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Effect of Carbon Black Nanoparticle on Albumin Secondary Structure

Yuta Takahashi,a Samal Kaumbekova,b Naoya Sakaguchi,a Atsuto Onoda,c Toshiyuki 

Watanabea,b and Masakazu Umezawaa,b,*

Environmental Significance Statement

Carbon black nanoparticles (CB-NPs) are a major component of fine particulate matter (PM2.5) 

that can cause health effects. Although the toxicological effects of such NPs have been reported, 

the specific 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 after incubation with CB-NPs, highlighting 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 findings 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.
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Effect of Carbon Black Nanoparticle on Albumin Secondary 
Structure 
Yuta Takahashi,a Samal Kaumbekova,b Naoya Sakaguchi,a Atsuto Onoda,c Toshiyuki Watanabe a,b 
and Masakazu Umezawa a,b,d*

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 α-helix content and an increase in β-sheet. 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.

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 
interactions, and the initiation of inflammatory, 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 pollutant 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 
denaturation of the perivascular macrophage, and persistent 
astrocyte activation.12–14 
After reaching the bloodstream via various exposure routes,15 
NPs are transported by blood flow forces 16 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 significantly influences the 
biodistribution, intracellular behavior, and biological activity of 
NPs, making it a crucial factor in evaluating NP toxicity.18 
Depending on temperature, pH, and physicochemical 
properties 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, and 
medical biology. 
Interactions between proteins, including fibrinogen, transferrin, 
and lipase, with various NPs (gold, iron oxide, and organic ones 
like polystyrene) has 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 fibrinogen 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-modified NP surfaces can regulate the NP-protein 
interactions, increasing the α-helix content in BSA.30 While 
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citrate-coated gold and silver NPs disrupt the α-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 shift to 
higher wavenumbers, indicating 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 modification.33 Studies have also reported on 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 
fine particles and soot depend not only on the size of the 
particles but also on their surface chemistry62; 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, 
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 
aggregation of NPs but also serves as a factor influencing 
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 specific 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 maintains its native conformation, with 
only a slight reduction in the α-helix content.35 Fluorescence 
spectroscopy has revealed that the ultraviolet (UV) 
fluorescence of BSA quenches with increasing concentrations of 
single-walled carbon nanotubes.36 Moreover, a decrease in the 
α-helix content of BSA and partial unfolding in the presence of 
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 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 
abundancy 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 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 identified 
in the TEM images of >40 particles. The secondary particle size 
and zeta potential of CB-NP 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 μW.

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) and CB-NPs 
(0.1 mg/mL) 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 performed 
to improve the mixing of samples using an ultrasonic cleaner 
(CPX2800H-J, Emerson Japan, Ltd., Tokyo, Japan). Each sample 
was casted between two CaF2 plates with a 25 μm spacer for 
liquid film FTIR analysis.

UV circular dichroism of BSA bound to CB-NPs

A mixture of BSA (30 mg/mL) and CB-NPs (0.1 mg/mL) was 
subjected to a centrifugal filter column (molecular weight cut-
off: 100 kDa; Merck Millipore Ltd., MA, USA) to remove BSA 
unbound to CB-NPs. The proteins remained on and passed 
through the filter were designated as “bound” and “unbound,” 
respectively. The protein concentrations of “bound” and 
“unbound” samples were quantified using 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 with ultrapure water) in a quartz cell (optical path 
length: 10 mm; #83-1013; Sansyo Co., Ltd., Tokyo, Japan) using 
a circular dichroism spectrometer (J-820, JASCO Co., Tokyo, 
Japan).
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MD simulations

Gromacs 2022.646 was used to perform MD simulations using 
an Amber99SB forcefield. The simulations were performed in a 
simulation box of size 20  20  20 nm3. Three BSA monomers 
(PDB ID: 4f5s),47 each with a total charge of 16 was inserted 
into the simulation box, maintaining the protein concentration 
at 40 mg/mL. 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-NP.48 Notably, the experimentally 
observed density of our CB-NP model was 1.27 g/cm3, which 
was lower than that of CB (1.7-1.9 g/cm3).49 The CB-NP model 
was inserted in the simulation box with an average initial 
distance of approximately 3 nm between the CB-NP and BSA 
monomers. The systems were solvated in water using the TIP3P 
water model.
Four independent MD simulations were performed—starting 
from the energy minimization step performed with the steepest 
descents 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-NP on the BSA monomer, the 
binding of CB-NP and at least one of the BSA monomers was 
achieved within 100 ns in two runs (Run #1 and #2). In addition, 
the binding of CB-NP and two BSA monomers was achieved 
within 200 ns in the other two runs (Run #3 and #4). The 
changes in the intermolecular distances between the CB-NP and 
BSA monomers within the production run were studied. The 
final 5 ns of the simulations were used to analyze the average 
root-mean-square fluctuations (RMSF) of the carbon-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 residues number (a. a.) 1–196, Domain II: a. a. 
204–381, and Domain III: a. a. 382–571). The time evolution of 
the solvent-accessible surface area (SASA) of the BSA 
monomers was studied to characterize the changes observed in 
the protein structure. The simulation boxes were visualized 
using the visual molecular dynamics software.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-NPs 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 individual 
particles, each of which is smaller than other particles (Fig. 1C, 
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 
show 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 
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, Table 2).

