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Abstract: Gold nanoparticles (Au NPs) have been investigated
for a number of biomedical applications, including drug and
gene delivery vehicles, thermal ablation therapy, diagnostic
sensors, and imaging contrast agents. Surface functionaliza-
tion with molecular groups exhibiting calcium affinity can ena-
ble targeted delivery of Au NPs to calcified tissue, including
damaged bone tissue. Therefore, the objective of this study
was to investigate the binding affinity of functionalized Au
NPs for targeted delivery to bone mineral, using hydroxyapa-
tite (HA) crystals as a synthetic analog in vitro. Au NPs were
synthesized to a mean particle size of 10-15 nm and surface
functionalized with either L-glutamic acid, 2-aminoethylphos-
phonic acid, or alendronate, which exhibit a primary amine for
binding gold opposite carboxylate, phosphonate, or
bisphosphonate groups, respectively, for targeting calcium.

Bisphosphonate functionalized Au NPs exhibited the most
rapid binding kinetics and greatest binding affinity to HA, fol-
lowed by glutamic acid and phosphonic acid. All functional
groups reached complete binding after 24 h. Equilibrium bind-
ing constants in de-ionized water, determined by nonlinear
regression of Langmuir isotherms, were 3.40, 0.69, and 0.25
mg/L for bisphosphonate, carboxylate, and phosphonate func-
tionalized Au NPs, respectively. Functionalized Au NPs exhib-
ited lower overall binding in fetal bovine serum compared to
de-ionized water, but relative differences between functional
groups were similar. © 2011 Wiley Periodicals, Inc. J Biomed Mater
Res Part A: 99A: 58-66, 2011.
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INTRODUCTION
Gold nanoparticles (Au NPs) have been investigated for a
number of biomedical applications,”* including drug and
gene delivery vehicles,** thermal ablation therapies,*® diag-
nostic sensors,®’” and imaging contrast agents.®** The util-
ity of Au NPs in these applications is derived from multiple
factors including the ease of synthesizing monodispersed
nanoparticles, colloidal stability, biocompatibility, surface
plasmon resonance, and high X-ray attenuation. Moreover,
Au NPs are readily surface functionalized with molecular
groups for cellular targeting and delivery, as well as enhanc-
ing colloidal stability. Surface functionalization with molecu-
lar groups exhibiting calcium affinity could enable targeted
delivery of Au NPs to mineralized tissue, including fatigue
microdamage in bone tissue,12 as well as calcifications in
soft tissue associated with cancer or musculoskeletal injury.
Microdamage accumulates in bone tissue during repetitive
loading in the form of microcracks and diffuse damage.'*'*
The accumulation of microdamage has been implicated in clini-
cal fracture susceptibility, including fatigue fractures in active
individuals, such as military recruits, fragility fractures in the
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elderly, and the effects of long-term antiresorptive treatments
for osteoporosis."*'* However, the role of microdamage in clin-
ical bone fragility remains poorly understood due, in part, to
limitations in available methods for detection and imaging.**
Current methods for imaging microdamage in bone tissue
are limited to histological sections, which are inherently two-
dimensional (2-D), destructive, invasive, and tedious.'® The
first and most common method has been en bloc staining
with basic fuchsin in ethanol.*>'7 Basic fuchsin exhibits pro-
tein affinity, but primarily acts as a space-occupying dye.'®
Therefore, microdamage must be distinguished from non-
specific staining under observation in transmitted light or
epifluorescent microscopy. More recently, fluorophores, such
as xylenol and calcein, which employ iminodiacetate moieties
for calcium-chelation, have been used as damage-specific
labels for epifluorescent microscopy.ls'w‘19 Moreover, se-
quential labeling with fluorophores exhibiting differing bind-
ing affinity enabled the measurement of spatiotemporal varia-
tion in damage events, including crack propagation'®'® and
modes of loading.?® Additionally, calcium-specific photoin-
duced electron transfer sensor molecules have been
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investigated for the ability to “switch-on” fluorescence upon
chelation to calcium ions in damaged tissue.212? However,
both light and epifluorescent microscopy are inherently 2-D.
Three-dimensional (3-D) spatial information can only be
ascertained from serial sectioning,23'24 which is destructive
and tedious. Laser scanning confocal microscopy has been
used to provide limited depth of field for 3-D imaging of dam-
age in histological sections labeled with fluorophores.?>2°

