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Abstract
Nanodiamonds (NDs) are emerging carbon platforms with promise as gene/drug delivery vectors
for cancer therapy. Specifically, NDs functionalized with the polymer polyethylenimine (PEI) can
transfect small interfering RNAs (siRNA) in vitro with high efficiency and low cytotoxicity. Here
we present a modeling framework to accurately guide the design of ND-PEI gene platforms and
elucidate binding mechanisms between ND, PEI, and siRNA. This is among the first ND
simulations to comprehensively account for ND size, charge distribution, surface
functionalization, and graphitization. The simulation results are compared with our experimental
results both for PEI loading onto NDs and for siRNA (C-myc) loading onto ND-PEI for various
mixing ratios. Remarkably, the model is able to predict loading trends and saturation limits for PEI
and siRNA, while confirming the essential role of ND surface functionalization in mediating ND-
PEI interactions. These results demonstrate that this robust framework can be a powerful tool in
ND platform development, with the capacity to realistically treat other nanoparticle systems.
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Titration of a ND solution using 0.01M NaOH to determine equivalence point and pKa of NDs. Figure S2: Atomic model of branched
PEI-800 structure. Figure S3: Chemical formula of branched PEI-800. Figure S4: Charge assignment on atoms of PEI-800. Figure S5:
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S6: Atomic model of C-myc siRNA structure. Table S1: The detailed results of PEI loading for various mixing ratios (1:25 to 1:300,
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Nanodiamonds (NDs) are carbon-based nanoparticles that combine properties suitable for
drug delivery and imaging into a single platform.1-3 Furthermore, several studies have
shown that there is no apparent toxicity in vitro and in vivo following the administration of
therapeutically-relevant ND dosages.1, 4 Their versatility has allowed researchers to modify
NDs with a variety of biological components, utilize them as stable fluorescent markers, and
mediate among the highest reported per-gadolinium relaxivity values.5-12 NDs are capable
of enhancing the efficacy of therapeutic uptake and activity by mediating the binding and
release of an array of chemotherapeutics.13-14 Recently, ND-enabled gene delivery was
demonstrated by polymer-functionalized NDs, effectively transfecting nucleic acids while
exhibiting low toxicity.15-17

Gene delivery of plasmid DNA (pDNA) and small interfering RNA (siRNA), to enhance or
knock down gene expression, has become an emerging cancer treatment strategy.18-20

However, effective gene delivery requires efficient transport of nucleic acids into target
cells. siRNA, for example, is easily degraded in serum, providing a major limitation for in
vivo transfection.21 Viral vectors have been challenged with immunological
complications,22 while non-viral formulations, such as liposomes, polymers, and
nanoparticles, have been challenged with cytotoxicity and low transfection efficiency.23-24

ND-based vectors may be a promising method for efficient/biocompatible gene delivery,
having demonstrated remarkable compatibility in biological environments.25-27 NDs
functionalized with the cationic polymer, polyethylenimine (PEI) (Scheme 1), have
exhibited higher transfection efficiency than some polymer vectors in physiological
conditions for both pDNA and siRNA.15-16 In this study we used an experimentally-
validated multiscale modeling approach to understand and guide the development of ND-
PEI vectors to deliver c-Myc siRNA. The knockdown in expression of the c-Myc gene has
been shown to significantly reduce growth of MCF-7 breast cancer cell.18

Molecular dynamics (MD) is a simulation algorithm with capabilities on the order of
millions of atoms, matching the scope of gene/drug delivery systems. PEI is a common gene
carrier previously investigated using MD simulations.28-30 Our model is based on standard
atomistic force fields, but a key component involves the use of an empirically-derived
charge distribution for NDs that is based on the measured acidity of ND solutions. This
model is similar to previous work describing the binding of Doxorubicin (DOX) to NDs.31

However, our model has improved accuracy and is more comprehensive. For example, the
pKa estimated in the previous work was a rough approximation since it was based on the pH
at the isoelectric point rather than on titration measurements. Our model also incorporates
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density functional-based tight binding method (DFTB) studies to determine ND structure
and charge distribution.32-34 We validated our simulation results by comparing loading
trends and saturation limits for PEI binding to NDs and siRNA binding to ND-PEI to
experimental results for multiple mixing ratios. This comparison demonstrated both the
predictive power of this simulation technique as well as the ability to elucidate basic binding
mechanisms, such as the essential role of surface functionalization in mediating strong
interactions between ND and PEI.

