.40 In some clinical circumstances,
such as liver disorders, where alterations to HSA structure or
binding qualities may affect its enzymatic activity, the esterase
activity of HSA may be changed.41 HSA-based biosensors have
been developed as an application to detect ester-containing
substances or to monitor enzymatic processes involving ester
substrates.42 It may also be useful in drug delivery systems,
where ester bonds are exploited as cleavable linkers for the
regulated release of medicines.43 Drugs and pollutants may
bind nonspecifically or specifically at Sudlow’s sites I and II of
HSA, potentially influencing its enzymatic function.44 The
binding of drugs or pollutants to HSA can have a substantial
impact on their pharmaco/toxicokinetics and pharmaco/
toxicodynamics, altering their distribution, metabolism, effi-
cacy, safety, and toxicity.43 These exogenous compounds
inhibit the esterase activity of HSA by reversible or irreversible
inhibition.45 Reversible inhibition includes competitive (bind-
ing to the active site), uncompetitive (binding to the enzyme−
substrate complex), and noncompetitive inhibition (binding a
distinct site from the active site, inducing conformational
changes, and affecting esterase activity), whereas irreversible
inhibition occurs by strong covalent bonds.46

For evaluating the toxicological effects of pollutants on
human health, it is essential to comprehend the potential
inhibition of HSA’s esterase activity. The precise mechanisms
and effects of pollutant-induced inhibition (reversible or
irreversible) on HSA’s esterase activity will be ascertained
through experimental characterization and kinetic analysis. In
toxicology, if nanoplastics or other toxic agents bind to HSA in
a competitive manner, the capacity of HSA to bind to ester-
containing poisonous compounds may be compromised, which
may result in a decline in the detoxification of harmful
chemicals.39 In recent times, the “Trojan horse effect” of
nanoplastics (vectors for other copollutants in the food chain)
has gained importance in assessing their combined toxicity. In
the present research, the effect of different functionalized,
sized, and cocontaminant (Met-HCl)-adsorbed PSNPs on the
esterase enzyme activity of HSA was investigated. Under-
standing these abnormalities might shed light on the
toxicokinetics and toxicodynamics of nanoplastics and their
copollutant complex in the human body.

2. MATERIALS AND METHODS
2.1. Chemicals Required. Monodispersed plain polystyr-

ene microspheres (PS) (mean diameter: 100 and 500 nm),
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carboxylate polystyrene microspheres (PS-COOH) (100 nm),
and amino polystyrene microspheres (PS-NH2) (100 nm)
were acquired from Polysciences, Inc., USA. Using an ultra
sonicator (VCX-750, Sonics & Materials, Inc., USA), micro-
spheres of 10 g/L stock were dispersed in Milli-Q water.
Metformin hydrochloride was procured from Hi-Media
Laboratories, India. Human serum albumin (EC number:
274-272-6) was purchased from Sigma-Aldrich, USA, as a
lyophilized powder. Freshly made phosphate buffer with a pH
of 7.4 was used to make an HSA stock solution (1 × 10−4 M)
from which 1 × 10−5 M was made by dilution for the
interaction investigations. There were three duplicates of each
experiment.

2.2. Field Emission Scanning Electron Microscopy
(FESEM). In order to observe the adsorption of Met-HCl on
PSNPs, pristine PSNPs (10 mg/L, 500 nm) and PSNPs (10
mg/L) that had been exposed to Met-HCl (10 mg/L each)
were held for shaking under conditions that encouraged
maximum adsorption before being completely dehydrated
using the ALPHA 1−2 LD plus freeze-dryer, manufactured by
Martin Christ in Germany. Samples were analyzed for
morphology under a field emission scanning microscope
(Thermo Fisher FEI-Quanta 250 FEG, USA) operated at 20
kV acceleration voltage and a magnification of 50,000×.
Energy-dispersive X-ray spectroscopy (EDX) was used to
measure the elemental compositions using a backscattered
electron detection system. Before examination, the samples
were lightly sputtered with gold.

2.3. Fluorescence Quenching. The specific intermolec-
ular interactions between ligand and protein are extensively
investigated using fluorescence spectroscopy as a primary
spectroscopic approach.47 Fluorescence emission spectra of a
protein experience hypochromic effects (decrease in fluo-
rescence intensity) as a result of intermolecular interactions
such as energy transfer, electron rearrangement, ground-state
complex formation, and excited-state collisions with ligands.
Fluorescence quenching is the phrase used to describe such a
decrease in emission intensity.48

An FP-8300 spectrofluorometer (JASCO, Japan) was used
to record the fluorescence emission spectra. To find the
emission spectra of experimental samples, the maximum
excitation wavelength (λex), which was determined from
UV−visible spectra to be 276 nm, was used.49 The excitation
and emission bandwidths were maintained at 2.5 and 5 nm for
measurements of emission spectra between 280 and 400 nm at
310 K. A fixed concentration of HSA (1 × 10−5 M) was
combined with 50 μg/mL concentrations of all the samples
(PS: 100 and 500 nm, PS-COOH, PS-NH2, Met-HCl, Met-
HCl-adsorbed PSNPs).