X-ray computed tomography has been proposed for non-
destructive and 3-D imaging of damage using contrast
agents with higher X-ray attenuation than bone tissue. The
presence, spatial variation, and accumulation of microdam-
age in both cortical and trabecular bone specimens was
detected using micro-computed tomography (micro-CT) af-
ter staining tissue with a precipitated barium sulfate
(BaSO,) contrast agent.?’~° While this technique enabled
non-destructive and 3-D detection of microdamage in vitro,
the precipitated BaSO, stain was not damage-specific and
the staining solutions were not biocompatible. Iodinated
molecules were investigated as a damaged-specific X-ray
contrast agent,*>*! but were only detected using micro-CT
when precipitated in powder form.

Functionalized Au NPs were recently investigated as a
targeted X-ray contrast agent for labeling microdamage in
bone tissue.'? Gold exhibits greater X-ray attenuation than
other commonly used X-ray contrast agents containing bar-
jum and iodine.** Au NPs exhibited high X-ray attenuation
and biocompatibility as an intravascular X-ray contrast agent
in mice after intravenous administration.””** Functionalized
Au NPs also exhibit relatively high water solubility and low
viscosity compared to iodinated molecular contrast agents.
Finally, gold surfaces are readily functionalized through
adsorption of thiols®*=3° and amines,3*3° which can be
used to attach molecules which target calcium ions on bone
mineral crystals exposed on the surface of microcracks.

The objective of this study was to investigate the bind-
ing affinity of functionalized Au NPs for targeted delivery to
bone mineral, using hydroxyapatite crystals as a synthetic
analog in vitro. Au NPs were surface functionalized with ei-
ther L-glutamic acid, 2-aminoethylphosphonic acid, or alen-
dronate (Fig. 1). Glutamic acid is a naturally occurring
amino acid with known affinity for calcium phosphates.*®*!
Moreover, glutamic acid functionalized Au NPs were previ-
ously shown to target damaged bone tissue.'?> However,
phosphonate and particularly bisphosphonate groups are
known to exhibit strong binding affinity to calcium phos-
phates.*>™**  Bisphosphonates, such as alendronate, are
widely used clinically to suppress bone resorption as a
pharmacological treatment for osteoporosis and other bone-
related diseases.'*

EXPERIMENTAL METHODS

Gold nanoparticle synthesis and functionalization

Au NPs were synthesized to a mean particle diameter of
10-15 nm using the citrate reduction method.** Briefly, 0.1
g HAuCl,4-3H,0 (>99.9%, Aldrich) was added to 400 mL of
de-ionized (DI) water and the solution was boiled vigo-
rously while stirring. A 1% solution of trisodium citrate
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FIGURE 1. Gold nanoparticles (Au NPs) were surface functionalized
with (a) r-glutamic acid, (b) 2-aminoethylphosphonic acid, or (c)
alendronate, which exhibit a primary amine for binding to gold surfaces
opposite (a) carboxylate, (b) phosphonate, or (c) bisphosphonate func-
tional groups, respectively, for binding to calcium on bone mineral crys-
tals exposed within damaged bone tissue. [Color figure can be viewed
in the online issue, which is available at wileyonlinelibrary.com.]

dehydrate (ACS reagent, >99.0%, Sigma) was added to the
boiling solution at a mass ratio of 5:1 HAuCl, to sodium
citrate and left boiling for an additional 20 min. The solu-
tion volume was then adjusted to a total of 500 mL using
DI water. The resulting Au NP solution had a gold concen-
tration of ~0.5 mM and a wine red color.

