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Nanomaterial defects occur widely due to various situations such as synthesis imperfections, exposure to
harsh environment, or even intentional designs. However, the consequence of nanomaterial defects on
their interfacing biological systems remains largely unknown. Here, we study the interaction of a
defective graphene nanosheet with a widely used model protein, YAP65WW-domain, using molecular
dynamics simulations. We find that local defects on graphene consistently act to unfold the YAP65WW-
domain. Protein residues bound to the graphene defect are tightly anchored due to favorable electrostatic
interactions. While the residues at the interface are highly restrained, thermal movements of other parts
of the protein act to denature and unfold the entire protein. In contrast, control simulations of protein
binding on ideal graphene reveal a well preserved native structure with no unfolding events detected.
Our present findings elucidate the role of graphene defects on protein adsorption and emphasize the

need for improved understanding of nanomaterial defects in potential biomedical applications.

© 2019 Elsevier Ltd. All rights reserved.

1. Introduction

With the rapid development of nanotechnology and nano-
science, nanomaterials especially carbon based nanomaterials
(such as graphene, fullerene and carbon nanotubes) have attracted
extensive interest due to their extraordinary chemical and physical
properties [1-5]. In addition to the development of electronic de-
vices utilizing these unique properties, carbon based nanomaterials
have also been applied to the biomedical field, yielding diverse
employment as drug and gene delivery platforms, cell/tissue la-
beling and imaging agents, tumor photothermal and photodynamic
therapies [6—13].

Despite the increasing prevalence of nanomaterials in biomed-
ical applications, the primary concern of biosafety, or cytotoxicity,
of the nanomaterials have also attracted great research interest. It
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has been widely reported that nanomaterials can enter cells and
accumulate in the cytoplasm, causing lung injury, immunotoxicity,
and adverse cardiovascular dysfunction [14—19]. Given their
reduced dimensions, nanomaterials have a large surface to volume
ratio leading to substantial exposure and interaction with bio-
molecules. For instance, recent studies indicated that nano-
materials (including carbon nanotubes and fullerene) are able to
block ion channel proteins and affect their putative functions
[20,21]. Our previous studies have demonstrated that nano-
materials (graphene and WS; nanosheet) can cause severe integrity
distortions of cell membrane through extracting large amounts of
phospholipids from the cell membranes, which effectively cause
cell death [22,23].

Because of the preparation process used and the environmental
and operating conditions, it is inevitable that experimentally
fabricated nanomaterials are imperfect and contain defects. Defects
may cause unwanted changes to the electronic and mechanical
changes of nanomaterials, or in some cases, defects lead to desired
functionalities. Taking the prototype 2D material — graphene — for
example, graphene with defects can be used in nanoelectronics for
opening a band gap [24]. Being used as nano-filters, graphene with
proper sized defects can be used as high performance DNA-
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sequencing devices or sieving membranes for gas separation and
seawater desalination [24—27]. For biological interactions, the
characteristics of nanomaterial surfaces determine how they bind
to, and regulate the structure of biomolecules. Thus, understanding
defects of nanomaterials could be a promising solution for the
design of functional bio-nanomaterials. Although the interactions
between biomolecules and nanomaterials have been widely stud-
ied by experimental and theoretical approaches [28,29], for
example, Guo et al. systematically studied the interaction of several
small proteins with idealized graphene [30], the contribution from
defects has yet to be studied, exposing an urgent need for a
comprehensive understanding of how defects influence biological
interactions.

In this work, we systematically investigate the adsorption of a
WW-domain (YAP65WW) onto a graphene monolayer with local
defects (D-Gra) using molecular dynamics simulations. We selected
the WW domain as our model protein due to its seminal role and
ubiquitous involvement in signaling and regulatory pathways. The
WW domain recognizes the proline-rich motifs (PRMs) in signal
transduction and is involved in the control of epithelial sodium
channels. It also has implications in several human diseases
including Alzheimer's disease [31,32]. Moreover, it has been widely
used as a model protein in many previous studies on protein folding
kinetics and protein interactions with nanomaterials [33,34]. We
compare defected graphene adsorption to the control of ideal
graphene (I-Gra) adsorption. The simulations reveal that both D-
Gra and I-Gra attract and adsorb YAP65WW to form stable binding.
Notably, upon binding to D-Gra, YAP65WW experiences drastic
structural deformations, losing most of its secondary and tertiary
structures. We observe the charged residues of YAP65WW to form
strong, specific interactions with the graphene defects and become
immobilized. Due to the thermal motion of the global protein,
YAP65WW then unfolds from these immobilized residues. In
contrast, I-Gra demonstrated much weaker toxicity to YAP65WW
with only a slight impact on its native structure. Our findings reveal
the important, varied consequences of nanomaterial defects in
nano-bio interactions and the need for comprehensive under-
standing in applying nanomaterials to biological systems.

