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A B S T R A C T

The interaction of human proteins and metal species, both ions and nanoparticles, is poorly understood despite
their growing importance. These materials are the by-products of corrosion processes and are of relevance for
food and drug manufacturing, nanomedicine, and biomedical implant corrosion. Here, we study the interaction
of Cr(III) ions and chromium oxide nanoparticles with bovine serum albumin in physiological conditions. This
study combined electrophoretic mobility measurements, spectroscopy, and time-of-flight secondary ion mass
spectrometry with principal component analysis. It was determined that neither metal species resulted in global
albumin unfolding. The Cr(III) ions interacted strongly with amino acids found in previously discovered metal
binding sites, but also were most strongly implicated in the interaction with negatively charged acid residues,
suggesting an electrostatic interaction. Bovine serum albumin (BSA) was found to bind to the Cr2O3 nano-
particles in a preferential orientation, due to electrostatic interactions between the positive amino acid residues
and the negative chromium oxide nanoparticle surface. These findings ameliorate our understanding of the
interaction between trivalent chromium ions and nanoparticles, and biological macromolecules.

1. Introduction

The interactions between human proteins and metal remain poorly
understood, even though they become increasingly important yearly.
The utilization rate for arthroplasty implants has increased dramatically
from the 1980s to the 2010s, and a report published by Data Horizons
Research said the implantable medical device market is expected to
grow at 7.3 % annually from 2024 to 2032, suggesting a dramatic in-
crease in implantation rate. [1–3] A prevalent yet infrequently consid-
ered method of exposure to metal ions and metal nanoparticles (NP) is
the corrosion of implanted biomedical devices such as arthroplasty im-
plants or pacemakers, with nanoparticles being released in great quan-
tities from malpositioned implants or implants undergoing a
combination of both mechanical and chemical degradation (i.e. knee or
hip implants). [4–10] Although both metal ions and nanoparticles are
corrosion by-products, and both will be present in corrosion scenarios,

they are known to interact very differently with macromolecules. When
exposed to protein-rich environments, metal ions tend to cause proteins
to aggregate. [11–13] When exposed to biological media, nanoparticles
develop a dynamic coating of proteins called a protein corona. [14,15]
Malfunctioning proteins, including these metal-protein aggregates, have
been implicated in several health concerns, including metabolic
dysfunction, allergies, pseudotumors, lesions, cancer, and neurodegen-
erative diseases. [8,16–24] This is a multi-faceted problem with impli-
cations for implant biomedical implant safety standards, food
manufacturing, and for the developing field of nanomedicine, where
nanoparticles are used as targeted-delivery drug carriers or as radio-
therapy sensitizers for cancer treatments. [25,26]

Chromium (Cr) was chosen as the metal of interest due to its prev-
alence as an alloying element in two common biomaterials: the cobalt-
chrome (CoCr) alloy and stainless steel. [27] The major metal ion
released from corroding biomedical implants of this composition is the
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trivalent form, Cr(III), not the highly carcinogenic Cr(VI). [10,28] For
well-functioning implants, the majority of the wear debris is composed
of chromium oxide (Cr2O3) nanoparticles (<100 nm), although malpo-
sitioned implants may release wear particles up to 1000 nm. [10] The
physical characteristics of nanoparticles, such as size and charge,
determine the nature of their interactions with proteins. It has been
found that spherical nanoparticles tend to improve the binding affinity
of proteins, a greater surface area results in more total protein binding
and larger nanoparticles tend to bind intact proteins. In contrast,
nanoparticles with a smaller radius of curvature tend to result in loss of
protein secondary structure. [14]

Bovine serum albumin (BSA) was chosen as the protein of interest
due to its 76 % structural homology with human serum albumin (HSA),
low cost and wide availability. [29] Albumin proteins make up 60–65 %
of mammalian blood, they are also found in the synovial fluid at roughly
a third of the concentration in blood plasma, and skin. [30–33] These
factors make albumin a highly desirable protein to study when exploring
metal-induced protein aggregation.

