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black nanoparticles on the
albumin secondary structure
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Nano-particulate air pollutants—particularly fine particle matter (PM2.5)—may cause several health issues,

such as the accumulation of misfolded proteins in developing brains. However, the physicochemical

molecular mechanism underlying nanoparticle (NP) toxicity remains poorly understood. This study

investigates the effects of carbon black (CB) NPs (CB-NPs), with different surface properties and particle

sizes, on the secondary structure of bovine serum albumin (BSA) using Fourier transform infrared and

circular dichroism (CD) spectroscopic techniques, complemented by molecular dynamics (MD)

simulations. The BSA sample incubated with CB-NPs exhibited no significant change when analyzed with

excess BSA unbound to the NPs; however, CD spectroscopy revealed that Printex 90—a CB-NP with

a smaller primary particle size and a more defective graphene structure—induced a notable change in

the secondary structure of the adsorbed BSA. This change was characterized by a decrease in a-helix

content and an increase in b-sheets. MD simulations further supported these findings, signifying that BSA

monomers were adsorbed onto the CB-NP surface, leading to restricted protein mobility. This study

provides crucial molecular-level insight into the role of carbonaceous NPs in triggering protein

unfolding, a crucial step in NP toxicity.
Environmental signicance

Carbon black nanoparticles (CB-NPs) are a major component of ne particulate matter (PM2.5) that can cause health effects. Although the toxicological effects of
such NPs have been reported, the specic molecular mechanism by which the environmental particles induce toxicity remains poorly understood. In this study,
we investigated the changes in the secondary structure of albumin protein aer incubation with CB-NPs, highlighting that those particularly with smaller
primary particle size and more defective graphene structures can directly induce conformational changes in serum albumin, the most abundant protein in
blood plasma. Our ndings establish a direct link between the physicochemical properties of a common air pollutant and its potential to trigger protein
denaturation. This research emphasizes the need for further investigations to understand the long-term effect of airborne NPs on in vivo protein conformation.
Introduction

Inhaled nanoparticles (NPs, <100 nm in diameter) come in
contact with antioxidant lipids and pulmonary surfactants and
can penetrate through the blood–air barrier of the lungs,
subsequently interacting with plasma proteins.1,2 Nanosized
particulate matter can induce conformational changes in
proteins, leading to loss of protein function, altered molecular
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interactions, and the initiation of inammatory, allergic, or
autoimmune reactions.3,4 Carbon black NPs (CB-NPs)—
a particulate air pollutant that adversely affects human health—
are primary aerosols formed by the combustion of fossil fuels,
biofuels, and biomass and are a major component of PM2.5.5,6

Potential effects of particulate air pollutants to induce disease-
like phenotypes on the brain have been noted.7,8 Exposure to
CB-NPs during the fetal period has adverse effects on the
developing brain; these effects include the accumulation of
misfolded proteins around blood vessels in the brain.9,10 Such
abnormal perivascular pathology is associated with enhanced
endoplasmic reticulum stress in the perivascular cells,11 dena-
turation of the perivascular macrophage, and persistent astro-
cyte activation.12–14

Aer reaching the bloodstream via various exposure routes,15

NPs are transported by blood ow forces16 and interact with
blood proteins.17 Proteins and other biomolecules compete to
bind to the surface of NPs, forming NP–protein complexes. This
NP–protein complex formation signicantly inuences the
Environ. Sci.: Processes Impacts
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biodistribution, intracellular behavior, and biological activity of
NPs, making it a crucial factor in evaluating NP toxicity.18

Depending on temperature, pH, and physicochemical proper-
ties of proteins and NP surfaces, proteins might be adsorbed
onto NPs via complex mechanisms.19–21 A broad understanding
of NP–protein interactions is crucial for various applications,
such as in the food industry, drug delivery, andmedical biology.

Interactions between proteins, including brinogen, trans-
ferrin, and lipase, with various NPs (gold, iron oxide, and organic
ones like polystyrene) have been previously reported.22–24 When
NPs are dispersed in serum, albumin diffuses rapidly and
adsorbs onto their surfaces, followed by replacement by higher
molecular weight proteins, such as brinogen and globulin.20,25–28

Moreover, when albumin is adsorbed on hydrophobic surfaces of
NPs even via weak binding with end-on orientations, intra-
protein hydrophobic and electrostatic interactions prevent its
replacement by larger proteins.29 Electrostatic interactions
between bovine serum albumin (BSA) and amine- or carboxy-
modied NP surfaces can regulate the NP–protein interactions,
increasing the a-helix content in BSA.30 While citrate-coated gold
and silver NPs disrupt the a-helix structure of BSA, the effect can
be partially suppressed by a polymer coating on silver NPs.31 For
oxide NPs, such as SiO2 and TiO2, the amide I and II bands of BSA
and human serum albumin shi to higher wavenumbers, indi-
cating alterations in their secondary structure.32 The effects of
CeO2 on the amide I band in the Fourier transform infrared
(FTIR) spectra of BSA vary depending on the surface modica-
tion.33 Studies have also reported the adsorption of BSA on Al2O3