To gain a comprehensive understanding of ND structures and energetics, we developed the
model from first principles, beginning with quantum mechanical calculations for the ND.
DFTB is an established method for studying NDs,35-38 although past simulations have
modeled smaller diameter NDs than those used in experiments (4-6 nm). To account for the
size dependence of ND properties, we performed calculations using 4.1 nm NDs.
Subsequently, the shape of the structure was optimized, and the state of surface
graphitization and surface reconstruction was determined (See SI Materials and Methods for
details). Based on these results, the ND surface charge, an essential attribute for modeling
interactions with small molecules, was calculated. Figure 1A shows the truncated octahedral
shape of a ND and figure 1B shows the graphitization of [111] surfaces while Figure 1C
shows the 2×1 surface reconstruction revealing the lack of graphitization on [100] surfaces .
The ND surface charge distribution (Figure 1D) is detailed in Figure 1E,F to illustrate the
location of highly negative and positive carbon atoms revealing that carbon atoms on the
[111] surface were the most negatively-charged while most positively-charged carbon atoms
lay along edges where two [111] surfaces intersected. [111] surfaces (~160 atoms, average
charge −2.27 ec) were typically larger than [100] surfaces (~78 atoms, average charge 0.13
ec). The strongly negative [111] and positive [100] surface electrostatic potentials were
consistent with previous studies performed on smaller NDs. The mostly neutral core carbon
atoms are represented in green in Figure 1E,F. This resulting ND configuration was used in
all our molecular models.

Accurate description of ND surface chemistry required simulating the ionization of surface
functional groups. While several types of ND surface functionalization have been
discovered, including alcohol, amine, amide, and carbonyl groups, the dominant functional
group is typically believed to be carboxylic acid.39 However, neither the type nor amount of
functionalization was directly available from experiments or computational procedures, so
these properties were inferred indirectly from titration experiments, and modeled using
effective charges located on surface carbon atoms (as described in Supporting Information).
We used titrations to calculate the effective pKa which is used to determine the ionization of
surface acidic groups as a function of pH. The fraction of ionizable surface sites was
adjusted based on estimates provided in an earlier study of ND-DOX binding.31

Since NDs dispersed in water exhibited a pH value under 5, a base (0.01 M NaOH) was used
as a titrant. Examining the shape of the titration curve in Figure S1, there was a gentle rise in
pH followed by a sharp acceleration. This point was defined as the equivalence point and
used to calculate the pKa (see SI Materials and Methods). Furthermore, the equivalence
point occurred above pH 7, indicating that the solution behaved as a weak acid. The average
pKa value for three trials is indicated in Figure S1 as 5.79 ± 0.27. This value matches
closely with the pKa of carboxylic acid groups which can range from 4.5-5.5.40 While the
ND surface may have complex speciation (multiple interacting ionizable sites), we used the
measured pKa value to effectively model the pH dependence of the fraction of surface
charges on the functionalized NDs (see SI Materials and Methods for more details).

Our ND model was used to study ND-PEI interactions, and compared with experimental
results for PEI loading onto NDs as a function of mixing ratio. In past experimental studies

Kim et al. Page 3

J Phys Chem Lett. Author manuscript; available in PMC 2013 December 04.

$w
aterm

ark-text
$w

aterm
ark-text

$w
aterm

ark-text



optimizing ND vectors for transfection, various ND-PEI mixing ratios have been tested.15-16

By demonstrating compatibility between experimental and simulation results for the ND-
PEI loading, we demonstrated the capacity for this simulation framework to assist in
optimizing ND-PEI vectors for conditions such as mixing ratio.