Time-of-flight secondary ionmass spectrometry (ToF-SIMS) [34] was
chosen due to its high surface sensitivity [35] (probing only 1–3 nm of
the topmost surface), and because the measured spectra are rich in
chemical information. All ions created in the sample analysis process are
captured, which provides unique chemical selectivity for organic and
biological materials via characteristic ions, providing valuable infor-
mation regardingmolecular conformation and surface chemical states or
structures. ToF-SIMS is not quantitative due to matrix effects and vari-
able ion yields from different species, so comparing different chemical
species from one sample is impractical; however, comparing ion in-
tensities of the same species or ion ratios of species among different
samples is facile. [36] This makes it an ideal method for investigating
and comparing the chemical motifs present in the interaction of BSA
with Cr(III) ions and Cr2O3 nanoparticles. Due to its high sensitivity to
chemical states and surfaces, ToF-SIMS has been used in combination
with multivariate analysis such as principal component analysis (PCA)
for detailed surface analysis of adsorbed protein layers. [37–43] PCA is a
well-established form of multidimensional scaling that involves trans-
forming variables into a lower-dimensional space while retaining a
maximal amount of information about them. Principal components are
essentially scaled, linear combinations of the original variables, and
larger scores represent a larger percentage of the original variable
behaviour. A full description of this process may be found elsewhere.
[44,45]

This study aimed to identify the specific BSA amino acids that
interact with Cr(III) ions and Cr2O3 nanoparticles to develop mecha-
nistic insights for the documented phenomenon of Cr-induced protein
aggregation. This was conducted using electrophoretic mobility mea-
surements to determine the surface charge on Cr2O3 nanoparticles and
BSA, circular dichroism (CD) spectroscopy to investigate protein
unfolding, and ToF-SIMS for detailed information on protein chemical
states.

2. Experimental

2.1. Chemicals and solutions

The solvent for all solutions was ultrapure (type 1) water purified
with a Milli-Q Reference System (Millipore Sigma) to give a resistivity of
18.2 MΩ⋅cm. Cr2O3 (Chromium(III) oxide nanopowder, <100 nm par-
ticle size (TEM), 98 %, Sigma Aldrich, USA) nanoparticle suspensions
were made at concentrations of 50 ppm in type 1 water, then tip soni-
cated (VWR Ultrasonic Homogenizer, 5/32″horn) at 35 % amplitude for
5 min (14.4 kJ) to disperse. A 2 mM Cr(III) stock solution was prepared
using potassium chromium(III) oxalate trihydrate (K3Cr(C2O4)3⋅3H2O,
98 %, Sigma Aldrich, USA). This salt was chosen to have no impact on
the solution pH. [13,46,47] Bovine serum albumin (BSA, heat shock
fraction, pH 7,≥98 %, Sigma Aldrich, USA) solutions were created at 10

g/L (0.15 mM) in 150 mM NaCl and 20 mM 2-(N-morpholino)ethane-
sulfonic acid buffer (MES, low moisture content, ≥99 % by titration,
Sigma Aldrich, USA), pH 7.2–7.4 adjusted with 8 M NaOH. The con-
centration of the nanoparticle suspension was chosen to optimize the
colloidal stability and the volume of the aliquots added to the protein
solution was chosen to emulate estimations of the amount of material
released from corroding biomedical implants in vivo. [10]

2.2. Optical transmission

MES buffer solution with 10 g/L (0.15 mM) BSA was prepared and
allowed to equilibrate for one hour at room temperature. 1.5 mL was
transferred to a clean, dry microcentrifuge tube and centrifuged at
4000g for 30 s to remove any insoluble debris and dust. The top 1 mL
was transferred to a clean vial containing various quantities of 50 ppm
Cr2O3 NP suspension. The mixtures were gently stirred, and then the
optical transmission was analyzed in triplicate on the Litesizer 500
(Anton Paar) over 30 s.

2.3. Zeta potential measurement

MES buffer solution with 10 g/L (0.15 mM) BSA was prepared and
allowed to equilibrate for one hour at room temperature. 1.5 mL was
transferred to a clean, dry microcentrifuge tube and centrifuged at
4000g for 30 s to remove any insoluble debris and dust. The top 1 mL
was transferred to a clean vial containing various quantities of 50 ppm
Cr2O3 NP suspension. The mixtures were gently stirred, and then a one
mL aliquot was analyzed in triplicate on the Litesizer 500 (Anton Paar)
in Omega Cuvettes, which can measure high-conductivity ζ potential
using the cmPALS technique (continuously monitored phase analysis
light scattering –which is a form of electrophoresis) after five minutes of
equilibration time.