NPs, mediated by secondary structure changes detectable in the
FTIR spectra.34

It has been pointed out that the toxicity of combustion-
derived ne particles and soot depends not only on the size of
the particles but also on their surface chemistry;62 therefore, it is
essential to carefully consider the interactions between these
physicochemical properties and target molecules. The amount
of protein adsorption and the rearrangement of secondary
structures are strongly controlled by NP surface coatings and
ligand orientation.63,64 Studies using inorganic NPs such as iron
oxide,65,66 gold,67,68 and various metal oxides (ZnO, TiO2, and
CeO2)33,69 have also demonstrated the adsorption of albumin
and the associated structural denaturation. The formation of
such protein coronas not only alters the dispersion and aggre-
gation of NPs but also serves as a factor inuencing cellular
uptake mechanisms.70,71 This phenomenon has been reported
for various NPs; for example, even in the case of lipid NPs
administered into the bloodstream, the corona formed by the
dynamic adsorption of apolipoproteins onto the surface
controls delivery to target cells via specic receptors and in vivo
distribution.72

As such, recent studies suggested that carbonaceous NPs
bind to BSA primarily through hydrophobic forces. BSA coated
on the CB-NP surface nearly retains its native conformation,
with only a slight reduction in the a-helix content.35 Fluores-
cence spectroscopy has revealed that the ultraviolet (UV) uo-
rescence of BSA quenches with increasing concentrations of
single-walled carbon nanotubes.36 Moreover, a decrease in the
a-helix content of BSA and partial unfolding in the presence of
Environ. Sci.: Processes Impacts
graphene oxide was revealed through circular dichroism (CD)
analysis.37 Although CB-NPs have been widely reported to affect
cytotoxicity and protein biological activity,38,39 their interactions
with biological molecules such as proteins remain poorly
understood at the molecular level. Furthermore, it remains
unclear how the change in the secondary structure differs
between the protein adsorbed on CB-NPs and unbound protein.

In this study, FTIR and CD spectroscopy were used to
investigate the changes in the secondary structure of BSA upon
adsorption onto CB-NPs (Printex 90 (P90), Printex 25 (P25), and
Spezialschwarz 250 (S250)), which differ in size and surface
properties. Albumin was selected as a protein with a high
abundance in blood serum. Unbound and adsorbed proteins
were separated to investigate CB-NP-induced differences in
their secondary structure. In addition, molecular dynamics
(MD) simulations were performed to investigate the effects of
the CB-NP model with a diameter of 9 nm on the structure of
a BSA monomer and associated intermolecular interactions.
This combined experimental and computational study provides
new insights into CB-NP-induced toxicity and associated
protein–NP interactions.
Materials and methods
Materials

BSA and deuterium oxide (D2O) were purchased from Sigma-
Aldrich Co. (St. Louis, MO, USA). All CB-NPs (P90, P25, and
S250) were purchased from Degussa Ltd (Frankfurt, Germany).
Characterization of CB-NPs

CB-NPs were prepared on a collodion-coated copper grid
(Nissin-EM Co., Tokyo, Japan) and observed via transmission
electron microscopy (TEM) (H-7650; Hitachi High-Tech Co.,
Tokyo, Japan). The primary particle size of CB-NPs was identi-
ed from the TEM images of >40 particles. The secondary
particle size and zeta potential of CB-NPs dispersed in water
were measured via dynamic light scattering (DLS) (ELSZ-
2000ZS; Otsuka Electronics Co., Ltd, Osaka, Japan). Raman
spectra of CB-NPs were measured using a microscopic laser
Raman spectrometer (LabRAM HR-Evolution, HORIBA, Ltd,
Kyoto, Japan) under excitation at 532 nm and 60 mW.
Fourier-transform infrared spectroscopy

FTIR is a widely used protein secondary structure analysis
method for solvents and solids.40–43 FTIR spectra along with
amide bands were recorded on an FT/IR 6200 spectrometer
(Shimadzu Co., Kyoto, Japan) for BSA (30 mg mL−1) and CB-NPs
(0.1 mg mL−1) in D2O following stirring for 48 h. D2O was used
as suspension media to avoid the overlap of the amide I band
and strong absorption of water.44,45 Ultrasonication was per-
formed to improve the mixing of samples using an ultrasonic
cleaner (CPX2800H-J, Emerson Japan, Ltd, Tokyo, Japan). Each
sample was cast between two CaF2 plates with a 25 mm spacer
for liquid lm FTIR analysis.
This journal is © The Royal Society of Chemistry 2026
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UV circular dichroism of BSA bound to CB-NPs