Au NPs were prepared for functionalization by first
removing excess citrate ions. 1.5 mL 2% polyvinyl alcohol
(PVA 10-98, Myy = 61,000, Fluka) was added to 24 mL Au
NP solution, followed by 0.6 g ion exchange resin (Amberlite
MB-150, Sigma). The resulting solution was stirred over-
night and subsequently filtered (Grade 3, Whatman) to
remove spent ion exchange resin. Au NPs were surface func-
tionalized by adding 1 mL of a 0.01M solution of either
L-glutamic acid (>99.5%, Fluka), 2-aminoethylphosphonic
acid (99%, Aldrich), or alendronate sodium trihydrate
(>97%, Sigma) (Fig. 1). The solution was left to equilibrate
under mild stirring overnight. Excess functionalization mole-
cules were removed by dialysis (Spectra/Por, MWCO =
3500, Spectrum Laboratories) against DI water for a total of
3 days, changing the water solution at least twice daily.

The mean particle diameter and particle size distribu-
tions were measured before and after functionalization by
transmission electron microscopy (TEM, Hitachi H-600) at 75
kV accelerating voltage. TEM specimens were prepared by
dropping a solution of functionalized Au NPs onto carbon-
coated grids and evaporating the solvent. The particle diame-
ter and aspect ratio were characterized by the mean and
standard deviation from measurements on a total of 100 par-
ticles per functional group. Ultraviolet-visible (UV-vis) spec-
tra (Varian Cary 3 spectrophotometer) were collected before
and after functionalization to verify colloidal stability and rel-
ative concentrations of the particles within solution.

Surface functionalization of Au NPs was qualitatively
verified using diffuse reflectance infrared Fourier transform
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spectroscopy (DRIFTS, Bruker Tensor 27) at 4 cm ' with

64 total scans. Particles were functionalized and dialyzed as
outlined above, except without the presence of PVA and
without the use of ion exchange resin prior to functionaliza-
tion and dialysis, in order to prevent PVA from interfering
with the detection of functional groups. After dialysis, func-
tionalized Au NPs were collected by evaporation at 40°C
and 25 in Hg below atmospheric pressure. The dried pow-
ders were diluted in KBr (IR grade, 99+%, Acros Organics)
at a ratio of ~1:200 by mass. Fourier transform infrared
(FTIR) spectra were collected over frequencies of 4000-500
cm™! and normalized to the background spectra for KBr
alone. FTIR peaks used to identify functional groups on Au
NPs were determined by comparison to corresponding FTIR
spectra for stock solutions of the functional molecules.

The amount of the three functional molecules (Fig. 1)
adsorbed to Au NP surfaces was quantitatively measured
using electrospray ionization mass spectrometry (ESI-MS).
After the overnight functionalization step described above, 1
mL aliquots of the surface functionalized Au NP solution
were removed and centrifuged at ~24,000g for 30 min to
separate nanoparticles from the supernatant solution which
included unbound functional molecules. The concentration
of unbound functional molecules remaining in supernatant
solutions was measured using ESI-MS (Bruker micro-TOF-
QII) with calibration by serial dilution of functional mole-
cule solutions. Glutamic acid and phosphonic acid samples
were measured in positive ion mode, while bisphosphonate
samples were measured in negative ion mode, with a capil-
lary voltage of +3.8-4.5 kV, a nebulizer gas pressure of 0.4
bar, a dry gas flow rate of 4.0 L/min, and a continuous sam-
ple flow rate of 4 pL/min. Spectra were collected over a
range of 50-3000 m/z at a rate of 5000 s ! for a period of
5 min. The amount adsorbed to Au NP surfaces was meas-
ured in triplicate and reported as the mean (* standard
deviation) in pmol functional group per mg gold.

Binding affinity of functionalized Au NPs

Two separate binding experiments were performed to investi-
gate the binding affinity of functionalized Au NPs to bone min-
eral, using hydroxyapatite (HA) crystals as a synthetic analog.
Calcium-deficient HA single crystal whiskers were synthesized
using the chelate decomposition method, as described in detail
elsewhere.*® As-synthesized HA crystals exhibited a mean
length of ~18 pm and mean width of ~2 pum.*¢ The specific
surface area of the crystals was 5.63 m?/g as measured by
Brunauer-Emmett-Teller (BET) N, adsorption (Autosorb-1,
Quantachrome Instruments).