2. Simulation methods

The initial coordinates of the YAP65WW protein domain were
obtained from the crystal structure (PDB code 1JMQ [35] with the
L30K mutation left intact and truncated to include residues 15-
40%3) and modeled by CHARMM27 force field [36]. Its native state
exists as a triple-stranded, antiparallel B-sheet structure as shown
in Fig. 1b. The I-Gra nanosheet with dimensions of
12.53 x 12.76 nm? was generated using the nanotube builder plu-
gin of VMD software [37]. The carbon atoms of graphene were
modeled as uncharged Lennard-Jones particles with a cross section
of 6.c=0.34nm and a potential well depth of e.. =0.36 k]/mol
[38,39]. For D-Gra shown in Fig. 1a, nine defects (diameter around
1 nm) were inserted into the I-Gra nanosheet. The defect edges
comprise twelve C atoms that are saturated by alternative charged
carboxyl groups and hydrogen atoms. More details about the
Lennard-Jones parameters and atomic charges for the D-Gra model
can be found in Table S1 in the Supplementary Information (SI).
Following our previous study [40], the positions of D-Gra and I-Gra
nanosheet were restrained using a harmonic potential with force
constant of 1000 k] mol~! nm~2 in all the simulations. Under this
condition, the atoms of D-Gra and I-Gra can still fluctuate in the
simulations to mimic more closely to the local surface curvatures.
In the simulation, the YAP65WW protein was initially placed par-
allel to the D-Gra/I-Gra nanosheet with a separation of 1.26 nm. The
YAP65WW/Gra complex was solvated in a cubic water box with

periodic boundary conditions in all directions. Solvent was
modeled explicitly with the TIP3P water model [41]. To neutralize
the systems, 53 Na* atoms were added to the protein-D-Gra system
and 1 CI” atoms was added to the protein-I-Gra system. The detailed
contents of two simulation systems are summarized in Table S2 in
the SL

MD simulations were performed using the GROMACS-4.6.6
package [42]. The electrostatic interactions were treated using the
particle mesh Ewald (PME) method [43,44] (using fourth-order
interpolation and the maximum Fourier spacing for the FFT grid
is 0.1 nm), while van der Waals interactions were calculated with a
cutoff distance of 1.2nm. Covalent bond lengths involving
hydrogen atoms were constrained by the LINCS algorithm [45].
After energy minimization, all simulations were equilibrated for
500 ps in the NVT ensemble using v-rescale thermostat [46] at
300 K. After that, 500 ns production simulations were conducted at
a constant pressure of 1 bar and a temperature of 300 K using the
Berendsen coupling method [47]. For D-Gra and I-Gra respectively,
three independent production simulations with different initial
YAP65WW orientations were conducted to yield a total simulation
time of over 3 ps.

3. Results and discussions

3.1. Structural evolution of YAPG5WW upon binding onto D-Gra
and I-Gra

In the initial system configuration, YAP65WW is separated from
the graphene sheets by 1.26 nm, as shown in Fig. 1a. YAP65WW
diffuses and contacts the graphene surface within tens of ns and
adsorbs onto the graphene nanosheet in all six trajectories. Despite
the timely adsorption onto both defective and ideal graphene
nanosheet, the YAP65WW was found to adopt distinct conforma-
tions when interacting with two graphene models. In the D-Gra
simulations, the YAP65WW domain experienced drastic structural
distortions and completely unfolded from its native structure
(Fig. 1c-e). We observed several key residues at the YAP65WW/D-
Gra interface (highlighted as sticks in Fig. 1c-e): the Lys-7 formed
direct contacts with the defects, while three aromatic residues, Trp-
3, Phe-15 and Trp-25, bind to the defect-free regions of D-Gra,
forming the face-to-face m-m stacking. In contrast, for the I-Gra
simulations, no obvious distortion or unfolding of YAP65WW was
detected beyond slight changes at the two termini (Fig. 1f-h). From
previous studies of nanomaterial toxicity, it is generally accepted
that protein conformation changes upon interacting with nano-
materials are one of the main reasons for the nanotoxicity [40,48].
As mentioned above, YAP65WW is a ubiquitous protein domain
involved in signaling and regulation pathways, and its conforma-
tion, particularly its proline-rich-motif (PMF) binding groove, is
critical for its function. Thus, the drastic structural distortions
caused by D-Gra indicates a potential role of the defects in the
toxicity of graphene materials.

