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Microplastics (MPs) pollution represents a global concern for biodiversity conservation, ecosystem and
public health. The poly(vinyl chloride) Microplastics (PVC-MPs) are one of the dominant pollutants in
both terrestrial and aquatic ecosystem. Myoglobin (Mb) is an important intracellular oxygen-binding
protein found in mammals’ hearts and skeletal muscles. Mb act as an oxygen transporter and storage
material in muscle cells. Due to molecular inertness and excellent accessibility to organisms, PVC-MPs
are degraded slowly in the atmosphere and can accumulate in the mammalian bloodstream, posing
major health risks. In this study, under simulated physiological conditions, the interaction between the
emerging pollutant PVC-MPs and Mb was analysed using multispectroscopic studies. From these studies,
it has been found that PVC-MPs may bind to Mb during transportation and metabolic activities. Because
of their tiny size, PVC-MPs may bind with Mb once they enter the bloodstream, altering the structure
and physiological function of Mb. These results also suggest that electrostatic forces were the primary
factor behind the interaction between PVC-MPs and Mb. Additionally, the results further showed that
PVC-MPs significantly altered the microenvironment and secondary structure of Mb, which decreased
the a-helix. This study clarifies the possible molecular toxicity of PVC-MPs in addition to provide crucial
insight into the intermolecular interaction between PVC-MPs and Mb.
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1. Introduction

Pollution is the result of unfavourable changes in our environ-
ment that negatively impact humans, animals, and plants. The
degree of harmful impact on human health is determined by
the kind and concentration of a pollutant. Microplastic pollu-
tion is one of the greatest threats to the global population
today."” Microplastics (MPs) are defined as a heterogeneous
mixture of differently shaped materials referred to as fragments,
fibres, spheroids, granules, pellets, flakes or beads, in the range
of 0.1-5000 pm and nano plastics from approximately 1 to 100
nm (0.001-0.1 pm).> MPs contamination has grown in impor-
tance as a study topic in ecology and environmental science.**
MPs smaller than 150 pm have the ability to move to the blood
and lymphatic systems, resulting in systemic exposure.
However, it is predicted that less than 0.3% of these MPs will be
absorbed. Only MPs smaller than 20 um may be able to enter
some organs, whereas MPs smaller than 1 pm may be able to
enter all organs and cellular membranes before dispersing
throughout the body.®” In human, 7.91-9.45 MPs per g (43.52—
60.11 pm) found in intestine which comprised of mostly PVC.
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2.7-18 MPs per g (5-307.2 pm) found in placenta which
comprised of mostly PVC, PE, PS, PET, PBS. 0.23 MPs per ml
(96.19 um) found in semen which comprised of mostly PVC, PE,
PA, PS. 1.6 ug ml~* (=700 nm) found in blood which comprised
of mostly PET, PE, PS.® Therefore, it is crucial to continue
researching the potential toxicological effects of MPs on bi-
omacromolecules with crucial physiological roles, as swallowed
MPs have the potential to reach the organs and blood circula-
tion system.

According to a study, poly(vinyl chloride) microplastics
interacted with human serum albumin and altered its
secondary structure.®*® A different study proves that polystyrene
nano plastics interacted with diastase a-amylase and induce
a conformational structural change, also altered its enzymatic
activity."* Another study done by Ghosal et al. 2024 proves that
microplastics interacted with human alpha synuclein protein,
altered protein's structure and promote amyloidogenic olig-
omer."” Recently a study done by Yang et al. 2023 shows that
microplastics can be found in human cardiac muscle and that
increases the risk of cardiac diseases."'* An essential intracel-
lular O,-binding protein present in the heart and skeletal
muscle of mammals is called Myoglobin (Mb). Mb is a globular
protein that dissolves in water and has 153 amino acids. Its
centre is hydrophobic, and it has eight alpha helices. One
prosthetic group is present in each Mb molecule, and it is put
into a protein's hydrophobic cleft. One centrally coordinated
iron atom, typically in the (2") oxidation state, is present in each

© 2025 The Author(s). Published by the Royal Society of Chemistry


http://crossmark.crossref.org/dialog/?doi=10.1039/d5ra02355f&domain=pdf&date_stamp=2025-08-02
http://orcid.org/0009-0003-9583-7355
http://orcid.org/0000-0002-9298-4697
http://orcid.org/0000-0003-0867-0167
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ra02355f
https://pubs.rsc.org/en/journals/journal/RA
https://pubs.rsc.org/en/journals/journal/RA?issueid=RA015034

Open Access Article. Published on 04 August 2025. Downloaded on 1/19/2026 2:03:57 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

heme residue. Mb serves as a transporter and a store of oxygen
in muscle cells.***® Therefore, Mb serves as a crucial link
between the capillary supply of O, provided by circulating
haemoglobin and the O,-consuming cytochromes for oxidative
phosphorylation in the mitochondrial membrane."” If the Mb
from cardiac muscle interacted with microplastics, there must
be some impact on the structure of Mb induced by micro-
plastics. So, in this study we want to investigate the interaction
between microplastics [PVC, PE, and PS-MPs]| and Mb.