A mixture of BSA (30 mg mL−1) and CB-NPs (0.1 mg mL−1) was
loaded onto a centrifugal lter column (molecular weight cut-off:
100 kDa; Merck Millipore Ltd, MA, USA) to remove BSA unbound
to CB-NPs. The proteins that remained on and passed through
the lter were denoted as “bound” and “unbound,” respectively.
The protein concentrations of “bound” and “unbound” samples
were quantied using a BCA Protein Assay Kit (BioDynamics
Laboratory Inc., Tokyo, Japan) based on the absorbance at
562 nm measured using a microplate reader (SH-9500; Corona
Electric Co., Ltd, Ibaraki, Japan). Subsequently, CD analysis was
performed on samples of bound BSA (diluted to 0.025 mg mL−1

with ultrapure water) in a quartz cell (optical path length: 10mm;
#83-1013; Sansyo Co., Ltd, Tokyo, Japan) using a circular
dichroism spectrometer (J-820, JASCO Co., Tokyo, Japan).
Fig. 1 Physicochemical characterization of carbon black nano-
particles (CB-NPs) (P90, P25, and S250). (A) Hydrodynamic diameter
(secondary particle size) distributions determined by dynamic light
scattering and (B) zeta potential of CB-NPs in an aqueous dispersion.
(C) Representative transmission electron microscopy images showing
nanoparticle morphologies of P90, P25, and S250. All scale bars
represent 100 nm. (D) Raman spectra of three CB-NPs: P90, P25, and
S250.
MD simulations

Gromacs 2022.6 (ref. 46) was used to perform MD simulations
using an Amber99SB forceeld. The simulations were per-
formed in a simulation box of size 20 × 20 × 20 nm3. Three BSA
monomers (PDB ID: 4f5s),47 each with a total charge of −16,
were inserted into the simulation box, maintaining the protein
concentration at 40 mgmL−1. Na+ ions were added to neutralize
the system. Considering the limitations of the simulation box
size, a spherical CB-NP with a diameter of 9 nm was modeled
with 1105 coronene molecules (C24H12). Coronene molecules
with 96% carbon content were selected based on a previous
modeling study of CB-NPs.48 Notably, the experimentally
observed density of our CB-NP model was 1.27 g cm−3, which
was lower than that of CB (1.7–1.9 g cm−3).49 The CB-NP model
was inserted in the simulation box with an average initial
distance of approximately 3 nm between the CB-NPs and BSA
monomers. The systems were solvated in water using the TIP3P
water model.

Four independent MD simulations were performed—start-
ing from the energy minimization step performed with the
steepest descent algorithm, followed by the constant-volume–
constant-temperature (NVT) ensemble for 50 ps at a constant
temperature of 298 K. Next, a constant-pressure–constant-
temperature (NPT) equilibration step was performed for 50 ps
with all-bond constraints at a constant pressure of 1 bar with
a C-rescale barostat and V-rescale thermostat. MD production
runs were performed with an integration time step of 2 fs at
a constant pressure of 1 bar and constant temperature of 298 K
using a Berendsen barostat and V-rescale thermostat. Periodic
boundary conditions were applied in the XYZ directions and
position restraints were set for coronene molecules.

To investigate the effect of CB-NPs on the BSA monomer, the
binding of CB-NPs and at least one of the BSA monomers was
achieved within 100 ns in two runs (runs #1 and #2). In addi-
tion, the binding of CB-NPs and two BSA monomers was ach-
ieved within 200 ns in the other two runs (runs #3 and #4). The
changes in the intermolecular distances between the CB-NPs
and BSA monomers within the production run were studied.
The nal 5 ns of the simulations were used to analyze the
average root-mean-square uctuations (RMSFs) of the carbon-
This journal is © The Royal Society of Chemistry 2026
alpha in the BSA monomers. In addition, the interactions
between water molecules and BSA monomers were analyzed via
radial distribution function (RDF) analyses performed in the
last 5 ns of the simulations. The potential BSA to CB-NP binding
sites were further studied considering three domains of BSA
(domain I: amino-acid residue number (aa) 1–196, domain II: aa
204–381, and domain III: aa 382–571). The time evolution of the
solvent-accessible surface area (SASA) of the BSAmonomers was
studied to characterize the changes observed in the protein
structure. The simulation boxes were visualized using the visual
molecular dynamics soware.50 The representative snapshots of
the visualized simulation boxes at the beginning and end of
simulations are shown in Fig. S1.

Results and discussion
CB-NP characterization

Characterization of CB-NPs was performed using DLS and TEM.
DLS revealed that the peak average diameters of P90, P25, and
S250 are 138.5, 154.9, and 148.6 nm, respectively (Fig. 1A). The
zeta potential values for P90, P25, and S250 are −46.7, −51.5,
and −61.0 mV, respectively, indicating that all particles are
negatively charged (Fig. 1B). Notably, S250 exhibited relatively
high dispersibility. P90 forms agglomeration of small
Environ. Sci.: Processes Impacts
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Table 1 Primary particle size of each carbon black nanoparticle (CB-
NP) calculated from transmission electron microscopy images

Particle name Primary size (nm)

P90 29.6 � 7.90
P25 56.5 � 19.8
S250 39.8 � 9.10
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individual particles, each of which is smaller than other parti-
cles (Fig. 1C and Table 1).