2.4. Circular Dichroism Spectroscopy. Circular dichro-
ism (CD) spectra of HSA in the absence and presence of NPs
were measured using a JASCO J-815 CD spectrophotometer.
The absorbance was measured from 190 to 350 nm with a
scanning speed of 100 nm/min. Secondary structural analysis
was obtained by using the software from the JASCO
manufacturer (Tokyo, Japan). A fixed concentration of HSA
(1 × 10−5 M) was combined with 50 μg/mL concentrations of

Figure 1. FE-SEM analysis: surface morphology with EDX spectra of (a) plain PSNPs and (b) Met-HCl-adsorbed PSNPs.
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all the samples (PS: 100 and 500 nm, PS-COOH, PS-NH2,
Met-HCl, Met-HCl-adsorbed PSNPs).

2.5. Effect on HSA’s Esterase Activity. Numerous
enzyme activities, including esterase, RNA hydrolysis, anti-
oxidant activity, lipid peroxidase, glucuronidase, and so forth
are demonstrated by HSA.39 To investigate the negative
impact of pollutants on the enzyme activity of HSA, an esterase
activity assay of HSA was carried out in the presence of those
pollutants. The concept behind this test is to employ a UV−
visible spectrophotometer fixed at 405 nm to measure the
absorbance of ρ-nitrophenol, a yellow product that is produced
when the substrate ρ-nitrophenyl acetate (ρ-NPA) is hydro-
lyzed by HSA.50 This hydrolysis of ρ-NPA by HSA is termed
its esterase-like activity. The substrate concentration of 0−800
μM was utilized in this experiment. An increasing concen-
tration of samples (0, 50, 100 μg/mL) (PS: 100 and 500 nm,
PS-COOH, PS-NH2, Met-HCl, Met-HCl-adsorbed PSNPs)
was incubated with a 1 × 10−5 M concentration of HSA. The
interaction between HSA and samples was evaluated using the
difference in absorbance in the presence and absence of PSNPs
and subsequent reduction in HSA’s enzyme activity.
The following kinetic parameters51 were determined using

enzyme kinetic calculations and the Michaelis−Menten
equation:

= [ ]
+ [ ]
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where V0 is the initial velocity of ρ-nitrophenol formation, Vmax
is the maximum velocity of ρ-nitrophenol formation, [S] is the
concentration of substrate, Km is the Michaelis−Menten
constant, kcat is the kinetic parameter, Eis the enzyme
concentration.
To verify the parameters examined, a Lineweaver−Burk plot
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2.6. Statistical Analysis. The data reported throughout
the entire article represent the mean values of results acquired
from triplicate experiments carried out under the same
circumstances, and descriptive statistics of mean and standard

deviation were used to calculate the results. The software suite
OriginPro 2022b was used to process the data.

3. RESULTS AND DISCUSSION
3.1. FESEM Confirming Adsorption of Pharmaceutical

(Met-HCl) on PSNPs. FESEM, which analyses the micro/
nanostructure of particles using an electron beam,52 can be
used to determine the surface morphology of pristine PSNPs
and PSNPs adsorbed with copollutant Met-HCl. Figure 1a,b,
respectively, show FESEM images of plain PSNPs and PSNPs
adsorbed with Met-HCl at 100,000× magnification (scale bar 1
μm). The average size of plain PSNPs was observed to be 500
± 10 nm, whereas PSNPs adsorbed with Met-HCl were found
to be >550 nm using ImageJ software. It was also found that
the PSNPs’ surface morphology was consistently smooth
before they interacted with the Met-HCl, but after adsorption,
it changed to a nonuniform shape. Met-HCl had been
adsorbed on PSNPs, as evidenced by these morphological
alterations. An EDX spectrum was used to confirm the PSNPs’
elemental constituents both before and after adsorption. A
prominent nitrogen (21.7%) and chlorine (0.4%) peak
emerged in the PSNPs after getting into contact with Met-
HCl. Thus, EDX mapping demonstrated that Met-HCl had
adsorbed to NPs.
Furthermore, Met-HCl adsorption on PSNPs was thor-

oughly investigated in our prior research,19 which showed that
at various solution pHs, Met-HCl adsorb on PSNPs by
electrostatic attraction as well as other forces such as van der
Waal interactions and hydrogen bonds. Adsorption kinetics
revealed both pseudo-first- and second-order fit kinetic data,
demonstrating both physisorption and chemisorption involve-
ment in the adsorption process along with intraparticle
diffusion. Met-HCl sorption on PSNPs was better explained
by the Langmuir isotherm model, which also supports the
monolayer coverage adsorption mechanism that was visible in
the FESEM pictures. The chemical interaction between Met-
HCl and PSNPs was also verified by Fourier transform infrared
(FTIR) and high-resolution mass spectrometry (HRMS).