In this study, we hypothesized that MPs are binding to Mb
and causes the structural alterations of Mb. To investigate this
hypothesis, a combination of spectroscopic techniques was
used to estimate the binding behaviour of 3 different micro-
plastics (PE, PVC and PS-MPs) with Mb under simulated phys-
iological conditions (pH = 7.4, temperature = 37 °C). The most
commonly used and produced plastics are PE, PVC, PS. In
aquatic environment they are present in highest number and
this three microplastics presence has been reported in almost
all body parts of human being.*® Because of this, we have
selected the indicated microplastics. Here, fluorescence spec-
tral data were mathematically analysed to determine the
binding constants of Mb with PVC-MPs at various temperatures.
Thermodynamics was analysed to determine the major binding
forces involved in molecular interactions between Mb and PVC-
MPs. In addition, Circular Dichroism (CD), Ultra Violet-visible
Absorption Spectroscopy, thermal melting and Fourier Trans-
form Infrared Spectroscopy (FT-IR) were employed to investi-
gate the effects of PVC-MPs on the structural properties of Mb.

2. Materials and methods

2.1. Materials

Both Mb lyophilized powder and poly(vinyl chloride) micro-
plastics, polyethylene microplastics and polystyrene micro-
plastics were purchased from Sigma Aldrich in the United
States. Phosphate Buffer Saline (PBS) (50 mM KCL, 10 mM
KH,PO,, and 1 mM K,EDTA) was used to dissolve Mb. By using
spectrophotometric absorbance and taking into account the ¢ of
Mb at 280 nm (13980 M~ ' cm ~'), Mb concentration was
determined.”?® Mb is present in experimental stock concen-
trations of 100 uM. Three microplastics quality is standard
controlled (MQ100). The form of PVC-MPs is powder, density is
1.4 ¢ ml™". The form of PE-MPs is powder, density is 0.94 g
ml~". The form of PS-MPs is aqueous suspension particles;
density is 1.05 g cm™*. The PVC-MPs, PE-MPs and PS-MPs stock
solution was prepared as per our previous work (Fig. S11)."

2.2. Microplastics characterization

Physical properties like shape, size, morphology of 3 micro-
plastics were examined under FE-SEM (JEOL MAKE, Model:
JSM-7500F) by fixing a thin film of MPs on copper grid. Prior to
SEM analysis, the sample was coated with gold using sputter
coater.”

The hydrodynamic diameter, and polydispersity index (PDI)
of the MPs in aqueous suspension were estimated using
dynamic light scattering (DLS) and {-potential measurements.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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For analysis MPs were suspended in deionized (DI) water at 25 °
C in a Malvern Zetasizer Nano ZSP series. Each sample was
measured in disposable folded capillary micro-cuvettes three
consecutive times with a 2 s delay between measurements. The
duration of the measurements varied from 50 to 100 s
depending on the dispersity of the sample. The identity of the
MPs was confirmed using FT-IR spectroscopy.>

For "H-NMR analysis, MP particles have to be dissolved in
a suitable deuterated solvent. Deuterated dimethyl sulfoxide
(DMSO-d6) (99.8 at% D) from Deutero, Germany, was used.
Starting from a stock solution, five different concentrations of
MP particles were prepared for calibration. In order to prepare
the model samples, a defined amount of PE, PVC and PS
particles was transferred to a glass vessel and dissolved in the
solvent. After dissolving, the sample solutions or calibration
solutions were transferred to 5 mm NMR tubes for "H-NMR
measurements. To avoid contamination of the samples, all
glassware was washed with water, acetone and distilled water
and was dried at 60 °C for at least 24 h. During sample prepa-
ration samples were covered whenever possible. In addition,
care was taken to close the lab coat (100% cotton) when working
with the samples in order to avoid contamination with polymer
fibres from clothes. '"H-NMR experiments were performed on
a JEOL ® 500 spectrometer with a 500 MHz 5- mm TH ATM
probe head and a pulse of 90° was used. All measurements were
conducted at room temperature.”

2.3. Steady-state spectrofluorometric studies

The fluorescence emission spectra of Mb were measured on
a Horiba scientific fluorescence spectrometer and one-centi-
metre quartz cuvette. Investigations were carried out by holding
Mb concentration constant at 15 pM (Ex.: 280 nm; Em.: 340 nm)
and then titrating with escalating concentrations (0-100 pg
ml ") of PVC-MPs, PE-MPs, and PS-MPs.+?*

2.3.1. UV-vis absorption spectroscopy. Hitachi UH5300 was
used to measure the UV-vis absorption spectra of Mb (3 uM) in
the absence and presence of PVC-MPs, PE-MPs, and PS-MPs (0-
100 pg ml~1).242

2.3.2. Thermal melting. Thermal denaturation experi-
ments were performed using 15 pM Mb in the absence and
presence of 50 ug ml~' PVC-MPs, according to our previous
work.>* For UV melting we have used double distilled water (pH
7.4) as media.