Figure 1. Physicochemical characterization of carbon black 
nanoparticles (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 
aqueous dispersion. (C) Representative transmission electron 
microscopy images showing nanoparticle morphologies of P90, 
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P25, and S250. All scale bars represent 100 nm. (D) Raman 
spectra of three CB-NPs: P90, P25, and S250.

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

Table 2. Raman spectroscopic parameters for CB-NPs.

Wave number Half-width
Particle name

D/G 
band 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

FTIR spectra

Proteins show IR absorption, which is attributed to amide I and 
II vibrations (Fig. 2). Amide I absorption observed at 
approximately 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 
conformational structure of BSA were amide II at 1570 cm1, 
intermolecular extended chains at 1613 cm1, β-sheet at 1628 
cm1, α-helix at 1651 cm1, and β-turn at 1681 cm1.52

To quantitatively evaluate the absorption peaks attributed to 
each of these conformations, we performed peak separation by 
Gaussian fitting (Figs. 2B–E). The results reveal that the ratio of 
α-helix or β-sheet in BSA does not change by mixing with any 
CB-NPs for 48 h (Fig. 2F), suggesting a negligible effect of CB-
NPs on the secondary structure of BSA. These findings were in 
contrast with the results observed for TiO2 NPs, which caused 
shifts in the α-helix and β-sheet peaks, suggesting a distortion 
in the BSA secondary structure upon adsorption.53 Therefore, a 
critical difference in experimental conditions must be 
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 significant 
conformational changes upon simple interaction with NPs. 
Notably, our results were consistent with the findings of 
Dasgupta et al.,54 who also reported no significant alterations in 
the BSA secondary structure when interacting with silver NPs, 
as analyzed using FTIR. The results primarily suggested that the 
secondary structure of excess BSA unbound to CB-NPs in the CB-

BSA mixture. Further, we examined the secondary structure 
change in BSA adsorbed upon interaction with NPs by excluding 
the unbound BSA in the CB-BSA mixture.

Figure 2. Amide I band in Fourier transform infrared (FTIR) 
spectra of bovine serum albumin (BSA) interacted with CB-
NPs. (a) FTIR spectra of BSA (30 mg/mL) and BSA on interaction 
with CB-NPs. (b–e) Deconvolution results via Gaussian fitting for 
amide I band in FTIR spectra of BSA (30 mg/mL): (b) without NP 
and with CB-NPs of (c) P90, (d) P25, and (e) S250). (f) Ratio of α-
helix and β-sheet in amide I band of FTIR spectra of BSA 
incubated with CB-NPs.

UV-CD spectra

To remove BSA unbound to CB-NPs from the CB-BSA mixture, 
the mixture samples were treated with a centrifugal column 
filter. The BCA quantitative assay showed that, when 30 mg of 
BSA mixed with 0.1 mg of CB-NP was applied to the filter, total 
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 α-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 β-sheet structures exhibited a negative peak at 216 
nm,58 while the negative peak of BSA at 207–209 nm did not 
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exhibit any shift when the protein retained its predominant α-
helix structure without unfolding.37 In our results with CB-NPs, 
the negative peak at approximately 207 nm shifts to longer 
wavelengths, and the peak at approximately 215–222 nm 
becomes flat 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 α-helix decrease and a β-sheet increase. These 
changes were not observed in BSA with the other CB-NPs.

Figure 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 three types of CB-NPs (P90, P25, and S250) after removal of 
unbound protein. (B) Ratio of CD signal from 222 to 208 nm, 
which serves as an indicator of α-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 negative signal at 222 nm, indicating structural 
changes in BSA upon adsorption.

In CB, the six- and five-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 
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 
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 previous 

studies,35 which reported 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) did not 
exhibit any changes in the characteristic range of 207–209 nm 
and 222 nm negative peaks of α-helix,35 indicating that the 
native conformation was maintained. 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, 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 as 
BSA #1, #2, and #3 to distinguish them. As shown in Fig. 4, one 
BSA monomer is adsorbed on the surface of CB-NP within 100 
ns in Runs #1 and #2, whereas two BSA monomers are adsorbed 
on the CB-NP within 200 ns in Runs #3 and #4. The interactions 
between BSA monomers and water are studied at the end of 
the simulations via RDF analysis, as shown in Fig. 5. As shown in 
Fig. 5, the BSA monomers adsorbed on the surface of CB-NP 
exhibit decreased interactions with water, as indicated by a 
decrease in the RDF peaks. In particular, in Run #1, decreased 
RDF 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-NP (Fig. 4A). 