Three 1 mL aliquots of 50 ppm Cr2O3 nanoparticle suspension were
also analyzed on the Litesizer 500 (Anton Paar) at 21 ◦C and with a one-
minute equilibration time. In all cases, a Smoluchowski approximation
was used, with a Henry factor of 1.5. Power adjustment was automatic
with a maximum potential of 200.0 V. The measurement was concluded
after 100 runs. The solvent was ultrapure (type 1) water (refractive
index of 1.3306, a viscosity of 0.0009779 Pa × s, and a relative
permittivity of 79.81).

2.4. Time of flight secondary ion mass spectrometry (ToF-SIMS)

MES buffer solution with 10 g/L (0.15 mM) BSA was prepared and
equilibrated for one hour at room temperature. 1.0 mL of BSA solution
and 1.0 mL of 50 ppm Cr2O3 nanoparticle suspension were transferred to
a clean, dry 15 mL centrifuge tube and centrifuged at 4000g for 2 min.
The top 1.5 mLwas discarded, and the remaining suspension was vortex-
mixed to resuspend. Metal salt solutions were made at a 24:1 M ratio of
metal-to-protein. A clean Al foil was used to deposit samples with a
pipette, followed by drying at room temperature overnight. The loaded
Al foil was rinsed with ultrapure water for 10 s before analysis to remove
excess salt. In ToF-SIMS (TOF-SIMS IV, ION-TOF GmbH, Germany), the
sample surface was bombarded with a pulsed (~1 ns) 25 keV Bi3+ pri-
mary ion beam for the generation of ions from the surface. These sec-
ondary ions were extracted with an electric field and their times of flight
in a reflectron type of tube were measured to construct a spectrum of
secondary ion mass by converting the flight time to a mass/charge (m/z)
ratio via known species such as hydrogen, carbon, and hydrocarbons. A
low-energy electron beam was then flooded over the sample for charge
compensation, which completed the 100-μs cycle of one shot of the
primary ion. The base pressure of the analysis chamber of the instrument
was approximately 10− 7 mbar. The secondary ion mass spectra were
collected at 128 × 128 pixels over the rastered area with one shot of
pulsed primary ion beam per pixel. The ion mass spectra presented in
this study were normalized to the total ion intensity and to the intensity
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of ions of interest to account for concentration effects. Positive ion mass
spectra were calibrated using H+, CH3+, and C3H5+. Negative ion mass
spectra were calibrated using H− , CH− , and C4H− . When necessary,
known, higher mass ions would be used to recalibrate the spectra. An
image of an ion was obtained by mapping the intensity of the ion against
the pixels. The (lateral) spatial resolution of the ion image was on the
order of a few micrometres. Images selected for analysis were sub-
divided into 6 regions of interest of varying size and composition to
increase the statistical power of the data.

2.5. Circular dichroism (CD) spectroscopy

Tris(hydroxymethane)aminomethane (20 mM, Tris, ACS reagent,
≥99.8 %, Sigma Aldrich, USA; 100 mM NaCl; pH 7.2–7.4) adjusted with
5 % HCl was used to prepare 1.0 g/L (0.015 mM) BSA samples and
allowed to equilibrate for 60 min at room temperature. Tris buffer was
employed for CD spectroscopy measurements instead of MES to reduce
the background noise of the sample. Samples were diluted with Tris
buffer or 50 ppm Cr2O3 nanoparticle suspension to create samples with a
final protein concentration of 0.25 g/L (0.004 mM). Protein-free nano-
particle-containing blanks were created and subtracted from the protein
and nanoparticle signal to eliminate the impact of nanoparticle ab-
sorption. Samples were then analyzed in triplicate between 260 and 200
nm at 37 ◦C on a Jasco J-810 spectropolarimeter (Easton, MD) with a 1
mm quartz cuvette.