2.4. Circular Dichroism spectroscopy

The Jasco J-1500 CD Spectrometer was used to do the CD
measurements of Mb (3 uM) in the absence or presence of PVC-
MPs (20-100 pug ml~') according to our previous work.??

2.5. Fourier transform infrared spectroscopy (FT-IR)

The FT-IR spectra of Mb (3 uM) in the absence and presence of
PVC-MPs (100 pug ml ") were assessed using a Spotlight 400 FT-IR
spectrometer (PerkinElmer, UK) at room temperature (298 K).*?
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2.6. Statistical investigation

All the experiments in this present investigation were per-
formed in triplicate. All the experimental outcomes were eval-
uated at a significance level of p < 0.05. The OriginPro
application in Origin-2019b software was utilized to analyse and
export the graphs/curves.

3. Results and discussion

3.1. Microplastics characterization

FE-SEM, which analyses the micro/nanostructure of particles
using an electron beam, can be used to determine the surface
morphology of PE-MPs (a), PVC-MPs (b), and PS-MPs (c) at scale
bar 500 pm, 100 pm, and 5 um respectively. The average size of
plain PE-MPs (a), PVC-MPs (b), and PS-MPs (c) was observed to
be ~19.2 um, ~10.7 pm, and ~953 nm respectively (Fig. S3-
S5).>*

In this study, we characterized the number (percent) versus
size peaks from DLS measurements (Fig. S6) shows hydrody-
namic size range of the respective MPs (PE ~10 pum =+ 19.55,
PVC ~8 pm =+ 15.03, and PS ~900 nm =+ 29.25) suspended in DI
water at 25 °C. The particle size determined by DLS measure-
ment showed size variation from SEM images, as DLS indicates
hydrodynamic diameter of dispersed MPs in suspensions,
which depend on the thickness of the hydration/solvation layer,
thus varying from the core particle size. Polydispersity index
(PDI)-1, shows heterogeneity of particle sizes in all three MP
samples.*

The FTIR spectrum of PE-MPs exhibits characteristic
absorption bands that can be used for identification and anal-
ysis. 2913 cm™': this peak corresponds to the asymmetric
stretching vibration of the CH, (methylene) groups. 2845 cm ™ ":
this peak is attributed to the symmetric stretching vibration of
the CH, groups. 1465 cm™ : this peak is associated with the
bending vibrations of the CH, groups. 718 cm™': this peak is
related to the rocking vibration of the CH, groups (Fig. S7a).”
For PVC-MPs, Bands around 2911 cm ™' and 2836 cm™' are
attributed to CH, asymmetric stretching. Bands around 1430
em ' and 1332 ecm ™' are associated with CH bending and
deformation modes. A band around 614 cm™ " or 834 cm™ ' is
indicative of the C-Cl bond in PVC. A band around 1096 cm ™ is
assigned to the C-C bond in the PVC backbone. A band around
1254 cm ™' can be attributed to CH rocking vibrations. A band
around 959 cm ' is related to trans C-H wagging (Fig. S7b).>®
The major characteristic peaks at 3026, 2920, 2850, 1598, 1492,
and 752 wavenumbers are seen in the pure PS-MPs samples
(Fig. S7c). The peaks at 3026 and 1598 cm ™' represent aromatic
C-H stretching and C=C vinyl group, respectively. Character-
istics peaks at 2920 and 2850 cm ™' are related to CH, asym-
metric stretching and CH, symmetric stretching respectively.
The peak at 1492 cm ™' is due to deformational vibrations of
benzene ring whereas the peak at 752 cm ™' suggests deforma-
tional vibrations of substituted benzene derivative.*

NMR spectroscopy is a powerful tool for the structural
analysis of organic and polymeric compounds. 'H NMR spectra
of PE typically show characteristic signals around 1.12 and 0.74-
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0.70 ppm, corresponding to the methylene and methyl groups,
respectively, in the polymer chain (Fig. S8). Fig. S9 shows a 'H-
NMR spectrum of PVC powder. The signal of 4.6-4.2 ppm (H1)
corresponds to the a-Cl H atoms and the signal in the range of
2.5-2.1 ppm (H2) to the B-Cl H atoms. Fig. S10 PS exhibited
proton signals in the range of 7.20 to 6.20 ppm (PS-Ha, Hb).
Usually, these signals are assigned to PE, PVC, and PS in
literature.>*3%%*