Figure S2 depicts the MD model for branched PEI (800 Da) and S3 and S4 illustrate the
chemical structure and charge distribution of PEI respectively, based on the polymer-
consistent force field (PCFF).41 MD simulations with explicit water and counterions were
performed to evaluate the significance of ND surface functionalization on PEI binding (see
MD Simulations section for simulation details). The protonation ratio of PEI reported in the
literatures ranges from 10%-55% at physiological pH including both linear and branched
PEIs.42-43 In this manuscript, the simulated PEIs are adjusted to 20% protonation status
based on previous literature on branched PEIs.44-45 The findings from this study serve as a
foundation for continued investigations into the effects of protonation ratio induced by pH
on the binding mechanisms between ND, PEI, and siRNA.

1 ND and 24 PEIs were placed in a simulation domain of 118 × 118 × 72 nm. The
interaction of PEI with functionalized NDs was compared with non-functionalized NDs over
a time scale of 8 ns to characterize ND binding. The surface charge of the non-
functionalized ND was based on the values derived from DFTB simulations. The
Henderson-Hasselbalch (HH) equation (see SI) was applied to calculate the expected
fraction of ionized sites of functionalized ND, and 10% of the surface was assumed
functionalized by ionizable acids. This degree of functionalization was at the low end of a
range previously estimated (between 10-30%) based on observed drug loading.31 The 169
ionized sites on the ND surface at pH 7, as derived from the HH analysis, were randomly
distributed among the ND surface atoms. The simulations were run according to the
procedures and parameters outlined in the MD Simulations section.

Simulated non-functionalized NDs did not demonstrate any binding with PEI (Figure 2A
and Supporting Information video S1). (All figures in this manuscript depicting molecular
interactions have had water molecules and counterions removed to provide a clearer view.)
This lack of binding reflects weak attractive forces between ND and PEI and reveals the
significance of the charge screening effect of water. In addition, water molecules competed
with PEIs to occupy positions on the ND surface since the highly polar water molecules
interacted electrostatically with charged ND facets.46 In contrast, the functionalized ND was
able to bind with nearly all PEI molecules (Figure 2B and Supporting Information video S2).
Figure S5 shows the initial positions of NDs and PEIs in Fig 2A,B. PEIs were considered
bound to a ND if they were less than 4Å from the surface at the end of the simulation. Most
binding interactions occurred between protonated amines on PEI and ionized sites on ND
surfaces, indicating that surface functionalization strengthens the attractive electrostatic
interactions between ND and PEI. This is consistent with earlier studies of ND/DOX
systems31 where it was determined that surface functionalization was crucial in promoting
effective small molecule loading onto NDs.

MD simulations and experimental studies were performed to examine the effect of varying
mixing ratios on PEI loading. Mixing ratio (1:25, 1:50, 1:100, 1:200, 1:300) refers to the
relative concentrations by weight of ND and PEI that are initially mixed to form ND-PEI
vectors. Taking advantage of the absorbance properties of PEI, the loading was
experimentally quantified by measuring the unbound PEI concentration present in the
supernatant (see Characterization of PEI loading onto NDs section). The simulations were
constructed to match these ratios so that PEI loading trends could be compared (Figure 2C-
F). In a 10 nm cubic simulation domain, one ND was placed at the center followed by the
appropriate number of randomly dispersed PEI molecules in a water environment.
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For example, a 1:25 mixing ratio (ND 1mg/ml, PEI 25 mg/ml) corresponded to
approximately 15 PEI molecules (Figure 2C) when scaled down to the simulation volume.
Figure 2D displays the final structure of a ND-PEI complex after 8 ns; here 13 PEIs were
bound to the ND (Supporting Information video S3). Since the placement of PEI in the
simulation box was randomized, 10 trials for each mixing ratio were performed and
averaged. Figure 2E shows the initial structure of ND-PEI for a 1:200 mixing ratio, where
120 PEIs were included. Figure 2F reveals that nearly the entire ND surface was occupied
by PEIs after 8 ns, indicating the proximity to the PEI saturation limit (Supporting
Information video S4). Table S1 contains both the average and standard deviation of the
number of PEIs bound to a ND for each mixing ratio.