2.6. Principal component analysis (PCA)

Principal component analysis was conducted using the Eigenvector
Research, Inc. software Solo (version 9.3). Fragment ion intensity was
normalized to total ion intensity within the IONTOF SurfaceLab 7.2
software, then further normalized such that each sample has a total
intensity across all fragments of one to account for concentration dif-
ferences. All data was “autoscaled” prior to PCA. In this procedure, the
data in each column is mean-centred by subtracting the column mean
from each column, forming a matrix where each column has a mean of
zero. Each mean-centred variable is then divided by its standard devi-
ation, which results in variables with unit variance. This procedure puts
all variables on an equal basis for analysis. No cross-validation methods
were applied, and the first two principal components were selected to
investigate the clustering tendency of scores for different samples.

2.7. Statistical analysis

To determine if the differences between two sets of data of similar
type is statistically significant, an unpaired two-tailed Student's t-test
was used. This is a statistical hypothesis test that follows a Student's t-
distribution under the null hypothesis. If the probability (p) that these
sets of data were equal was smaller than 0.05, then they were considered
statistically different.

Fig. 1. Investigating the interaction of albumin with Cr2O3 nanoparticles: aggregation (A), protein corona (B), colocalization of proteins and nanoparticles (C). A)
Optical transmission of, and B) mean zeta potential (* - p ≤ 0.05, *** - p ≤ 0.001) of different volume ratios of 50 ppm Cr2O3 nanoparticle suspension to 10 g/L BSA
solution (e.g., a ratio of 1 means equal volumes of solutions) and only nanoparticle suspension. Transmission is normalized to pure BSA, with the green reference line
representing the transmission of pure 50 ppm Cr2O3 NP suspension. C) ToF-SIMS intensity map of 1) Al+ 2) Cr+ 3) C2H6N+ 4) Overlay of Al+ (blue), Cr+ (red),
C2H6N+ (green). All ions normalized to total ion intensity. Al signals originate from the Al foil substrate.
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3. Results and discussion

3.1. Interaction of Cr2O3 nanoparticles with BSA

The addition of suspended insoluble material, such as Cr2O3 nano-
particles, to a solution will naturally reduce the optical transmission as
the turbidity increases. Normalizing all values to the transmission of a
pure solution of BSA, the addition of various quantities of Cr2O3 sus-
pension resulted in a reduction of the optical transmission of the
mixture, as seen in Fig. 1A. The turbidity in the mixture exceeds the
value seen in a pure suspension of nanoparticles (p < 0.001), suggesting
that the nanoparticles are in some way interacting with the proteins and
causing aggregation. Zeta potential analysis revealed that adding Cr2O3
nanoparticles yielded a mean zeta potential similar to pure BSA sug-
gesting the formation of a protein corona. The average zeta potential of
BSA was − 11.73 ± 0.38 mV, while the average zeta potential of the
nanoparticle suspension was − 18.29 ± 0.96 mV (p < 0.001) as seen in
Fig. 1B. Adding 0.25 mL of 50 ppm Cr2O3 suspension to 1.0 mL of 10 g/L
BSA yielded a zeta potential of − 10.66 ± 0.27 mV, while 0.5 mL of
Cr2O3 yielded a zeta potential of − 11.79 ± 0.40 mV, and 1.0 mL of
Cr2O3 yielded a zeta potential of − 12.56 ± 0.25 mV. These values
significantly differ compared to the BSA-free nanoparticle suspension's
measured value (p < 0.001 in all cases). The dramatic reduction of the
nanoparticle zeta potential in the presence of BSA suggests that BSA is
adsorbing to the surface of the nanoparticles, altering the surface charge
of the nanoparticle, which is why the measured zeta potential is so
similar to that of pure BSA.

The imaging capabilities of ToF-SIMS make it ideal for the visuali-
zation of complex systems like the protein coronas of nanoparticles. ToF-
SIMS intensity maps provide detailed images of sample surfaces andmay
be employed to visualize colocalization between protein material and
nanoparticle (Fig. 1C). The fragment C2H6N+ is a prevalent ion arising
from proteinaceous materials. [48–51] Fig. 1C shows representative ion
images of the colocalization of the Cr+ (Fig. 1C2) and proteinaceous
(Fig. 1C3) fragments (and the corresponding absence of substrate signals

in Fig. 1C1). This finding was reproducible across several ion images,
suggesting a preferential interaction of proteins with Cr2O3
nanoparticles.