3.2. Fluorescence quenching study

One effective method for examining the dynamic alterations
and molecular interactions of proteins is fluorescence spec-
troscopy, which can yield important details about the binding
process.** It is known that Mb contains three fluorophores with
significant intrinsic fluorescence: Trp (Tryptophan), Tyr (Tyro-
sine), and Phe (Phenylalanine) residues. The presence of two
Trp residues, however, is primarily responsible for the intrinsic
fluorescence of Mb excited at 280 nm. The poor quantum yield
of Phe residues and the nearly complete quenching of Tyr
residues’ fluorescence significantly reduced their contribution
to Mb's fluorescence.*® Therefore, the binding interaction of
PVC-MPs with Mb was investigated using fluorescence emission
spectra. The fluorescence emission spectra of Mb at 298 K with
various MPs present are displayed in Fig. 1 and S1. After being
excited with 280 nm, Mb exhibits a significant fluorescence
emission peak at 328 nm, as can be seen. In contrast, PVC-MPs
have been reported to disclose no emission, suggesting that
PVC-MPs had no effect in exciting Mb.** Furthermore, the
addition of PVC-MPs clearly quenched the fluorescence inten-
sity of Mb, although the introduction of PE-MPs and PS-MPs
barely affected the peak's position or intensity. Due to PVC-MPs
suitable dispersibility in water, this finding suggested that PVC-
MPs might affect the microenvironment and cause the fluo-
rescence quenching of Mb. Thus, it is investigated how PVC-
MPs affect the fluorescence intensity of Mb, as seen in Fig. 1.
The reduction in intensity of fluorescence demonstrated that
the binding relationship between PVC-MPs and Mb may effi-
ciently stifle Mb's intrinsic fluorescence and further modify the
microenvironment around Mb. Lesser change seen in fluores-
cence intensity when PE-MPs and PS-MPs added into Mb
(Fig. S1).

3.3. Fluorescence quenching mechanism

It's well known that fluorescence quenching, which may be
brought about by an array of chemical reactions including
energy transfer, ground-state complex formation, excited-state
processes, and collisional quenching, represents the reduce in
the fluorescence quantum yield of a fluorophore. Dynamic and
static quenching, which are brought about by collisions and the
creation of ground-state complexes, respectively, are two types
of quenching that occur in fluorescence. Furthermore, the
primary distinction between static and dynamic quenching is
their reliance on temperature. Raising the temperature during
static quenching will lessen complicated stability and further
lower static quenching constants. In contrast, in the dynamic
quenching process, it is expected that the dynamic quenching

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Steady-state fluorescence of Mb in absence and presence of
PVC-MPs in different concentration. [Mb] = 15 uM. [PVC-MPs] = 0-
100 pg ml™, pH = 7.4, T = 298 K.

constants would rise as the temperature rises due to quicker
diffusion and greater collisions. Therefore, using the Stern-
Volmer equation, the fluorescence emission spectra at 298 K,
304 K, and 310 K may be used to analyse the fluorescence
quenching mechanism of Mb caused by PVC-MPs:**"*’

I
f() =1 -+ Kq‘L'GC =1 + stcq (1)

where ¢ is the quencher concentration, t, is the mean lifetime
of a molecule without a quencher (107% s), Kgy stands for the
constant of Stern-Volmer, Ky is the constant of quenching rate
of a biomolecule, and F, and F stands for the steady-state
fluorescence intensities of Mb in the absence and presence of
poly(vinyl chloride) microplastics, respectively.**** The Stern-
Volmer plots at 298 K, 304 K, and 310 K are displayed in Fig. 2a.
The associated values of Kgy and Ky are thus deduced and are
presented in Table 1. These results showed that, as opposed to
dynamic collision, which mostly followed a static quenching
process, the fluorescence quenching of Mb produced by PVC-
MPs was derived from the creation of ground state complex
(Mb-PVC-MPs). The primary cause of the drop in fluorescence
intensity during static quenching is thought to be the
quencher's interaction with the fluorophore, which results in
the development of a ground-state complex that is non-fluo-
rescing. This may be further explained using the Lineweaver—
Burk equation.*®

(Fo-P'=F'"+K 'R ¢! )

Here, K, is the static quenching binding constant, F,, F, and Cq
stand for the same meanings as in eqn (1), and thus illustrates
the dose-effect connection in the binding response at equilib-
rium state. The binding constants K, was therefore determined
at various temperatures by analysing the graphs of Fo/F against
Cq (Fig. 2b), which are shown in Table 1. There was a clear trend
for K, to drop as temperature increased, suggesting that an
unstable complex between Mb and PVC-MPs developed that was

© 2025 The Author(s). Published by the Royal Society of Chemistry
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inversely linked to temperature increases. This combination
gave rise to Mb's fluorescence quenching.***°

3.4. Study of apparent binding constant and number of
binding sites

The following equation can be used to deduce K, (apparent
binding constant) and n (number of binding sites) in static
quenching:

Fy—F

log[ ] = logK, + nlogCy (3)
where 7 is the number of binding sites on each Mb molecule, K,
is the apparent binding constant of the interaction between
PVC-MPs and Mb, and Cy, F,, and F are the same as in eqn
(1).**** Thus, as shown in Fig. 2¢ and Table 1. K, and n may be
found from the intercept and slope, respectively, in the plots of
log{(Fo - F)/F] against log Cy. The data indicates that there were
several binding sites in Mb with a high affinity for binding with
PVC-MPs, as evidenced by the binding number of PVC-MPs with
Mb of 1.30 at 298 K and K, of 9.85 x 10" M '. PVC-MPs
demonstrated a higher affinity for binding Mb, which might
cause serious harm to Mb. Therefore, these findings further
supported the strong binding association between PVC-MPs
and Mb, as did the fluorescence quenching data. PVC-MPs have
the ability to cause more severe harm in vivo once they reach the
bloodstream and bind with Mb. Protein structure and physio-
logical function will be disrupted, and the blood will spread to
all organs.