3.2. Fluorescence Emission Spectra. A fraction of
internal protein motions can be studied using fluorescence
spectroscopy since it possesses the sensitivity and time
resolution needed. Due to the presence of the three intrinsic
fluorophores phenylalanine (Phe), tryptophan (Trp), and
tyrosine (Tyr) in HSA, external dye is not necessary for
fluorescence studies.36 These residues are crucial for the shift
to the quaternary state that takes place after ligand binding.53

Phenylalanine (Phe) has a very low quantum yield and a weak

Figure 2. Fluorescence emission spectra of HSA on interaction with (a) PS, (b) PS-COOH, and (c) PS-NH2, [HSA] = 1 × 10−5 M, [PSNPs] = 0,
50 μg/mL, pH 7.4, T = 310 K.
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absorptivity, which limit its contribution to the intrinsic
fluorescence of proteins. While the quantum yields of Tyrosine
(Tyr) and Tryptophan (Trp) are comparable, leading to the
hypothesis that Tyr and Trp are the prominent aromatic amino
acid residues interacting with ligands.54 It is projected that
fluorophores will become more accessible to the polar
environment as a result of the unfolding of the specific protein
when a substance’s emission intensity reduces.33 Additionally,
the HSA’s lone tryptophan residue is notably helpful in binding
tests.55 Since spectrum shift is frequently employed to track
dynamic and structural changes, variations in the intrinsic
fluorescence of HSA can disclose a wealth of information. As a
result, the interaction between HSA and exogenous ligands
may be revealed by changes in the fluorescence emission
spectrum.48

3.2.1. Effect of Functionalized Nanoplastics on Quench-
ing. Studies had been done to determine how varied NP sizes
and surface charges affected the structural changes in serum
proteins.56−58 However, they did not inquire how they affect
the proteins’ activities. This calls for a thorough investigation
into how the surface charge (plain, amine, and carboxylated)
and size (lowest: 100 nm, highest: 500 nm) of NPs affect the
enzyme activity of HSA. The fluorescence emission spectra of
HSA upon interaction with 50 μg/mL of three distinct NPs,
such as PS, PS-COOH, and PS-NH2, are shown in Figure 2a−
c, respectively, at 310 K. Hypochromicity in all of the spectra

indicates that the protein is effectively quenched by contact,
which implies that all three molecules have a significant impact
on the milieu surrounding the intrinsic fluorophore, leading to
fluorescence quenching. The quenching ability of nanoplastics
was reported to be greatest in the sequence of PS-NH2 > PS-
COOH > PS: 47.41% > 43.98% > 43.1%. All of the interacted
complexes (HSA+PS, HSA+PS-COOH, and HSA+PS-NH2)
experienced a blue shift in the maximum emission wavelength
(λem= 324 nm), due to the fact that all NPs move toward the
benzene end of the fluorophore residues of HSA, causing them
to shift to shorter wavelengths,59 which causes disorderliness in
the position of the amino acid, which will be followed by
unfolding of HSA.60 In the PS-NH2-interacting complex, the
emission spectrum showed a greater hypsochromicity (19.5
nm) and hypochromicity (47.41%) simultaneously, indicating
that amine-functionalized polystyrene NPs trigger stronger
hydrophobicity surrounding aromatic amino acids than
carboxy and plain polystyrene. A similar trend in the sequence
of nanoplastic’s effect was observed for human hemoglobin in
our previous research.57 The NPs themselves, however, have
no discernible influence on the measured fluorescence signal
since they do not exhibit fluorescence in the HSA emission
range.
3.2.2. Effect of Different Sized Nanoplastics on Quench-

ing. Figure 3a,b explores the change in emission of HSA when
interacting with 100 and 500 nm PSNPs. Emission spectra of

Figure 3. Fluorescence emission spectra of HSA on interaction with (a) PS-100 nm and (b) PS-500 nm, [HSA] = 1 × 10−5 M, [PSNPs] = 0, 50
μg/mL, pH = 7.4, T = 310 K.

