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ABSTRACT: In this work, we have combined constant-pH
molecular dynamics simulations and experiments to provide a
quantitative analysis of pH dependent interactions between
doxorubicin hydrochloride (DOX) cancer therapeutic and
faceted nanodiamond (ND) nanoparticle carriers. Our study
suggests that when a mixture of faceted ND and DOX is dis-
solved in a solvent, the pH of this solvent plays a controlling
role in the adsorption of DOX molecules on the ND. We find
that the binding of DOX molecules on ND occurs only at high
pH and requires at least ~10% of ND surface area to be fully
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titrated for binding to occur. As such, this study reveals important mechanistic insight underlying an ND-based pH-controlled

therapeutic platform.
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1. INTRODUCTION

Recently there has been important progress in the develop-
ment of nanodiamonds (NDs) as carriers for a variety of biologi-
cally applicable agents' ~* due to their exceptional biocompati-
bility">® and unique surface properties.”* Through adsorption,
avariety of agents have been shown to reversibly bind and unbind
from the ND surface as conditions were altered from basic to aci-
dic, respectively. In addition, the bioagents were observed to coat
and/or were entrapped between ND aggregates, possibly indi-
cating a capacity for therapeutic sequestration. This “shielding”
effect suggests inherent protection against nonspecific perturba-
tions, a feature shown in clinically available alternatives for reduc-
ing side effects such as alopecia and nausea.'”"!

This dynamic interaction between drugs and NDs has also led
to exploration with water-insoluble compounds,” as several syste-
mically administered drugs are limited by aqueous solubility.'*
After combining these drugs with NDs, there was a 3 order of
magnitude decrease in drug aggregate size to on the order of
~100 nm,* suggesting that NDs can facilitate greater drug solu-
bility within aqueous solutions. ND-based gene delivery has dem-
onstrated a 70 times enhancement to delivery efficacy compared
with a commercial standard." In addition, a spectrum of studies
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pertaining to single-cell ND injection,"* ND-based micro/nano-
film approaches for localized drug release''® and ND-based
magnetic resonance imaging'’ have further revealed their broad
applicability in biology and medicine.

While experimental results demonstrating these effects have
established the potential of NDs as versatile therapeutic plat-
forms, the underlying atomic and nanoscale mechanisms of drug
adsorption and release remain challenging to ascertain. In this
study, atomistic computer simulations have been used to analyze
the underlying mechanisms behind drug adsorption onto NDs.
Study of this process requires fundamental analysis of surface
charge, chemical analysis and drug adsorption and desorption
dynamics. Toward this end, the simulation results are verified
experimentally with UV—vis spectroscopy, dynamic light scat-
tering, and centrifugation based assays.

Within this simulation framework, doxorubicin hydrochloride
(DOX), a common apoptotic chemotherapeutic, was used as a
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model agent. It was previously demonstrated that DOX and ND
interact only weakly under ambient conditions due to low aque-
ous solubility." Sustained ND—drug interactions were mediated
by adding salts or increasing the solvent basicity." The significant
role of pH in facilitating the interactions between DOX and the
ND surfaces provides a platform upon which atomistic simula-
tions were designed in this study to further examine the DOX—
ND interaction.

Due to recent work by Barnard,” Sternberg® and Osawa et al.,”
a theoretical model for the electrostatic potential of unfunctio-
nalized ND has been developed. Density functional tight bind-
ing-based simulations indicate that the interparticle interactions
between NDs depend on charges on the surface facets, leading to
preferentially ordered self-assembled ND agglutinates.”® For the
functionalized NDs used for drug binding, it is the ionizable
groups on the ND surface, rather than the intrinsic ND electro-
statics, that dominate the interaction with charged drug mole-
cules like DOX. Indeed, experiments show that the ND—DOX
equilibrium can be shifted by varying pH," so in this work we
develop a model for the variation of surface charge with pH, and
then use molecular dynamics simulations to determine the drug
loading properties.