The results summarized in Table 1 indicate that P90 has the
smallest primary particle size, whereas S250 has the largest size.
The hydrodynamic secondary particle size determined by DLS
shows that P90 has the smallest size, whereas S250 has the
largest size for their agglomerations (Table 1). These results
indicate that CB-NPs used in this study are available as models
of environmental particles forming the typically structured
clusters consisting of hundreds of spherical monomers with
diameters in the range of 20–100 nm.51

Raman spectra in Fig. 1D show peaks at approximately
1350 cm−1 (D band) and 1600 cm−1 (G band) in all CB-NPs. P90
exhibits a higher D/G ratio and narrower Raman peaks than the
others, suggesting that P90 has a crumbled structure owing to
defects of the graphene lattice (Fig. 1D and Table 2).
Fig. 2 Amide I band in Fourier transform infrared (FTIR) spectra of
bovine serum albumin (BSA) interacting with CB-NPs. (A) FTIR spectra
of BSA (30 mg mL−1) and BSA on interaction with CB-NPs. (B–E)
Deconvolution results via Gaussian fitting for the amide I band in FTIR
spectra of BSA (30 mg mL−1): (B) without NPs and with CB-NPs of (C)
P90, (D) P25, and (E) S250. (F) Ratio of the a-helix and b-sheet in the
amide I band of FTIR spectra of BSA incubated with CB-NPs.
FTIR spectra

Proteins show IR absorption, which is attributed to amide I and
II vibrations (Fig. 2). Amide I absorption observed at approxi-
mately 1650 cm−1 and primarily attributed to C]O stretching
vibrations was unaffected by the nature of the side chains but
was dependent on the secondary structure of the primary chain.
Therefore, it is commonly used in the secondary structure
analysis.52 The absorption peaks attributed to the conforma-
tional structure of BSA were amide II at 1570 cm−1, intermo-
lecular extended chains at 1613 cm−1, b-sheet at 1628 cm−1, a-
helix at 1651 cm−1, and b-turn at 1681 cm−1.52

To quantitatively evaluate the absorption peaks attributed to
each of these conformations, we performed peak separation by
Gaussian tting (Fig. 2B–E). The results reveal that the ratio of
the a-helix or b-sheet in BSA does not change bymixing with any
CB-NPs for 48 h (Fig. 2F), suggesting a negligible effect of CB-
NPs on the secondary structure of BSA. These ndings were in
contrast with the results observed for TiO2 NPs, which caused
shis in the a-helix and b-sheet peaks, suggesting a distortion
in the BSA secondary structure upon adsorption.53 Therefore,
a critical difference in experimental conditions must be
Table 2 Raman spectroscopic parameters for CB-NPs

Particle name D/G band

Wave number Half-width

D band G band D band G band

Printex 90 1.13 1344.02 1596.09 177.736 140.160
Printex 25 1.00 1363.98 1594.15 241.646 165.602
Spezialschwarz 250 1.03 1365.98 1599.97 241.646 167.530

Environ. Sci.: Processes Impacts
considered. Contrary to the use of dried solid samples for
analysis in the previous study,53 measurements in the current
study were conducted in a liquid state (D2O). The lyophilization
process itself can potentially induce conformational changes in
proteins, which may account for the discrepancy in the results
obtained in the two studies.

Furthermore, the inherent structural stability of BSA is well-
documented; this stability makes it resistant to signicant
conformational changes upon simple interaction with NPs.
Notably, our results were consistent with the ndings of Das-
gupta et al.,54 who also reported no signicant alterations in the
BSA secondary structure when interacting with silver NPs, as
analyzed using FTIR. The results primarily suggested the
secondary structure of excess BSA unbound to CB-NPs in the
CB–BSA mixture. Furthermore, we examined the secondary
structure change in BSA adsorbed upon interaction with NPs by
excluding the unbound BSA in the CB–BSA mixture.
UV-CD spectra

To remove BSA unbound to CB-NPs from the CB–BSA mixture,
the mixture samples were treated with a centrifugal column
This journal is © The Royal Society of Chemistry 2026
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lter. The BCA quantitative assay showed that, when 30 mg of
BSA mixed with 0.1 mg of CB-NPs was applied to the lter,
a total of 28.62 mg (95.4%), 29.13 mg (97.1%), and 28.35 mg
(94.5%) of BSA were removed from the mixture as the protein
unbound to P90, P25, and S250, respectively. The native BSA
and BSA bound to CB-NPs (Fig. 3) were analyzed via UV-CD,
which is a sensitive technique for studying conformational
changes in proteins.

