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A better understanding of interactions between metal-nanomaterial surfaces and biomolecules such as
DNAs is critical for their biomedical applications. Here we investigated double-stranded DNA (dsDNA)
adhering to palladium (Pd) nanosheets with two different exposed facets, {100} and {111}, using a com-
bined computational and experimental approach. Different dsDNA binding modes on the two surfaces
were observed, with a surprising “upright” conformation on Pd(100) and a “flat” conformation on Pd(111).
Molecular dynamics simulations showed a stronger binding of the dsDNA on Pd(111) than Pd(100), which
resulted in significant conformational changes and hydrogen bond breakage in the dsDNA on Pd(111).
Further analyses revealed that the different binding strengths were caused by the number and arrange-
ment of water molecules in the first solvation shell (FSS) of the two Pd surfaces. The water hydrogen bond
network in the FSS of Pd(100) is compact and resists the embedding of dsDNA, while it is less compact on
Pd(111), which allows penetration of dsDNA and its direct contact with Pd(111) surface atoms, thereby
exhibiting stronger binding. Further free energy calculations with umbrella sampling supported these
observations. Finally, these computational predictions on the adsorption capacity of dsDNA on Pd sur-
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Introduction

As nanomaterials are being extensively used in biomedical
research, bio-nano interfaces have been attracting ever increas-
ing interest, particularly in the fields of materials engineering
and nanotoxicology. It is necessary to understand the mole-
cular mechanisms of bio—nano interactions at their interfaces,
which are especially important for applications in biomedi-
cine, such as drug delivery," bio-sensing,>™* optical imaging,’
and nanotherapeutics.®® Many experimental techniques have
been applied to measure these bio-nano interactions at the
molecular level. However, even with the most state-of-the-art
experimental techniques currently available, it is still very chal-
lenging to monitor the dynamics of these bio-nano inter-
actions at the subnanosecond timescale and/or to elucidate
the interfacial structural details at the subnanometer length
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faces were confirmed by gel electrophoresis experiments.

scale. To this end, molecular dynamics (MD) simulations are
widely used to investigate bio-nano interactions at different
time and length scales.”* A combined experimental and com-
putational approach is thus in high demand to provide a more
comprehensive understanding of the properties of these nano-
materials at bio-nano interfaces. Taking graphene for
example, the experiments demonstrated that graphene pos-
sesses antibacterial activity against Escherichia coli. 1t was
revealed by the MD simulations that the activity is due to the
insertion of graphene into the bacterial cell membranes in
which graphene extracts the phospholipids by dispersion
forces.'” Another example is graphene oxide (GO) for lipase
stabilization and activation. GO was experimentally demon-
strated as a platform engineered for lipase immobilization
with enhanced catalytic activity. The computational results
further verified the underlying molecular mechanisms
(by opening up the lids) and the binding characteristics of
lipase on graphene oxide surfaces."®> GO was also engineered
to couple with fluorescent single-stranded DNA (ssDNA)
probes for detection of the target DNA based on a large discre-
pancy in the interactions of ssDNA and dsDNA with GO. MD
simulations demonstrated that the stronger interaction
between ssDNA and GO is induced by n-attraction.'*
Meanwhile, palladium (Pd) nanoparticles, with a distinctive
surface morphology and physicochemical properties," have
been used for many biological applications. For example, the
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gold-overbranched Pd nanostructure has shown effective
photothermal hyperthermia in cancer therapy with both
in vitro and in vivo experiments.'® More importantly, with
some facet control, unalloyed Pd nanocrystals can be designed
for cancer therapy through manipulating variant molecular
oxygen ('0,) activation on different facets.'"” On the other
hand, fine-scale Pd nanoparticles have been found to have
antimicrobial activities against Gram-negative Escherichia coli
and Gram-positive Staphylococcus aureus.'® Despite extensive
biological applications of Pd nanoparticles, their direct inter-
actions with biomolecules at various interfaces have not been
fully understood. It has been previously reported that peptides
have enhanced adsorption capacity on Pd(111) as compared to
Pd(100).”° In this study, we use a combination of compu-
tational and experimental methods to examine the difference
in the binding strength and adsorption capacity of another
essential biomolecule, dsDNA, on both Pd(100) and Pd(111)
surfaces. We aimed to understand the interactions between a
dsDNA and Pd facets at the molecular level and the corres-
ponding differential structural effects on the dsDNA. Our find-
ings provide new insights into the future design of metal nano-
structures for biomedical applications.

