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ABSTRACT: Hydroxyapatite (HAP) exhibits a highly oriented hierarchical 10
structure in biological hard tissues. The formation and selective crystalline 08
orientation of HAP is a process that involves functional biomineralization proteins & 0.6
abundant in acidic residues. To obtain insights into the process of HAP 04
mineralization and acidic residue binding, synthesized HAP with specific lattice =~ 02
planes including (001), (100), and (011) are structurally characterized following 00
the adsorption of aspartic acid (Asp). The adsorption affinity of Asp on HAP
surfaces is evaluated quantitatively and demonstrates a high dependency on the
HAP morphological form. Among the synthesized HAP nanoparticles (NPs), Asp
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exhibits the strongest adsorption affinity to short HAP nanorods, which are

composed of (100) and (011) lattice planes, followed by nanosheets with a preferential expression of the (001) facet, to which Asp
displays a similar but slightly lower binding affinity. HAP nanowires, with the (100) lattice plane preferentially developed, show
significantly lower affinity to Asp and evidence of multilayer adsorption compared to the previous two types of HAP NPs. A
combination of solid-state NMR (SSNMR) techniques including *C and "N CP-MAS, relaxation measurements and *C—>*'P
Rotational Echo DOuble Resonance (REDOR) is utilized to characterize the molecular structure and dynamics of Asp-HAP bionano
interfaces with *C- and "*N-enriched Asp. REDOR is used to determine '*C—>*'P internuclear distances, providing insight into the
Asp binding geometry where stronger *C—*'P dipolar couplings correlate with binding affinity determined from Langmuir
isotherms. The carboxyl sites are identified as the primary binding groups, facilitated by their interaction with surface calcium sites.
The Asp chelation conformations revealed by SSNMR are further refined with molecular dynamics (MD) simulation where specific
models strongly agree between the SSNMR and MD models for the various surfaces.

1. INTRODUCTION

Hydroxyapatite (HAP) is the predominant inorganic con-
stituent of biological hard tissue such as bone and teeth.' ™ It
presents in different forms and crystal phases at different stages
of its deposition during biomineralization, which is a process
regulated by functional and structural proteins.””® The
bioactivity of HAP is associated with its morphology,
crystallinity, and the terminating groups from different lattice
planes. The (100) and (001) lattice planes of HAP are the
most studied facets due to the important roles they play in the
process of biomineralization. The (100) plane is the
predominant lattice plane that grows parallel to triple helical
collagen along the axial direction, and the (001) plane is
formed in the hole-zone between the collagen, contacting N
and C terminal groups and is expressed at a much lower ratio
compared to (100) in bioapatite.” "

Numerous efforts have been made to elucidate the chemical
structures of these surfaces with both computational and
experimental approaches. The simulated structural models of
each lattice plane are derived by cutting slabs along certain
crystal orientations followed by relaxation under different
physicochemical environments (i.e., water solvation) for
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optimized geometries.lé’17 The (100) and (001) planes with
minimized energy are generally recognized as surfaces that are
positively charged by Ca** and rich in PO,’” with negative
charges, respectively "'®'® However, the ratio of these sites on
HAP surfaces can be influenced by the physiological or
synthetic (surfactant and pH) conditions during the formation
of HAP."”™** The synthesized surfaces with preferred lattice
parameters do not perfectly agree with the computational
results due to these chemical modifications. For example, some
surface charge measurements showed that the actual (100)
lattice plane carries negative charge and is terminated with O
atoms from phosphate groups in water at a pH of 7.”>*°

In our previous work, HAP nanoparticles (NPs) with
different morphologies and crystallographic orientations,
including nanowires (aHAP) with the (100) lattice plane
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preferentially developed (Figure 1a), nanosheets (cHAP) with
the (001) facet highly expressed (Figure 1b) and nanorods
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Figure 1. Illustration of synthesized HAP NPs including (a)
nanowires, (b) nanosheets and (c) nanorods.

(rHAP), a polycrystalline HAP that exhibit hybrid lattices
including (100) and (011) (Figure 1c) were synthesized and
examined with *'P and 'H MAS solid-state nuclear magnetic
resonance (SSNMR).>’ L-Aspartic (Asp) acid and L-arginine
(Arg) were adsorbed on these surfaces to probe the chemical
environment by displacing the surface bound groups including
water molecules, hydroxyl groups and protons. In this study, it
was found that the aHAP appeared to be a PO,*” rich surface
whereas cHAP displayed a significant amount of exposed
surface hydroxylated calcium defects, which could be
attributed to the addition of ethylenediaminetetraacetic acid
(EDTA) in the synthesis, which is a strong calcium chelating
reagent.27

In order to obtain further insights into the interface between
biomolecules and different HAP lattice planes, we continued
this work from the perspective of adsorbates by observing the
molecular details of adsorbed Asp with SSNMR spectroscopy
together with molecular dynamics (MD) simulations. Poly
carboxylate compounds, like citrate, and domains containing
acidic residues (Asp and Glu) in biomineralization proteins are
known to play a significant role in controlling the process of
HAP mineralization.'>** ™" For example, citrate is found in
bone where it serves as an inhibitor for the growth of HAP
nanocrystals by stabilizing the mineral interface.”** Asp, with
its negatively charged carboxyl groups, exhibits a strong affinity
for calcium ions and is periodically encoded in human type I
collagen, rendering it an important HAP nucleator.'***
Additionally, as a representative amino acid enriched in the
noncollagenic proteins (NCP) present in dentin, Asp is
believed to induce the nucleation of HAP in teeth.”>*® Given
the important role Asp plays in the process of biomineraliza-
tion and its strong affinity for HAP surfaces,” it has been
selected as the binding ligand to probe the surface chemistry of
the synthesized HAP NPs in the present study.