Figure 4. Fluorescence emission spectra of HSA on interaction with (a) Met-HCl, (b) PSNPS-500 nm, and (c) PSNPS-Met-HCl, [HSA] = 1 ×
10−5 M, [PSNPs] = 0, 50 μg/mL, pH 7.4, T = 310 K.
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HSA corona complexes with polystyrene NPs (50 μg/mL) of
different diameters (100 and 500 nm) revealed hypochromicity
in both spectra, showing that both sizes have a considerable
impact on the environment surrounding the intrinsic
fluorophore, resulting in fluorescence quenching. The quench-
ing potential of nanoplastics was observed to be the most
effective with the order of 100 nm PSNPs > 500 nm PSNPs:
43.1% > 42.15%. Both the complexes displayed a blue shift,
with the largest shift observable with 100 nm PSNPs (16 nm),
demonstrating that smaller NPs elicit the most notable
conformational changes in the protein corona and create
more hydrophobicity around fluorophores than bigger NPs.
This has the effect of decreasing the quantum yield of
fluorescence, increasing the energy loss through collisions and
decreasing the fluorescence signals in the experimental
system.61 From the spectra results, the following conclusion
can be made: smaller NPs (100 nm) usually having a large
surface area-to-volume ratio increase the reactivity of the
surface,62 which can increase interaction with HSA. Regarding
larger particles (500 nm), the small surface area-to-volume
ratio weakens the interaction with protein.61 This implies that
smaller NPs are more likely than larger NPs to interfere with
physiological processes that depend on proteins. Human
hemoglobin showed a similar pattern in the order of the
nanoplastic’s effects.56

3.2.3. Effect of Pharmaceutical-Adsorbed Nanoplastics on
Quenching. The emission spectra of HSA on the interaction
with Met-HCl, PSNPs, and binary complex (Met-HCl-
adsorbed PSNPs) at 310 K are portrayed in Figure 4a−c.
The ligands had associated with HSA at or close to the
fluorophore site, and quenching had taken place, as evidenced
by a decrease in fluorescence intensity. All three spectra
showed hypochromicity and hypsochromicity at the maximum
emission wavelength (λem) of HSA, with pristine PSNPs
showing a significant quenching and shift (blue shift-16 nm)
and Met-HCl by itself showing the least. The following order
of ligands has the greatest influence on the milieu surrounding
intrinsic fluorophores: PSNPs > binary complex > Met-HCl

(quenching percentage: 42.15% > 41.49% > 6.41%).
Quenching and blue shift account for the increase in
hydrophobicity near fluorophores.63 In this instance, Met-
HCl lessens the PSNPs’ hydrophobic impact as evident from
the reduction in a hypsochromic shift of HSA by 6 nm by
covering the surface of PSNPs. Therefore, PSNPs’ binding
affinity for plasma protein is reduced when Met-HCl is
adsorbed on their surface.
In our earlier study,19 Met-HCl, PSNPs, and their complex

were examined for their interactions with HSA in order to
understand the effects of the complex on protein. The Stern−
Volmer plot showed that the values of the Stern−Volmer
constant KSV and the quenching constant Kq values were
considerably larger in the order of pristine PSNPs > binary
complex > Met-HCl, suggesting that the binary complex
quenches HSA less than pure PSNPs do. This is due to the fact
that since Met-HCl covers the surface of PSNPs, it reduces the
binding affinity of PSNPs with HSA, as they have negligible
binding affinity with HSA. The thermodynamic investigation
demonstrated that Met-HCl forms hydrophobic interactions
with HSA, whereas PSNPs and complexes form hydrogen
bonding interactions with HSA, which may explain why PSNPs
and complexes have a higher binding affinity with HSA than
Met-HCl. These findings show that the drug’s low affinity for
HSA determines the strength of the interaction between the
protein and the drug-coated nanoplastics. Because of the
decreased interaction strength, plasma protein binding is
weakened, and Met-HCl may deliver PSNPs to their target
organs, potentially causing organ damage. These spectra lead
us to the conclusion that since the drugs are coating the surface
of the NPs when nanoplastics are adsorbed with a
pharmaceutical copollutant, their binding affinity with serum
protein depends on that of the drug’s binding affinity. If the
medication has a lower affinity for binding, the complex will
also bind less strongly to serum proteins and may be delivered
straight to the drug’s target cells, which could have more
serious effects. If the drug has a higher affinity for binding,
complex pollutants also attach to proteins more strongly,

Figure 5. Circular dichroism spectra of HSA on interaction with functionalized (a) PSNPs, (b) different sized PSNPs, and (c) pristine PSNPs and
PSNPS-Met-HCl, [HSA] = 1 × 10−5 M, [PSNPs] = 0, 50 μg/mL.

Table 1. Secondary Structural Percentage of HSA Before and After Interaction with Various NPs

s.no ligands α-helix (%) β-antiparallel (%) β-parallel (%) β-turns (%) others (%)

1 HSA 0.3 39.3 0 14.7 45.7
2 HSA+100 nm PS 0 38.7 0 14.3 47
3 HSA+PS-COOH 0 39.6 0 14.8 45.6
4 HSA+PS-NH2 0 41.1 0 14.3 44.6
5 HSA+500 nm PS 0 38.6 0 14.5 47
6 HSA+PSNPs-Met-HCl 0.2 38 0 14.7 47.2
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which could result in bioaccumulation influencing toxicoki-
netics/dynamics.