We have carefully inspected both the positive and negative second-
ary ion mass spectra but did not find any ion fragment containing Cr and
N or C. Therefore, there is no direct evidence from the ToF-SIMS data to
specify the binding site of the protein on the Cr2O3 nanoparticles, which
may be regarded as the weakness of the technique. However, due to the
detection of numerous ion fragments in ToF-SIMS data, one can extract
information hidden in those ion fragments by exploring the relationships
among the ion fragments, which will be discussed later.

3.2. Protein unfolding

Circular dichroism was employed to determine if the addition of
Cr2O3 nanoparticles resulted in the unfolding of BSA. The far UV scan of
pure BSA and BSA with 0.25 mL of 50 ppm Cr2O3 nanoparticle sus-
pension is seen in Fig. 2C., while a comparison of the CD signal at 222
nm is found in Fig. 2D. Previous studies have indicated that the addition
of K3Cr(C2O4)3⋅3H2O chromium salt did not result in any protein
unfolding by circular dichroism. [13] Likewise, there was no significant
difference between the scan of BSA and the scan of BSA with Cr2O3
nanoparticles, suggesting that the addition of nanoparticles at the con-
centration of this study did not result in protein unfolding. This is the
expected result, as Cr2O3 nanoparticles are an order of magnitude larger
than BSA and have a large radius of curvature. Further investigation into
the unfolding was carried out using ToF-SIMS in negative ion mode,
using the ratio of S2− (disulfide bond) to CNO− (peptide bond) fragments
(Fig. 2B). This method has been used previously to investigate protein
denaturation and is highly effective due to the shallow depth profile of
ToF-SIMS, and the relatively large size of BSA in comparison.
[41,52–54]

It was determined that the interaction of BSAwith Cr(III) ions did not
result in the reduction or cleavage of the cystine bridges, with a S2− /
CNO− ratio of 1.33 ± 0.70 × 10− 3 and 1.39 ± 1.0 × 10− 3 for BSA and

Fig. 2. Investigating the unfolding of albumin in the presence of Cr2O3 nanoparticles, schematically represented in A), by B) disulfide signal per CNO− by ToF-SIMS
(* - p ≤ 0.05), C) Far UV scan of BSA and BSA + 0.25 mL Cr2O3 nanoparticle suspension, and D) a comparison of the CD ellipticity measured at 222 nm (p = 0.2794).
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BSA + Cr(III), respectively (p = 0.43). This suggests that Cr(III) does not
result in any protein unfolding, as this rigid bonding motif prevents
molecular flexibility and is a key factor that determines protein tertiary
structure. [52,55] This is consistent with our previous work, which
showed that the addition of Cr(III) ions to a BSA solution did not result in
any global protein unfolding. [13] When exposed to Cr2O3 nano-
particles, the relative intensity of the disulfide fragment increased from
1.33 ± 0.70 × 10− 3 to 1.91 ± 0.59 × 10− 3 (p = 0.020).

The observed increase in disulfide fragment intensity must be due to
conformational changes within the protein. Native BSA contains 17
intrachain disulfide bonds and only one free cysteine with a reduced
sulfhydryl group. This eliminates the possibility of forming new cystine
linkages through redox reactions, meaning the observed increase in
fragment intensity must arise from a conformational change. [55] Cir-
cular dichroism data does not indicate any loss of conformation or
unfolding, so we suggest that the relative increase in disulfide intensity
was due to the orientation of BSA molecules bound to the nanoparticle
surface. The preferential interaction between protein and nanoparticle
may result in uniform or semi-uniform orientation of BSA molecules on
the nanoparticle surface, which, when compared to the random mo-
lecular orientation in drop-cast BSA and BSA + Cr(III) salt samples, may
uniformly expose a face of the protein richer in oxidized disulfide link-
ages, yielding a greater measured intensity by ToF-SIMS.

3.3. Principal component analysis (PCA)

The complete list of fragments and their associated amino acids used
in the PCA analysis can be found in Table 1 below. In some instances, no
viable amino acid fragments could be found for surface-abundant amino
acids, specifically aspartic acid or serine. This was due to poor peak
resolution, interference with neighbouring peaks, or the complete
absence of the peak due to low relative fragment abundance. The PCA
result accounted for a larger portion of sample trends for the BSA +

Cr2O3 nanoparticle samples than the BSA+ Cr(III) salt samples, however
in both cases,>75% of the sample data can be explained by the first two
PCs. The sample scores can be seen in Table S1 and Fig. S5 in the Sup-
porting Information.

