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An index for characterization of nhanomaterials

in biological systems

Xin-Rui Xia, Nancy A. Monteiro-Riviere and Jim E. Riviere*

In a physiological environment, nanoparticles selectively
absorb proteins to form ‘nanoparticle-protein coronas'-5, a
process governed by molecular interactions between chemical
groups on the nanoparticle surfaces and the amino-acid resi-
dues of the proteins®-8. Here, we propose a biological surface
adsorption index to characterize these interactions by quantify-
ing the competitive adsorption of a set of small molecule
probes onto the nanoparticles. The adsorption properties of
nanomaterials are assumed to be governed by Coulomb
forces, London dispersion, hydrogen-bond acidity and basicity,
polarizability and lone-pair electrons. Adsorption coefficients
of the probe compounds were measured and used to create a
set of nanodescriptors representing the contributions and rela-
tive strengths of each molecular interaction. The method suc-
cessfully predicted the adsorption of various small molecules
onto carbon nanotubes, and the nanodescriptors were also
measured for 12 other nanomaterials. The biological surface
adsorption index nanodescriptors can be used to develop phar-
macokinetic and safety assessment models for nanomaterials.

The nano-bio interface consists of a nanoparticle surface, a
solid-liquid interface and a corona-media interface (Fig. 1). In
aqueous biological systems, the nanoparticle surface is dramatically
altered by solvation, the adsorption of small molecules and ionic
species®®. This forms the solid-liquid interface, which is key to
understanding the behaviour of nanoparticles in biological
systems>®10, because it determines the colloidal stability of the
nanoparticle in aqueous solutions and determines the affinity
and selectivity of biomolecules when forming ‘nanoparticle-
protein coronas’.

The unique characteristics of this solid-liquid interface arise
from the large surface area of the nanoparticles, which preferentially
adsorb chemicals or biomolecules to reduce their surface energy! 1.
The adsorption affinity of a nanomaterial to biomolecules is deter-
mined by the contributions of multiple adsorption sites on the
nanoparticle surfaces in proximity to the amino-acid residues of
the proteins, rather than to an individual and discrete adsorption
site*®. The biological surface adsorption index (BSAI) approach
characterizes the adsorption properties of nanoparticles by quanti-
fying the competitive adsorption of a set of small molecule probes
onto the nanoparticles (Fig. 1, upper right) by mimicking the mol-
ecular interactions of the nanoparticle with the amino-acid residues
of the proteins (Fig. 1, lower right).

The BSAI approach is based on the fundamental forces of
molecular interactions in biological processes: Coulomb force
(charged particles), London dispersion (hydrophobic interactions),
hydrogen-bond acidity and basicity, dipolarity/polarizability and
lone-pair electrons!®. The Coulomb force can be measured by the
zeta-potential of charged nanoparticles. The strength parameters
of the other four types of molecular interactions are obtained by
the proposed BSAI approach. It is hypothesized that the adsorption

properties of nanomaterials are governed by the contributions of
each type of molecular interaction, which can be detected by a set
of probe compounds with diverse physicochemical properties cover-
ing the vector spaces of molecular interactions between the nanoma-
terial and biomolecules. The adsorption coefficients (k) of the probe
compounds can be obtained by measuring the quantities of the
probe compounds adsorbed on the surfaces of the nanomaterials
and the equilibrium concentrations of the probe compounds in
the media. The log k values are scaled to a set of known molecular
descriptors of the probe compounds by means of multiple linear
regressions to provide a set of nanodescriptors representing the con-
tributions from each type of molecular interactions. Several sets of
molecular descriptors (empirical or theoretical) developed in quan-
titative structure-activity relationship (QSAR) studies can be used
for the BSAI approach'®. Here, the solute solvation descriptors
developed by Abraham!® were used to demonstrate the derivation
process. The log k values can be scaled to the solute descriptors
by means of a linear free energy relationship (LFER):

logk; = c+ R, + pm;, + aa; + b3, + vV, i=1,2,3,...,n

1

where # is the number of probe compounds, [R;, 7;, o, B;, V] are
the molecular descriptors of the ith probe compound from an estab-
lished database (see Methods). R is the excess molar refraction
representing the molecular force of lone-pair electrons, 7 is the
effective solute dipolarity and polarizability, o is the effective
solute hydrogen-bond acidity, B is the effective solute hydrogen-
bond basicity, and V'is the McGowan characteristic volume that rep-
resents London dispersion. The regression coefficients [r, p, a, b, v]
are the nanodescriptors to be derived from the regression analysis,
which represent the relative contributions of the four types of mol-
ecular interactions of the nanomaterial at the nano-bio interface.
c is the regression constant.