SSNMR has been widely applied in studies aimed at
elucidatin_g the binding interface between peptides and HAP
surfaces.”” " Rotational Echo DOuble Resonance (REDOR)
SSNMR techniques are commonly used to estimate the
distances between the surface *'P and *C or '*N from the
adsorbate molecules up to 8 A.”7***%*" The strength of the
dipolar interaction is inversely proportional to the third cube of
the internuclear distance, which is measured by the rate of
signal dephasing at various echo periods.*” This technique has
been proven to be particularly valuable in identifying the
binding configuration of biomolecules on HAP surfaces. In this
study, the Asp binding on synthesized, morphologically distinct
HAP NPs is characterized with this method, together with 1D
B3C and "N CP-MAS and relaxation measurements for an in
depth atomic-level understanding of the Asp-HAP bionano
interface structure and dynamics. MD simulations are

incorporated to provide structural models of adsorbed Asp
on each type of HAP surface to further refine our
understanding of the conformation and organization of Asp
bound on these morphologically distinct HAP NPs. The end
goal is to elucidate the role of HAP morphology on Asp
structural binding.

2. EXPERIMENTAL SECTION

2.1. Material. The three types of HAP nanoparticles with different
morphologies analyzed in this study include nanocrystalline short rods
(rHAP), long nanowires (aHAP) and nanosheets (cHAP) that were
synthesized following synthetic methods reported previously.”” Fully
labeled U-["“N/'3C]-L-aspartic acid (98%) was purchased from
Cambridge Isotopes Inc. L-aspartic acid (C,H,NO,, 98%) was
obtained from Acros. Sucrose (C,,H,,0;;, 99.5%) and O-phospho-L-
serine (OPLS) (C;HgNOP, 99%) were purchased from Sigma-
Aldrich. Phenyl isothiocyanate (PITC) (CcHNCS, 99.0%) was
purchased from Thermo Scientific. Acetonitrile (ACN, CH;CN, 98%)
was obtained from Fisher Scientific.

2.2. Adsorption Isotherm. Asp stock solution (100 mM) with
pH adjusted to 7.5 by NaOH was prepared and diluted to various
concentrations for standard curves and adsorption sample prepara-
tion. About 15 mg (+0.25 mg) of HAP nanoparticles were accurately
weighed and added to 2 mL microcentrifuge tubes. Ultrapure water
(0.5 mL) was added to the solids and sonicated at room temperature
for 45 min to break the large agglomerates. Asp solutions (0.5 mL)
were added to each sample to make the initial Asp concentration that
varied from 0.5 to 50 mM and the mixtures were stirred at 300 rpm at
25 °C for 24 h. The liquid and solid phases were separated by
centrifugation at 10000 rpm for 45 min. The supernatant of each
sample was isolated for quantitative analysis.

The Asp adsorption loadings onto different HAP surfaces were
evaluated quantitatively by comparing the differences between the
concentrations of Asp solutions before and after adsorption.”>***
Asp was derivatized with PITC for an optimized UV absorbance at
254 nm following the procedure reported by Zheng et al*
Calibration curves over a concentration range from 0.25 to 15 mM
were obtained after the precolumn derivation. Aliquots of Asp
solution at volumes from 20—100 uL were sampled from the
supernatant and diluted to concentrations ranges from 4—10 mM to
ensure the data points fall in the middle of the calibration curves. All
the samples were analyzed with high-performance liquid chromatog-
raphy (HPLC) using an Agilent 1100 HPLC system equipped with an
Agilent Zorbax Extend C18 column (2.1 mm X S0 mm X 3.5 ym) at
23 °C.

The adsorption complexes (Asp-HAP) for SSNMR analysis were
prepared with fully labeled U-['*N/!3C]-L-Asp at an initial
concentration of 50 mM following the same procedure as discussed
above. The solid sediments were dried under vacuum at room
temperature for 48 h for SSNMR analysis to minimize adsorbed
water.

2.3. Brunauer—Emmett—Teller (BET) Surface Area of HAP
NP. The Brunauer—Emmett—Teller (BET) surface areas of aHAP
and cHAP NP were analyzed with an Anton Paar Quantachrome
autosorb IQ automated gas sorption analyzer. HAP NP powders
(0.1-0.3 g) were outgassed at 80 °C for 1 h. The nitrogen adsorption
isotherms at 77.35 K were measured. The BET surface area of rHAP
was calculated based on the nitrogen adsorption—desorption isotherm
at —196 °C collected with a Micrometrics ASAP2020 porosimeter as
reported previously.””

