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Conventional methods used to image and quantify microdamage in bone tissue are limited to thin

histological sections. Therefore recent studies have begun to investigate methods for non-destructive,

three-dimensional (3-D) detection and imaging of microdamage in bone tissue. The objective of this

study was to investigate gold nanoparticles (Au NPs) as a potential damage-specific X-ray contrast

agent due to their relative biocompatibility, ease of surface functionalization, colloidal stability, and

high X-ray attenuation. Au NPs were prepared using a citrate reduction reaction to �15 or 40 nm

diameter, and functionalized with glutamic acid for targeting damaged bone tissue. As-synthesized and

functionalized Au NPs were spherical, relatively monodispersed, and exhibited aqueous colloidal

stability. Functionalized Au NPs were demonstrated to target damaged bovine cortical bone tissue as

visually evidenced by surface scratches turning a characteristic red color after soaking in functionalized

Au NP solutions. Individual Au NPs were observed on the surface of damaged tissue using

backscattered electron imaging and atomic force microscopy. Therefore, functionalized Au NPs are

a promising candidate for a targeted X-ray contrast agent for damaged bone tissue.
Introduction

Repetitive loading of bone tissue can lead to the accumulation of

microdamage, observed histologically as microcracks or diffuse

damage, and the degradation of mechanical properties.1–4

Therefore, microdamage accumulation in bone has been impli-

cated with clinical scenarios for increased risk of fracture,

including stress fractures in active individuals and fragility

fractures in the elderly. However, the role of microdamage in

clinical bone fragility is not well understood due, in part, to

limited capabilities for detecting microdamage non-destructively.

Contrast agents are used to aid detection of microdamage and

differentiate artefactual damage created during specimen prep-

aration. Current imaging techniques – including transmitted

light microscopy using stains,5–7 epifluorescence microscopy

using fluorochrome stains or chelating agents,8–10 laser scanning

confocal microscopy using fluorochromes,11,12 and backscattered

electron microscopy using heavy metal stains13 – are limited to

thin histological sections, which are inherently invasive,

destructive, tedious and two-dimensional.14 These limitations

inhibit evaluating the effects of microdamage on whole bone

strength and prohibit detecting microdamage in vivo.

Recent studies have begun to investigate methods for non-

destructive, three-dimensional (3-D) detection and imaging of

microdamage in bone tissue. X-Ray tomography using high

energy, monochromatic synchrotron radiation has sufficient

resolution to directly image microcracks in bone,15 but is neither

readily available nor amenable to imaging large numbers of
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tissue specimens that are relatively large in size. Therefore,

contrast agents have been investigated to enable the use of lower

resolution, but commercially available, micro-computed

tomography (micro-CT) instruments. Micro-CT has been used

to detect microdamage in vitro using iodinated,14,16,17 lead

sulfide,18,19 and barium sulfate20–22 contrast agents. In particular,

non-destructive, 3-D imaging of the presence, spatial location

and accumulation of microdamage in bone tissue was recently

demonstrated for the first time using contrast-enhanced micro-

CT with a precipitated BaSO4 stain.20–22 While this approach is

expected to find increased use in the study of mineralized tissues,

precipitation staining is non-specific to damage and the staining

solutions are not biocompatible, limiting use to in vitro studies.

Positron emission tomography (PET) was able to detect regions

of damaged tissue in vivo using a sodium fluoride tracer.23,24

However, the resolution of this technique is relatively low and

tracer uptake is not specific to microcracks but rather cellular

activity in the vicinity of microcracks.

A deliverable, biocompatible and damage-specific X-ray

contrast agent could have potential for use in vivo. Typical

microcracks in bone are less than 10 mm in width,12 and nutrients

are transported to bone cells through Haversian canals (�50 mm

diameter) and canaliculi (�0.1–1 mm diameter).25 Therefore, the

contrast agent must be nanoscale in order to be delivered

through vasculature to microcracks. Gold nanoparticles (Au

NPs) were recently investigated as a vascular contrast agent,

exhibiting high X-ray attenuation, colloidal stability and

biocompatibility.26,27 Moreover, Au NPs are readily synthe-

sized28 and functionalized through surface adsorption of mole-

cules with thiols29 or amines.30,31 Fluorochromes with

carboxylate functional groups (e.g., calcein) are well-known to

target microcracks by chelating calcium ions on the surfaces of

exposed bone mineral crystals.9,10 Therefore, glutamic acid,
This journal is ª The Royal Society of Chemistry 2010



Scheme 1 Schematic diagram showing a Au NP surface functionalized

with glutamic acid (not to scale), which exhibits a primary amine for

binding to the gold surface opposite carboxylate groups for targeting

microcracks by chelating calcium ions on the surfaces of exposed bone

mineral crystals.