3.5. Thermodynamics and binding forces analysis

The binding interactions of small molecules with macromole-
cules are mostly dominated by 4 types of noncovalent interac-
tions: hydrophobic interaction forces, van der Waals forces,
electrostatic interaction, and numerous hydrogen bonds. The
major contact forces involved in the binding reaction may be
explained by the signs and magnitudes of thermodynamic
parameters like H (enthalpy) and S (entropy), according to Ross'
study. From a thermodynamics perspective, AH > 0 & AS >
0 indicates that the hydrophobic interaction is the main drive;
AH < 0 & AS > 0 indicates that the electrostatic force is impor-
tant; AH < 0 & AS < 0 indicates that the van der Waals force, or
hydrogen bond, is the dominant force. Therefore, the temper-
ature dependent thermodynamic parameters were determined
at 298 K, 304 K, and 310 K to show the binding forces of PVC-
MPs with Mb. Furthermore, during these temperatures, there
won't be any noticeable variations in the enthalpy change (AH)
or structural changes in Mb. As a result, the binding reaction's
enthalpy (H) may be thought of as a constant. The Van't Hoff
equation may then be used to derive the AH (enthalpy change)
as well as the AS (entropy change):>»*~*

_A_Ho + £ [4)

RT R

where temperature is the T (298 K, 304 K, & 310 K), R is gas
constant (8.314 J mol ™' K '), and K, is apparent binding
constant at the pertinent temperature. Thus, the slope and

lllKA =
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(a) Stern—Volmer plots for the fluorescence quenching of Mb by PVC-MPs; (b) Lineweaver—Burk plots for the fluorescence quenching of

Mb by PVC-MPs; (c) double logarithm plots for the fluorescence quenching of Mb by PVC-MPs; (d) Van't Hoff plot for the fluorescence
quenching of Mb by PVC-MPs; [Mb] = 15 uM. [PVC-MPs] = 0-100 ug ml™%, pH = 7.4, T = 298 K.

intercept in the Van't Hoff plot of In K, vs. 1/T, respectively, yield
AH and AS. There was a strong linear correlation between In K,
& 1/T, as seen in Fig. 2d. After that, the AG (free energy change)
may be calculated using the relationship that follows:

AG' = AH° — TAS" = —RTIn K, (5)

Hence, the thermodynamic data were computed and shown
in Table 1 using the apparent binding constants K, that were
found using eqn (3). As can be observed, the negative sign of the

AG values suggests that PVC-MPs and Mb interacted sponta-
neously during binding. Furthermore, the exothermic reaction
was followed by the binding contact between PVC-MPs and Mb,
as shown by the positive sign of AS and negative value of AH. In
the meanwhile, it was shown that electrostatic forces domi-
nated the formation of the PVC-Mb complex and that entropy
mostly drove the binding interaction. Consequently, our find-
ings supported the idea that electrostatic forces had a signifi-
cant role in the formation of a stable PVC-Mb complex.

Table 1 Binding parameters and thermodynamic parameters of PVC-Mb at different temperatures

T (K) Kq(10"" MtsTh K, (10°M™) Ka (10* M) n AG° (K] mol ) AHP (KJ mol ) AS° (J mol ' K1)
298 3.0 £0.18 10.0 & 1.22 9.85 £ 0.61 1.30 £ 0.1 —28.49 £ 0.21 —-16.17 £ 0.15 41.35 + 1.02

304 1.9 + 0.13 5.8 + 0.37 8.74 £ 0.65 1.11 £ 0.08 —28.74 £ 0.36

310 0.6 + 0.2 3.9 £ 0.75 7.65 £ 0.60 1.04 £ 0.05 —28.98 £ 0.16
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3.6. Conformational change of Mb induced by poly(vinyl
chloride) microplastics

As previously established, while PVC-MPs binding to Mb can
cause the protein to undergo fluorescence quenching through
the formation of a complex, the impact of the binding interac-
tion on Mb's secondary structure and/or microenvironment
remained a mystery. Thus, to learn more about the variations in
secondary structure and microenvironment in Mb, multi spec-
troscopic methods were used.