The first set of experiments investigated the kinetics of
binding. HA whiskers (10 = 0.1 mg) were added to DI water,
followed by a measured volume of functionalized Au NP so-
lution, for a final volume of 15 mL containing a gold concen-
tration of 0.1 mg/L. Solutions were placed onto a test tube
rotator and allowed to incubate for 0.25, 0.5, 1, 2, 4, 8, 12,
and 24 h. After the predetermined time, solutions were cen-
trifuged at ~700g for 2 min to separate HA crystals and
bound Au NPs from Au NPs remaining in solution. Percent
binding was defined as the concentration (mg Au/L) of Au
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NPs remaining in the supernatant solution after binding,
subtracted from the initial concentration of Au NPs in solu-
tion, and divided by the initial concentration of Au NPs.
Binding of functionalized Au NPs to the surface of HA crys-
tals was verified by TEM after dispersing the collected HA
crystals onto carbon-coated grids.

A second set of experiments investigated the effect of
concentration on binding affinity by plotting the binding
isotherm for each functional group. The binding affinity of
functionalized Au NPs to HA crystals was determined sepa-
rately in DI water and 10% fetal bovine serum (FBS,
Omega Scientific). The binding affinity of as-synthesized, ci-
trate stabilized Au NPs was also measured as a control.
Experiments were performed using the same methods out-
lined above for the binding kinetics, except the incubation
time was held constant at 4 h and the initial gold concen-
tration was varied. The kinetics of binding revealed that af-
ter 4 h 30-80% of Au NPs were bound to HA crystals
depending on the functional group. This incubation time
was also comparable to previous studies investigating
bisphosphonate functionalized protein binding to HA
surfaces.*>**

Binding isotherms were plotted as the amount of gold
bound per mass of HA crystals added, V (mg Au/g HA), ver-
sus the initial gold concentration, [S] (mg Au/L), for both DI
water and FBS. Plotted binding data were modeled as a
Langmuir isotherm,

Vinax [S}

=K+

(1

where V is the amount of functionalized Au NPs bound per
mass of HA crystals (mg/g), Vinax IS the maximum surface
binding (mg/g), [S] is the initial concentration of gold (mg/L),
and K is the equilibrium binding constant (mg/L). The equi-
librium binding constant, K, and maximum binding of func-
tionalized Au NPs on HA crystals, V., were measured from
Langmuir isotherms using nonlinear least squares regression.

The gold concentration in control and supernatant solu-
tions was measured using inductively coupled plasma-
optical emission spectroscopy (ICP-OES, Optima 7000,
PerkinElmer). Solutions were acidified to 2% v/v HCI prior
to analysis. Calibration curves were created by diluting cer-
tified standard gold solutions (SPEX CertiPrep). All binding
tests were performed at least in triplicate, reporting the
mean and first standard deviation.

RESULTS AND DISCUSSION

Characterization of functionalized Au NPs

Functionalized Au NPs were spherical and relatively mono-
dispersed (Fig. 2). There was no apparent change in particle
size or morphology between as-synthesized and functional-
ized Au NPs. The mean (*standard deviation) particle diam-
eter was 13.4 (1.2) nm for as-synthesized Au NPs, with an as-
pect ratio of 1.1 (0.1). The mean (*standard deviation)
particle diameter was 11.4 (1.4), 13.6 (1.4), and 12.8 (1.6)
nm for glutamic acid [Fig. 2(a)], phosphonic acid [Fig. 2(b)],
and bisphosphonate [Fig. 2(c)] functionalized Au NPs,