2.4. Amino Acids Standard Preparation. The fully protonated
crystalline Asp was analyzed as received. The Asp in an amorphous
phase was prepared by dissolving Asp (0.03 M) and sucrose at a molar
ratio of ~1:3. Sucrose was added to inhibit the amino acids from
crystallization during the dehydration step.*® The pH of the solution
was adjusted to ~7 with NaOH to keep the amino acid molecules in a
fully charged state. The mixture was freeze-dried in a Labconco
Freezone lyophilizer at —89 °C under vacuum pressure of 0.06 Mbar
for 36 h.
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2.5. Solid-State Nuclear Magnetic Resonance. The structures
of adsorbed Asp on HAP surfaces were characterized by SSNMR. The
samples were filled into zirconia magic angle spinning (MAS) rotors
immediately following removal from the vacuum desiccator, to
minimize the influence of water molecules from the atmosphere.

All the *C and P experiments were collected with a 3.2 mm

'H/3'P/3C BioSolids MAS probe in a 600 MHz Bruker AVIII
Spectrometer. The resonance frequencies of 'H, *C and *'P were
598.9 MHz, 150.6 and 242.4 MHz. 'H — C CP spectra were
collected at a MAS frequency of 12 kHz. The experiment started with
a 7/2 pulse having a duration of 2.5 us on the 'H channel, followed by
a Hartmann—Hahn match condition achieved by square pulse on 'H
channel at 65 kHz and 30% ramped pulse on the "*C channel at +1 vy
RF field strength for a contact time duration of 2 ms.””** 'H-'3C
heteronuclear dipolar decoupling was achieved by swept-frequency
two-pulse phase modulation (swfTPPM) pulse scheme at a RF field of
100 kHz on the 'H channel.**° A total of 1024 number of scans
(NS) were collected with a recycle delay of 3.0 s for each *C CP-
MAS NMR spectrum. The *C chemical shift was indirectly
referenced to TMS by setting the CH peak of adamantane to 38.4
ppm.”’
The longitudinal (T)) relaxation of 'H and "*C from surface bound
Asp molecules was determined via inversion recovery with CP
detection.””™* The 3C T, spectra were collected with the CP
enhanced inversion recovery introduced by Torchia, with relaxed
signal detected after delays from 0.5 to 30 s.°>°” The 'H T} relaxation
times were obtained with inversion recovery (x — 7 — 7/2) after delay
times (7) from 0.01 to 5 s.°%° The relaxed signal was detected
through a '"H — 3C CP transfer as '*C signal. Four hundred NS were
collected for each delay time for both "*C and 'H T, experiments.

'"H —» N CP-MAS spectra were collected with a 1.9 mm
'H/BC/PN MAS probe at 30 kHz MAS rate. The resonance
frequencies of 'H and N were 598.9 and 60.7 MHz. The CP
condition for this experiment comprised of a 2.4 us 'H /2 pulse and
a 1.5 ms 30% ramped 'H spin-lock pulse with a RF field of 100 kHz.
"H-"N dipolar couplings were removed with swfTPPM at an RF
field of 117 kHz on the 'H channel. A total of 1024 NS were averaged
with a recycle delay of 5 s. The chemical shift of "*N is referenced to
MLE 5859

3P-dephased, '*C-detected REDOR experiments were carried out
using the pulse sequence shown in Figure 2. A *C transverse

/2

CP Decoupling

o

'

13C

31P

T T T T T

T T
0 2t 3t 4t
r r r r
Rotor Periods
Figure 2. >'P-dephased, '’C-detected REDOR pulse sequence

enhanced by 'H — ®C CP. Two 7 pulses were applied in each
rotor period (7,).

magnetization was initiated by 'H — '*C CP at an RF field of 65 kHz.
Rotor synchronized 7 pulse trains (RF at 50 kHz) with a XY-8 phase
cycling scheme were applied on the *'P channel. One refocusing *C 7
pulse of 6 ps placed in the middle of the spin revolution period is
included to refocus the *C chemical shift evolution. A spectrum was
collected with no *'P 7 pulse train applied immediately after each
dephased spectrum with the same delay period as a reference during
which T, type signal losses were recorded.®*”**

The experimental REDOR curves were compared to numerically
simulated dephasing curves in SIMPSON that were determined with
various *C—3'P dipolar interactions.”> The simulations were
conducted with a set of 320 Euler angles with the REPULSION
method and 18 y equally spaced angles.** Ideal RF pulses that are
infinitely short and strong with frequencies that match the
experimental values were used in these simulations.”> Spin systems
that contain one carbon atom from Asp and two adjacent phosphorus
atoms on HAP surfaces were created for the simulations following the
method reported by Drobny et al>’ The isotropic chemical shift
(8is), chemical shift anisotropy (CSA) and asymmetry parameter (77)
of 3'P were determined to be 2.9 ppm, 13.4 ppm and 0.75 by line
fitting to the ¥'P CP-MAS NMR spectrum of aHAP collected at a
MAS rate of 5 kHz with ssNake (Figure $1).°° The chemical shielding
tensor parameters of *C spins were obtained from previously
reported studies.®*®” Crystallized OPLS was prepared and analyzed as
a model compound to set up the REDOR experiment and validate the
simulations following the method reported by Greenwood et al. as
described in the Supporting Information.”' The REDOR experimental
and simulated results of OPLS are provided in Figure S2 and Table
S1.