3.7. Ultra violet-visible absorption spectroscopy

The UV-vis absorption technique is a well-known and efficient
method for looking for structural alterations in molecules. The
UV-vis absorption spectra of Mb at various PVC-MPs concen-
trations are displayed in Fig. 3. In the blue wavelength region of
the visible spectrum, the Soret band has a prominent peak. The
Soret band forms as a result of an electron dipole shifting that
permits w-m* transitions, which are particularly prevalent in
porphyrin compounds.***® With UV-vis spectroscopy, a number
of studies involving porphyrin-containing moiety may be
carried out at the matching Soret band wavelength (409 nm).
The absorption spectra of Mb (3 uM) show two peaks: the
phenyl group of the Tyr and Trp residues causes one peak at 280
nm, and the porphyrin-Soret band (m-m* transition) at 409 nm
is created by the heme moiety inserted in the hydrophobic
cavity of the protein. The modest absorption signal at around
280 nm may be used to identify three aromatic amino acids that
are hidden inside the molecular structure: Trp, Tyr, and Phe.**
Both the 409 and 280 nm band of Mb (3 uM) showed a decrease
in intensity as the quantity of PVC-MPs (0-100 pg ml™?)
increased (Fig. 3). This result suggests that there is a complex
formation between PVC-MPs and Mb. As a consequence, Mb's
absorbance was reduced because a ground-state PVC-Mb
complex with the same absorption peaks as Mb was formed.
The interaction of PVC-MPs molecules may have exposed the

0.35
I ——3 M Mb
0.30 - ' ——10 ug/ml PVC MPs
Al ——20 pg/ml PVC MPs
+ '\ —— 30 pg/ml PVC MPs
;-‘ 0.25 = 40 pg/ml PVC MPs
© 50 ug/ml PVC MPs
- —— 60 pg/ml PVC MPs
8 0.204 —— 70 pg/mi PVC MPs
s —— 80 pg/ml PVC MPs
2 { ——90 ug/mi PVC MPs
g 04151 | —— 100 ug/ml PVC MPs
Q2
<

0.00 =

250 300 350 400 550

Wavelength (nm)

Fig. 3 UV-vis of Mb in absence and presence of PVC-MPs in different
concentration. [Mb] = 3 uM. [PVC-MPs] = 0-100 pgml™%, pH =74, T
=298 K.
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Mb's heme group, causing a change in its microenvironment
and the entry of aqueous medium, as indicated by the reduction
in 409 nm absorbance intensity. The Mb protein may undergo
further folding modifications as a result of aromatic acid
exposure to an aqueous environment, peptide strand extension,
and disruption of the microenvironment and conformation of
the residues at 280 nm by PVC-MPs, as shown by the reduction
in 280 nm absorbance intensity. The UV-vis absorption spectra
of Mb at various PE-MPs and PS-MPs concentrations are di-
splayed in Fig. S2. In the presence of increasing concentration
of the PE-MPs and PS-MPs (0-100 pg ml %), lesser change seen
in both of the intensity of 409 and 280 nm band of Mb (3 pM)
was observed.

3.8. Thermal melting analysis

Thermal denaturation tests (UV melting) were a dependable
technique for examining the binding of PVC-MPs to Mb
proteins. We also investigated the effect of PVC-MPs on Mb
stability by thermal melting. Every visible transition was
examined at the halfway point of the melting curve using Ty,
analysis. Utilising Mb protein absorbance at 280 nm, T}, values
were determined.*®

In this experiment, Mb (15 pM) exhibits T, (melting
temperature) at around 88.13 (£1.54)° Centigrade. In the pres-
ence of PVC-MPs, Ty, value of Mb was increased to 91.68
(41.98)° Centigrade at the concentration of 50 ug ml~" of PVC-
MPs. So, there is some gradual enhancement of T, value of Mb
(~3.55° Centigrade) with rising concentration of PVC-MPs.
Therefore, it can be stated that PVC-MPs has stabilization effect
on Mb (Fig. 4).

3.9. Circular dichroism (CD) spectroscopy

Using CD, the secondary structures of proteins as well as their
conformational changes in diverse contexts and protein-ligand
complexes have been investigated. In the far UV region (250 to

1.0

0.8 ~

——15 M Mb
——15 M Mb + 50 ug/mL PVC-MPs
0.6 4

0.4+

0.2 <

Normalized absorbance at 280 nm

0.0 | p— T
70 80 90
Temparature (° C)

100

Fig. 4 Melting graph of Mb in the absence and presence of PVC-MPs.
[Mb] = 15 uM. [PVC-MPs] = 50 ug mL™t pH™t = 7.4.
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a “7
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Fig. 5 CD spectra of Mb in the absence and presence of PVC-MPs in
different concentration. [Mb] = 3 uM. [PVC-MPs] = 0-100 pug ml~?, pH
=74,T=298K.