The variable statistics for the BSA + NP are presented in Fig. 3A. The
fragments most closely associated with the chromium fragment Cr+ in
the PCA result (smallest distance to Cr+ in Fig. 3B, high covariance) are
seen in Fig. 3B. In all cases there is a positive correlation between the
detected intensity of these protein fragments and the chromium frag-
ment, meaning that the protein fragments increased in intensity in the
presence of the chromium fragment associated with the Cr2O3 nano-
particles (Fig. 3A).

This measured increase in intensity may only be attributed to the
spatial orientation of BSA within the system, as the increase can't be
linked to any changes in the concentration of the individual amino acids
or unfolding. This change must instead be due to the orientation of BSA
on the nanoparticle surface. The PCA result suggests that the fragments
most closely associated with Cr+ are those from either neutral or
negative amino acids. The intensity of fragments associated with posi-
tive amino acids decreases in most cases, as seen in Fig. 4B.

The measured zeta potential of the Cr2O3 nanoparticles was − 18.29
± 0.96 mV. The decrease in positive ion intensity in ToF-SIMS may be
attributed to the electrostatic interaction between positively charged
amino acids and the negatively charged surface of the Cr2O3 nano-
particle, resulting in a preferential orientation of BSA on the nano-
particle surface. This would reduce the measured intensity of those
fragments most abundant at the protein-nanoparticle interface due to
ToF-SIMS’ shallow probing depth, and artificially increase the intensity
of those fragments on the opposite face of the nanoparticle - those likely
least involved in the binding to the nanoparticle surface, accounting for
their positive correlation with the Cr+ ion.

In comparison, the variable statistics for the BSA + Cr(III) salt are
less polarized, and the change in detected fragment intensity between
BSA and BSA + Cr(III) is much smaller than for BSA and BSA + Cr2O3
nanoparticles. This is expected since drop-cast samples of BSA and BSA
with Cr(III) should not have a preferential alignment and should,

Table 1
Selected positive ToF-SIMS fragments and their corresponding amino acids.

Mass (m/
z)

Fragment Corresponding amino
acid

Amino acid
charge

Ref(s)

30.03 CH4N+ Gly, Lys, Leu, others 0 [48–51]
44.05 C2H6N+ Ala, others 0 [48–51]
58.07 C3H8N+ Glu (− ) [49]
59.05 CH5N3+ Arg (+) [49–51]
70.03 C3H4NO+ Asn, Asp 0/(− ) [48–51]
70.07 C4H8N+ Pro, Arg, Val, Leu 0 [48,49,51]
72.08 C4H10N+ Val 0 [49–51]
73.06 C2H7N3+ Arg (+) [48,49,51]
74.06 C3H8NO+ Thr 0 [48–51]
76.02 C2H6NS+ Cys 0 [50]
81.04 C4H5N2+ His 0 [48,50,51]
84.04 C4H6NO+ Gln, Glu 0/(− ) [48–51]
84.08 C5H10N+ Lys (+) [48–51]
91.05 C7H7+ Phe 0 [51]
100.08 C4H10N3+ Arg (+) [48–51]
107.05 C7H7O+ Tyr 0 [48–51]
110.07 C5H8N3+ His, Arg 0/(+) [48,49,51]
120.08 C8H10N+ Phe 0 [48–51]
130.06 C9H8N+ Trp 0 [48–51]
136.08 C8H10NO+ Tyr 0 [48,51]

Fig. 3. Variable statistics for BSA and BSA + NP. A) Scores for all variables, an enlarged plot of the grey rectangle is seen in B) for the fragments with the shortest
distance to Cr+ in the principal component matrix.
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therefore, be heterogeneously oriented on the substrate surface. Addi-
tionally, a close correlation was found between the Cr+ ions and frag-
ments arising from glutamic and aspartic acids and asparagine,
suggesting a salt-bridging mechanism of interaction between the posi-
tively charged Cr(III) cation (after dissociation from the oxalate anion)
and negatively charged acid residues. A full investigation of the Cr(III)-
BSA interaction and the proposed mechanism can be found in section S4
of the Supporting Information.