Fig. 1 TEM micrographs of as-synthesized (a) 15 nm and (c) 40 nm Au

NPs, and functionalized (b) 15 nm and (d) 40 nm Au NPs, showing that

the particle size did not change after functionalization.
a natural amino acid with a primary amine opposite carboxylate

groups, was considered a logical choice for surface functionali-

zation of Au NPs to target microdamage in bone tissue

(Scheme 1). Glutamic acid residues in proteins such as osteo-

nectin were shown to promote binding affinity for hydroxyapa-

tite,32,33 a synthetic analog for bone mineral.

Therefore, the objective of this study was to prepare and

characterize functionalized Au NPs as a targeted X-ray contrast

agent for damaged bone tissue. Au NPs were prepared using

a citrate reduction reaction, and functionalized with glutamic

acid for targeting damaged bone tissue (Scheme 1). Alternatively,

damaged bone surfaces were functionalized with glutamic acid

for targeting Au NPs in order to enable imaging by atomic force

microscopy (AFM).

Experimental methods

Synthesis of Au NPs

Monodispersed Au NPs, �15 nm in diameter, were synthesized

by a citrate reduction reaction using the Turkevich method.28

Briefly, 0.1 g HAuCl4$3H2O ($99.9%, Aldrich) was added to 400

mL of de-ionized (DI) water, heated to boiling, and 50 mL of

a solution containing 1% trisodium citrate dihydrate (ACS

reagent >99.0%, Aldrich) was added to the boiling solution

under vigorous stirring. The solution was boiled for an addi-

tional 20 min, and the volume was adjusted to 500 mL with DI

water after cooling. The resultant colloidal solution was wine red

with a gold concentration of �0.5 mM. Larger Au NPs, �40 nm

in diameter, were prepared using a modification of the Turkevich

method with a lower [citrate]/[Au] ratio.34 0.1021 g trisodium

citrate dihydrate in 20 mL water was added to the 400 mL boiling

solution containing 0.1018 g HAuCl4$3H2O under vigorous

stirring. For reproducible results, the [citrate]/[Au] molar ratio

was controlled at �1.34.

Functionalization of Au NPs

14 mL 2% polyvinyl alcohol (PVA 10–98, MW ¼ 61 000, Fluka)

was added to 236 mL of the as-synthesized 0.5 mM solution

containing 15 or 40 nm Au NPs. 5.8 g or 1.8 g ion exchange resin

(Amberlite MB-150, Sigma) was added to remove citrate ions

from the 15 nm or 40 nm Au sol, respectively. The solution was

stirred overnight and subsequently filtered (grade 3 filter paper,

Whatman) to remove the ion exchange resin. 4 mL or 2 mL of an

aqueous solution containing 10 mM L-glutamic acid ($99.5%,

Fluka) were added to the 15 or 40 nm Au sol, respectively, and

the solution was stirred for 2 days. Note that this was a large

excess of glutamic acid relative to the amount calculated to be

required for one full monolayer on the surface of Au NPs for
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their size and concentration. Excess glutamic acid was removed

using dialysis membrane tubing (Spectra/Por, MWCO ¼ 3500

kDa, Spectrum Laboratories) in a 3000 mL beaker containing DI

water, which was changed every 2–3 h for a total of 12 cycles. The

functionalized Au NPs were filtered (grade 3 filter paper,

Whatman) to remove particle coagulation that may have

occurred during dialysis.

Labeling damaged bone tissue

Bovine cortical bone specimens were sectioned on a diamond

wafer saw to �5 � 5 � 2 mm, soaked in 0.5 mM calcein (ICN

Biomedicals) for 20 min under vacuum (�50 mmHg) to mask

machining damage, and rinsed in DI water. Specimens were

scratched with a scalpel to induce controlled surface damage,10

exposing calcium ions in the mineral phase, and labeled using one

of two methods. Damaged bone specimens were soaked for

2 days under vacuum (�50 mmHg) in a solution containing

functionalized Au NPs (Scheme 1), 15 or 40 nm in size. After

labeling damage with Au NPs, specimens were rinsed with DI

water and dried under ambient conditions.