The model predicted that the PEI loading would increase with increasing mixing ratio up to
a saturation point of approximately 1:200. Figure 2G shows that the result was in excellent
agreement with the experimental measurements. Previous experiments have used ND-PEI
synthesized by adding PEI in excess, and subsequently removing the unbound PEI.15-16

Using our modeling approach, the optimal mixing ratios were determined using the
appropriate input parameters, such as ND surface charge and ionization. Simulation-derived
properties such as mixing ratio can assist in maximizing PEI loading, which can be crucial
towards improving siRNA condensation and delivery.

siRNA mediates the RNA interference pathway, a post-transcriptional gene-silencing
mechanism. In biological systems, such as the human body, the effective delivery of siRNA
has the potential to provide precise control of gene expression.24, 47 For example, the C-myc
gene normally regulates cellular proliferation, but when overexpressed, can promote cancer.
Consequently, the administration of C-myc siRNA has been shown to reduce cancer cell
growth both in vitro and in vivo.48 To optimize ND-PEI as a therapeutically-relevant vector,
simulations were used to study the loading of C-myc siRNA onto the previously-derived
ND-PEI structure.

The interaction between siRNA and both ND-PEI and bare NDs were compared to
investigate the condensation mechanism responsible for siRNA loading. One siRNA
molecule was placed 5 Å from a [111] facet (Figure 3A). After equilibration, the siRNA was
observed to drift away from the surface due to electrostatic repulsion since they were both
anionic (Figure 3B) Subsequently, 1 siRNA molecule was placed 5 Å from a ND-PEI
complex (1 ND, 57 PEIs as obtained simulations at the saturation mixing ratio of 1:200).
The key interaction leading to a stable structure is the electrostatic attraction between
protonated amines on PEI and the phosphate groups on siRNA, confirming the critical role
of PEI in facilitating siRNA loading.

We examined siRNA loading onto ND-PEI platforms by simulating conditions for different
mixing ratios. ND-PEI (1:200 ratio) was placed in the middle of a 140 Å cubic box, with
multiple siRNAs and an appropriate number of water molecules and counterions. 5 different
ND-PEI-siRNA systems were generated corresponding to experimentally-relevant mixing
ratios ranging from 1:0.05 to 1:0.2 (ND:siRNA). The number of siRNAs were varied and
randomly arranged in the simulation domain. Detailed description of the 5 different systems
and simulation results is presented in Table S2. Figure 3C,D shows the initial and final
arrangement of a system with a 1:0.10 mixing ratio after 8 ns (Supporting Information video
S5). The simulation predicted that almost all siRNA strands would bind to ND-PEI
complexes when the siRNA:ND mixing ratio was 1:0.1 or lower. There is a dropoff in
siRNA loading when the mixing ratio was increased above 1:0.1, as seen in Figure 3E, due
to the repulsion between adjacent siRNAs. Consistent with these results, the experimental
values also revealed diminishing siRNA loading above the 1:0.1 ratio. However, a saturation
limit was not determined for siRNA loading because testing higher mixing ratios was
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experimentally infeasible owing to measurement limits, cost, etc. In previous siRNA
transfection studies, higher mixing ratios were able to promote increased levels of gene
knockdown 15, which suggested that siRNA loading increases at higher mixing ratio.
However, our experimental and simulations results demonstrated that, while performance
may be improved, there is a tradeoff with loading efficiency.