There have been a few earlier studies of the binding of bio-
molecules to diamond surfaces. One is Larsson’s work concern-
ing the binding of bone morphogenetic protein-2 to nanocrystal-
line diamond (which is relevant to the use of diamond in medical
implants)."®"” In this work the primary interest was on the
hydrophilic environment associated with an OH covered dia-
mond surface as this results in stronger interactions with the
protein than the hydrophobic environment associated with hy-
drogen terminated diamond. pH effects were not studied so the
role of acid/base equilibria on binding was not considered.
Related results were obtained by Netz and co-workers, and by
Borisenko et al,, who studied polypeptides and proteins inter-
acting with hydrophobic and hydrophilic diamond surfaces.””>*

2. PH CONTROLLED ND—DOX INTERACTIONS

2.1. Atomistic Simulations. Here we have adopted a con-
stant pH molecular dynamics simulation (CpHMD) technique
to explore the pH dependent interactions between DOX and ND.
This method is a simplified version of the method of Baptista et al.>*
The atomistic model we chose is shown in Figure 1, with detailed
structures of the ND and DOX given in Figure 2. This model
consists of a single ND plus several DOX molecules, counterions
and water molecules. A truncated octahedral ND with a diameter
of 3.5 nm is chosen to provide a structure that is probably typical
of nonaggregated ND. This ND has 1880 carbon atoms, 8 (111)
facets and 6 (100) facets, such that there are 53 atoms per (111)
facet and SS atoms per (100) facet. In order to see the effect of
scaling, we have also studied another set of models that contains
eight uniformly dispersed NDs and proportional amounts of
DOX, counterions and solvent molecules compared to the
smaller system we described above. The size of the larger model
is precisely maintained eight times larger than the smaller model.

Although we use a bare ND in our modeling, the properties of
the surface carbon atoms are modified to reflect functionalization
whose properties are only poorly known. Some “possible” func-
tional groups for ND have been identified as —COOH, —CONH,
—OH, —CO, —NH,, —SH, —CH,, —H etc.”* However, the
exact types and percent coverage of these functional groups on
ND surfaces are not yet known. In our study, we have assumed

Figure 1. Initial structure of atomistic model of ND—DOX—solvent
(pH buffer) system that is simulated via MD to study the pH dependent
ND—DOX binding. In the solvent media, twenty-six DOX molecules
are allowed to interact with one truncated octahedral ND particle that is
functionalized (30% of total ND surface area). The surface electrostatics
on the ND surface depends on the pH of the solvent. Here the green and
cyan color on ND refer to the atoms belonging to (111) and (100)
facets, respectively.

that the ND surface is coated with “some” ionizable species such
that the dominant interaction with DOX is determined by the pH
dependent electrostatics in which the charge state of the surface
carbons is adjusted based on an assumed pK, and an assumed
maximum jonization density. In reality, the overall pK, of the
ND will depend on the pK, of all individual functional groups.
Therefore, our model may be considered as an “effective” model
where the overall pK, of ND is chosen from experimental obser-
vation and the local pK,’s of individual functional groups have
been smeared into a single pK,.

The CpHMD calculation is essentially a conventional MD
simulation that is coupled with a stochastic protonation/depro-
tonation algorithm to take into account the variation in the pro-
tonation equilibrium of the titratable surface sites on the ND and
the amine group on the DOX as determined by solvent pH. The
fraction of sites on the ND or DOX that are charged is deter-
mined as a function of pH by the Henderson—Hasselbalch
relation.”*” Thus if x refers to the fraction of protonated
(deprotonated) sites, then the Henderson—Hasselbalch rela-
tion>> ™%’ suggests that the number of sites N parged OUt Of Nioeal
sites that can be charged at a certain pH is

X
p1<a = pH =+ IOgIO <m>

10°K: ~pH N charged
X = K, —pH
1+ 10p% 7P Ntotal
10PK. —pH
= Ncharged = Ntotal ( 1 )

1+ 100K ~pH

Nioral refers to the total number of “titratable” or “ionizable” sites
available for a particular molecule. For ND, the nature and
density of ionizable species is not known, so we simply assume
that some fraction of the surface carbons can be ionized. While it
is geometrically possible to functionalize every ND surface atom
with such functional groups, in reality, repulsions between these
groups would create tremendous instability. Thus we have assumed
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Figure 2. Atomistic models for (a) DOX and (b) truncated octahedral ND nanoparticle. Note that DOX molecules contain primarily OH, CH; and
NH; side groups on their backbone; the partial charges of these side groups, as predicted from combined DFTB-SCC and RESP calculations, vary
substantially: both by magnitude and by sign. Some representative charges are shown in (a) in elementary charge units. The ND surface contains eight
{111} facets (hexagonal and colored red) and six { 100} facets (square and colored green). All atoms of ND are C atoms. Here the core atoms are colored

in blue for clarity.

that the functional groups are separated by at least one nearest
neighbor. Based on the packing of functional groups on the ND
surface, we estimate that the maximum N, can be 30% of the
total number of carbon atoms available on ND surface. Later we
will test the sensitivity of our results to this assumption pertaining
to maximum surface charge density.