Results

The Pd sheets with two different facets, which reflect different
atomic arrangements, were constructed as shown in Fig. la
and b. The unit cells were square and rhombus for the {100}
and {111} facets, respectively. The distance between two adja-
cent surficial Pd atoms was 2.75 A in both sheets. Moreover,
the atomic arrangement of Pd(111) was more compact than
that of Pd(100). The initial system is depicted in Fig. 1c,
wherein the dsDNA was placed parallel to the z-axis above the
Pd sheets (see the Methods section for more details). Three
independent simulations were performed for each system.
Each simulation lasted for 500 ns. Fig. 2 illustrates the
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different binding modes of the dsDNA on the two Pd facets
and the number of atoms that were in contact over the course
of the simulations. The dsDNA “lay-down” (i.e. “flat”) on the
Pd(111) surface in all three simulations, whereas the dsDNA
“stood-up” (i.e., “upright)” on Pd(100) in one simulation and
tilted slightly on Pd(100) in the other two simulations. The
different binding modes suggested that the binding affinity of
Pd(111) for the dsDNA is stronger than that of Pd(100). The
bias in the binding strength (or adsorption capacity) of the
dsDNA favoring Pd(111) was also reflected in the average
number of atoms in contact with the Pd surfaces. There were
332.3 + 5.1, 320.1 + 4.0, and 362.4 + 4.3 atoms on average that
were in contact with Pd(111) at the end of the three 500 ns MD
trajectories, whereas there were only 69.7 + 2.9, 162.9 + 6.0,
and 83.3 + 4.6 atoms that were in contact with Pd(100) at the
end of the equivalent simulations. Moreover, the binding
energy of the dsDNA to Pd(111) was 2.5 to 6.4 times stronger
than that to Pd(100), but the strong binding to Pd(111) caused
severe damage to the dsDNA, resulting in the conformational
change and hydrogen bond breakage (Table 1). The root mean
square deviation (RMSD) values of the dsDNA on Pd(111)
reached 10.0 A, whereas they were less than 4.5 A on Pd(100).
Furthermore, the number of hydrogen bonds within the
dsDNA decreased 24.50% to 47.08% in Pd(111)-dsDNA, indi-
cating a partial denaturation of the dsDNA. Based on the
above analyses, Pd(111) showed a stronger binding to the
dsDNA than Pd(100), with a higher denaturation capability to
dsDNA as well. Table 1 summarizes the binding energies of
the dsDNA to the two Pd surfaces and the changes in the
dsDNA structure in Pd(100)-dsDNA and Pd(111)-dsDNA trajec-
tories. To verify whether the binding processes of dsDNA onto
the Pt(111) surface had converged, one trajectory was further
extended to 700 ns (Fig. S1t). During the extended time inter-
val from 500 ns to 700 ns, the contact number remained
approximately at a constant (~329.0 + 8.0), and no further sig-
nificant structural changes of dsDNA were observed,
suggesting an overall convergence of the binding process.