HYDROXYAPATITE BINDING AFFINITY OF FUNCTIONALIZED GOLD NANOPARTICLES



40
I ] GA-Au NPs
£ 30
c
o - 1
g
5= 20
@ B
0
E 10}
z
0 L i - -1 - i
0 5 10 15 20
Particle Diameter (nm)
(a)
40
| PA-Au NPs
= 30} .
c
2 -
E -
5 20F
o} B
0
€ 10}
pd
N I
0 5 10 15 20
Particle Diameter (nm)
(b)
40
B BP-Au NPs
= 30f —
c
9 s ]
g
= 20F
@ B
€
S 10
z
O L 1 1 L L 1 1 L 1 1
0 5 10 15 20
Particle Diameter (nm)
(c)

FIGURE 2. Particle size distributions and representative TEM micro-
graphs of (a) glutamic acid (GA), (b) phosphonic acid (PA), and (c)
bisphosphonate (BP) functionalized Au NPs. The scale bar in each
micrograph represents 100 nm. The mean (*standard deviation) parti-
cle diameter was 11.40 (1.36), 13.57 (1.43), and 12.79 (1.58) nm for
GA-, PA-, and BP-Au NPs, respectively.

respectively, with a mean (*=standard deviation) aspect ratio
of 1.1 (0.1) for each group. The plasmon resonance peak
remained constant at ~530 nm for functionalized Au NPs,
indicating that the colloidal suspension remained stable after
functionalization (Fig. 3). The plasmon resonance band
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broadened slightly upon surface functionalization, due to the
adsorption of amine groups.

Gold surface adsorption was expected to occur through
the terminal amine group present in each functional mole-
cule (Fig. 1). Previous studies have reported that the
amine-gold surface interaction is facilitated by a weak cova-
lent bond and an electrostatic complex between protonated
amine groups and chloroaurate ions.**3° Adsorption of ter-
minal amines facilitated the availability of carboxylate,
phosphonate, and bisphosphonate groups for binding to cal-
cium on HA crystals, which was qualitatively verified by
FTIR (Fig. 4). Characteristic peaks for primary amines
(3400-3500 cm !, N—H stretch; 1500-1650 cm !, N—H
scissoring) were apparent for stock solutions of functional
molecules, but were not apparent for functionalized Au
NPs. A broad hydroxyl peak (2500-3600 cm~', O—H
stretch) was present in all spectra. As-synthesized, citrate
stabilized Au NPs and phosphonic acid functionalized Au
NPs also exhibited peaks corresponding to alkyl groups
(2850 and 2920 cm™ !, C—H stretch) which were not appa-
rent for glutamic acid and bisphosphonate functionalized
Au NPs. Carbonyl peaks (~1600 and 1710-1730 cm™%,
C=O0 stretch) were most prominent for glutamic acid func-
tionalized and as-synthesized, citrate stabilized Au NPs.
Phosphonic acid and bisphosphonate functionalized Au NPs
exhibited peaks corresponding to phosphonyl groups
(1220-1260 cm™ !, P=0 stretch; 2500-2700 cm~*, PO—H
stretch). The location of these peaks were similar to a pre-
vious study on phosphonic acid functionalized Au NPs.*’
Taken together, the FTIR spectra suggested that Au NPs
exhibited the intended terminal surface functionality, but
did not quantify the amount of functional molecules
adsorbed to Au NP surfaces.
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FIGURE 3. UV-vis spectra of as-synthesized Au NPs compared to glu-
tamic acid (GA), phosphonic acid (PA), and bisphosphonate (BP) func-
tionalized Au NPs, showing a consistent plasmon resonance peak at
~530 nm, which indicated that the particle size did not change and
the colloid was stable after surface functionalization.
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FIGURE 4. FTIR spectra of as-synthesized, citrate stabilized Au NPs
compared to glutamic acid (GA), phosphonic acid (PA), and
bisphosphonate (BP) functionalized Au NPs, confirming the presence
of functional groups on gold surfaces. As-synthesized, citrate stabi-
lized Au NPs and GA-Au NPs exhibited carboxylate functionality,
while PA- and BP-Au NPs exhibited phosphonate functionality. Note
that all peaks were verified by comparison to corresponding FTIR
spectra for stock solutions of the functional molecules.