Figure 4. Time-evolution of distances between CB-NP and 
three BSA monomers with representative snapshots of 
systems at end of corresponding MD simulations: Runs A) #1, 
B) #2, C) #3, and D) #4. Water molecules and ions are not shown 
for clarity. Coloring methods: Black: 9-nm CB-NP model; 
secondary structure of BSA protein: Blue and violet: Helices, 
white and cyan: Unstructured bend and turn.

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 (Figs. 5B–D). However, the first 
hydration shell of BSA monomers remained unaffected by the 
adsorption on the CB-NP because no difference was observed 
at a distance of 0.4 nm on the RDF plots.
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To investigate the preferable binding sites of the BSA on the 
surface of the CB-NP model, we studied the time evolution of 
the distances between CB-NP and protein domains for the BSA 
monomers adsorbed on the CB-NP, as shown in Fig. 6. 
According to Fig. 6A, the BSA monomer was adsorbed on the 
surface of CB-NP 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-NP via Domain III (Fig. 6B).

Figure 5. Radial distribution functions of interactions between 
water and BSA monomers in the last 5 ns of simulations in each 
run: A) #1, B) #2, C) #3, and D) #4.

Figure 6. Time-evolution of distances between CB-NP and BSA 
monomer domains of adsorbed monomers in each run.

In Run #3, one of the BSA monomers is adsorbed on the surface 
of the CB-NP with Domains II and III (Fig. 6C), whereas 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-
NP via Domain I (Fig. 6F). Although no specific binding sites were 
observed, Domain III had a higher occurrence of being adsorbed 
on the surface of the CB-NP model. In particular, 4 out of 6 BSA 
monomers were adsorbed to CB-NP 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 fluctuations 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-NP. As shown in 
Fig. 7A, the adsorption of BSA #1 monomer resulted in the 
suppressed movement of the amino acids in Run #1, with a 
more significant decrease in the RMSF values at 0.2 nm in 
Domains II and III. The results indicated the decreased protein 
mobility owing to the binding of Domains I and III to the CB-NP. 
In Run #2, the decreased RMSF fluctuations 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-NP 
(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-NP. In Run #4 (Fig. 7D), the decreased RMSF 
fluctuations in Domain III (at 0.3 nm) were observed in BSA #1 
owing to the adsorption of Domain III on the surface of CB-NP. 
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-NP, indicating high protein mobility. 
Although increased RMSF fluctuations could be observed during 
the adsorption of Domain I (Run #4, BSA #3) on the surface of 
CB-NP, in general, decreased mobility of the amino acids was 
observed due to the protein adsorption, with a more significant 
effect during the simultaneous adsorption of Domains II and III 
(in BSA #2, Run #3).

Figure 7. Root-mean-square fluctuations of BSA monomers 
averaged for last 5 ns of simulations in each run: Runs A) #1, B) 
#2, C) #3, and D) R#4.

Further, the effect of the CB-NP model on the SASA of the BSA 
protein was studied; however, no significant effect was 
observed within the simulated time. The results of the SASA 
analysis are shown in Fig. S2–S3. 
Overall, the results of our MD simulations revealed that the BSA 
monomers might be adsorbed on the surface of the CB-NP 
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owing to hydrophobic interactions. Although no specific 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-NP, the fluctuations in the amino 
acid positions generally decreased, which was attributed to the 
strong binding to CB-NP and decreased protein mobility. 
Moreover, CB-NP might have enhanced the formation of the 
protein aggregates by serving as a surface for the adsorption of 
proteins.
Finally, some limitations regarding this study merit discussion. 
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 
interactions.45 aa 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 
roughness related to NP size.73 A detailed investigation into the 
relation between changes in BSA adsorption due to NP size and 
changes in secondary structure will be the subjects in future 
works.

Conclusions
Changes in the secondary structure of BSA were not detected in 
the FTIR measurements after 48 h of interaction with CB-NPs. 
However, a minimal change might be observed in BSA 
incubated 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 to P90 exhibited a slight variation, suggesting that the 
secondary structure of only the BSA adsorbed onto an 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-NP decreased 
protein mobility, suggesting that CB-NP might serve as a surface 
for the adsorption of proteins. Although no specific binding sites 
of BSA monomer to 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 
conformational 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 
hygienic effects of NPs by clarifying their effect on the in vivo 
function, stability, and degradability of proteins.
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