Fig. 1 Models of the two Pd sheets and an initial system for the simulations. The (a) Pd(100) sheet model and (b) the Pd(111) sheet model. The red
quadrangles represent the unit cells of the two facets. The distance between neighboring Pd atoms is 2.75 A. (c) An initial system for the simulations
performed in this study. The Pd atoms are shown in white spheres. The K* and Cl™ ions are displayed in green and purples spheres, respectively. The
dsDNA is presented in ribbon mode. Water is rendered transparently, and the water surface shows the boundaries of the periodic cell. In this study,
two systems, Pd(100)-dsDNA and Pd(111)-dsDNA, were constructed, each of which had the dsDNA placed parallel to the z-axis above the corres-

ponding Pd sheet.
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Fig. 2 Distinct adsorption behaviors of the dsDNA on the two Pd surfaces. The in-between plot shows changes in the number of atoms that were
in contact between the dsDNA and the two Pd surfaces in the six MD trajectories. The snapshots in the blue frame are the final structures of the
three Pd(111)-dsDNA trajectories, while the ones in the red frame are the final structures of the three Pd(100)-dsDNA trajectories.

Table 1 A comparison of Pd(100)-dsDNA and Pd(111)-dsDNA on the binding energies of the dsDNA to the two Pd sheets, the root mean square
deviation (RMSD) values of the dsDNA, and the numbers of remaining hydrogen bonds in the dsDNA shown in percentages (H-bond ratio). All data

were calculated from the last 30 ns of the corresponding MD trajectory

Pd(100)-dsDNA

Pd(111)-dsDNA

Binding energy (kcal mol ™) —144.15+£2.73 —301.82 £4.72
RMSD (A) 3.0+0.5 45404
H-Bond ratio (%) 91.40 + 4.18 82.41 + 3.61

It was noteworthy that the heavy atom contact number of
dsDNA onto the Pd(111) surface showed a very clear step-wise
pattern. To better understand this dynamical process, binding
snapshots at key time points were further examined (Fig. S27).
In general, the relative smaller jumps such as at the time
points of ¢ = 10, 23, 60, 102, and 467 ns were induced by the
sudden adsorption of a single nucleobase, while the largest
jump at ¢ = 338 ns (with the contact number sharply increased
from ~185 to ~300) was due to the fact that dSDNA completely
lay down (flat) onto the Pd(111) surface. Interestingly, during
the adsorption process of the dsDNA onto the Pd(111) surface,
we found an approximate linear relationship between the direct
dsDNA-Pd(111) interaction energy and the dsDNA-Pd(111) tilt
angle (Fig. S3;t here, the dsDNA-Pd(111)/Pd(100) tilt angle was

This journal is © The Royal Society of Chemistry 2019

—154.93 + 3.68 —746.43 +10.07 —792.95 +7.30 —924.87 + 8.23
3.6 0.5 6.9 £ 0.1 10.0 + 0.1 6.0 £ 0.1
86.56 = 4.59 75.50 = 4.69 59.60 *+ 4.50 52.92 £ 4.26

defined as the angle between the axial direction of the dsDNA
and the tangential direction of the Pd surface). More specifi-
cally, the smaller the tilt angle, the larger the energy, which
strongly suggests that it is energetically more favorable for the
dsDNA to completely lie down on the Pd(111) surface
(Fig. S31). On the other hand, in the case of Pd(100), the
dsDNA-Pd(100) interaction energy and the dsDNA-Pd(100) tilt
angle did not show any obvious correlations. These results
implied two distinct dsDNA binding patterns for the two Pd
sheets.

To further examine the difference in the binding of the
dsDNA to Pd(100) and Pd(111) at the interfaces, we highlighted
the key binding deoxyribonucleosides in two representative tra-
jectories shown in Fig. 3. Fig. 3a shows the first two deoxyribo-
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Fig. 3 Difference in the binding of the dsDNA to the two Pd surfaces at the interfaces. The key binding deoxyribonucleosides are labelled and
shown in stick mode. A snapshot was taken from the last structure of one of the three Pd(100)-dsDNA trajectories (a) or from that of the three
Pd(111)-dsDNA trajectories (b). The water molecules in the FSS are displayed in ball-and-stick mode, wherein the oxygen atoms are colored in red
and the hydrogen atoms in white. The embedded figure in (a) is a highlight of the binding mode of the deoxyadenosine.