In our simulations, we determined Nhyrged by assuming that
the pK, of the ND is 10.75.*® We have estimated this pK, value
based on the isoelectric point (IEP)* in the zeta potential vs pH
plot reported in the literature™® and also based on our own
experimental observations.> This procedure potentially inte-
grates several acid—base equilibrium processes into a single effec-
tive ionization step. Once we set the pK, for ND, we have then
estimated the Nipoge from eq 1 and randomly located these
deprotonated sites on the ND surface. This is different from
the case of ND in the absence of functionalization, where the
charge distribution is facet dependent. The electrostatic charges
for the functional sites are defined by assigning partial charges to
the chosen sites (—1 elementary charge) while the remaining
ND surface atoms are kept neutral (0 elementary charge). This
implicitly assumes that the ionizable species is neutral at low pH
and becomes negative at high pH, however it is also compatible
with acid/base equilibria (like OH groups) which are positive at
low pH and neutral at high pH provided that we also assume that
the particle has a net charge such that it is neutral at low pH.

The electrostatic charges for the DOX molecules are developed
from the restrained electrostatic potential method (RESP)* by
fitting the quantum mechanics electrostatics potential (based on
DFTB-SCC’) under the constraints of fixed total charge for the
whole system or its fragments. In this calculation, the initial structure
for DOX has been obtained from the Protein Data Bank. In our
study, we assumed pK, for DOX is 8.3.% This implies that DOX
remains neutral at high pH and is charged at low pH. At any
intermediate pH, some of the DOX molecules will be protonated
and some of them will not, and the percentage of protonated DOX
will depend on their pK, as determined by eq 1. For instance, at
pH = 8.3, 50% of the DOX are protonated.

As shown in Figure 1, the initial configuration consists of one
ND and twenty-six DOX molecules that are solvated with 6200
SPC water molecules in a simulation box of dimensions L, =L, =
L, =9.0 nm. The ND and DOX were modeled with the Tersoff*!
and DREIDING potentials,”* respectively. The ND—DOX
interactions were modeled by nonbonded Lennard-Jones (L])

potential®® in addition to the pH dependent electrostatic/colou-
mbic interactions. The appropriate parameters (0 and ¢ for L]
potential) for the ND—DOX nonbonded interactions were
obtained by using the method described in ref 32.

Periodic boundary conditions for the electrostatic interaction
are defined by the EWALD summation method, and VDW inte-
ractions are defined by a L] potential>® All simulations were
performed at 300 K with a Nosé —Hoover based canonical ense-
mble.** To balance the overall system charge that arises due to
the presence of alarge number of negatively charged sites on ND,
an appropriate number of positively charged sodium ions (+1
elementary charge) were randomly added in the excluded volume
(i.e., the solvent) of the MD model. A similar procedure has been
adopted for the larger model that contains 8 NDs, 208 DOX
molecules, 49600 SPC water molecules and appropriate number
of counterions. The dimensions of the large simulation box are
L.=L,=L.=18.0nm.

MD simulations at various pH levels have been performed for
pH in the range from 6 to 11 with an interval of 0.5. For each pH
level, the MD simulations are run for up to 100 ps and the DOX—
ND interactions are monitored. To quantify DOX binding to the
ND, the minimum distance between the NH, site on DOX and
the nearest ND facet is calculated. ADOX molecule is considered
territorially bound to ND if this distance is 3.5 A or less. The
choice of this critical distance is based on the VDW separation
distance between C atoms and N atoms.

2.2. Materials and Methods: Doxorubicin—Nanodiamond
pH Adsorbance Test. 100 ug of doxorubicin (US Pharmaco-
peia, Rockville, MD) was vortexed briefly with S00 ug of soni-
cated nanodiamonds (Nanocarbon Research Institute, Japan) in
a bufter of variable pH. Buffer pH was calculated via pH probe
after hydrochloric acid (Sigma Aldrich) and sodium hydroxide
(Sigma Aldrich) additions. Vials were then centrifuged at 14,000
rpm for S min to pellet the nanodiamonds, and supernatant was
subsequently analyzed for UV—vis absorbance at 484 nm. Stan-
dard curves were utilized to determine drug concentration as a
function of absorbance. This experiment was performed with ten
independent replicates and the standard deviation and standard
error about the mean calculated.