Direct support for the BSAI approach lies in the successful
use of the octanol-water partition coefficient (log X, ) in corre-
lation with the biological activities of small molecules!®!”. This
measures the contribution of lipophilic interactions in biological
processes'®. However, it is difficult to measure the log K,, ,, values
for nanomaterials, because most nanomaterials form stable suspen-
sions either in the water or oil phase, but not in both. The key thrust
of the BSAI approach is to measure a set of log K, /,, equivalent par-
ameters for nanomaterials that can be used for quantitative model
development. Correlation of the log K,, ., values and the adsorption
coefficients (log k) of the probe compounds on multiwalled carbon
nanotubes (MWCNTs) is shown in Fig. 2a. This reveals that lipo-
philicity is a significant factor in the adsorption process, with a cor-
relation slope of 0.68 and R of 0.57, but the scattered data points
indicate that lipophilicity is not the only significant factor, with
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Figure 1| lllustration of the competitive adsorption of small molecules and proteins onto the surface adsorption sites of nanoparticles. Left: in a
physiological environment, nanoparticles are exposed to different proteins and small molecules. Right: the competitive adsorption of small molecules (upper)
and the amino-acid residues of proteins (lower) on a nanoparticle. The orange ring on the nanoparticle with blue irregular shapes represents the adsorption
sites that are not uniformly distributed on the nanoparticle surface. Small molecules with known molecular descriptors [R, 7, , B, V] can be used as probes
to measure the molecular interaction strengths of the nanoparticles with small molecules and biomolecules.
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Figure 2 | Relative molecular interaction strengths at the nano-water interface. a, Correlation of the adsorption coefficients (log k) of the probe compounds
on MWCNTs with their log Ko jw values, suggesting that lipophilicity is significant in the adsorption process (R*>= 0.57) but is not the only factor. b, The five
nanodescriptors [r, p, a, b, v] measured by the BSAI approach, representing the five major molecular interactions in nanoparticle adsorption processes: lone-
pair electrons, polarity/polarizability, hydrogen-bond donor, hydrogen-bond acceptor and London dispersion, respectively. The nanodescriptors of MWCNTs
are depicted with standard errors of the regression analysis. Positive values indicate that the nanoparticle surfaces have stronger interaction potentials with

the chemicals or biomolecules, and negative values indicate the molecular interactions are stronger in the aqueous phase.

other molecular interactions possibly playing an important role in
surface adsorption processes. This observation is consistent with
the literature'®.

The BSAI approach has been developed to identify and quantify
the significant factors that govern the adsorption properties
of nanomaterials. In this study, a set of 28 compounds with
diverse physicochemical properties were used as probe compounds.
The adsorption coefficients of the probe compounds on a given nano-
material (for example, MWCNTs) were measured using a solid-phase
microextraction (SPME)-gas chromatography mass spectrometry
(GC-MS) method. The log k values of the probe compounds on
MWCNTs and their solvation descriptors [R, 7, o, 3, V] are given

672

in Supplementary Table S1. The correlation of log k with the solute
descriptors was established by means of multiple linear regression
analysis of the [log k, R, 7, o, B, V] matrix:

logk = —1.33 +0.043R + 1.75m — 0.37ac — 2.783 + 4.18V (2)

where n=28, R*=0.93, F=63, Qi oo ="0.888 and Qfyi0s50 =
0.883.

The nanodescriptors of MWCNTSs representing the relative
contributions of the four types of molecular interactions are depicted
in Fig. 2b. The lipophilicity (v=4.18) is a strong contributor
(equation (2)). This is consistent with the result obtained when the
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Figure 3 | Predictive model performance and validation for MWCNTSs. a, Predicted versus measured log k values of the training probe and validation
compounds. The predicted log k values correlate well (R*= 0.93) with the measured values of the training probe compounds. The data points of the
validation compounds lying close to the regression line reveal the robustness of the predictive model (equation (2)). b, Williams plot for verifying the
applicability of equation (2). Twelve new compounds were used to validate the model. Training (blue diamonds) and validation (pink triangles) compounds
are within the chemical domain (dotted lines) defined by the training probe compounds (430 and h* = 0.64), suggesting no outliers and the predictivity of

the model is reliable. (For an explanation of o and h*, see Methods.).