2.6. Molecular Dynamics Simulations of Interface between
Asp and HAP. We generated initial structures of the hydrated slabs
of three different crystalline forms of HAP at two different pHs using
the Nanomaterial Modeler within CHARMM-GUI (Table $2).°%¢
We then equilibrated the HAP with the aqueous environment which
contained 200 mM NacCl following the simulation protocol prescribed
by CHARMM-GUI: (i) steepest decent minimization, (ii) molecular
dynamics simulation with the constant number, volume and
temperature (NVT) ensemble employing the Nose—Hoover thermo-
stat to control the temperature around a target temperature of 300 K
and a 1 fs time step for 125 ps and (iii) a final molecular dynamics
simulation with the constant number, pressure and temperature
(NPT) ensemble employing the Nose—Hoover thermostat and the
Parrinello—Rahman barostat to control the temperature and pressure
around targets of 300 K and 1 bar, respectively. This final MD
simulation was run for 100 ns.

After equilibrating these different hydrated HAP systems, we then
randomly inserted 20 aspartic acid molecules into the aqueous phase
of the systems. We then re-equilibrated these systems utilizing the
following simulation protocol: (i) steepest decent minimization, (ii) a
MD simulation with the NVT ensemble employing the Berendsen
thermostat (T = 300 K) and 1 fs time step for 250 ps, (iii) a MD
simulation with the NPT ensemble employing the Berendsen
thermostat (T = 300 K) and Berendsen barostat (P = 1 bar) and a
1 fs time step for 125 ps, (iv) a MD simulation with the NPT
ensemble employing the Berendsen thermostat (T = 300 K) and
Berendsen barostat (P = 1 bar) and a 2 fs time step for 1.5 ns and
finally (v) a production MD simulation with the NPT ensemble
employing the Nose—Hoover thermostat (T = 300 K) and
Parrinello—Rahman barostat (P = 1 bar) and a 2 fs time step for
100 ns.

The interactions of the HAP are described by the INTERFACE
force field,”"”° while the interactions of the water, ions and aspartic
acid molecules are described by the CHARMM36m force field.”" A
short-range interaction cutoff of 1.2 nm was used in all simulations,
and the PME algorithm was used to determine the long-range
electrostatic interactions. The LINCS algorithm was used to constrain
all hydrogen-containing bonds in order to allow us to utilize a 2 fs
time step.

All of the analysis reported in this manuscript is done over the last
10 ns of the production simulations. The analysis was performed
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using scripts that have been written in house and built on top of the
functionality of MD Analysis.72’73

3. RESULTS AND DISCUSSION

3.1. Adsorption Behavior of Amino Acids on HAP
Surfaces. The affinity of Asp for different HAP surfaces was
evaluated quantitatively and fitted to the Langmuir ty};
adsorption model with linear regression using Excel (eq 1):

C 1 C
+

€
4

Q KN N 1)

In this equation, C (umol/mL) is the Asp concentration
when the adsorption reaches equilibrium and Q (umol/m?) is
the amount adsorbed per unit surface area. The adsorption
constants K (ml/umol, affinity between the adsorbates and the
surface) and N (umol/m* maximum adsorption capacity)
were estimated by fitting C/Q and C to a linear relationship
(Figure 3a).”*’® The adsorption isotherm curves were plotted
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Figure 3. Adsorption isotherms of Asp on rHAP, aHAP and cHAP
(a) fitted to Langmuir type model and (b) molecular coverage per
unit surface area as a function of equilibrium concentrations.

with molecular surface coverage (molecule/nm*) vs C as
displayed in Figure 3b. A full plot that has all the data points
included can be found in Table S3 and Figure S3. The
adsorption isotherms plotted with Q and C are presented in
Figure S4 to provide a better visualization of the difference
between the single layer and multilayer adsorption of Asp on
various HAP samples. The experimental results and calculated
results of surface coverage are summarized in Table 1.
Among three different types of HAP NPs, aHAP shows the
highest capacity to adsorb Asp per unit surface area, as shown
in Figure 3b. The affinity between Asp and the HAP surfaces

Table 1. BET Surface Area of HAP NPs”

rHAP aHAP cHAP

BET surface area (m?/g) 48.826  4.234 28.013
amount of adsorbate for SSNMR samples 0.38 0.46 0.82
(pmol/mg)
Langmuir Model
K (ml/pmol) 029 0.18 025
N (umol/m?) 4.80 5848 1057
R? 0.9507 0.9231 0.9501

“The loading of Asp per unit mass for each type of HAP for SSNMR
analysis. Based on the adsorption of Asp at various initial
concentrations onto synthesized HAP at 25 °C, the numbers of
adsorption sites per unit surface area (N) and the affinity of the
adsorbates to the adsorption sites (K) were fitted to the Langmuir
adsorption model.