Previous studies determined the a-helix content—the
dominant structure in albumin based on the interpretation of
CD spectroscopy by analyzing changes at 207–209 nm and
222 nm.55–57 b-sheet structures exhibited a negative peak at
216 nm,58 while the negative peak of BSA at 207–209 nm did not
exhibit any shi when the protein retained its predominant a-
helix structure without unfolding.37 In our results with CB-NPs,
the negative peak at approximately 207 nm shis to longer
wavelengths and the peak at approximately 215–222 nm
becomes at in the BSA bound to P90 (Fig. 3D), suggesting that
only this sample causes slight denaturation of the protein
secondary structure. The changes in CD of BSA bound to P90
suggested an a-helix decrease and a b-sheet increase. These
changes were not observed in BSA with the other CB-NPs.

In CB, the six- and ve-membered carbon rings formed
a pseudo-graphite structure, and their aggregates formed
primary particles, which in turn formed primary aggregates that
are the smallest units of CB.59 The Raman spectra suggested
a higher number of defects in the graphene structure in P90
than in other CB-NPs. In addition, P90 exhibited the smallest
primary particle size (Table 1) with the largest curvature (radius
of curvature: 14.8 (±3.95) nm as spherical NPs). Reportedly, the
large curvature of CB-NPs also induces conformational changes
in proteins.60 The larger curvature of NPs is expected to increase
Fig. 3 Conformational changes of BSA upon adsorption onto CB-NPs,
analyzed by circular dichroism (CD) spectroscopy. (A) CD spectra of
native BSA and BSA adsorbed on the three types of CB-NPs (P90, P25,
and S250) after removal of the unbound protein. (B) Ratio of the CD
signal from 222 to 208 nm, which serves as an indicator of a-helical
content of BSA. (C) CD spectra from (A) normalized at 208 nm to
facilitate comparison of spectral shapes. (D) An enlarged view of
normalized spectra in (C), highlighting a red-shift at approximately
208 nm and a reduction in the negative signal at 222 nm, indicating
structural changes in BSA upon adsorption.

This journal is © The Royal Society of Chemistry 2026
the number of binding sites of a protein to NPs during
adsorption, which may lead to the exposure of originally buried
amino acid residues and physical conformational changes
caused by binding. There is still a limitation that the effects of
CB-NPs with the same surface chemistry and varied sizes are not
directly compared yet. Further investigations are expected via
preparing such CB-NPs in future studies.

In summary, analysis of the secondary structure of BSA-
which contains both fractions unbound and bound to CB-
NPs-using FT-IR44 in the present study was consistent with
that in previous studies,35 which reported that these structural
changes were not observed by UV-CD. In a previous study, CD
analysis of BSA (0.01 M) incubated for 2 h with CB-NPs (0.01 or
0.02 mg mL−1) did not exhibit any changes in the characteristic
range of 207–209 nm and 222 nm negative peaks of a-helix,35

indicating that the native conformation was retained. The
present study newly reported that the changes were observed
only when the unbound fraction was removed to concentrate
the bound (adsorbed) fraction onto P90 and the UV-CD spectral
changes were observed.
MD simulations

MD simulations were further performed to investigate the effect
of the 9 nm CB-NP model on the BSA monomers and associated
intermolecular interactions. Considering the limitations of the
simulation box of size 20 × 20 × 20 nm3, a CB-NP model of
9 nm was used in our simulations. The three BSA monomers
present in each simulation box were numbered BSA #1, #2, and
#3 to distinguish them. As shown in Fig. 4, one BSAmonomer is
adsorbed on the surface of CB-NPs within 100 ns in runs #1 and
#2, whereas two BSA monomers are adsorbed on the CB-NPs
within 200 ns in runs #3 and #4. The interactions between
BSA monomers and water are studied at the end of the simu-
lations via RDF analysis, as shown in Fig. 5. As shown in Fig. 5,
the BSA monomers adsorbed on the surface of CB-NPs exhibit
decreased interactions with water, as indicated by a decrease in
the RDF peaks. In particular, in run #1, decreased RDF
Fig. 4 Time-evolution of distances between CB-NPs and the three
BSA monomers with representative snapshots of systems at the end of
corresponding MD simulations: runs (A) #1, (B) #2, (C) #3, and (D) #4.
Water molecules and ions are not shown for clarity. Coloringmethods:
black: 9 nm CB-NP model; the secondary structure of BSA protein:
blue and violet: helices and white and cyan: unstructured bend and
turn.
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Fig. 5 Radial distribution functions of interactions between water and
BSAmonomers in the last 5 ns of simulations in each run: (A) #1, (B) #2,
(C) #3, and (D) #4.
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interactions at a distance of 2 nm and further are observed
between water and BSA #1 (Fig. 5A), which is adsorbed on the
surface of the CB-NPs (Fig. 4A).

Similarly, in all runs, the adsorbed BSA monomers exhibited
reduced interactions with water molecules beyond a distance of
2 nm, particularly BSA #3 in run #2, BSA #2 and #3 in run #3,
and BSA #1 and #3 in run #4 (Fig. 5B–D). However, the rst
hydration shell of BSA monomers remained unaffected by the
adsorption on the CB-NPs because no difference was observed
at a distance of 0.4 nm in the RDF plots.