log k values were correlated with the log K,, ,, values of the probe
compounds alone (Fig. 2a). Hydrogen-bond basicity (b= —2.78)
is the second most significant factor, but has a negative value,
which suggests that the sorbent surface has a weaker tendency to
donate protons (to the probe compounds) than water at the
liquid—solid interface. Hydrogen-bond acidity (a= —0.37) has a
slightly negative value, indicating that the proton acceptor strength
of the sorbent surface is slightly weaker than water. The third
strong factor is the dipolarity/polarizability (p = 1.75), which is an
attribute of the huge -electron clouds on the carbon nanotubes®*.
The lone-pair electrons (r = 0.043) appear to have a minimal effect,
which could be due to the fact that the lone-pair electrons in
MWCNTs are shielded inside the m-electron clouds, resulting in
them having little effect on the intermolecular adsorption processes.
The BSAI approach not only provides rational interpretations for the
molecular interactions, but also provides five quantitative physico-
chemical parameters characterizing the relative strengths of the mol-
ecular interactions of the nanomaterials in the adsorption processes.

A plot of the predicted log k values of the five nanodescriptors for
MWCNTs versus the measured log k values are shown in Fig. 3a. A
linear correlation was obtained, with a correlation coefficient (R?) of
0.93. This demonstrated that the five nanodescriptors [r, p, a, b, v] of
the BSAI approach provide a much better prediction of the adsorp-
tion affinity of MWCNTs than lipophilicity (log K, ) alone (Fig. 2a).
The partial regression plots and regression residual plot (see
Supplementary Information) indicate that the regression model
(equation (2)) describes the experimental data well. The robustness
of the model was studied by internal cross-validation using the
leave-one-out (LOO) and leave-many-out (LMO25%) tech-
niques?"?2, resulting in validation coefficients Q7 of 0.888 and
Q7 Moase Of 0.883, respectively (see Methods). Both of the cross-vali-
dation coefficients were greater than 0.7, revealing the robustness of
the predictive model (equation (2))%.

External validation was conducted using 12 different compounds
(measured log k values and solute descriptors are given in
Supplementary Table S2). The external validation coefficient
(Q2,,) of the model (equation (2)) was 0.78, suggesting satisfactory
predictivity for the external validation compounds?"?*. The applica-
bility domain of the model (equation (2)) was verified using a
Williams plot (Fig. 3b). All the training probe and validation com-
pounds are within the chemical domain defined by the training
probe compounds (+30 and h*=0.64), suggesting no outliers,
and the predictivity of the model is reliable.
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The adsorption of chemicals or biomolecules onto the surface of
nanoparticles involves complex processes. In particular, the concen-
trations of the probe compounds (as a result of multiple layer
adsorptions) could affect the values of the adsorption coefficients.
Minimum concentrations of the probe compounds should be
used in the adsorption experiments to reduce these concentration
effects. An operational approach is to measure the nanodescriptors
for a given nanomaterial at serial concentrations and then extrap-
olate to infinitely low concentration to obtain a set of theoretical

b
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Figure 4 | Radar compass plot comparing the five nanodescriptors of 12
different nanomaterials. The nanodescriptors [r, p, a, b, v] are regression
coefficients representing the relative molecular interaction strengths of the
nanomaterials. The nanodescriptors of NiO nanoparticles showed an
irregular pattern because of its unique chemisorption of phenol-derivative
probe compounds.
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nanodescriptors in an ideal solution?*. The profiles of the MWCNT
nanodescriptors versus concentrations are given in Supplementary
Fig. S3. The extrapolated values of the five nanodescriptors [r, p,
a, b, v] for MWCNTs are 0.21, 1.17, —0.69, —3.24 and 4.31, respect-
ively. The theoretical nanodescriptors would be more generally appli-
cable for the development of predictive models without the
concentration effects.