are reflected by the K coefficient, where higher K values
indicate higher affinity between the adsorbate and the surface.
rHAP surfaces show the strongest affinity for Asp, followed
closely by cHAP while aHAP is found to have the weakest
affinity. The calculated K coefficient generally agree with the
data reported by the Hay group.”””*

Since the length of Asp is 5.78 A and the radius of the
molecule is 3.32 A with one terminal functional group
anchored at HAP surface Ca,** the maximum numbers of
Asp molecules that 1 nm® can accommodate is about 3,
without considering the actual numbers of binding sites on
lattice facets. Therefore, only rHAP exhibited approximately a
monolayer at the highest concentration since the numbers of
Asp molecules per unit surface area are mostly below 3 as
shown in Table S3. aHAP shows high surface coverage despite
its low surface area, which strongly suggests a multilayer
adsorption on the surface. The weaker Asp interactions with
the aHAP surface could promote stronger interactions between
Asp molecules resulting in multilayer adsorption. The results
generally indicate that higher affinity correlates with higher
surface area and multilayer deposition is observed for lower
surface area samples.

3.2. Solid-State NMR of Asp-Hap. In order to determine
molecular details of Asp binding on different types of HAP
NPs, the dried Asp-HAP adsorption complexes were analyzed
by 'H — *C and '"H — N CP-MAS SSNMR. The Asp-HAP
adsorption complexes were compared to crystalline and
amorphous Asp in sucrose as displayed in Figure 4. At pH
7.5, Asp carries one net charge with its Cco group and C,
carboxyl group deprotonated, and the amine group protonated.
C, and Cj resonate at ~53 ppm and ~38 ppm in both
crystalline and amorphous states. The amorphous form shows
significant line broadening compared to the crystalline Asp.
The Cco and C, peaks are not distinguishable and show a
merged broad peak at ~177.6 ppm for amorphous Asp, while
for the crystalline sample, there are two resonances resolved at
176.6 and 175.3 ppm which can be assigned to C, and Cc,
respectively.”’

The adsorbed Asp shows broad peaks similar to the standard
compound in amorphous form indicating a high degree of
structural heterogeneity when adsorbed to HAP surfaces. Peak
deconvolution with MestreNova revealed that the C, signal
from Asp bound to aHAP surfaces contains a center peak and
two small shoulders, while for rHAP and cHAP, the C, peaks
only show one, broad component. C; peaks display a main
peak at ~37 ppm and a small shoulder at ~39 ppm for all the
Asp-HAP samples. Notably, aHAP clearly shows an extra peak
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Figure 4. °C and "N CP-MAS SSNMR spectra (black) of Asp
standards in crystalline and amorphous forms and adsorbed states on
different types of HAP NP surfaces. Blue and red spectra represent
the deconvoluted and sum of spectra simulations with MestreNova.
The structure of Asp at pH = 7.5 is also shown.

at ~44 ppm in addition to these two peaks. Three broad
components can be resolved at chemical shifts of 176, 178, and
182 ppm under the carboxyl region for all the Asp-HAP
adsorption samples, suggesting these groups are involved in
multiple binding environments. Similar observations have been
reported by Goobes et al., demonstrating perturbed chemical
shifts of carboxyl groups in osteonectin adsorbed on the
surface of (100) HAP.”® The parameters from the peak fitting
used are provided in Table S4.

The SN CP-MAS NMR spectrum of the crystalline Asp
standard shows a sharp peak with a full width at half-maximum
(fwhm) ~ 96 Hz positioned at 40.8 ppm. A broad Asp peak is
observed at similar chemical shift for cHAP (fwhm ~ 281 Hz)
and rHAP (fwhm ~ 367 Hz) adsorption complexes. For
aHAP, a sharp peak (fwhm ~ 218 Hz) and two overlapped
small peaks were observed. The detailed peak fitting
parameters are presented in Table S4. The significant line
broadening for all Asp adsorption samples indicates the NH;*
moiety could potentially participate in surface binding.
However, there was no clear chemical shift perturbation
compared to the crystalline Asp. Overall, the combination of
BC and "N CP-MAS NMR clearly indicates the carboxyl
groups participate in binding, as these resonances are the
broadest and multicomponent in the '*C CP-MAS NMR
spectra and exhibit significant chemical shift perturbations
compared to the crystalline and amorphous forms. Meanwhile,
contributions from NH;" binding cannot be discounted as
evidenced by the significant line broadening observed in the
N CP-MAS NMR spectra. It is noteworthy that although the
loading of Asp on aHAP is only slightly higher than on rHAP,
the CP-MAS spectra collected on Asp-aHAP exhibit a much
lower signal-to-noise (S/N) ratio, particularly in the "N CP-
MAS spectra, compared to the other two types of Asp-HAP
samples. The lower S/N for aHAP, in comparison to the other
samples, is likely due to its significantly lower surface area—
over an order of magnitude less than rHAP (see Table 1).
Based on 3C and 'H T, relaxation (Table S5), these S/N
differences in CP-MAS spectra are not attributed to dynamic
differences, as rHAP, which is the most dynamic, yields the
best S/N. This supports the conclusion that the S/N

differences are due to variations in surface area among the
samples, rather than dynamic differences.