nucleosides (A and T) touching the surface of Pd(100) and the
water molecules in the first solvation shell (FSS). The first
nucleoside T also lay down on the Pd(100) surface and was sur-
rounded by a large amount of water molecules, whereas the
second nucleoside A bound to the surface through the deoxy-
ribose with a tilted orientation (i.e., suspended in the solvent,
as shown in the embedded subfigure). The binding mode of
the dsDNA is completely different on the Pd(111) surface,
wherein all deoxyribonucleosides completely lay down on the
surface with a face-to-face flat configuration (Fig. 3b), which is
considered the most stable interaction pattern.>*~>*

To further explore the underlying molecular mechanism of
the difference in the adsorption capacities of the dsDNA on
the Pd(100) and Pd(111) surfaces, we analyzed the number
density of water molecules and hydrogen-bond networks on
the two surfaces (Fig. 4). The FSS of Pd(100) was slightly closer
to the Pd surface than that of Pd(111), wherein the distances
were at 0.24 and 0.26 nm from the Pd(100) and Pd(111) sur-
faces, respectively. Moreover, the maximum number of water
molecules on Pd(100) was 545.89 nm™>, which was higher
than that on Pd(111) (496.21 nm™>). We further assessed the
compactness of the hydrogen bond network in the first sol-
vation shell (FSS) of the two Pd surfaces by computing the
average number of hydrogen bonds that each water molecule
can form with other water molecules within the FSS. The
number was ~3.5 for Pd(100) and ~2.8 for Pd(111), indicating
a less compact hydrogen bond network in the FSS of Pd(111).
Meanwhile, we also compared the water binding energy in the
FSS to the two Pd surfaces (Fig. S41). The water binding ener-
gies were about —6.97 k] mol™" and —4.92 k] mol™" for the
Pd(100) and Pd(111) surfaces, respectively, suggesting that a
water molecule within the FSS hydrogen-bond network of
Pd(111) was less energetically favorable due to the relatively
sparser hydrogen-bond network. Furthermore, the hydrogen-

1830 | Nanoscale, 2019, 11, 1827-1836

bond networks and water density maps in the FSS demon-
strated different distributions of water molecules on the two
surfaces (Fig. 4c-f). As Pd atoms are arranged differently on
the {100} and {111} facets, the water molecules followed
accordingly in the two FSS, resulting in different DNA binding
patterns and affinities on Pd(100) and Pd(111). The water
molecules in the FSS of Pd(100) were located exclusively at the
uncovered gaps between four Pd atoms, forming a very
compact and dense hydrogen-bond network, which prevented
the dsDNA from binding and resulted in a lower binding
affinity. The water molecules in the FSS of Pd(111), on the
other hand, had less compact density at the gaps between
three Pd atoms due to the tight packing of atoms in Pd(111)
on their own. The loose network of hydrogen bonds in the FSS
of Pd(111) allowed more interactions between the Pd atoms
and the dsDNA and thus increased the binding. In fact, the
relatively more ordered and compact hydrogen-bond network
within the FSS of the {100} facet over the {111} facet was also
observed in other metal nanosheets, such as Pt(100) and
Au(100), and independent of the force fields used (no matter
the fixed-charge or polarizable force fields).>*** This robust
phenomenon was mainly due to the much better match
between the lattice constants of {100} facets and the inherent
geometry of the water hydrogen-network within the FSS.>*>*
To quantify the binding affinities of dsNDA on both
Pd(100) and Pd(111), we calculated the potential of mean force
(PMF) values of deoxyadenosine (A) along the z-direction of the
two Pd nanosheets. As shown in Fig. 5a, the free energy profile
of the deoxyadenosine adsorption on the Pd(100) surface fea-
tured two minima, labeled as (i) and (ii), locating at the posi-
tions of the second solvation shell (SSS) and the first solvation
shell (FSS), with AG; = —27.7 k] mol™" and AGy; = —28.3
k] mol™", respectively. Note that there was a large free energy
barrier between the minima (i) and (ii) (deoxyadenosine