3.3. Circular Dichroism Spectra. CD spectroscopy was
used to investigate the secondary structure of HSA both before
and after it interacted with PS ligands, and their corresponding
spectra were recorded (Figure 5a−c). Two negative bands at
208 and 220 nm may be seen in the CD spectra of HSA, which
are indicative of the protein’s α-helix structure.64,65 This α-
helical structure was found completely lost in all the interacted
samples except with the PSNPs-Met-HCl complex (Table 1).
PS-NH2 showed a significant increase in both of the negative
bands of HSA than carboxy and plain, with a slight shift toward
increasing wavelength indicating there is a noticeable change in
the ellipticity. Also, an increase in the percentage of β-
antiparallel sheet and complete loss of α-helix (Table 1)
suggests that there are intermolecular hydrogen bonding
rearrangements in HSA.32 The secondary structure of HSA

following interaction with varying PS size shows variation in
the spectra with the least significance. However, it was shown
that a very slight change in the ellipticity indicates that a
conformational change30 is associated with the higher surface
area-to-volume ratio of smaller NPs (100 nm). When
comparing the effects of pristine PSNPs and the PSNPs-Met-
HCl complex, pristine PSNPs show a larger impact and
ellipticity change. The complex has less of an effect than
PSNPs because the PSNPs’ surface is covered by Met-HCl,
which prevents them from attaching to HSA.

3.4. Effect on Esterase Enzyme Activity. HSA
demonstrates significant physiological activity in the circulatory
system due to its binding and catalytic effectiveness. This
protein displays esterase-like activity, hydrolyzing esters,
phosphates, and amides, which is usually impacted by
structural alterations.66 As a result, the effect of the foreign
ligand on the HSA esterase activity must be investigated.

Figure 6. Michaelis−Menten plot: esterase enzyme activity of HSA on binding with (a) PS, (b) PS-COOH, and (c) PS-NH2. NPs (0, 50, 100 μg/
mL). Lineweaver−Burk plot ( vs

V S
1 1 ): PS (d), PS-COOH (e), and PS-NH2 (f). Straight lines represent the linear regression that fits scattered data

points obtained at different substrate concentrations.39

Table 2. Michaelis−Menten Parameters of HSA on Interaction with Increasing Concentration of Pollutantsa

s.no NPs concentration of pollutants (μg/mL) Vmax (U/ml) Km × 103 (μM) kcat × 103 (S−1)

1 PS-100 nm 0 14.04 ± 0.019 1.10 ± 0.029 1.83 ± 0.032
2 50 14.40 ± 0.008 1.33 ± 0.003*** 2.22 ± 0.004***
3 100 17.57 ± 0.056 2.03 ± 0.015*** 3.38 ± 0.041***
4 PS-COOH 0 14.04 ± 0.053 1.10 ± 0.009 1.83 ± 0.012
5 50 16.66 ± 0.018 1.79 ± 0.020*** 2.98 ± 0.000***
6 100 17.00 ± 0.026 2.17 ± 0.017*** 3.63 ± 0.017***
7 PS-NH2 0 14.04 ± 0.053 1.10 ± 0.018 1.83 ± 0.014
8 50 22.88 ± 0.034 2.11 ± 0.000*** 3.53 ± 0.002***
9 100 21.27 ± 0.026 2.50 ± 0.012*** 4.16 ± 0.012***
10 PS-500 nm 0 14.04 ± 0.044 1.10 ± 0.010 1.83 ± 0.016
11 50 14.38 ± 0.008 1.28 ± 0.012*** 2.13 ± 0.050***
12 100 13.98 ± 0.026 1.31 ± 0.023*** 2.19 ± 0.005***
13 Met-HCl 0 14.04 ± 0.008 1.10 ± 0.025 1.83 ± 0.009
14 50 14.28 ± 0.024 1.12 ± 0.000ns 1.87 ± 0.026ns

15 100 14.51 ± 0.015 1.15 ± 0.021* 1.92 ± 0.014*
16 PSNPs-Met-HCl 0 14.04 ± 0.053 1.10 ± 0.026 1.83 ± 0.012
17 50 14.16 ± 0.032 1.16 ± 0.008* 1.93 ± 0.006*
18 100 13.55 ± 0.014 1.19 ± 0.011** 1.99 ± 0.007**

a***P < 0.005, **P < 0.01, *P < 0.05, ns: no significant difference in Vmax (U/ml) values.
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Notably, HSA demonstrates stereoselective esterase-like
activity toward a variety of substrates, including -ρ-nitrophenyl
acetate, organophosphorus compounds (OPs), ρ-naphthyl
acetate, fatty acid esters, aspirin, and cyclophosphamide.45