31p-Dephased, '>C-Detected REDOR: Asp-HAP. 3'P-de-
phased, "*C-detected REDOR curves for Asp on different
types of HAP NP surfaces were collected to provide distance
restraints regarding Asp binding geometries. The *C—'P
distances were estimated by comparing the experimental
dephasing curves with numerical simulations conducted with
SIMPSON.** The simulation was first conducted with a basic
2-spin system calculation to obtain approximate *C—*'P
distances between a *'P spin from HAP surface phosphate to
each *C spin on Asp (Figure SS). Utilizing these estimated
distances, two surface *'P atoms with an effective dipolar
coupling of 600 Hz as determined previously’” for HAP were
then incorporated in the simulations as illustrated in Figure S.
The numerically simulated curves were optimized by varying
the dipolar interaction between "*C and the additional *'P, and
making fine adjustments on the primary '*C—3'P spin pair.”’

Asp bound to the surface of rHAP shows a binding pattern
with Cco and C, to be the groups that locate closest to the
surface at an estlmated BC—3'P distance around 4.01 A,
followed by C, and Cj at distances of 425 and 4.44 A,
respectively. The binding interaction of Asp bound to cHAP
shows a similar trend but slightly longer distances compared to
rHAP. rHAP is the surface with the closest binding distance to
Asp, despite a lower adsorption capacity and higher degree of
surface dynamics as indicated in the quantitative adsorption
and NMR relaxation analysis (see the Supporting Information,
Table S5), respectively. This adsorption behavior could be
attributed to the (011) surface, which presents in relatively
high amount in short nanorods.””*>*' The overall distances
from the immobilized Asp to the surface of aHAP are observed
to be longer by showing slower REDOR dephasing rates. Cco
and C, are the groups that are closest to the surface while C,
and Cy4 show similar but longer binding distances. This could
indicate that the Asp is bound to aHAP with a bidentate
bridging binding geometry by the chelation of Cco and C, to
surface calcium, or it could result from multilayer adsorption
leading to longer “C—3'P distances and weaker dipolar
couplings. In all Asp-HAP samples, REDOR measurements
indicate that carboxyl groups are the closest to the HAP
surface, with phosphate groups approximately 4 A away. This
finding is consistent with similar REDOR measurements for
citrate adsorbed to bone, where citrate carboxyl groups were
also found near phosphate groups at a similar distance.”
Overall, the distances determined by REDOR, where shorter
distances indicate stronger binding, agree with Langmuir
binding affinity where rHAP > cHAP > aHAP.

3.3. MD Simulation. MD simulations were used to
evaluate the expected atomic distances between C and N
atoms from Asp and the P and Ca species on HAP surfaces and
make comparisons with SSNMR results. The probabilities of
these C—P distances at a range from 3 to 7 A were estimated.
The probability distributions of C—P distances are generated
as presented in Figures S6—S11. Each distribution (A) was
fitted to a Gaussian function to determine the mean distances
(u) and standard deviation (6) (Tables S6—S11). Among all
models, C,—P distances are predicted to show consistent
results with one major distribution at the distance of 4.46 +
0.09 A, while C;,—P distances show multiple distributions at
similar probability. Also, since it is difficult to discern the
signals of Cco and C, in the NMR analysis, these distances
cannot be directly compared to the distances obtained from
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Figure 5. REDOR dephasing curves showing the relative peak area
(S/S,) as a function of dephasing time (z) of Asp C, (open triangles),
Cy (filled circles) and Cco and C, (open squares) adsorbed on (a)
rHAP composed of (100) and (011) lattice planes, (b) aHAP and (c)
cHAP, which are dominated by (100) and (001) planes, respectively.
Experimental data are compared to dephasing curves calculated in
SIMPSON (solid lines).

REDOR NMR. Therefore, the binding configurations of Asp
on various HAP surfaces were generated based on the C;—P
distances with the highest probabilities for the potential
binding models. Taking Asp on (001) lattice plane at pH S as
an example, two binding configurations and the C—P distances
for all other C atoms on Asp were estimated with C;—P
distances restrained at 4.33 and 5.03 A (Figure S6 and Table
S6).

The theoretical surface structures at pH S or 10 were
obtained using the Nanomaterial Modeler within CHARMM-
GUL These models were then equilibrated in a 200 mM NaCl
solution to have the surface groups relax and exchange water

molecules in this aqueous environment as described in the
Experimental Section. Both the initial and equilibrated surface
structures are provided in Figure S12. Due to the symmetry of
the hexagonal crystal, the (100) plane is equivalent to the
(010) plane, thus the surface model of (010) plane by MD was
employed for the simulations conducted on the (100) plane.
Similarly, (101) plane is adopted for the simulation of (011)
plane in rHAP.'”® These hydrated surfaces were then
interfaced with Asp and equilibrated for the optimal binding
structures. The C—P distances for each carbon atom in Asp
and the surface phosphorus atoms in the different lattice planes
of HAP are summarized in Table S12, and the corresponding
Asp-HAP binding configurations are presented in Table S13.
The bound structures representing the C—P distances from
REDOR analysis are also presented in Tables S12 and S13.