This journal is © The Royal Society of Chemistry 2019
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Fig. 4 Number density of water molecules and hydrogen-bond networks on Pd(100) and Pd(111). (a) Number density of water molecules along the
z-direction of the Pd plane, where the outermost Pd layer is set at z = 0. (b) The average number of hydrogen bonds that each water molecule in the
FSS of the two Pd surfaces formed. (c) Hydrogen-bond network in the FSS of Pd(100). The blue dashed lines represent hydrogen bonds. (d)
Hydrogen-bond network in the FSS of Pd(111). () Water density map in the FSS of Pd(100). (f) Water density map in the FSS of Pd(111).
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Fig. 5 Potential of mean force (PMF) of deoxyadenosine moving along the z-direction of Pd(100) (red curve) and Pd(111) (blue curve), with binding
conformations at the corresponding potential wells. (a) The PMF curves show the deoxyadenosine (adenine) binding free energy on Pd(100) and
Pd(111), respectively. The embedded figure represents the position of the deoxyadenosine relative to a Pd sheet. The z coordinate of the upper Pd
atomic layer is set to zero. (b—d) The conformations of deoxyadenosine binding to Pd(100) and Pd(111) surfaces correspond to the potential wells of
position (i), (i) and (iii).
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moving from the Pd(100) SSS toward the FSS) of 37.8 k] mol ™,
which was likely inaccessible at room temperature (~15 kT at
room temperature). This distinctive free energy barrier is
ascribed to the unique Pd(100) facet topology, which regulates
and forms a unique FSS hydrogen bond network, as illustrated
in Fig. 4 above. When the deoxyadenosine approaches the
Pd(100) surface, i.e. moving from (i) to (ii) (Fig. 5b and c), this
deoxyadenosine needs to break this compact hydrogen bond
network and simultaneously dehydrate partially (see Fig. 5c).
This is because the deoxyadenosine cannot form an equal
number of hydrogen bonds with neighboring interfacial water
molecules due to the unique surface facet of Pd(100), with its
interfacial water molecules reorganized to form a new compact
water network but not in close contact with deoxyadenosine
(Fig. 5¢). Thus, this partial dehydration penalty of deoxyadeno-
sine results in a weaker binding to the Pd(100) surface, even if
breaking through the FSS, with a binding free energy of AG;; =
—28.3 k] mol™" only. On the other hand, for Pd(111), there was
no obvious energy barrier when deoxyadenosine moves from
the Pd(111) SSS to FSS, implying that the deoxyadenosine can
freely adsorb onto the Pd(111) surface without any free energy
cost and that the deoxyadenosine can equally replace the unor-
dered water molecules of the FSS on Pd(111) (Fig. 5d), i.e., no
dehydration penalty, thus resulting in a significantly stronger
binding free energy of AGj; = —136.6 k] mol™. To make this
point clearer, we repeated the PMF calculations for the same
deoxyadenosine on both Pd(100) and Pd(111) without water
(i.e. in the gas phase); the PMF potential wells are very compar-
able as shown in Fig. S5,1 as expected. Similarly, the direct
interaction energies between the Pd sheets and deoxyadeno-
sine at position (ii) and (iii) were also similar as shown in
Table S2.1 Therefore, it is the compact water hydrogen bond
network and potential partial dehydration of dsDNA on the
Pd(100) surface that result in surprising differences in binding
affinities and binding patterns on Pd(100) versus Pd(111). In
other words, the stronger adsorption between Pt(111) and
dsDNA was contributed by the less compact water hydrogen-
bond network and stronger direct dispersion interactions (i.e.
the direct face-to-face binding pattern).