3.4.1. Effect of Functionalized Nanoplastics on Esterase
Enzyme Activity. The hydrolytic activity of albumin is
commonly investigated using ρ-NPA, a standard substrate of
carboxylesterase. By evaluating the synthesis of ρ-nitrophenol
from the substrate ρ-nitrophenyl acetate, the esterase activity
of HSA under the influence of various NPs was investigated in
this experiment. ρ-Nitrophenol, a byproduct of ρ-NPA
hydrolysis, is easily identifiable by spectrophotometry due to
its yellow coloring and absorption peak at a wavelength of
400−412 nm.67
The esterase activity of HSA is shown in Figure 6a−c and

Figure 9, in both its pure form and in combination with
different functionalized NPs, such as PS, PS-COOH, and PS-
NH2. The Michaelis−Menten plot clearly shows that all NPs
decrease the esterase activity of HSA, with PS-NH2 showing
the greatest reduction. Table 2 contains enzyme kinetic
parameters that were determined from the relevant Line-
weaver−Burk plot (Figure 6d−f). Results from three separate
studies were averaged, and the associated standard deviations
were also provided. For the hydrolysis of ρ-NPA by pure HSA
and NPs (0, 50, and 100 μg/mL) interacted HSA, the
Michaelis−Menten constant (Km), maximal reaction velocity
(Vmax), and catalytic constant (Kcat) were calculated.
The potential mechanisms underlying the observed changes

in esterase-like activity are as follows: In Sudlow site II, HSA’s
interaction with ester substrates takes place through specific
amino acids such as Tyr-411, Tyr150, Tyr-138, Ser-193, and
Lys-199, which are regarded as active site’s catalytic amino
acids, responsible for esterase activity of HSA.39,50,67 These
specific interactions are disturbed by HSA-nanoplastics
interactions, as evidenced by enzyme assay results leading to
changes in esterase activity. Km values increased from 1.1 × 103

to 2.0 × 103 μM for PS, 1.1 × 103 to 2.17 × 103 μM for PS-
COOH, and 1.1 × 103 to 2.50 × 103 μM for PS-NH2; however,
Vmax values were even determined to be virtually constant. The
increase in Km values and consistent Vmax values indicate that
functionalized NPs are in a competitive race for the albumin’s
active site, which suggests that the manner of inhibition is also
competitive. Competitive inhibition occurs when the substrate
and the inhibitor bind in the same location (active site). Vmax
remains constant since raising the concentration of substrate
counteracts the concentration of inhibitor. The reason for the
rise in Km is that more substrate is needed to reach maximal
velocity in the presence of the inhibitor than it would be in the
absence of the inhibitor.68 Since all of the NPs and complexes
engage in competitive binding, they all bind to the
aforementioned residues or close by, preventing the substrate
from attaching to HSA and decreasing its esterase activity, with
the maximum effect being exhibited by PS-NH2. In agreement,
the results of the fluorescence spectra demonstrate that all the
NPs and complexes bind to HSA at aromatic fluorophore
residues, including Tyr residues (Tyr-138, 150, 411 - a catalytic
amino acid in esterase activity), as evidenced by quenching of
fluorophores. The decrease in emission intensity by all the
particles reveals the possible molecular interaction of NPs with
fluorophores (especially Tyr) in the protein. Greater
hypochromicity and blue shift in the PS-NH2 spectra also
correlate with the enzyme assay results, leading to greater
structural changes and greater loss of esterase activity. The
molecular interaction will be further supported by the results of
CD spectra, where the alteration in the secondary structure of
HSA by all the NPs, leads to the loss of α helix and changes in
Beta sheets, which further confirms the loss of functional
activity of HSA with a maximum effect being exhibited by PS-
NH2. In addition, molecular docking studies published in our
previous research19,49 also confirmed the molecular interaction
of PSNPs and their pharmaceutical complex with HSA at the
amino acids residues (Tyr-411, Tyr150, Tyr-138, Ser-193, and

Figure 7. Michaelis−Menten plot: esterase enzyme activity of HSA on binding with (a) PS-100 nm and (b) PS-500 nm NPs (0, 50, 100 μg/mL).
Lineweaver−Burk plot ( vs

V S
1 1 ): (c) PS-100 nm and (d) PS-500 nm.
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Lys-199), responsible for esterase activity. These interactions
caused conformational changes and denaturation of protein,
thereby decreasing esterase activity. The physiological function
of HSA in the human body may be impacted in this way by
structural alterations caused by pollutants. If the esterase
activity of HSA is decreased by nanoplastics, from a drug point
of view, medications entering the body containing ester
substrates cannot be metabolized, leading to a decrease in
their efficacy. Similarly, from a toxic substance’s point of view,
ester-containing toxic agents, (eg., organophosphates) entering
the body cannot be hydrolyzed by HSA resulting in a decline
in the detoxification process.
3.4.2. Effect of Different Sized Nanoplastics on Esterase