The mean (* standard deviation) amount of functional
molecules adsorbed to glutamic acid, phosphonic acid, and
bisphosphonate functionalized Au NP surfaces was 5.01
(0.02), 496 (0.02), and 3.25 (0.14) pmol/mg Au, respec-
tively, as measured by ESI-MS. Therefore, the surface den-
sity of glutamic acid and phosphonic acid was similar and
~50% greater than bisphosphonate. The lower surface den-
sity of bisphosphonate molecules adsorbed to Au NP surfa-
ces was likely due to steric interactions given the larger size
of bisphosphonate molecules compared to glutamic acid and
phosphonic acid (Fig. 1).
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FIGURE 6. Binding kinetics of glutamic acid (GA), phosphonic acid
(PA), and bisphosphonate (BP) functionalized Au NPs to HA crystals
in DI water, showing the mean mass percent of Au NPs bound as a
function of incubation time. Error bars show one standard deviation.
Percent binding was defined as the concentration (mg Au/L) of Au
NPs remaining in the supernatant solution after binding, subtracted
from the initial concentration of Au NPs in solution, and divided by
the initial concentration of Au NPs.

Functionalized Au NP binding to HA crystals
Binding of functionalized Au NPs to HA crystal surfaces was
confirmed by direct observation in TEM (Fig. 5). The number
of Au NPs bound to HA crystal surfaces was comparatively
greatest for bisphosphonate functionalized Au NPs followed
by glutamic acid and phosphonic acid. Bisphosphonate func-
tionalized Au NPs exhibited more rapid binding kinetics com-
pared to glutamic acid or phosphonic acid functionalized Au
NPs, reaching complete binding after 8 h in DI water (Fig. 6).
Glutamic acid and phosphonic acid functionalized Au NPs
exhibited similar binding kinetics, reaching near complete
binding by 24 h in DI water. Thus, kinetic tests suggested dif-
ferences in binding affinity between different functional
groups, requiring further binding experiments.

Binding affinity isotherms for functionalized Au NPs
exhibited large differences between functional groups

100 nm

(€)

FIGURE 5. TEM micrographs showing (a) glutamic acid (GA), (b) phosphonic acid (PA), and (c) bisphosphonate (BP) functionalized Au NPs
bound to the surface of HA crystals after 4 h in a solution containing a gold concentration of 0.1 mg/L in DI water.

62 ROSS AND ROEDER

HYDROXYAPATITE BINDING AFFINITY OF FUNCTIONALIZED GOLD NANOPARTICLES



ORIGINAL ARTICLE

2.0
GA-Au NPs = Water
o FBS
=)
> 15
E
<
T
& 10Ff
i)
@]
O]
g
3 05 & l%l
ia]
é a
0 1 1 1 1
0 5 10 15 20 25
Initial Gold Concentration (mg/L)
(@)
2.0 10
PA-Au NPs -= Water BP-Au NPs -= Water
o FBS o FBS
&) 5 8r
> 15F ©
E E
< <
T T
g 10F g
o o
] (e}
O] O]
g 2
8 0.5} o 8
m m
0 ] 1 1 1 1 1 ] 1
0 5 10 15 20 25 0 5 10 15 20 25 30
Initial Gold Concentration (mg/L) Initial Gold Concentration (mg/L)
(b) (c)

FIGURE 7. Binding isotherms for (a) glutamic acid (GA), (b) phosphonic acid (PA), and (c) bisphosphonate (BP) functionalized Au NPs in both DI
water and FBS. Note that the scale of axes is changed in (c) due to the significantly greater binding affinity of BP-Au NPs. Experimental data for
binding in DI water were fit by a Langmuir model using Eq. (1) with the binding constants in Table I. Binding in FBS did not exhibit equilibrium

binding due to competition of soluble species present within serum solutions.