Alternatively, in order to enable imaging by AFM, damaged

bone surfaces, were functionalized with glutamic acid for tar-

geting Au NPs. 15 nm Au NPs were mixed with PVA, ion

exchange resin was added to remove citrate ions, and the mixture

was stirred overnight, as described above. Upon filtration, the

Au NP solution was dialyzed and filtered again to further remove

citrate ions. Damaged bone specimens were soaked in a solution

containing 10 mM glutamic acid for 5 h. Specimens were rinsed

with DI water, soaked 2 days under vacuum (�50 mm Hg) in

a solution containing Au NPs, rinsed with DI water, and dried

under ambient conditions.
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Fig. 4 (a) Optical micrograph of scratches on the surface of a bovine

cortical bone specimen labeled by 15 nm functionalized Au NPs, as shown

by the characteristic red color. The width of the image is approximately

7 mm. (b) Backscattered SEM micrograph showing the surface of a scratch

labeled by 15 nm functionalized Au NPs (bright spots).
Characterization

The mean particle diameter, particle size distribution, and

morphology before and after functionalization were measured by

transmission electron microscopy (TEM, Hitachi H-600) at

75 kV accelerating voltage (Fig. 1). Specimens were prepared by

immersing carbon-coated grids in Au NP solutions. The

maximum and minimum particle diameters were measured for

a sample size of 116 particles per group. The mean particle

diameter and aspect ratio were calculated as the mean and ratio,

respectively, of the average of maximum and minimum diameter.

The particle size distribution was measured using both TEM and

dynamic light scattering (DLS, Zetasizer Nano-ZS, Malvern

Instruments) (Fig. 2). Ultraviolet-visible (UV-Vis) absorption

spectra (Varian Cary 50 Spectrophotometer) were collected

before and after functionalization to verify colloidal stability and

the concentration of Au NPs in solution using Beer’s Law

(Fig. 3).
Fig. 2 Particle size distributions of as-synthesized 15 and 40 nm Au NPs

measured by (a) TEM and (b) dynamic light scattering (DLS). Note that

DLS measures the hydrodynamic particle diameter, which was in close

agreement with TEM.

Fig. 3 UV-vis spectra of (a) 15 nm and (b) 40 nm Au NPs, showing no

change in the position of plasmon bands between as-synthesized and

functionalized Au NPs. Absorbance was normalized to a 1 cm optical

path.

Fig. 5 Tapping mode AFM images of the (a,c) damaged and (b,d)

undamaged tissue surfaces on bovine cortical bone specimens labeled by

(a,b) 15 nm and (c,d) 40 nm functionalized Au NPs. Note that images of

undamaged tissue surface showed little or no presence of Au NPs.
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Damaged bone tissue labeled by Au NPs was characterized

using reflected light microscopy (SMZ 800, Nikon Instruments

Inc.), and scanning electron microscopy (SEM, Evo 50, LEO

Electron Microscopy Ltd.) with backscattered electron imaging

(BEI) at an accelerating voltage of 20 kV and working distance of

6.5 mm (Fig. 4). Note that image contrast in BEI is primarily due

to compositional differences in atomic number, with increasing

atomic number resulting in increased intensity. Damaged bone

tissue labeled by Au NPs was also imaged using tapping mode

AFM (AFM, Nanoscope� IIIa, Digital Instruments) (Fig. 5).

Results and discussion

As-synthesized and functionalized Au NPs were spherical, rela-

tively monodispersed, and exhibited aqueous colloidal stability.
This journal is ª The Royal Society of Chemistry 2010



The mean (� standard deviation) particle diameter of as-

synthesized Au NPs measured from TEM micrographs was 13.4

(� 1.2) and 39.5 (� 7.1) nm (Fig. 1 and Fig. 2a). The particle size

distributions measured by TEM and DLS were in close agree-

ment, showing a narrow size distribution for 15 nm Au NPs and

a broader size distribution for 40 nm Au NPs (Fig. 2). As-

synthesized Au NPs were mostly spherical with some evidence of

faceting, which was more pronounced for 40 nm Au NPs (Fig. 1).

The mean (� standard deviation) aspect ratio of as-synthesized

Au NPs measured from TEM micrographs was 1.1 (� 0.1) and

1.3 (� 0.2) for 15 and 40 nm particles, respectively. There was no

apparent change in the particle size or morphology observed by

TEM after functionalization (Fig. 1). Moreover, characteristic

plasmon bands were observed at 520 and 536 nm for as-

synthesized 15 and 40 nm Au NPs, respectively, and exhibited no

apparent changes after functionalization, indicating colloidal

stability (Fig. 3).