Moreover, the potential influences of a salt solution on the
subtle binding between dsDNA and two Pd facets were also
investigated. To address this, we also studied the binding
behaviors of ions onto two Pd facets (Fig. S61). In general,
more ions accumulated on the Pd(111) surface than on
Pd(100) due to the weaker resistance of the less compact FSS
of the Pd{111} facet. Moreover, CI~ was more likely to intrude
into the FSS of the two facets than Na'. The key reason was
that CI™ could reside in the hollow sites among four Pd atoms
and be further stabilized by four neighboring water molecules
due to favorable electrostatic attraction. More importantly, we
observed that C1I” accommodation cannot significantly reduce
the order of the original highly uniform rhombic water hydro-
gen-bond network within the FSS of Pd(100). That is to say, the
invasion of ions did not significantly affect the regulatory role
of the compact water hydrogen-bond network in the FSS of
{100} facets in the dsDNA adsorption. Therefore, we can con-
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clude that the impact of ions on the binding behavior of
dsDNA to the two Pd facets is relatively small.

It was also noteworthy that both the fixed-charge and polar-
izable force fields were widely used in the study of bio-metal
substrate interactions. The polarizable force fields often pos-
sessed more advantages in describing the charge properties,
which might be somewhat underestimated in the fixed-charge
force fields. Having said that, usages of different force fields
have led to many common conclusions, i.e. biomolecules had
stronger binding capacity to the {111} facet than to the {100}
facet. For instance, using the GolP-CHARMM polarization
force field, a peptide was found to have stronger binding
affinity onto Au(111) than Au(100).>*** Recent research con-
ducted by Heinz and co-workers developed a set of simple
polarizable force fields of Au nanostructures that includes a
Lennard-Jones potential and a harmonically coupled core-
shell charge pair for every Au atom. They verified that a
peptide (sequence: DYKDDDDK) showed a stronger binding
energy on the Au(111) surface than on Au(100), where the FSS
on Au(100) hindered the direct contact of the peptide with
Au(100).>® Meanwhile, a similar result was also reported in the
protein-Ag interaction when using a polarization force field
(AgP-CHARMM FF) to model Ag flakes.>” On the other hand,
using the fixed-charge force fields, some other studies have
also found that peptides demonstrated much stronger adsorp-
tion capacity on the {111} facet over the {100} facet of both Au
and Pd nanostructures.'®?® Taken together, the stronger bio-
molecules adsorbing affinity of the {111} facet than the {100}
facet was very robust and independent of the force fields used
for metal atoms.

To further verify our predictions in the MD simulations, we
synthesized the Pd nanocrystals with {100} (cubic) and {111}
(octahedral) facets using the same methods as described pre-
viously."”*® The facets and geometries of the Pd nanocrystals
were characterized by transmission electron microscopy (TEM)
and high-resolution TEM (HRTEM). Fig. 6a and b show the
representative TEM images. The synthesized Pd nanocrystals
have cubic or octahedral shapes with an average length of
10 nm. HRTEM analyses with the corresponding Fast Fourier
Transform (FFT) patterns taken from single nanocrystals indi-
cated that Pd cubes and octahedra were enclosed by {100} and
{111} facets, respectively (Fig. 6¢c and d). Using the above
Pd nanocrystals, we measured the adsorption capacity of a
dsDNA, a complementary DNA (cDNA), and obtained the
amount of the adsorbed ¢cDNA through agarose gel electro-
phoresis. The results are shown in Fig. 6e and f. Agarose gel
electrophoresis experiments revealed a larger amount of cDNA
in the supernatant of the sample with Pd(100) than with
Pd(111). Under the same experimental conditions, Pd(111)
adsorbed about 26.97% of the cDNA, whereas Pd(100) only
about 11.11%, which supported our theoretical prediction that
Pd(111) possesses a higher binding affinity for dsDNA than Pd
(100). Thus, both our experimental and theoretical results con-
firmed that different Pd facets can have different adsorption
capacities of the dsDNA, with Pd(111) showing a higher
capacity than Pd(100).