To investigate the preferable binding sites of BSA on the
surface of the CB-NP model, we studied the time evolution of
the distances between CB-NPs and protein domains for the BSA
monomers adsorbed on the CB-NPs, as shown in Fig. 6.
According to Fig. 6A, the BSA monomer was adsorbed on the
surface of CB-NPs via domains I and III in run #1, as shown by
low intermolecular distance with values at approximately 0.7
and 0.6 nm, respectively. In run #2, the BSA monomer is
adsorbed on the surface of CB-NPs via domain III (Fig. 6B).

In run #3, one of the BSA monomers is adsorbed on the
surface of the CB-NPs with domains II and III (Fig. 6C), whereas
Fig. 6 Time-evolution of distances between CB-NPs and BSA
monomer domains of adsorbed monomers in each run: (A) run #1 –
BSA#1, (B) run #2 – BSA #3, (C) run #3 – BSA #2, (D) run #3 – BSA #3,
(E) run #4 – BSA #1, and (F) run #4 – BSA #3.

Environ. Sci.: Processes Impacts
another monomer is bound with domain II (Fig. 6D). In run #4,
one of the BSA monomers is adsorbed onto domain III (Fig. 6E),
whereas the other monomer is bound on the surface of the CB-
NPs via domain I (Fig. 6F). Although no specic binding sites
were observed, domain III had a higher occurrence of being
adsorbed on the surface of the CB-NPmodel. In particular, 4 out
of 6 BSA monomers were adsorbed to CB-NPs with domain III.
These observations were in agreement with the results of an
earlier MD study,61 which reported that the BSA subdomain IIIA
(of domain III) was adsorbed with high hydrophobicity on the
graphite surface.

Furthermore, the last 5 ns of simulations were used to
analyze the average RMSF uctuations of the carbon-alpha in
the BSA monomers (Fig. 7) to characterize the movement of
amino acid residues upon adsorption on the surface of CB-NPs.
As shown in Fig. 7A, the adsorption of the BSA #1 monomer
resulted in the suppressed movement of the amino acids in run
#1, with a more signicant decrease in the RMSF values at
0.2 nm in domains II and III. The results indicated decreased
proteinmobility owing to the binding of domains I and III to the
CB-NPs. In run #2, decreased RMSF uctuations in domains I
and III (down to 0.2 and 0.3 nm, respectively) are observed in
BSA #3 owing to the adsorption of domain III on the surface of
CB-NPs (Fig. 7B). Furthermore, in run #3, decreased protein
mobility of all domains was observed in BSA #2 (at 0.2 nm),
which was adsorbed via domains II and III (Fig. 7C). In
comparison, a decrease in the RMSF values in domains II and
III (at 0.2 nm) was observed in BSA #3 owing to the adsorption of
domain II on the surface of CB-NPs. In run #4 (Fig. 7D),
decreased RMSF uctuations in domain III (at 0.3 nm) were
observed in BSA #1 owing to the adsorption of domain III on the
surface of CB-NPs. In contrast, increased RMSF values in
domains I and III (up to 1.2 nm) were observed in BSA #3 owing
to the adsorption of domain I on the CB-NPs, indicating high
protein mobility. Although increased RMSF uctuations could
be observed during the adsorption of domain I (run #4 and BSA
#3) on the surface of CB-NPs, in general, decreased mobility of
Fig. 7 Root-mean-square fluctuations of BSA monomers averaged
for the last 5 ns of simulations in each run: runs (A) #1, (B) #2, (C) #3,
and (D) #4.

This journal is © The Royal Society of Chemistry 2026

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5em00868a


Paper Environmental Science: Processes & Impacts

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

9 
A

pr
il 

20
26

. D
ow

nl
oa

de
d 

on
 5

/2
1/

20
26

 3
:1

2:
14

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
the amino acids was observed due to protein adsorption, with
a more signicant effect during the simultaneous adsorption of
domains II and III (in BSA #2 and run #3).

Furthermore, the effect of the CB-NP model on the SASA of
the BSA protein was studied; however, no signicant effect was
observed within the simulated time. The results of the SASA
analysis are shown in Fig. S2 and S3.

Overall, the results of our MD simulations revealed that the
BSA monomers might be adsorbed on the surface of the CB-NPs
owing to hydrophobic interactions. Although no specic
binding sites were revealed and all three domains of BSA could
be adsorbed on the surface of the CB-NP model, domain III had
a higher propensity to be adsorbed. Furthermore, upon being
adsorbed on the surface of CB-NPs, the uctuations in the
amino acid positions generally decreased, which was attributed
to the strong binding to CB-NPs and decreased protein mobility.
Moreover, CB-NPs might have enhanced the formation of
protein aggregates by serving as a surface for the adsorption of
proteins.