TABLE I. The Equilibrium Binding Constant, K (mg/L),
Maximum HA Surface Binding, V,,ax (mg Au/g HA), and
Maximum HA Surface Binding Normalized to the Specific
Surface Area of HA Crystals, V;,,, (mg Au/m? HA), for
Glutamic Acid (GA), Phosphonic Acid (PA), and
Bisphosphonate (BP) Functionalized Au NPs Compared to
As-Synthesized (Citrate Stabilized) Au NPs

Group K(mg/L)  Vimax (mg/g) Vi, (mg/m?) R?
GA-Au NPs 0.69 1.20 0.21 0.88
PA-Au NPs 0.25 0.48 0.09 0.69
BP-Au NPs 3.40 7.75 1.38 0.95
Au NPs 2.14 0.39 0.07 0.75

Constants were determined by nonlinear least squares regression
of Langmuir isotherms.
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(Fig. 7). Bisphosphonate functionalized Au NPs exhibited the
greatest binding affinity to the surface of HA crystals, as evi-
denced by a comparatively greater amount of gold bound
per HA (mg/g) and greater saturation concentration. Bind-
ing isotherms for glutamic acid [Fig. 7(a)], phosphonic acid
[Fig. 7(b)], and bisphosphonate [Fig. 7(c)] functionalized Au
NPs in DI water exhibited correlation coefficients (R*) of
0.88, 0.69, and 0.95, respectively, using a Langmuir model
(Table I). The equilibrium binding constant, K, and the maxi-
mum surface binding, V., were greatest for bisphospho-
nate functionalized Au NPs followed by glutamic acid and
phosphonic acid (Table I). The maximum surface binding
was also normalized by the specific surface area of the HA
crystals to obtain a measure of the maximum binding of

63



0.4

-# As-prepared Au NPs in water

Bound Gold per HA (mg/g)

0 1 1 1 1 1
0 1 2 3 4 5 6

Initial Gold Concentration (mg/L)

FIGURE 8. Binding isotherm for as-synthesized Au NPs in DI water.
Experimental data was fit by a Langmuir model using Eq. (1) with the
binding constants in Table I. The low binding affinity relative to func-
tionalized Au NPs (Fig. 7) verified that binding was due to the cal-
cium-specific functional groups rather than electrostatic interactions.
Note that the scale of axes is different than Figure 7 due to a rela-
tively low binding affinity.

functionalized Au NPs per surface area of HA, V; . (mg Au/
m? HA) (Table I).

As-synthesized Au NPs exhibited significantly lower
binding affinity than the lowest of functionalized Au NPs in
DI water (Table I) and therefore a relatively weak correla-
tion to Langmuir kinetics (R® = 0.75) (Fig. 8). Therefore,
differences in binding affinity between functional groups
were attributed to the calcium-affinity of the functional
group and not a simple electrostatic interaction.

The high binding affinity of bisphosphonate functional-
ized Au NPs was expected and consistent with previous
studies investigating bisphosphonate functionalized model
proteins, such as albumin,**=** and poly(p,.-lactide-co-glyco-
lide) nanoparticles.*® Other previous studies reported that
molecules conjugated with eight aspartic acid or glutamic
acid residues exhibited greater HA binding affinity com-
pared to alendronate or pamidronate.*>° However, these
results were likely due to a greater number of calcium bind-
ing sites per molecule compared to the single binding site
present in a bisphosphonate molecule, and not necessarily
due to the relative binding affinity of the functional groups
themselves. In this study, alendronate functionalized Au NPs
exhibited a six-fold greater binding affinity to HA compared
to glutamic acid despite having ~50% fewer molecules
adsorbed to Au NP surfaces (umol/mg Au).

The overall binding affinity of functionalized Au NPs was
decreased in FBS compared to DI water, but relative differen-
ces in binding affinity between functional groups remained
consistent. However, the binding affinity of functionalized Au
NPs in FBS was not able to be fit using any of the common
adsorption models, including linear, Langmuir, Freundlich, or
Brunauer, Emmett and Teller (BET) isotherms. Non-equilib-
rium binding behavior in serum solutions was also previ-
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ously observed by Uludag et al.*?> Non-equilibrium binding
of functionalized Au NPs to HA crystals in FBS may be attrib-
uted to a number of possible competitive binding effects,
including (1) competition between soluble calcium ions and
HA surfaces for binding functionalized Au NPs, (2) competi-
tion of soluble proteins and functionalized Au NPs for HA
surfaces, (3) interactions between bound Au NPs through
shared interactions with either soluble calcium or soluble
proteins, (4) place-exchange reactions between functional
groups and thiol or amine containing proteins in solution, or
(5) some combination of these mechanisms. Note that serum
proteins have been shown to rapidly coat Au NP surfaces,
resulting in a change in the hydrodynamic diameter and zeta
potential,>® which could contribute to blocking functional
group binding sites.