190 nm), the Mb exhibits two negative peaks at around 208 and
222 nm, which are mostly due to the secondary structure of
proteins. They are primarily mostly a-helices. The 208 nm band
corresponds to the mw-m* transition of the o-helix due to the
transition of the peptide bond, whereas the 222 nm band is
generated by the n — m * transition for both the helix and
random coil complexes.**** The a-helixes will change in accor-
dance with any changes to the negative peaks. Upon successive
addition of PVC-MPs (20-100 ug m1™") to a fixed concentration
of Mb (3 uM), we found significant decrease in Mb's band
intensity without a discernible wavelength shift, indicating that
PVC MPs altered Mb's secondary structure by reducing the o-
helix’s extent (Fig. 5). Furthermore, Mb's helicity reduced as the
concentration of PVC-MPs increased, suggesting that greater
concentrations of PVC-MPs can more severely degrade Mb's
secondary structure.

This outcome is consistent with the other spectroscopic
findings that were previously mentioned. Furthermore, Mb's
CD spectra with and without PVC-MPs had similar shapes,
indicating that Mb's structure after binding with PVC-MPs was
primarily o-helix.

The percentages of secondary structures in Mb with and
without PVC-MPs are displayed in Table 2. It is evident that
Mb's a-helix, anti-parallel B sheet, parallel B sheet, turn, and
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Fig. 6 FT-IR spectra of Mb in the absence and presence of PVC-MPs.
pH=74,T=298K.

random coil all changed considerably from native Mb to Mb in
contact with PVC-MPs. Furthermore, it was observed that as the
concentration of PVC-MPs increased, the contents of random
coil increased, B-turn contents increased, and the contents of a-
helices decreased. Additionally, B-sheets that were parallel to
one another and anti-parallel to one another decreased. Given
the significant correlation between secondary structure and
protein biological activity, the observed drop in a-helical
content from 30.9% to 27.7% implies that Mb may have lost
part of its biological activity following its interaction with PVC-
MPs. The secondary structural alterations also demonstrated
that PVC-MPs may interact with the main polypeptide chain's
amino acid residues in Mb and disrupt hydrogen bonding
networks, resulting in Mb adopting a less compact shape and
exposing the hydrophobic core to the amino acid residues.
Thus, the modification of Mb's secondary structure due to the
interaction with PVC-MPs may have compromised its physio-
logical function.

3.10. Fourier transform infrared spectroscopy (FT-IR)
characterization

It is commonly recognised that FT-IR spectroscopy, which
analyses hydrogen bonds and has been widely used to study the

Table 2 Secondary structure analysis of Mb with different concentrations of PVC-MPs

3 uM Mb + 20 3 uM Mb + 40 3 uM Mb + 60 3 UM Mb + 80 3 uM Mb+ 100
ug ml™* pg ml™* pg ml~* pug ml pg ml!
3 uM Mb PVC-MPs PVC-MPs PVC-MPs PVC-MPs PVC-MPs

Helix (+3) 30.9% 27.0% 26.4% 29.5% 28.2% 27.7%
Anti-parallel B sheet (£2) 18.0% 13.6% 15.8% 12.4% 12.5% 15.7%
Parallel B sheet (+2) 6.2% 8.4% 9.7% 7.5% 7.9% 4.8%
B-Turn (+1) 10.8% 11.4% 11.6% 11.1% 12.2% 13.3%
Random coil (£2) 34.1% 39.6% 36.5% 39.5% 39.2% 38.5%
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modification of secondary structure in proteins, is a highly
effective method. Moreover, FT-IR spectra may reveal distinct
peaks of many amide bands that are linked to various peptide
component vibrations. The frequency of the amide bands
generated by the amide I and II vibrations and the secondary
structure of the protein are significantly correlated.>***

Proteins’ FT-IR bands can also show alterations in secondary
structure connected to interactions with the protein's back-
bone. The amide I band (1700-1600 cm™ ') and the amide II
band (1500-1600 cm "), which represent the stretching and
bending vibrations of C=0 and N-H, respectively, are the two
most prominent absorption bands of Mb. We looked at the FT-
IR spectra of Mb both with and without the PVC-MPs shown in
Fig. 6. Following their interaction with PVC-MPs, the peak
locations of the anticorrelated amide I and II modes moved,
with amide I shifting from 1640.13 cm™" to 1635.98 cm™ " and
amide II shifting from 1542.18 cm " to 1507.98 cm . In the
presence of PVC-MPs, the intensities of the Amide I and II
bands decreased concurrently. Given that the amide I band
corresponds to the a-helix, the CD findings, which demonstrate
a reduction in the proportion of a-helix after the interaction
with PVC-MPs, are compatible with this. Therefore, our results
provide credence to the idea that PVC-MPs can change the
secondary structure of Mb.