Finally, some limitations regarding this study merit discus-
sion. The concentration dependence, which could not be
investigated in this study, is not simple and is also biased by the
adsorption affinity between NPs and proteins. As the NP
concentration increases, the NP surface area within the system
increases, leading to a decrease in the density of proteins
adsorbed onto the NP surface and a weakening in their inter-
actions.45 Previous studies have shown that the adsorption
behavior of proteins onto NP surfaces depends not only on
surface chemistry but also on surface morphology and rough-
ness related to NP size.73 A detailed investigation into the rela-
tion between changes in BSA adsorption due to NP size and
changes in decreased secondary structure will be the subject in
future studies.

Conclusions

Changes in the secondary structure of BSA were not detected in
the FTIR measurements aer 48 h of interaction with CB-NPs.
However, a minimal change might be observed in BSA incu-
bated with P90, which had a more defective graphene structure
and the smallest primary particle size compared to other CB-
NPs. This limitation was possibly attributed to the coexistence
of a large amount of unbound BSA that did not interact with CB-
NPs in the sample. The CD spectrum of BSA adsorbed onto P90
exhibited a slight variation, suggesting that the secondary
structure of only the BSA adsorbed onto a CB-NP with the
defective graphene structure was affected. Furthermore, the
results of our MD simulations revealed that the strong binding
of BSA monomers to CB-NPs decreased protein mobility, sug-
gesting that CB-NPs might serve as a surface for the adsorption
of proteins. Although no specic binding sites of the BSA
monomer to the CB-NP model were revealed, domain III had
a higher propensity for adsorption. Overall, the proteins
adsorbed onto NPs should be isolated to reveal the conforma-
tional changes in the protein caused by CB-NPs dependent on
their surface properties. These NP–protein interactions may
lead to the elucidation of biological and health-related effects of
This journal is © The Royal Society of Chemistry 2026
NPs by clarifying their effect on the in vivo function, stability,
and degradability of proteins.
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A. Rodŕıguez-López, R. Gómez-Cansino and L. Rodriguez-
Fragoso, Interaction of nanoparticles with blood
Environ. Sci.: Processes Impacts
components and associated pathophysiological effects, in
Unraveling the Safety Prole of Nanoscale Particles and
Materials—From Biomedical to Environmental Applications,
2018, pp. 37–59.

18 M. Mahmoudi, S. Laurent, M. A. Shokrgozar and
M. Hosseinkhani, Toxicity evaluations of
superparamagnetic iron oxide nanoparticles: cell "vision"
versus physicochemical properties of nanoparticles, ACS
Nano, 2011, 5, 7263–7276.

19 M. Rabe, D. Verdes and S. Seeger, Understanding protein
adsorption phenomena at solid surfaces, Adv. Colloid
Interface Sci., 2011, 162, 87–106.

20 L. M. Pandey and S. K. Pattanayek, Properties of
competitively adsorbed BSA and brinogen from their
mixture on mixed and hybrid surfaces, Appl. Surf. Sci.,
2013, 264, 832–837.

21 L. M. Pandey and S. L. Pattanayek, Relation between the
wetting effect and the adsorbed amount of water-soluble
polymers or proteins at various interfaces, J. Chem. Eng.
Data, 2013, 58, 3440–3446.

22 Z. J. Deng, M. Liang, M. Monteiro, I. Toth and R. F. Minchin,
Nanoparticle-induced unfolding of brinogen promotes
Mac-1 receptor activation and inammation, Nat.
Nanotechnol., 2011, 6, 39–44.

23 C. Palocci, L. Chronopoulou, I. Venditti, E. Cernia,
M. Diociaiuti, I. Fratoddi and M. V. Russo, Lipolytic
enzymes with improved activity and selectivity upon
adsorption on polymeric nanoparticles, Biomacromolecules,
2007, 8, 3047–3053.

24 M. Mahmoudi, M. A. Shokrgozar, S. Sardari,
M. K. Moghadam, H. Vali, S. Laurentc and P. Stroeve,
Irreversible changes in protein conformation due to
interaction with superparamagnetic iron oxide
nanoparticles, Nanoscale, 2011, 3, 1127–1138.

25 M. Holmberg and X. Hou, Competitive protein adsorption–
multilayer adsorption and surface induced protein
aggregation, Langmuir, 2009, 25, 2081–2089.

26 M. Holmberg, K. B. Stibius, N. B. Larsen and X. Hou,
Competitive protein adsorption to polymer surfaces from
human serum, J. Mater. Sci.:Mater. Med., 2008, 19, 2179–
2185.

27 C. M. Alves, R. L. Reis and J. A. Hunt, The competitive
adsorption of human proteins onto natural-based
biomaterials, J. R. Soc. Interface, 2010, 7, 1367–1377.

28 J. Benesch, J. F. Mano and R. L. Reis, Analysing protein
competition on self-assembled mono-layers studied with
quartz crystal microbalance, Acta Biomater., 2010, 6, 3499–
3505.