Implications for targeted delivery

A damage-specific X-ray contrast agent could enable non-
invasive and 3-D imaging of fatigue microdamage in bone.
The results of this study suggest that, of the functional
groups investigated, bisphosphonate functionalized Au NPs
would provide the highest surface density (cf, Table I) of
Au NPs labeling damaged bone tissue and, therefore, the
greatest contrast enhancement in X-ray tomography. This
will be verified in future work. Fatigue microcracks in
human cortical bone specimens labeled by bisphosphonate
functionalized Au NPs were able to be detected by synchro-
tron X-ray tomography in a preliminary study.>®> On the
other hand, release and clearance of the contrast agent in
clinical use might benefit from functional groups with inter-
mediate binding affinity, similar to r-glutamic acid in this
study. For example, y-carboxyglutamic acid is a post-transla-
tionally modified amino acid which has been identified in
proteins with hydroxyapatite affinity.>> Further work will be
required to determine the appropriate balance between the
contrast enhancement and clearance of the agent. The sig-
nificance of the present study was in demonstrating the
ability to tailor and quantify the binding affinity for these
objectives.

An additional concern for the use of bisphosphonate
functionalized Au NPs as an imaging contrast agent is the
pharmacological activity of bisphosphonates, which are com-
monly used to treat osteoporosis by inhibiting the cellular
remodeling process to prevent additional loss of bone mass.
The mechanism by which bisphosphonates are able to in-
hibit osteoclast activity is directly related to the presence of
nitrogen.>* Nitrogen-containing bisphosphonates, such as
alendronate, have been shown to selectively inhibit a spe-
cific enzymatic pathway necessary for osteoclast function,
while bisphosphonates that do not contain nitrogen are
incorporated into toxic ATP analogs that cause apoptosis.>*
However, the nitrogen in alendronate is in the form of a pri-
mary amine, which was bound to the surface of Au NPs.
Therefore, the pharmacological activity may have been
passivated. The effects of amine binding to gold surfaces on
cellular activity is unknown and will depend on potential
intracellular place-exchange reactions between thiol and
amine-containing molecules.’?

HYDROXYAPATITE BINDING AFFINITY OF FUNCTIONALIZED GOLD NANOPARTICLES



Amongst the expansive body of research for active tar-
geting of Au NPs for biological applications,’™* there has not,
to our knowledge, been prior investigation on the binding af-
finity of functionalized Au NPs for mineralized tissue. While
the main motivation for this study was in the use of Au NPs
as a targeted contrast agent for labeling damaged bone
tissue, other applications are readily envisioned for the
detection of calcifications in soft tissue associated with can-
cer or musculoskeletal injury, and as drug delivery vehicles.

CONCLUSIONS

Au NPs were synthesized to a mean particle diameter of 10-
15 nm and surface functionalized with either r-glutamic
acid, 2-aminoethylphosphonic acid, or alendronate, which ex-
hibit a primary amine for gold surface adsorption opposite
carboxylate, phosphonate, or bisphosphonate groups, respec-
tively, for targeting calcium. Bisphosphonate functionalized
Au NPs exhibited the most rapid binding kinetics and great-
est binding affinity to HA, followed by glutamic acid and
phosphonic acid. Functionalized Au NPs exhibited lower
overall binding in FBS compared to de-ionized water, but rel-
ative differences between functional groups were similar.
The high binding affinity of bisphosphonate functionalized
Au NPs to HA could lead to improved labeling of damage
bone tissue and enhanced-contrast in X-ray tomography.
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