Fig. 2 depicts some representative patterns of how YAP65WW
unfolds upon binding to D-Gra surface. The protein approached to
the vicinity of the D-Gra surface at ~6 ns after which the positively
charged Arg-13 began to form direct contact with the negatively
charged oxygen atoms of D-Gra (Fig. 2b) through electrostatic in-
teractions. It is found that during the rest of the simulations, Arg-13
was always tightly “anchored” at the defect region, while other
parts of the protein still migrated along the transverse directions on
D-Gra surface. At about 45 ns (Fig. 2¢), Phe-15 and Trp-25 formed
m—m stacking with D-Gra, and the YAP65WW began to unfold
which initiated at the B-sheet 3 segment. At ~108 ns (Fig. 2d), the
YAP65WW was fully unfolded, with Trp-3 forming m—m stacking
with D-Gra as well. The unfolded conformation remained intact
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Fig. 1. (a) The initial system configuration where the YAP65WW protein is shown in the cartoon representation, the D-Gra sheet is shown as spheres (carbon, silver; oxygen, red;
hydrogen, white), and the Na* ions are colored in yellow spheres. The water box is rendered as a silver surface. (b) The structure of D-Gra with carboxyl groups and the crystal
structure of YAP65WW. The representative contact configurations of YAP65WW protein adsorbed onto D-Gra (c—e) and I-Gra (f—h) surface. In (c—e), the key residues Trp-3, Trp-25,
Arg-13, Phe-15 and Lys-7 that play key role in the binding process are labeled and highlighted by yellow sticks for clarity. (A colour version of this figure can be viewed online.)
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Fig. 2. Structural evolutions of YAP65WW protein on D-Gra surface in one representative simulation (run 1 in the following discussions). The TAP65WW is shown as cartoon. The
atoms of D-Gra sheet are shown as spheres (C: gray spheres; O: red spheres; H: white spheres). The aromatic residues of Arg-13, Trp-25, Phe-15, Trp-3 and Lys-7 that play key role in
the binding interface are shown as sticks. (A colour version of this figure can be viewed online.)

through the rest of the simulations. It should be noted that the
other basic residue, Lys-7, formed a salt-bridge-like interaction
with another defect in a more dynamic manner (Fig. 2e and f).

The structural changes of YAP65WW upon binding onto D-Gra
and I-Gra were quantitatively assessed by calculating the root-
mean-squared deviation (RMSD) of the heavy atoms with respect
to the crystal structure and the results are summarized in Fig. 3. For
the D-Gra (Fig. 3a), the large RMSD values indicate that YAP65WW
experienced structural distortions upon binding to D-Gra. In
contrast, the small RMSD values (Fig. 3b) on I-Gra simulation
indicate that YAP65WW maintained its native structure mostly
upon the adsorption onto I-Gra.

3.2. Secondary structure evolution of YAP65WW

Secondary structure evolution reveals complete YAP65WW [3-
sheet unfolding upon adsorption with defective graphene but not
ideal graphene. For a more detailed analysis of structural changes to

the YAP65WW domain during adsorption, we computed the sec-
ondary structure using the Define Secondary Structure of Proteins
(DSSP) program [49]. In the native state, the YAP65WW domain has
three antiparallel B-sheet segments: B-sheet 1 (residues 2—8), -
sheet 2 (residues 12—18) and B-sheet 3 (residues 21—25). Upon
adsorption onto D-Gra (Fig. 4a), all three f-sheet segments unfold
completely; only minor turns and bends remain at the end of the
simulations. In contrast, the YAP65WW domain largely maintains
its secondary structure after adsorption onto I-Gra, including most
of the B-sheet segments (Fig. 4b).