4. Conclusions

Based on the aforementioned experimental findings, PVC-MPs
were first shown to cause a noticeable conformational change in
Mb. This conformational change was convectively characterised
using a variety of multispectroscopic techniques, such as fluo-
rescence spectra, UV-vis, UV-melting, CD, and FT-IR. Multi-
spectroscopic methods have shown effective in examining the
binding interactions between proteins and other compounds,
primarily illuminating protein structural alterations.”>***° On
the other hand, we have conducted UV-vis spectroscopy by
employing denaturants like urea, cu > and Mb, although we did
not consider MPs as denaturants, in our results we got MPs can
only alter structure of protein not a huge transition from
a native state to its primary form (Fig. S11). The binding inter-
action of Mb with PVC-MPs was thus thoroughly and reliably
observed through the use of multi-spectroscopic techniques.
These results significantly reflected the binding site, binding
residues, binding force, binding mode, and alteration of
secondary structure, and they supported and reinforced each
other's findings. Additionally, it was demonstrated that PVC-
MPs had a greater affinity for binding proteins than the other
two types of microplastics, PE-MPs and PS-MPs. In binding,
MPs and Mb establish a strong link that holds the two mole-
cules firmly together, frequently by chemical bonding.
Conversely, adsorption is a surface phenomenon that is
frequently weaker and reversible, in which molecules gather to
create a film on the surface of another substance.

In conclusion, a thorough investigation has been conducted
using fluorescence spectra, UV-vis, UV-melting, CD, and FT-IR
to examine the binding interaction of Mb with PVC-MPs.
Fluorescence experiments demonstrated that PVC-MPs may

© 2025 The Author(s). Published by the Royal Society of Chemistry
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efficiently use a static quenching mode to reduce Mb's inherent
fluorescence. Based on the fluorescence data, binding
constants, number of binding sites, and the quenching rate
constants were determined. The determined thermodynamic
characteristics indicated that electrostatic interactions consti-
tuted the primary driving force for the spontaneous contact
between Mb and PVC-MPs. Additionally, the results of CD and
FT-IR suggested that the binding interaction of PVC-MPs with
Mb resulted in changes to the microenvironment of the back-
bone of Mb as well as a decrease in the a-helix for the secondary
structure. These changes could potentially have a negative effect
on Mb's physiological functions. Therefore, based on the
experimental findings, it can be deduced that PVC-MPs may
bind to Mb during in vitro transport and metabolic activities.
PVC-MPs have the capacity to bind with Mb after they have
entered the blood circulation system due to its small size, di-
srupting the structure and physiological function of proteins in
the process. Thus, this work offers important information for
clarifying the possible biological toxicity of MPs at a molecular
level in addition to revealing the specific binding behaviour of
PVC-MPs with Mb. In the present work the three polymer types
were analysed as-received and therefore differed markedly in
mean hydrodynamic diameter: PVC = 10.7 pm, PE = 19.2 um
and PS = 0.873 um. Because the specific surface area of
a sphere scales inversely with its diameter, particles that are ten-
fold smaller expose roughly ten-fold more surface per unit
mass. So, particle size alone does not account for the binding
hierarchy (PVC > PS = PE) and size effects can still modulate the
absolute magnitude of binding. From UV and fluorescence
spectroscopy we got less change in absorption and fluorescence
intensity when, PE and PS-MPs added into Mb. As, we got
maximum change in absorption and fluorescence intensity
when, PVC-MPs added into Mb, so we have emphasized that
PVC-MPs are more toxic.

Author contributions

Souvik Ghosal and Sagar Bag: writing - original draft, visuali-
zation, validation, supervision, software, methodology, investi-
gation, formal analysis, data curation. Sudipta Bhowmik:
writing - review & editing, visualization, validation, supervision,
software, resources, project administration, methodology,
funding acquisition, data curation, conceptualization.

Conflicts of interest

The authors declare that they have no known competing
financial interests or personal relationships that could have
appeared to influence the work reported in this paper.

Data availability

The data supporting this article have been included as part of
the SI.

Steady-state fluorescence of Mb in absence and presence of
PE-MPs (a) and PS-MPs (b) in different concentration. [Mb] =15
uM. [PE-MPs], and [PS-MPs]| = 0-100 pg/mL, pH = 7.4, T = 298
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K; UV-vis of Mb in absence and presence of PE-MPs (a) and PS-
MPs (b) in different concentration. [Mb] = 3 uM. [PE-MPs], and
[PS-MPs] = 0-100 pg mL ™', pH =7.4, T = 298 K; Scanning
Electron Microscopy of Polyethylene Microplastics, with diam-
eter; Scanning Electron Microscopy of Polyvinyl chloride
Microplastics, with diameter; Scanning Electron Microscopy of
Polystyrene Microplastics, with diameter; Dynamic light scat-
tering (DLS) analysis showing hydrodynamic size distribution of
the respective MPs (a. PE, b. PVC, and c. PS, dispersed in DI-
H20 at 25 °C); FT-IR Spectra of a. PE, b. PVC, and c. PS-MPs; H-
NMR spectrum of PE in DMSO-d6; 'H-NMR spectrum of PVC in
DMSO-d6; "H-NMR spectrum of PS in DMSO-d6; Molecular
structure of a. PE, b. PVC, and c. PS-MPs; UV-vis of Mb in
absence and presence of Urea and Cu2+ in different concen-
tration. [Mb] = 3 uM. [Cu®*/ Urea] = 0-30 uM , pH =7.4, T = 298
K. See DOI: https://doi.org/10.1039/d5ra02355f.
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