3. RESULTS AND DISCUSSION

Prior to conducting the pH dependent study, we first deter-
mined the maximum binding capacity of DOX molecules on the
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Figure 3. DOX loading saturation simulations. Sixty-four DOX molecules are allowed to interact with fully titrated ND (30% ND surface area is
charged). MD snapshots are taken at S ps (a) and 100 ps (b), respectively. The saturation of DOX on the ND occurs when DOX molecules fully occupy
the ND surface. In this situation, even though the ND has available sites for DOX attachment, the DOX cannot attach on the ND because they cannot

penetrate through already bound DOX molecules (steric crowding).

ND. For this, we performed MD simulations with one ND and 64
DOX molecules in solvent for 100 ps. The surface of the ND is
assumed to be functionalized with 30% ionizable sites, and all of
these sites are fully titrated (charged) corresponding to the high
pH limit. Figure 3 shows two snapshots taken at 5 and 100 ps,
respectively. This shows that not all 64 DOX molecules can bind
to the ND, even though the charge density is quite high. Instead
we find that a maximum of 26 DOX molecules can bind. The
remaining DOX molecules are found to be somewhat attracted to
ND but fail to territorially bind with the ND primarily because of
steric crowding. Since there are a total of 14 facets on the ND, we
find that roughly two DOX per facet can bind. Based on these
findings, we included 26 DOX molecules in our pH dependent
calculations. This corresponds to a DOX concentration that is
0.06 M, obviously much higher than what is practical experimen-
tally, which means that our binding estimates will serve as upper
bounds. It is believed that the extent of steric crowding largely
depends on the ND size (mostly the facet size) and DOX cross-
section (the DOX “footprint” area occupied per ND facet area).
Therefore, exactly how many DOX molecules can attach per ND
facet will vary substantially with the change in ND size. For the
larger model that has 8 NDs, we included 208 DOX in the system
so that the DOX to ND ratio remains consistent.

Figure 4 shows final MD snapshots (after 100 ps) of the
ND—DOX system (ND with 30% functional group) at different
pH levels. Note that, at the beginning of the simulation, the drug
molecules are located at least 15 A from the ND surface. Figure 4
shows that, at lower pH, the DOX molecules do not bind to the
ND; rather they maintain a stable separation from the ND sur-
face. This happens because, at lower pH, most of the ND surface
atoms are neutral and their electrostatic interactions with DOX
are not strong enough. At high pH, the electrostatic interactions
become stronger, leading to more DOX molecules bound to the
ND surface.

To quantify exactly how many ionizable sites are required on
each ND facet to bind a DOX, other sets of MD simulations have
been performed where sites in one of the ND facets are incre-
mentally assigned with charges (—1 elementary charge). We
have performed a total of 10 MD simulations where the ND is
allowed to interact with one DOX in the water solvent. We refer
to these MD models as M1, M2, ... through M10 where the
number following “M” represents the number of sites on the ND
that are charged. In other words, the M1 model has one charged
site, the M2 has two charged sites and so on. As before, the

unbalanced charged in the system is neutralized by adding an
appropriate number of Na™ in the excluded volume of the solvent.
In Figure §, the final ND—DOZX distance is shown for all 10 models.
From this study, it can be observed that at least S sites are necessary
per ND facet to ensure effective binding. This corresponds to about
10% of the ~50 atoms available per facet, which thus provides a
lower bound to the extent of surface functionalization that is needed
for binding to occur. It also suggests that the observed maximum
coverage of DOX noted above, namely, 2 DOX per facet, would
correspond to about 20% surface functionalization. In order to
understand the role of functional group amount on ND surface, we
have studied three different percentages of functional group on ND
surface, namely, 30%, 20% and 10%.

In Figure 6, MD simulation results for the number of drug
adsorption per ND are plotted versus pH and have been
compared with experimental results. As discussed earlier, we
consider a DOX molecule to be bound to the ND surface when
the amino group of the DOX maintains a van der Waals sepa-
ration distance (<~3.5 A) from the ND. It can be observed that
presence of 30% and 20% functional groups on ND surface has
yielded similar results. For the 10% functional group case, the
trend in results with respect to pH variation remains the same but
the total number of DOX binding on ND surface is seen to be
reduced substantially. These results suggest that 10% functional
group coverage is not sufficient for maximum DOX binding on
the ND we studied. On the other hand, the maximum DOX
capacity on the ND was observed to be reached already with 20%
functional group coverage. As a result 30% functional group
presence on the ND surface is more than necessary for maximum
DOX binding.