This journal is © The Royal Society of Chemistry 2019
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Fig. 6 TEM images of the synthesized Pd nanocrystals and the adsorption capability test of the cDNA on Pd(100) and on Pd(111) measured by
agarose gel electrophoresis. (a, b) Transmission electron microscopy (TEM) images of the Pd nanocrystals. (c, d) High-resolution TEM (HRTEM)
images and the Fast Fourier Transform (FFT) patterns of the Pd nanocrystals. (e) Gel image showing the amount of cDNA in the supernatants after
treatment with Pd(100) or with Pd(111). The first lane is the control (con). (f) cDNA concentration after treatment with Pd(100) or with Pd(111).
Around 26.97% of the cDNA adsorbed on Pd(111), and 11.11% of that adsorbed on Pd(100) (*P < 0.05).

Conclusion

We investigated the molecular mechanisms of dsDNA binding
to two Pd surfaces with different facets, {100} and {111}, using
MD simulations, PMF calculations and agarose gel electro-
phoresis assays. Our simulation results revealed that the
dsDNA adhered to the two surfaces with surprisingly different
binding modes and strengths, with Pd(111) being significantly
more favored than Pd(100). The binding on Pd(111) is so
strong that it can also cause the dsDNA to partially denature.
We further showed that the different binding modes of the
dsDNA resulted from different arrangements of the water
molecules in the FSS on the two surfaces. The hydrogen bond
network is more compact on Pd(100), which makes the
Pd(100) surface less accessible to the dsDNA, with a well-
formed single water layer in-between. The PMF free energy pro-
files and agarose gel electrophoresis assays further confirmed
the stronger binding and higher adsorptive capacity of dsDNA
on Pd(111) than on Pd(100).

On the other hand, in a realistic and more complicated bio-
logical environment, one important issue regarding the nano-
material-biomolecule interaction is the competitive binding
among different biomolecules with the nanomaterial surfaces.
This important concept was originally proposed by Dawson
and co-workers, and has been studied by many
researchers.’° % Whereas, it should be noted that it is the
direct interacting mechanisms between biomolecules and the
bare nanomaterial surface, which have been proved to be
heavily mediated by nanomaterials’ surficial properties, that
establish the molecular bases for the subsequent competitive
biomolecules’ binding behaviors.>® Given that the surface pro-
perties of different nanomaterials can vary considerably, the
interaction mechanisms between different nanomaterials and
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the same biomolecules can also vary greatly. In other broad
applications, the growing usages of biomolecules (including,
DNA and peptide) in guiding the programmable synthesis of
sophisticated metal nanocrystals of specific facets also high-
lighted the importance of the pure bio-nano binding.**™*°
Unfortunately, the related information was still relatively
insufficient. For instance, in this study, the revealed distinct
interacting mechanisms for DNA with two different Pd facets
remained unclear to date. Our current findings might have
provided new insights into the future design of metal nano-
structures for biomedical applications.

Methods

Molecular dynamics simulations

Both palladium (Pd) sheets were constructed in two atomic
layers as displayed in Fig. 1(a) and (b). The Pd(100) and
Pd(111) models consisted of 2704 and 2880 atoms with surface
dimensions of 10.11 x 10.11 nm?* and 9.90 x 9.53 nm?, respect-
ively. A B-form double-stranded DNA (dsDNA) model
(sequence: ATCGATCGATCGATCG) was generated from the
http://structure.usc.edu/make-na/server.html server, which
was similar to our previous work.*’ The dsDNA was placed
parallel to the z-axis above the Pd sheets with a minimum
distance of 12 A as shown in Fig. 1(c) (defined as Pd(100)-
dsDNA and Pd(111)-dsDNA systems). The two systems were
solvated and ionized with 0.15 M KCI to mimic physiological
environments. In addition, another two systems with the
Pd sheets and water molecules were constructed to probe
the hydrogen bond networks on the two surfaces (defined as
Pd(100)-water and Pd(111)-water systems). More simulation
details can be found in Table S1.f These four systems served

Nanoscale, 2019, 11, 1827-1836 | 1833


https://doi.org/10.1039/c8nr06203j

Published on 19 December 2018. Downloaded by Soochow University China on 7/24/2019 6:50:31 AM.