Enzyme Activity. The results showed that NPs of various sizes
can directly interact with HSA and reduce the activity of its
esterase enzyme (Figure 7a,b and Figure 9) through
competitive inhibition (Figure 7c,d). According to the
Michaelis−Menten plot, 100 nm PS has a greater inhibitory
effect on HSA’s esterase activity than 500 nm PS. Although Km
values increased from 1.1 × 103 to 2.0 × 103 μM for PS-100
nm and from 1.1 × 103 to 1.31 × 103 μM for PS-500 nm, it was
even found that Vmax values were essentially stable (Table 2).
The fact that Km values are rising and Vmax values remain stable

suggests that the inhibition is in competitive mode. The surface
curvature of 100 nm PS was more favorable and caused a more
noticeable shift in esterase activity.56 This is consistent with
the fluorescence spectra, which show that 100 nm NPs alter
the polarity surrounding the tyrosine residue and decrease the
endogenous fluorescence of HSA. Thus, smaller NPs have a
greater impact on the structure and function of HSA due to
their larger surface-to-volume ratio and greater surface
reactivity with proteins. This property of reactivity with
fluorophores/active site residues by competitive inhibition
results in greater hypo/hypsochromicity and increased esterase
inhibition by 100 nm PS. Researchers have confirmed that
smaller NPs have a greater impact on the structure and
function of various proteins and enzymes (such as
hemoglobin,56 superoxide dismutase,61 and catalase69), which
is in accordance with the present findings.
3.4.3. Effect of Pharmaceutical-Adsorbed Nanoplastics on

Esterase Enzyme Activity. The effect of pharmaceutical
contaminant-adsorbed PSNPs on esterase enzyme activity
(V) is shown in Figure 9 and as the MM plot in Figure 8c,
compared with pure drug (Figure 8a) and pristine PS (Figure
8b). The MM plot clearly shows that the esterase activity of
HSA was not inhibited by Met-HCl since they have negligible

Figure 8.Michaelis−Menten plot: esterase enzyme activity of HSA on binding with (a) Met-HCl, (b) PS-500 nm, and (c) PSNPs-Met-HCl [NPs],
0, 50, and 100 μg/mL. Lineweaver−Burk plot ( vs

V S
1 1 ): (d) Met-HCl, (e) PS-500 nm, and (f) PSNPs-Met-HCl.

Figure 9. Esterase-like enzyme activity of HSA in the absence and presence of pollutants. [ρ-NPA] 0−800 μM, [NPs] 100 μg/mL, [HSA] 1 × 10−5

M.
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binding affinity as found from fluorescence studies. Further
pristine PSNPs decrease the enzyme activity higher than the
PSNPs-Met-HCl complex. The type of inhibition exhibited by
PSNPs and complexes (Figure 8d-f) is competitive since Km
values increased from 1.1 × 103 to 1.31 × 103 μM for PS-500
nm and from 1.1 × 103 to 1.16 × 103 μM for PSNPs-Met-HCl,
also Vmax values for both the ligands were approximately
constant (Table 2). The mechanisms triggering the observed
changes in esterase-like activity are as follows: since Met-HCl
has negligible protein binding as evident from fluorescence
studies, its interaction with HSA is not happening at the active
site. Thus, the esterase activity of HSA was not disturbed by
Met-HCL (V value of HSA+Met-HCl similar to that of HSA
(Figure 9)). As explained before, pristine PSNPs bind
competitively with HSA and reduce esterase activity, which
is parallel to the results of fluorescence spectra (greater hypso
and hypochromicity) and CD spectra. Coming to the PSNPs-
Met-HCl complex, even though the binding is competitive, the
negative impact on esterase activity is lesser than the impact of
pristine PSNPs. This is due to the fact that Met-HCl covers the
surface of PSNPs and reduces their competitive binding affinity
with active sites, thus experiencing lesser impact on esterase
activity. These results were coherent with the fluorescence and
CD spectra results. Therefore, as explained before, when Met-
HCl coats on the surface of PSNPs, drug reduces NP’s binding
affinity with protein, which might lead to direct transport of
NPs to the target organs of Met-HCl such as liver, intestine, or
kidney.70 As a result, when nanoplastics are adsorbed with a
pharmaceutical copollutant, their binding affinity with serum
protein and influence on enzyme activity are dependent on the
drug’s binding affinity.