We have used one of the most complete ND models to date to simulate the formation of ND/
PEI complexes and the subsequent loading of siRNA. Our ND model implicitly accounted
for the effects of surface functionalization by determining surface charges that resulted from
the ionization of acidic sites. pKa values matching experimental titration behavior and a
functionalization density consistent with earlier estimates for other drug loading simulations
were used as model parameters. The ND/PEI simulations of various mixing ratios, as well as
siRNA loading behavior, were consistent with the experimental results. These simulations
contributed basic insight on ND behavior, such as the importance of surface
functionalization on mediating effective PEI loading. Furthermore, simulations provided
important results to guide the optimization of ND-based vectors such as PEI and siRNA
saturation limits. The computational framework defined by this model can be extended to
other combinations of nanoparticles, polymers and nucleic acids used in drug delivery. In
future work, we will examine critical model parameters, such as the nature and extent of
surface functionalization, protonation of PEI induced by environmental pH, and their effect
on ND-PEI formation and siRNA loading. Further efforts in simulating ND systems will
include the modeling of larger scale effects that impact gene and drug delivery, including
interparticle interactions, effects of fluid flow, and mixing. In addition, as modeling
capabilities improve, detailed simulations of biological processes such as cellular
internalization may become realistic. This will provide the ability to not only understand
platform synthesis, but also its biological functionality. The effective utilization of
multiscale modeling has the potential to enhance the development of NDs as a therapeutic
tool.

Quantum Mechanical Calculations
The ND surface charge was calculated using self-consistent-charge density functional based
tight-binding (SCC-DFTB) method as implemented in the DFTB+ program package [http://
www.dftb-plus.info/] developed by Frauenheim, Seifert, Elstner, and co-workers.49-50 (See
SI Materials and Methods for details)

MD Simulations
The simulations were performed at 300 K with an NPT ensemble (constant number of
particles, pressure, and temperature) using the LAMMPS software for a total simulation
time of 8 ns (http://lammps.sandia.gov).51 A Lennard-Jones potential was used to describe
Van der Waals interactions and a Coulombic potential for short range electrostatic
interactions. The cutoff for Van der Waals interactions and electrostatic pairwise
calculations was set at 10 Å. Particle-particle particle-mesh (pppm)52 was applied for long
range electrostatic interactions. The ND structure was modeled as rigid during simulations
since the ND structure was already optimized through DFTB calculations. The simulation
box was solvated with TIP3P water, and appropriate numbers of counterions (Na+ or Cl−)
were added to neutralize the system. All bonds containing hydrogen atoms were constrained
through the SHAKE algorithm, which allowed 2 fs time steps for all simulations. For more
details of siRNA, see SI Materials and Methods.
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Preparation of ND-PEI Complexes
In the experiments, the NDs were dispersed and diluted to a working concentration of 5 mg/
ml. NDs were combined with PEI (800 Da, Sigma Aldrich) at various mixing ratios to a
final volume of 1 ml and ND concentration of 1 mg/ml. After 1 min of vortexing, samples
were incubated (15 min, room temperature) to allow for complexing. Samples underwent
centrifugation (1 h, 14000 rpm) to pellet complexed ND-PEI, leaving unbound PEI in the
supernatant. After excess PEI was removed, the pellet of ND-PEI was resuspended in water
using probe sonication (Fisher Scientific) yielding a clear solution. Three wash steps were
performed to remove all excess PEI. ND-PEI complexes were produced and remained stable
for >1 month (4° C).

Characterization of PEI loading onto NDs
To determine PEI loading onto NDs, the supernatant of unbound PEI was collected at each
of the three wash steps for the various mixing ratios. The supernatant was reacted with
CuSO4 to quantify PEI loading colorimetrically (absorbance at 285 nm). For more details,
see SI Materials and Methods.