The feasibility of the BSAI approach and some applications of
nanodescriptors have been described using MWCNTs as an
example. Predictions such as those made for MWCNTs can also
be made for other nanomaterials if their five nanodescriptors are
measured using the BSAI approach. The BSAI nanodescriptors
for 12 additional nanomaterials including silver (AgP: powder and
Ag50: colloid), TiO,, ZnO, CuO, NiO, Fe,0;, SiO,, Cg,
(powder), nCg, (colloid), MWCNTSs and hydroxylated MWCNT's
(CNTOH) were measured. A radar compass plot was used to
depict the five nanodescriptors obtained for each of the nanomater-
ials (Fig. 4). The nanodescriptors of a given nanomaterial provide a
signature for comparing its physical chemical properties with other
nanomaterials. The nanodescriptors of NiO nanoparticles showed
an irregular pattern because of its specific chemisorption of
phenol derivatives, suggesting that compounds having specific
interactions with a given nanomaterial should not be used as
probe compounds for that nanomaterial. In turn, the BSAI
approach can be used to identify specific interactions of chemicals
or biomolecules that would act as outliers in the predictive model.

One direct application of the BSAI nanodescriptors is to predict
the adsorption of small molecules onto nanoparticles, which is a
critical process for nanomaterials in biological and environmental
systems. Although there are limited quantitative data available in
the literature, a few examples are given here as a demonstration.
The measured affinity coefficients (log K;) of polycyclic aromatic
hydrocarbons onto MWCNTs? correlated well with the predicted
log k values using the BSAI model (equation (2)), with an R?
value of 1.00. Correlation of the log K; values of synthetic organic
compounds onto single-walled carbon nanotubes (CNT)?* with
the predicted log k values provided an R* of 0.86 (Supplementary
Figs $4,S5). The predicted log k value for a given compound was
obtained by inputting the solute descriptors of the compound
into the predictive model (equation(2)) (Supplementary
Table S3). The predicted interaction strengths of CNTs with the
four DNA bases were in the following order: adenine > thymine >
guanine > cytosine (Supplementary Fig. S6). This finding may help
to interpret conflicting reports in the literature?’.

Steroid hormones are crucial molecules that regulate biological
processes and functions in the mammalian body. There are few
data on the molecular interactions of hormones with nanomaterials
or nanomedicines. When the BSAI model (equation (2)) is used to
predict the molecular interaction strengths between MWCNTs and
hormones, the log k values of testosterone, progesterone, oestradiol,
hydrocortisone, aldosterone, L-thyroxine and ethinyl oestradiol
were found to be 9.75, 11.2, 9.02, 10.0, 10.7, 12.6 and 9.85, respect-
ively (Table 1). This prediction suggests very strong interactions
between MWCNTSs and these important hormones, with progester-
one in particular being more than one order of magnitude higher
than testosterone.

The molecular interactions of a nanomaterial with chemicals and
biomolecules are characterized by the BSAI nanodescriptors of the
nanomaterial, which also govern the adsorption affinity and selec-
tivity of biomolecules onto the surfaces of the nanomaterial in the
corona-formation processes®8. The BSAI nanodescriptors can
therefore be used to correlate with the membrane interaction and
biodistribution parameters®® (such as absorption rate, distribution
coefficient and extent of cellular uptake) of the nanomaterial to
develop physiologically based pharmacokinetic models for the
nanomaterial. Similarly, cellular uptake is often a function of
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Table 1 | Predicted log k values of steroid hormones on
MWCNTs.

Hormone R T a B v Predicted log k
Testosterone 155 227 031 101 2383 9.75
Progesterone 156 249 O 1.04 2.622 1.2
Oestradiol 185 23 0.81 095 2199 9.02
Hydrocortisone 204 292 073 19 2.798 10.0
Aldosterone 213 335 048 191 2755 10.7
L-thyroxin 414 283 103 131 3.071 12.6
Ethinyl oestradiol 2.07 243 09 102 2395 9.85

The molecular descriptors [R, 7, @, 3, V1 were obtained from the Absolv program in the ADME Suite
software. The predicted log k value for a given hormone was calculated by inputting its molecular
descriptor values into the predictive model (equation (2)) for MWCNTs.

protein carriers, so it is crucial to know which proteins a nanopar-
ticle interacts with. The BSAI approach could open a quantitative
avenue towards the development of predictive nanomedicine, par-
ticularly in the creation of integrated pharmacokinetic models®
that predict the pathway of cellular uptake®, and for quantitative
risk assessment and safety evaluation of nanomaterials.