29 A. Hasan, G. Waibhaw and L. M. Pandey, Conformational
and Organizational Insights into Serum Proteins during
Competitive Adsorption on Self-Assembled Monolayers,
Langmuir, 2018, 34, 8178–8194.

30 L. M. Pandey, S. K. Pattanayek and D. Delabouglise,
Properties of Adsorbed Bovine Serum Albumin and
Fibrinogen on Self-Assembled Monolayers, J. Phys. Chem.
C, 2013, 117, 6151–6160.
This journal is © The Royal Society of Chemistry 2026

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5em00868a


Paper Environmental Science: Processes & Impacts

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

9 
A

pr
il 

20
26

. D
ow

nl
oa

de
d 

on
 5

/2
1/

20
26

 3
:1

2:
14

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
31 L. Treuel, M. Malissek, J. S. Gebauer and R. Zellner, The
inuence of surface composition of nanoparticles on their
interactions with serum albumin, ChemPhysChem, 2010,
11, 3093–3099.

32 R. E. Cristian, I. J. Mohammad, M. Mernea, B. G. Sbarcea,
B. Trica, M. S. Stan and A. Dinischiotu, Analyzing the
interaction between two different types of nanoparticles
and serum albumin, Materials, 2019, 12, 3183.

33 M. Umezawa, R. Itano, N. Sakaguchi and T. Kawasaki,
Infrared spectroscopy analysis determining secondary
structure change in albumin by cerium oxide
nanoparticles, Frontiers in Toxicology, 2023, 5, 1237819.

34 A. Rajeshwari, S. Pakrashi, S. Dalai, Madhumita, V. Iswarya,
N. Chandrasekaran and A. Mukherjee, Spectroscopic studies
on the interaction of bovine serum albumin with Al2O3

nanoparticles, J. Lumin., 2014, 145, 859–865.
35 H. Wu, M. Chen, M. Shang, X. Li, K. Mu, S. Fan, S. Jiang and

W. Li, Insights into the binding behavior of bovine serum
albumin to black carbon nanoparticles and induced
cytotoxicity, Spectrochim. Acta, Part A, 2018, 200, 51–57.

36 L. Li, R. Lin, H. He, M. Sun, L. Jiang and M. Gao, Interaction
of amidated single-walled carbon nanotubes with protein by
multiple spectroscopic methods, J. Lumin., 2014, 145, 125–
131.

37 J. Kuchlyan, N. Kundu, D. Banik, A. Roy and N. Sarkar,
Spectroscopy and uorescence lifetime imaging
microscopy to probe the interaction of bovine serum
albumin with graphene oxide, Langmuir, 2015, 31, 13793–
13801.

38 H. Wu, L. Lin, P. Wang, S. Jiang, Z. Dai and X. Zou,
Solubilization of pristine fullerene by the unfolding
mechanism of bovine serum albumin for cytotoxic
application, Chem. Commun., 2011, 47, 10659–10661.

39 C. Chung, Y. K. Kim, D. Shin, S. R. Ryoo, B. H. Hong and
D. H. Min, Biomedical applications of graphene and
graphene oxide, Acc. Chem. Res., 2013, 46, 2211–2224.

40 Y. Jiang, C. Li, X. Nguyen, S. Muzammil, E. Towers,
J. Gabrielson and L. Narhi, Qualication of FTIR
spectroscopic method for protein secondary structural
analysis, J. Pharm. Sci., 2011, 100, 4631–4641.

41 J. Zhang, X. Zhang, F. Zhang and S. Yu, Solid-lm sampling
method for the determination of protein secondary structure
by Fourier transform infrared spectroscopy, Anal. Bioanal.
Chem., 2017, 409, 4459–4465.

42 J. D’antonio, B. M. Murphy, M. C. Manning and W. A. Al-
Azzam, Comparability of protein therapeutics: quantitative
comparison of second-derivative amide I infrared spectra,
J. Pharm. Sci., 2012, 101, 2025–2033.

43 J. Kong and S. Yu, Fourier transform infrared spectroscopic
analysis of protein secondary structures, Acta Biochim.
Biophys. Sin., 2007, 39, 549–559.

44 M. J. Krysmann, V. Castelletto, A. Kelarakis, I. W. Hamley,
R. A. Hule and D. J. Pochan, Self-assembly and
hydrogelation of an amyloid peptide fragment,
Biochemistry, 2008, 47, 4597–4605.

45 N. Sakaguchi, S. Kaumbekova, R. Itano, M. A. Torkmahalleh,
D. Shah and M. Umezawa, Changes in the secondary
This journal is © The Royal Society of Chemistry 2026
structure and assembly of proteins on uoride ceramic
(CeF3) nanoparticle surfaces, ACS Appl. Bio Mater., 2022, 5,
2843–2850.

46 M. J. Abraham, T. Murtola, R. Schulz, S. Páll, J. C. Smith,
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