Three representative models of Asp-HAP binding config-
urations by MD simulation were selected for each synthetic
HAP NPs based on the dominant lattice planes and pH of the
synthetic conditions. The selected models are (001) plane at
pH S, (010) plane at pH S and (101) plane at 10 for cHAP,
aHAP and rHAP, respectively. These models are compared to
experimental C—P distances estimated by REDOR as
displayed in Table 2. The binding structures and the charts
showing the distributions of probabilities of C4—P from MD
simulations are illustrated in Figure 6.

Table 2. Comparison of C and N Distances from Asp to P
on HAP Lattice Planes from MD Simulation and REDOR
for HAP NPs

HAP Lattice

Method Plane C,—P C4j—P C,—P Cco—P N-P
MD simulation ~ (001) pH'S 441 431  4.10 4.19 3.8
(A) (010) pHS 440 540 413 441 35
(101) pH 10 418 447 380 381 37

REDOR cHAP 4.44 4.67 425 N/A

distance (A) ;AP 514 534 481° N/A

rHAP 4.25 4.44 4.01¢ N/A

“Since the REDOR signal of Ccq and C, are not distinguishable, there
is only one distance showing the average C—P distances between
surface P and these two C atoms on carboxyl groups.

Since cHAP was synthesized in an acidic environment
(initial pH ~ 4 to final pH ~ 6.5) with (001) plane being the
predominant lattice plane, the Asp-HAP binding model at pH
S is selected, as presented in Figure 6 (a). The initial (001)
lattice plane at pH 5 shows phosphate oxygen at the topmost
layer with calcium ions and protonated phosphate groups (P—
O-H) embedded in the subsurface layer (Figure S12s). At pH
10, this plane has calcium ions on the topmost layer and
phosphate oxygen in the sublayer. With surfaces equilibrated at
both pH levels, the calcium ions are found to dissociate to
varying extents. The C—P distances of C, C, and Ccq
determined by MD simulation for both pH 5 and 10 show
good agreement with the distances obtained from REDOR
(models (a), (b), (d) and (e) in Table S12). The Cy—P
distances deviated by ~+0.3 A from the experimental result, as
listed in Table S12. In our previous study, cHAP was found to
have a surface with a significant amount of hydroxylation
associated with calcium ions.”” Therefore, the surface model at
pH 10 (Figure S12b) probably aligns better with the actual
surface of cHAP, as this model shows a higher number of
calcium ions.””
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Figure 6. Selected adsorption geometries with high probability from MD simulations for Asp on (a) (001) HAP lattice plane at pH S, (b) (010) or
(100) HAP lattice plane at pH S and (c) (101) or (011) HAP lattice plane at pH 10. Color-coding: calcium in green, phosphorus in gold, and
oxygen and hydrogen atoms on phosphate groups are in maroon and gray. For Asp molecules, nitrogen in blue, carbon in cyan, oxygen in red and
hydrogen in white. The probability distributions of C;—P distances (blue dots) and the fitted curves (orange) of these selected models are also

presented.

aHAP has the (100) lattice plane preferentially synthesized
under a pH level from 4 to 7, thus the MD simulation results of
(010) lattice plane (which is equivalent to (100) plane
aforementioned) at pH S is selected as a representative model
for this sample. The adsorption isotherm of Asp on aHAP
clearly shows multiple layers of adsorbed Asp, therefore, the
C—P distances measured by REDOR may be affected by the
excess Asp, resulting in distances averaged by the inversed
third power that are significantly longer than those only from
the bound layer (Table 2). The initial surface structure of
(010) plane consists of arrays of phosphate groups along the ¢
axis with the rows of calcium atoms reside in the “grooves”
between these phosphates (Figure S12c,d). After equilibration,
the phosphate groups on the topmost layer seem to adopt
protons from hydration. This equilibrated model coincides
with one important conclusion regarding aHAP in our previous
study, which clearly indicates the presence of protonated
phosphate groups.”” The binding structure of Asp on this type
of lattice plane generally shows Asp molecules embedded in
between the phosphates, contacting the calcium ions via
carboxyl groups as presented in Figure 6b.

rHAP is a polycrystalline nanorod synthesized in a basic
environment (pH ~ 10) with surfaces composed of (010) and
(101) lattice planes.”” The distances calculated from the MD
simulations of Asp adsorbed on the (101) plane of HAP at pH
10 match accurately with the REDOR results as shown in
Table 2. The optimized Asp-HAP binding model at this pH is
presented in Figure 6c. Among all three types of synthesized
HAP NPs, this type of HAP shows the highest affinity to Asp,
as evidenced by isotherm analysis and the tightest binding
distances through REDOR. Although rHAP shares the (010)
plane with aHAP, Asp shows a different adsorption behavior
on each type of HAP. One potential explanation is that (101)
is the plane that dominates the adsorption of Asp on rHAP,
leading to these differences observed. The initial surface of
(101) at pH S shows a structure terminated with phosphate
groups and structural OH, which are dissociated or have
undergone reactions during the process of equilibration
(Figure S12e). At pH 10, the topmost layers of both initial

and equilibrated surfaces are composed of alternating
phosphate groups and calcium ions (Figure S12f).