Fig. 4d-e depicts the residual ratios of YAP65WW f-sheet after
adsorption to the two graphene models. As can be seen in Fig. 4d,
the B-sheet ratio of YAP65WW upon D-Gra adsorption quickly
decreased to zero within 250 ns in traj-1 and traj-3. Traj-2, which
demonstrated a more resilient conformation, unfolded around 380
ns though it continued to exhibit a fluctuating B-sheet ratio of
0—30%. In contrast, the B-sheet ratios of YAP65WW with I-Gra
reveal that YAP65WW largely maintained its B-sheet structure
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Fig. 3. Time evolution of the root-mean-squared deviation (RMSD) of the YAP65WW heavy atoms relative to the crystal structure upon binding to the surface of (a) D-Gra and (b) I-

Gra. (A colour version of this figure can be viewed online.)
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Fig. 4. Time evolution of the secondary structure of YAP65WW domain upon binding to the surface of (a) D-Gra, (b) I-Gra and (c) in water. Evaluations of B-sheet ratio with respect
to crystal structure of YAP65WW on (d) D-Gra, (e) I-Gra and (f) in water from three independent trajectories. (g) The fraction of native protein contacts, Q, for YAP65WW domain
upon binding to the D-Gra and I-Gra which are averaged over three trajectories. (A colour version of this figure can be viewed online.)

throughout the 500 ns trajectories, ending at 90%, 77% and 74% -
sheet, respectively (Fig. 4e). In order to show a reference of unab-
sorbed protein for comparison, we calculated the time evolution of
the secondary structure and the p-sheet ratio of YAP65WW domain
alone in water. As shown in Fig. 4c and f, the YAP65WW domain can
well maintain its secondary structure during the 500 ns simulation
time.

3.3. Tertiary structure evolution of YAP65WW

YAP65WW tertiary structure analysis reveals over half of ter-
tiary contacts are destroyed upon binding to defective graphene
compared to only 20% of contacts when binding to ideal graphene.
To monitor the evolution of YAP65WW tertiary structure adsorbing
onto D-Gra and I-Gra, we calculated the fraction of native protein

contacts over time, Q(t). Following our previous work [50], Q(t) is
defined as the ratio of the total number of native contacts (using a
distance cutoff of 0.5 nm) with respect to its native crystal structure
at time t. Fig. 4g shows the time-resolved Q(t) fraction averaged
over the three defective and three ideal trajectories. The ideal
graphene system lost about 20% of native contacts to reach a frac-
tion of approximately 0.8 at 500 ns. However, for the defective
graphene system, Q(t) decreased to approximately 0.4 at 500 ns,
meaning a 60% loss of native contacts. Ideal graphene's effect on
YAP65WW tertiary structure was rather minor, breaking some
native contacts but largely maintaining the same folded structure.
In comparison, defective graphene broke three times as many
native contacts as ideal graphene, resulting in a largely unfolded
structure.
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3.4. Binding characteristics of YAP65WW with two graphene
structures

To characterize the loading process of YAP65WW on the two
graphene models, we calculated the number of YAP65WW heavy
atoms over time that are within 0.5nm to D-Gra and I-Gra
(abbreviated as Ncont), respectively. As depicted in Fig. 5a, the D-
Gra-YAP65WW contact profile varies, but there are generally three
stages that are observed: an initial stage of N¢opt = 20—50 reached
in a few nanoseconds, an intermediate stage with N¢one = 80, and a
final stage of Ncont= 110. The final stage corresponds to fully
unfolded structure of YAP65WW that forms intimate contacts with
D-Gra as shown in the two insets of Fig. 5a. Interestingly, trajectory
2 never reaches the final stage, but remains steadfast at the inter-
mediate stage of Ncont = 80. This agrees well with the secondary
structure analysis that the trajectory 2 B-sheet profile never fully
converges but fluctuates around 0—30%, indicating that trajectory 2
never transitions to the final contact number stage due to a slight
but persistent B-sheet proclivity. For YAP65WW with [-Gra, the
contact number analysis reveals just two stages: an initial stage of
Neont =20—40 and a final stage of Ncont = 60—80. The ideal gra-
phene sheet maintains fewer overall contacts with the YAP65WW
protein than the defective graphene sheet. This is consistent with
the secondary and tertiary structure analysis revealing that the
YAP65WW protein in the I-Gra system remains largely folded while
the YAP65WW in the D-Gra system unfolds, allowing buried resi-
dues to contact the D-Gra sheet resulting in higher contact
numbers. In the insets of Fig. 5b, we draw two snapshots (150 ns in
traj-1 and 250 ns in traj-2) of YAP65WW on I-Gra. These correspond
to the initial stage of binding (Ncont = 20—40) where we observe
YAP65WW binds to the graphene surface through the loops

a s

between the B-sheets.