In Figure 6, we present simulation results for the large model
(contains 8 ND and 208 DOX). For each of the ND surfaces of
this model, 30% of the surface was covered with functional
groups. It can be seen from Figure 6 that the number of DOX
bound per ND at the different pH levels agrees quite well with the
small model results. It can be inferred from these comparisons
that the effect of simulation length scale is not critical for this
particular study.

Figure 6 also presents a comparison of our calculated results
with experiments that we have performed. Experimentally,
UV—vis spectral analysis was performed to measure DOX
adsorption capacity. 100 ug of doxorubicin (US Pharmacopeia,
Rockville, MD) and 500 wug of sonicated nanodiamonds
(Nanocarbon Research Institute, Japan) were mixed in a buffer
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Figure 4. Representative final MD snapshots for the DOX—ND interaction simulation at different pH level: (a) large model with 8 NDs and 208 DOX
in the solvent and (b) small model with 1 ND and 26 DOX in the solvent. The coverage of functional group is 30% of the ND surface. Panels al and a2
represent pH equal to 7 and 11, respectively. Panels bl and b2 represent pH equal to 6.5 and 10.5, respectively. For clarity the water molecules are shown
in point form whereas DOX and ND are shown in VDW sphere form. Different ND facets are shown in different colors. Note that at lower pH (pH < 8)
only a few DOX molecules bind to ND, but at higher pH level (pH > 8), most are bound.
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Figure 5. DOX—ND binding simulation study as function of number of
binding sites available for one DOX molecules. Selected numbers of
atoms in one of the ND facets have been assigned to —1 elementary
electron charge to represent the number of functional sites on ND. This
ND is allowed to interact with a DOX (initial separation between DOX
and ND is about 1.5 nm) molecule in a solvent. Number of ND atoms
assigned to charges varied from 1 to 10. For each simulation, the equi-
librium distance between ND facet and DOX molecule is measured and
plotted. It appears that at least S sites per ND facet are required to
establish territorial binding of DOX with ND.

of variable pH. Adsorption capacities were calculated by compar-
ing the UV—vis spectra of DOX remaining within the super-
natant before and after centrifugation (1400 rpm, 2 h). Since

DOX has a concentration dependent visible absorption peak
around 484 nm, the amount of bound and unbound DOX can be
inferred and calculated. Assuming that 10 mg of S nm diameter
NDs contains 5.75 X 10'® nanoparticles (specifications provided
by Nanocarbon Research Institute, Japan), the exact amount of
DOX molecules adsorbed per nanoparticle can be measured.

It can be inferred from Figure 6 that our MD results qua-
litatively match the experimental findings of pH dependent drug
adsorption capacity. Here we should note that the measured
DOX coverage has been converted into a number of DOX mole-
cules per particle by assuming that all the ND in the sample have a
surface area that matches what we have assumed in the calcula-
tion. Obviously the transition between low coverage and high
coverage depends on our assumed ND pK,, so the match with
experiment for this property is fixed by the model. However the
maximum coverage in the calculations is not tied to the experi-
ment yet it is seen to be similar to what we have estimated for the
20% or 30% functionalization models.

Discrepancies between experiment and simulation can be
attributed to several factors. In reality the NDs may appear in
other structural forms such as octahedral, cubooctahedral etc.,
and they might be functionalized with many other surface groups
such as CHj etc. as outlined by Shenderova et al.** that might
reduce the adsorption capacity compared to the calculations. The
DOX concentration used in the MD simulations is well above
that considered in the experiments, and moreover, depending on
concentration, temperature and/or pH, DOX has been shown to
associate into dimers and higher polymers through self-associa-
tion in aqueous solution.*> We have previously postulated that
the ND surface charges are modified in response to the DOX
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Figure 6. pH dependent DOX—ND binding capacity. At lower pH, few
DOX molecules are adsorbed because of limited availability of titrated
ND sites. At higher pH, enhanced adsorption is attributed to larger
availability of titrated ND sites. For the smaller system (shown as “S” in
the chart legend) MD simulations are performed for three different
percentages of functional groups on the ND surface, namely, 30%, 20%
and 10%. For the larger system (shown as “L” in the chart legend), only
the case of 30% functional group is studied.

aggregation, which can adversely affect the interaction force
between DOX and ND.'

Nevertheless, our study clearly suggests that pH is a critical
factor to DOX interaction with ND. This work paves the way for
the continued and optimized development of a pH controlled
drug delivery method using ND carriers.
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