3.4. Additional MD Simulation Results on Calcium
and Nitrogen. The interatomic distances between carbon
from Asp and calcium ions on HAP surfaces (C—Ca) have
been evaluated from the MD simulations as shown in Table
S14. In previous studies simulating the adsorption behavior of
amino acids on HAP surfaces, the carboxyl groups have been
identified as the primary groups involved in binding
interactions with calcium ions.'”**7*® The Cco/ C,—Ca
distances determined from the MD simulations are ~3 A,
which aligns with these findings, although in some specific
structures they are not always clearly depicted in the structural
models. Similar conclusions can be drawn from the SSNMR
data, which also indicates the involvement of carboxyl groups
in the binding interactions. Further studies of these
interactions will be focused on calcium through *Ca
SSNMR experiments, work that is ongoing in the lab.

Additional binding interactions can occur between the NH;*
groups and phosphate oxygen on HAP surfaces by direct H
bonding®>*"~"° or via bridging water molecules.”’ The N—P
distances by MD simulation are ~3.7 A as shown in Table 2.
The line broadening shown in "N CP-MAS NMR indicates
the possible participation of the NH;" groups in Asp
adsorption (Figure 4). However, the results from '*C CP-
MAS NMR, “C/*'P REDOR and MD simulation clearly
indicate that the Asp carboxyl group binding to calcium as the
strongest interaction.

3.5. Discussion. Numerous previous studies have proposed
a variety of energy minimized surface models for each HAP
lattice plane. Some earlier systematic studies by Ugliengo et al.
have modeled and optimized (001) and (010) lattice planes in
aqueous environment by ab initio computations. #9293 The
model of (101) surface have been reported by Stott et al.'®
Recent works by Heinz and co-workers focused on quantifying
the Ca/P ratio and the distributions of protonation state of
surface phosphate groups under physiological pH levels to
provide structures of HAP lattice planes under realistic pH
conditions.”"** The (001) surface is typically characterized by
a topmost layer with one calcium ion (Cal) with coordination
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sites that are not completely filled, along with three
surrounding calcium jons (Ca2) in the sublayer each
coordinating with three phosphate groups in a unit cell.””*
Surface Ca—OH moieties and hydrogenated phosphate groups
are formed by the dissociation of water molecules.'”” These
interfacial surface characteristics are supported by the results of
our previous work using 'H and P MAS SSNMR.”” This
surface is expected to show a strong affinity to the carboxyl
groups and an Asp-HAP binding structure centered around the
exposed Cal. The binding structures provided by MD
simulations in this work, however, do not completely align
with this structure. Instead, these calcium ions seem to
dissociate from the surface during Asp binding. This effect will
be further evaluated in future studies.

In the case of (010) surface, there are three model surfaces
terminated with phosphate, Ca or OH at different
ratios.*>?*?%°7 In this work, a surface terminated with
phosphate groups is adopted because this surface carries
similar structural features to the actual aHAP NPs synthesized
based on the SSNMR results in our previous study.”” The
equilibrated surface of Figure S12c has the P—O—H groups
and structural OH near the surface. The P—-O—H groups have
been identified by CP kinetic experiment and the exchange
between OH and surface water molecules have been confirmed
experimentally by a few previous SSNMR studies including
from our own lab.”””*"’

Since rHAP mainly consists of (010) plane with a small
portion of (101) surface,*” Asp is expected to show a similar
adsorption behavior to aHAP. However, rHAP is found to
show the lowest adsorption capacity but highest affinity to Asp
among all three types of HAP NPs. Since rHAP is synthesized
in a strongly basic environment (reflux near boiling point at
pH ~ 10), its structure and reactivity differ from those
synthesized in acidic or neutral solutions. The (101) lattice
plane may also play a major role in adsorption, leading to
uniquely strong binding interactions with Asp.

4. CONCLUSIONS

The adsorption of Asp on HAP NPs with different surface
structures and morphologies have been evaluated with
Langmuir adsorption isotherms, a bevy of SSNMR methods
and MD simulation. The structural configurations and binding
geometries of Asp at HAP NP interfaces were analyzed in
detail using SSNMR techniques complemented by MD
simulations. The *C—>'P interatomic distances measured by
REDOR are in good agreement with those estimated in MD
simulations, and tighter binding determined by REDOR
correlates with higher binding affinity observed in Langmuir
isotherms. Both SSNMR and MD approaches suggest similar
binding conformations of Asp molecules that have the carboxyl
groups closest to the HAP surface preferentially bound to
exposed calcium ions that exhibit some degree of dissociation
in MD simulations. NMR relaxation was also pursued (Figure
SS) that shows molecular dynamics on the surface are highly
dependent on the NPs morphology where highly curved
surfaces have more dynamic Asp molecules (see the
Supporting Information). Overall, this combination of
Langmuir adsorption isotherms, SSNMR structural and
dynamic characterization and MD simulation have provided
considerable new insights into the influence of HAP
morphology on Asp binding, structure and dynamics on
HAP surfaces.
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