In order to further probe the thermodynamic origin of
YAP65WW unfolding on D-Gra, the binding energy for YAP65WW/
D-Gra and YAP65WW!/I-Gra were calculated using the MM-PBSA
method [51] where solvation effect was considered with a contin-
uum model. All conformations from available simulation trajec-
tories were included to improve the statistics (i.e., ensemble
averages). These results are summarized in Table S3 in the SI. There
is a distinct difference for the binding energetics between the
YAP65WW/D-Gra and YAP65WW/I-Gra complex. The YAP65WW
binding with D-Gra is considerably stronger than that with I-Gra,
indicating the unfolded ensemble is more favorable in free energy
on D-Gra (the protein is mostly folded on I-Gra). From energy
decomposition analyses, we also found that the stronger binding
was mainly due to the more favorable electrostatic attractions
while vdW interactions also contributed.

We further calculated the contact probability of each residue in
YAP65WW with D-Gra and I-Gra over all simulations. As shown in
Fig. 5¢, YAP65WW residues at the N-terminus and the loop be-
tween B-sheet 2 and 3 generally have higher contacting probabil-
ities with ideal graphene than defective graphene. This is consistent
with the binding snapshots in Fig. 5b that shows YAP65WW
initially binds to I-Gra through its edges of the B-sheet. In contrast,
B-sheet residues and residues in the loop between p-sheet 1 and 2
(residues 10, 11) as well as residues in the C-terminus (residues 25,
26) have higher contact probabilities with D-Gra than I-Gra.
Notably, this binding pattern reflects charged residues binding to
defective regions as well as hydrophobic residues binding to gra-
phene surface, while the ideal graphene binding pattern only
captures solvent exposed residues (surface residues) binding to the
graphene surface. Aromatic, m— stacking interactions are known
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Fig. 6. Representative snapshots showing the formation of (a) Coulombic interactions between Arg-13 and the defect carboxyl group and (b) the w-m stacking interactions between
Phe-15 and graphene. (c) Evolution of the Coulombic energy between the residue Arg-13 and the defect carboxyl group during the first 30 ns simulation. (d) Evolution of the
minimum distance of Phe-15 from the surface of D-Gra. (A colour version of this figure can be viewed online.)

to be very important in proteins adsorbing onto the sp [2] hybrid-
ized carbon of graphene [33,40,52,53]. In our systems, the defective
graphene is observed to unfold YAP65WW, exposing buried aro-
matic residues which then form favorable graphene interactions
(more below). These favorable interactions are observed less in the
ideal graphene system, as the protein remains intact, keeping those
aromatic residues buried. In particular, aromatic residues Trp 3, Tyr
14 and Trp 25 have much higher contact probability with D-Gra
than with I-Gra. It is noted that the Lys-7 residue also plays a role
for YAP65WW unfolding as depicted in Fig. 2e, but its contact
probability with D-Gra is as same as that with I-Gra. This is because
Lys-7 can only form temporary binding with the defects in D-Gra,
which is not as strong as Arg-13. After a period of simulation time, it
can depart from the defect as shown in Fig. 2f. For the case of Arg-
13, in addition to the favorable electrostatic attractions, the binding
is further strengthened by arginine's relatively large planar guani-
dinium group which can form strong van der Waals interactions
with aromatic rings on graphene.