3.5. Significance of HSA’s Esterase Activity. Human
serum albumin (HSA) is the primary plasma protein with
important roles as a depot and vector for numerous exogenous
(drugs and harmful chemicals) proteins with significant
metabolic activity. In terms of drug metabolism, aspirin is
converted by HSA into salicylic acid, which is a critical step in
the pharmacokinetics of aspirin.71 This metabolism will be
slowed if nanoplastics bind to HSA in a competitive manner.
Like aspirin, many other medications lose their potency and
effectiveness because of NPs. From a physiological perspective,
the detoxifying character of ester-containing toxic substances is
very significant due to the enormous volume of albumin in the
blood plasma and the equilibrium nature of the interaction of
numerous substrates with albumin. Detoxification of organo-
phosphates, such as paraoxon, chlorpyrifos-oxon, and so forth
by catalytic hydrolysis of HSA, was proved in the previous
research. Cyanide compounds also get detoxified by HSA by
binding to active site residues.39,72,73 If the nanoplastics
competitively bind with HSA, their detoxifying ability to the
aforementioned or other toxic agents will be reduced if humans
consume them. In toxicology, nanoplastic binding with HSA
reduces the detoxification process and increases the bio-
accumulation process.

4. CONCLUSIONS
Investigation of the modification of esterase-like activity of
serum albumin by nanoplastics and their cocontaminants
revealed the following conclusions: In terms of surface
functionalization, amine-functionalized polystyrene nanoplas-
tics induced greater hypochromicity and hypsochromicity in
HSA than carboxy and pristine, demonstrating that amine
groups induce greater structural alterations in HSA, which was

parallel to the CD spectral results. Smaller NPs have a bigger
impact on HSA’s structure than larger NPs do due to their
larger surface area to volume ratio. Regarding copollutant-
adsorbed NPs (pharmaceutical), Met-HCl lessens the effect of
PSNPs on the conformational changes of HSA by lowering
PSNPs’ affinity for HSA, which was proved by both
fluorescence and CD spectra. Hypochromicity in all of the
fluorescence spectra portrays the surprising fact that all the
pollutants interact with HSA or near the fluorophore site
(especially Tyr), which is greatly involved in the active site for
esterase activity. Enzyme assay studies proved that all of the
pollutants bind with HSA by competitive inhibition except
Met-HCl. These two results: competitive inhibition and
binding at the fluorophores correlate well, revealing the
mechanism behind inhibiting the esterase activity of HSA.
While comparing the esterase activity of HSA in the presence
of NPs, it was clarified that amine NPs inhibit esterase activity
greater, smaller NPs impact esterase activity greater, and Met-
HCl reduces the inhibiting effect of pristine PSNPs on
esterase, since it covers the surface of PSNPs. Thus, Met-HCl
may transport NPs to their target organs. Consequently,
pharmaceutical pollutants can act as carriers for nanoplastic
pollutants in the circulatory system, promoting their move-
ment and accumulation in particular tissues. In conclusion,
pollutants can attach to HSA and limit its esterase activity by
competitive inhibition. These interactions may impair HSA’s
regular functioning leading to a negative impact on health. This
study emphasizes the significance of measuring the esterase
enzyme activity of serum albumin in order to understand the
toxicokinetics and toxicodynamics of nanoplastics in the
human body.
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■ ABBREVIATIONS
HSA, human serum albumin
PSNPs, polystyrene nanoplastics
PS, pristine polystyrene nanoplastics
PS-COOH, carboxylated polystyrene nanoplastics
PS-NH2, aminated polystyrene nanoplastics
Met-HCl, metformin hydrochloride
PSNPs-Met-HCl, polystyrene nanoplastics adsorbed with
metformin hydrochloride
MM, Michaelis−Menten
LB, Lineweaver−Burk
1FESEM, field emission scanning electron microscopy
ρ-NPA, ρ-nitrophenyl acetate
ρ-NP, ρ-nitrophenol
CD, circular dichroism
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(73) Sogorb, M. A.; García-Argüelles, S.; Carrera, V.; Vilanova, E.
Serum Albumin Is as Efficient as Paraxonase in the Detoxication of
Paraoxon at Toxicologically Relevant Concentrations. Chem. Res.
Toxicol. 2008, 21 (8), 1524−1529.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.3c05447
ACS Omega 2023, 8, 43719−43731

43731

https://doi.org/10.1016/j.saa.2022.120868
https://doi.org/10.1016/j.saa.2022.120868
https://doi.org/10.3390/ijms221910318
https://doi.org/10.3390/ijms221910318
https://doi.org/10.1016/B978-0-12-391909-0.50006-2
https://doi.org/10.1016/B978-0-12-391909-0.50006-2?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/B978-0-12-391909-0.50006-2?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.scitotenv.2022.160903
https://doi.org/10.1016/j.scitotenv.2022.160903
https://doi.org/10.1097/FPC.0b013e3283559b22
https://doi.org/10.1097/FPC.0b013e3283559b22
https://doi.org/10.1016/j.jsb.2006.08.015
https://doi.org/10.1016/j.jsb.2006.08.015
https://doi.org/10.1016/S0378-4274(01)00543-4
https://doi.org/10.1016/S0378-4274(01)00543-4
https://doi.org/10.1016/S0378-4274(01)00543-4
https://doi.org/10.1021/tx800075x?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/tx800075x?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.3c05447?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