Characterization of siRNA loading onto ND-PEI
0.0875 mg of ND-PEI (ND weight, 1mg/ml ND:PEI) was complexed with siRNA, at final
mixing volume to 225 μl. Human C-Myc siRNA (10 μM) (Santa Cruz Biotechnology) was
complexed with ND-PEI at various mixing ratios (ND:siRNA w/w). After gentle vortexing,
the ND-PEI was incubated with siRNA (15 min, room temp) before centrifugation (30 min,
14000 rpm). Once ND-PEI-siRNA particles were pelleted, the supernatant was collected and
quantified using a Quant-iT RNA Assay Kit (Life Technologies) to determine unbound
siRNA. For more details, see SI Materials and Methods.

Statistical Analysis
Experiments were performed in at least triplicate and all results were presented as mean ±
SE (standard error).

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.
The surface charge distribution of a DFTB optimized ND (C5795) structure having a
diameter of 4.1 nm. The legend on the right breaks down the intervals of charge that each
colored atom represents. (A) the bare optimized ND structure. (B) a close-up view of a
graphitized (111) surface. (C) a close-up of the 2×1 surface reconstruction in (100) surface.
(D) the complete surface charge (q) distribution. Parts (E) and (F) illustrate the regions
containing only the most negatively and most positively charged atoms.
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Fig. 2.
The importance of the ionization of surface functional groups towards mediating PEI
loading is demonstrated in parts A and B. A and B show the final structure of a non-
functionalized ND and functionalized ND, respectively, with 24 PEIs surrounding the
particle after 8 ns of interaction time. The non-functionalized ND is unable to bind with any
PEI because the screening of surface electrostatics by the water solvent is too strong to
overcome. On the other hand, the functionalized ND is able to load all 24 PEIs successfully.
The binding of PEIs to a functionalized ND at two different mixing ratios is shown in parts
C-F and the comparison between the loading results of experiments and simulations is
shown in part G. Part C shows the initial structure of a functionalized ND with 15 PEIs
surrounding the particle, corresponding to a mixing ratio of 1:25 (ND:PEI, by weight). Part
D shows the final structure of part C after 8 ns of interaction time, with most PEI's binding
to the ND surface. Similarly, parts E and F show the initial and final configuration of a half
cut-away functionalized ND with 120 PEIs after 8 ns interaction, corresponding to 1:200
(ND:PEI, by weight) mixing ratio. Part F shows PEI filling in the vacant space found near
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the ND surface shown in part E. Part G compares loading trends between the experimental
and simulation results as a function of mixing ratio. The simulations were able to predict a
saturation in PEI loading at a 1:200 mixing ratio, demonstrated by the lack of increasing PEI
loading above the 1:200 mixing ratio.
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Fig. 3.
The importance of PEI functionalization towards mediating siRNA loading is demonstrated
in parts AD. Part A shows the initial structure of a ND (with surface functionalization, but
no PEI) with 1 siRNA placed nearest to its [111] facet. Part B shows the final structure of
part A after 8 ns of interaction time. This demonstrates that a ND is unable to bind with
siRNA without the presence of PEI because the ND surface is not cationic enough to bind
with the negatively charged phosphate backbone of the siRNA. Part C shows the initial
structure of a ND-PEI (1 ND loaded with 57 PEIs, 1:200 mixing ratio) with 4 siRNA's
surrounding the particle, corresponding to a mixing ratio of 1:0.10 (ND:siRNA, by weight).
Part D shows the final structure of part C after 8 ns of interaction time, with all siRNA
binding to the ND-PEI surface. Part E shows the similar percentage of loading between the
experimental and simulation results as a function of mixing ratio. The percentage of siRNA
loading decreases above the 1:0.10 ratio while the absolute siRNA loading still increases.
The simulations were able to predict the dropoff in efficiency of siRNA loading above the
1:0.10 mixing ratio.
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Scheme 1.
The schematic above visualizes the synthesis of the ND-PEI-siRNA complex. The
functionalization of the ND surface using the polymer, PEI, allows the conjugate to mediate
strong interactions with siRNA strands. The loading of siRNA onto ND-PEI may be an
effective method for gene delivery, which has many therapeutic applications including
cancer treatment.
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