It is well known that the interface water can effectively mediate
interactions between protein and nanomaterials. Here, we studied
the water distribution around YAP65WW to show the effect of
interlayer water in regulating the interactions with defective gra-
phene (see SI Fig. S2). We highlighted two representative residues,
Arg-13 (the most important residue in initial anchoring) and Phe-
15 (one of the mostly buried aromatic residue) for illustration.
The water population in the first solvation shell (FSS) of both res-
idues was noticeably affected once in contact with the D-Gra. For
Arg-13, it formed strong Coulombic interactions with the carbox-
ylate group in the defect, resulting in a loss of ~8 interfacial water
molecules (Fig. S2 a-b). These water molecules played as a “medi-
ator” for the Arg-Carboxylate slat bridge. Meanwhile, Phe-15 lost
~10 interfacial water molecules once exposed and in contact with
D-Gra (on the sp2 domain part and forming m-7 stacking), due to
the favorable “nanoscale dewetting” (Fig. S2 c-d), which provides

strong hydrophobic driving force for the binding [54—56]. On the
other hand, the protein stays largely folded on I-Gra with slippery
motions on the surface, showing no significant effects from the
interfacial water molecules in this case (both Arg-13 and Phe-15
display roughly the same FSS water molecules before or after
contacting I-Gra).

Fig. 6 supports the role of charged and aromatic interactions in
YAPA65WW adsorbing to defective graphene. At 5 ns, the second-
ary structure of YAP65WW is still well maintained. The Arg-13 has
established interactions with the negatively charged carboxyl
groups at the defect edge, while Phe-15 is away from the D-Gra. At
30 ns, B-sheet 3 has completely unfolded, exposing Phe-15 which
forms mw—m stacking interactions with D-Gra. Throughout this
process, the Arg-13 remains firmly anchored at the defect. We
quantified this resilient Coulombic interaction between D-Gra and
the Arg-13 as shown in Fig. 6¢. The corresponding distance between
Phe-15 and D-Gra surface was also calculated and presented in
Fig. 6d. At the beginning of simulation, Arg-13 did not contact D-
Gra. At t=~5 ns, Arg-13 quickly approached the defect region of D-
Gra, and the Coulombic interaction energy decreased dramatically
from 0 kJ/mol to —200 kJ/mol. Admittedly, this decrease in energy is
biased because of the absence of solvent screening in our calcula-
tion; however, it still indicates favorable Coulombic attraction,
which we observed to restrict Arg-13 movement. Meanwhile, Phe-
15 fluctuates from 3.0nm separation distance from D-Gra to
0.8 nm at t=>5ns. At this point, it is clear there are favorable hy-
drophobic interactions between Phe-15 and D-Gra, as the separa-
tion distance continues to decrease until reaching a value of 0.3 nm
by 21 ns. More importantly, while the Arg-13 is restricted at the
defect region (acting as an “anchor”), the rest of the protein can still
migrate easily along the transverse directions along graphene
surface (as can be seen from Fig. 6a to b). From these results, we
observe that the unfolding of B-sheet 3 is mainly caused by a
“diffusion-mismatch” between the Arg-13 (small diffusion) and the
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other part of YAP65WW (large diffusion). The movements of the
rest of the protein around the pivotal anchors create an “effective
centripetal force” to the anchoring residues such as Arg-13. This
effective centripetal force or stretching can cause the disruption of
the native intra-protein interactions (i.e. native contacts) that
maintain protein structure, thus resulting in local unfolding.

To evaluate the effect of defects on residue diffusions, we further
simulated the binding process of two small dipeptide models
(sequence: Lys-Phe and Arg-Phe) on I-Gra and D-Gra respectively.
The diffusive motions are estimated using the Einstein relation. The
results are summarized in Table S3 in the SI from which severe
diffusive suppression have been observed for both Lys-Phe and Arg-
Phe dipeptides on D-Gra. From these results, it can be deduced that
there exist a “diffusion mismatch” for anchoring residues at the
defects and residues at the other parts of the protein.

4. Conclusion

We investigated the adsorption of the WW-domain
(YAP65WW) protein onto defective and ideal graphene layers by
molecular dynamics simulation. While YAP65WW maintained its
structural integrity on ideal graphene, severe disruption was
observed for YAP65WW binding with defective graphene. This is
driven by strong Coulombic interactions between the positively
charged residues of YAP65WW and the negatively charged gra-
phene defects. Through thermal movements of the other parts of
the YAP65WW protein, local unfolding near the immobilized resi-
dues occurs, exposing buried aromatic residues which are observed
to form favorable -7 interactions with the graphene surface and
further extend the protein denaturation. Essentially, we observe
detrimental protein unfolding only when the YAP65WW protein
binds to defective graphene and not ideal graphene. Our work
highlights the importance of understanding nanomaterial defects
and their roles in nano-bio interactions and nanotoxicity.
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