3.4. Proposed mechanism

PCA results indicate that when exposed to Cr2O3 nanoparticles, the
amino acids most associated with the chromium ion are negative and
neutral, and the detected intensity of these fragments increases, while
the intensity of all positively charged amino acid fragments decreases.
ToF-SIMS is a highly surface-sensitive technique (1–3 nm, with the
strongest signal from the first 1 nm), which suggests that the positively
charged amino acids were being sequestered away from the protein-
vacuum interface. The surface charge of the Cr2O3 nanoparticles was
found to be negative under our physiologically relevant testing condi-
tions. We propose that BSA will preferentially orient on the nanoparticle
surface such that a surface rich in positive amino acids interacts with the
negative metal oxide surface, explaining the reduction in their detected
intensity. Amino acids populating the surface of the protein facing
outwards were detected in greater intensity, including disulfide link-
ages, resulting in the measured increase in S2− /CNO− ratio.

The proposed mechanism is valid for the conditions studied: physi-
ological pH, ionic strength, and unfunctionalized Cr2O3 nanoparticles of
<100 nm diameter. Although this is representative of the average size of
released wear nanoparticles from biomedical implants, extremely small
particles may be released in vivio. [10,56] These extremely small parti-
cles (< 50 nm) might interact differently with albumin and perhaps

result in protein unfolding due to their smaller radius of curvature. The
techniques used to study protein unfolding in this work broadly assess
global protein structure; it is possible that at the protein-nanoparticle
interface, there is a localized breakdown of protein secondary or ter-
tiary structure not detected by our methods. Additionally, the complex
nature of biological environments may also impact the kinetics of this
process, as different macromolecules will possess different affinities for
the nanoparticle surface. The isoelectric point of serum proteins is sus-
pected to have a large influence on their binding to these nanoparticles,
and proteins with a higher pI, which will carry a greater positive charge
at physiological pH, such as hemoglobin and lysozyme are expected to
have a greater affinity for Cr2O3 nanoparticles than albumin. [57]
Likewise, the size of the proteins might influence their surface affinity
and kinetics of adsorption and/or exchange of already adsorbed proteins
(Vroman effect). [58]

3.5. Computational verification

An explicit all-atom molecular dynamics simulation was ruled
outside the scope of this work due to a lack of parameterization in
existing force fields for the strength of the protein-surface interactions.
However, it is possible to perform a coarse-grained simulation of BSA
using a non-linear Poisson Boltzmann formalism, specifically the
Adaptive Poisson-Boltzmann Solver (APBS release 3.4.1) paired with
PDB2PQR. [59] The web tool PDB2PQR was used to prepare structural
data and force field parameters for the crystal structure of BSA (PDB
code 3V03 from https://www.rcsb.org/). This data was then fed into
APBS to solve the equations of continuum electrostatics. Visualization
was carried out using PyMol (version 2.5.4).

BSA has an isoelectric point between 5.0 and 5.6 pH units, meaning it
carries a net negative charge at physiological pH. [60] Regardless, Fig. 5
shows that BSA has a solvent-accessible region of predominantly

Fig. 4. Detected intensities of fragments A) from neutral and negative amino acids associated with Cr+ fragment by PCA result, B) associated with positive amino
acids (*** - p ≤ 0.001).
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positive charge, supporting our proposed interaction mechanism be-
tween BSA and Cr2O3 nanoparticles.

4. Conclusions

This study used CD spectroscopy, electrophoretic mobility, and ToF-
SIMS to investigate the binding of BSA to Cr(III) and Cr2O3 nanoparticles
in physiological conditions. It was determined that neither chromium
species resulted in global protein unfolding under the conditions
investigated. This work demonstrates there is a strong degree of inter-
action between negatively charged amino acid residues and Cr(III) ions,
substantiating the claim that Cr(III)-induced protein aggregation pro-
ceeds via a salt-bridging mechanism. This work proves there is a pref-
erential interaction between positively charged amino acid residues
with the Cr2O3 nanoparticle surface. This confirms our hypothesis that
neither Cr(III) ions nor chromium oxide nanoparticles result in global
protein unfolding, however, both metal species interact strongly with
albumin and may be implicated in the formation of Cr-albumin aggre-
gates. These fundamental research findings will help improve the study
of metal ions and metal nanoparticles in proteinaceous environments
and help improve our understanding of the potential risks of biomedical
implant corrosion and nanomedicine.
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