Paper

as the initial structures for the molecular dynamics
simulations.

The simulations were carried out using the GROMACS soft-
ware package (version 4.6.6)*> with the CHARMM?27 force
fields**** (the force fields of Pd atoms were obtained from a
previous study*®). The VMD software*® was used to analyze
and visualize the simulation results. The TIP3P water model*’
was used for water molecules. The temperature was main-
tained at 300 K using a v-rescale thermostat*® and pressure
was kept at 1 atm by applying a Berendsen barostat*® (only
applied in the z-direction of the simulation box). The Pd
sheets were fixed throughout the simulations. The long-range
electrostatic interactions were treated with the PME
method,*>*! and the van der Waals (vdW) interactions were
calculated with a cutoff distance of 1.0 nm. All solute bonds
(bond stretch) were constrained at their equilibrium values
with the LINCS algorithm,’*>® which was also applied else-
where regarding biomolecules,**® though only the bonds
with H-atoms were constrained in many other relevant
studies®”>° as well. The geometry of water was constrained by
using the SETTLE algorithm.®® A time step of 2.0 fs was used
in the production runs.

Potential of mean force (PMF)

The PMF values of deoxyadenosine (or a water molecule) along
the z-direction of the Pd(100) and Pd(111) surfaces were calcu-
lated using umbrella sampling simulations.®*"® The distance
(d) to the Pd surface was restrained at a reference distance (d,)
with a harmonic force

F=kx (d—do)

where k is the force constant (ranging from 2000 to 20 000
k] mol™" nm™?). The spacing of the sampling windows was
0.05 nm. At each d,, the system was equilibrated for 2 ns
before a 10 ns productive run. The free energy profiles were
obtained by using the g wham tool that implements the
Weighted Histogram Analysis Method.**%°

Agarose gel electrophoresis

To measure the binding affinities of Pd(100) and Pd(111) to
DNA, we prepared a ¢cDNA from A549 cells (obtained from the
American Type Culture Collection, Rockville, MD). All the RNA
in the cells was extracted using the TRIzol reagent (Invitrogen,
USA). Then, the cDNA was generated from 500 ng of RNA
using a reverse transcriptase (Invitrogen, USA). The PCR
primers were as follows: GAPDH sense, 50-CAACTACATGGTCT-
ACATGTTCC-30, antisense, 50-CAACCTGGTCCTCAGTGTAG-30.
The reaction conditions of PCR and cycle numbers were rigor-
ously adjusted so that each reaction occurred within the linear
range of amplification. The detailed methods for GAPDH
cDNA synthesis have been described previously.®” Pd(100) and
Pd(111) were added to the cDNA at a 1:1 concentration ratio.
The cDNA sample without adding a Pd sheet served as a
control. After 24 h incubation at room temperature, the
samples were centrifuged at 13 500 rpm for 30 min. Finally,
the supernatants were collected and analyzed by electrophor-
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esis on the 0.8% agarose gels containing 0.01% Gelred
(Beyotime Institute of Biotechnology, Beijing, China). The gels
were photographed under ultraviolet light. The bands were
analyzed using the FluorChem M fluorescent chemilumines-
cence imaging analysis system (Alpha Technologies, USA). The
results were analyzed with SPSS version 17.0 (IBM, Chicago, IL,
USA) using the two-tailed Student’s t-test. A p-value <0.05
between groups was considered significant.
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