Methods

We have developed a SPME/GC-MS method to measure probe compound
adsorption onto nanoparticles from aqueous solutions (see Supplementary
Information). The SPME method has high analytical sensitivity, measuring the free
concentrations of the probe compounds in solution without disturbing the
adsorption equilibrium, and without requiring separation of the nanoparticles from
the solution, which is the most difficult step in nanoparticle adsorption of small
molecules. The GC-MS method offers a high separation power, allowing hundreds
of chemicals to be chromatographically separated and quantitated simultaneously’!,
which is particularly useful in mimicking the competitive adsorption of
biomolecules. The robotic automatic sample analysis enables high-throughput
generation of the quantitative data.

The adsorption experiments were conducted by mixing a given quantity of
nanomaterial (for example, 2.00 mg MWCNT) with a standard solution containing
the probe compounds. The concentration of probe compounds should be minimal
although large enough to be quantified accurately in order to reduce the
concentration effects among the probe compounds. Only ‘parts per billion’ levels of
the probe compounds (individual concentrations) were required in this study
because of the high analytical sensitivity of the SPME/GC-MS method. The x1
concentrations of the probe compounds are listed in Supplementary Table SI.

A number of the commercially available SPME fibres were tested, with
polydimethylsiloxane/divinylbenzene (PDMS/DVB) fibres showing optimal
performance for quantitative analysis of the probe compounds. After achieving
adsorption equilibrium (established from kinetic adsorption experiments,
Supplementary Fig. S7), the equilibrium concentration (C,) of the probe compounds
in solution were measured by the SPME/GC-MS method.

The amounts (1) of the probe compounds adsorbed by the nanoparticles were
obtained by subtracting the quantities remaining in the solution from the dosed
amounts in the standard solution (n°= V,C, — V,C,), where C, is the standard
concentration of a probe compound and V is the volume. The surface concentration
(C,q) of the probe compound adsorbed on the nanoparticle surfaces was calculated
from the adsorption amount (n°) and the mass (m) of the nanomaterial in the
testing solution (C,4 = n°/m). The adsorption constant (k) of a given probe
compound is the ratio of the surface concentration (C,4) and the equilibrium
concentration (C,) in the solution:

p_ Cua_ V(G = C)
C mC,

e e

(3)

The nanodescriptors for a given nanomaterial were obtained by multiple linear
regression analysis of the [log k, R, 7, @, 8, V] matrix using equation (1). The log
k values were measured by the adsorption experiments, and the solute descriptors
were provided by the Absolv program in the ADME Suite software (Advanced
Chemistry Development). An example of the [log k, R, 7, a, B, V] matrix for
MWCNTs is given in Supplementary Table S1. The regression analysis was
performed using the Analyst program in SAS software (SAS Institute).

The robustness of the model (equation (2)) was examined by internal cross-
validation using the LOO and LMO25% techniques. Qf y;o250 i5 @ stronger cross-
validation coefficient than Q7 o, (ref. 21). The applicability domain of the predictive
models was verified by the leverage approach using a Williams plot, with the
leverages of the chemicals (diagonal elements of the Hat matrix) versus the
Euclidean distances of the compounds to the models measured by the jack-knifed
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(standardized and cross-validated) residuals??. If the jack-knifed residual of a
compound is greater than three standard deviation units (+30), the compound will
be treated as outliers. If the leverage of the compound is greater than the warning
leverage (h > h*), it suggests that the compound is very influential on the model.
The warning leverage is defined as h* = 3(N + 1)/n, where N is the number of
independent variables in the predictive model (N =5 in equation (2)) and # is the
number of probe compounds (n = 28 in this study).

The external validation of the predictive model (equation (2)) was performed
using 12 different compounds. The adsorption coefficients (k) of the 12 validation
compounds were measured using the same experimental protocols as described for
the training probe compounds. The measured log k values and solute descriptors of
the validation compounds are given in Supplementary Table S2. The predicted log k
values using equation (2) for the 12 validation compounds are also listed in the table.
The external validation coefficient (Qi‘t) was obtained from the measured and
predicted log k values of the training probe and validation compounds
(Supplementary Tables S1,52) to verify the predictivity of the regression models®:

YEPGi—p)’

sz =1- i= —
' Zi::z V2 _ytr)z

4

where y; and y, are measured log k values and the predicted log k values given by
equation (2) of the 12 external validation compounds, and ,, is the averaged value of
the measured log k values of the training probe compounds (the summations cover
all 12 validation compounds).
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