As-synthesized Au NPs were surface functionalized with

L-glutamic acid in order to target damaged bone tissue

(Scheme 1). However, citrate ions, which functioned as both

a reducing agent and stabilizer in the preparation of Au NPs,28

have three carboxylate groups which exhibit binding affinity for

damaged bone tissue. Therefore, citrate ions were first removed

in order to prevent interference with functionalized Au NPs for

targeting damaged bone tissue. PVA was added to sterically

stabilize the as-synthesized Au NPs while removing citrate ions

by ion exchange resin. PVA is uncharged and was therefore not

expected to interfere with the functionalization step or the

binding of functionalized Au NPs to damage tissue. (Note that

subsequent work has demonstrated the ability to add glutamic

acid in the presence of citrate and remove both citrate and excess

glutamic acid by dialysis, avoiding the addition of PVA.) After

adding a large excess of glutamic acid relative to the amount

required for one full monolayer coverage on Au NP surfaces,

solutions were dialyzed to remove excess glutamic acid. Note

that glutamic acid has amine and carboxylate functional groups

which both exhibit affinity for gold surfaces. However, amines

exhibit a stronger affinity to gold surfaces, displacing carboxyl-

ates.35,36 Therefore, the primary amine group was expected to

adsorb to the Au NP surface, leaving carboxylate groups avail-

able for chelating calcium ions on the surfaces of exposed bone

mineral crystals (Scheme 1). The concentration of Au NPs

remaining in solution after functionalization was 64 and 47% of

the as-synthesized concentration (0.5 mM) for 15 and 40 nm Au

NPs, respectively (Fig. 3). After the final dialysis and filtration

steps, 47 and 39% of the as-synthesized concentration remained

for 15 and 40 nm Au NPs, respectively (not shown).

Specificity for damaged bone tissue was demonstrated with

bovine cortical bone specimens by masking machining damage

with calcein, scratching the surface with a scalpel, and soaking

the specimen in functionalized Au NP solutions. Functionalized

Au NPs were able to target surface scratches as visually evi-

denced by a characteristic red color (Fig. 4a). Similar results

were obtained for either 15 or 40 nm functionalized Au NPs.

Backscattered electron imaging also detected high contrast

between the scratch and adjacent tissue, where increased

brightness in the scratch was indicative of the higher atomic

number of Au NPs compared to calcium phosphate. At higher

magnification, individual Au NPs bound to the damaged tissue
This journal is ª The Royal Society of Chemistry 2010
were imaged as bright spots on the surface of scratched tissue

(Fig. 4b). AFM of damaged tissue labeled by functionalized Au

NPs was unsuccessful for reasons that remained unclear.

Possible reasons included a relatively greater variability in

surface roughness or lower density in surface coverage of

functionalized Au NPs.

Damaged bone surfaces were also functionalized with glu-

tamic acid prior to labeling with Au NPs in order to enable

high resolution imaging by AFM. The carboxylate groups of

glutamic acid were expected to chelate calcium ions on the

surfaces of exposed bone mineral crystals, similar to fluoro-

chromes such as calcein. Bone specimens were subsequently

soaked in Au NP solutions such that Au NPs were able to bind

with amine groups on glutamic acid and thus target damaged

bone surfaces. AFM images showed individual Au NPs bound

to damaged tissue surfaces and little or no Au NPs on

undamaged tissue surfaces (Fig. 5). The surface coverage on

damaged tissue appeared to be more dense than labeling with

functionalized Au NPs. However, the use of functionalized Au

NPs is more desirable for a deliverable contrast agent.

Furthermore, note that the glutamic acid solution exhibited

pH�3.5 which could demineralize the tissue over greater

lengths of time than those utilized in this study.

This work is the first to our knowledge to demonstrate targeted

labeling of damaged bone tissue using a nanoparticle X-ray

contrast agent. A biocompatible, deliverable, and damage-

specific contrast agent with greater X-ray attenuation than bone

could enable non-destructive, three-dimensional and non-inva-

sive (in vivo) imaging of microdamage in bone. Such a contrast

agent would have the potential to enable clinical assessment of

bone quality and damage accumulation, and scientific study of

damage processes in situ. However, this ambitious goal will

require much further work. The relative binding affinities of

various potential functional groups, such as carboxylates and

bisphosphonates, must be investigated. Preliminary efforts have

highlighted the difficulty of obtaining sufficient signal for

detection by commercially available, polychromatic micro-

computed tomography (micro-CT) instruments with �10 mm

resolution despite the relatively high X-ray attenuation of gold,

due to the necessarily small size and concentration of Au NPs

labeling damaged bone tissue. Therefore, the use of mono-

chromatic synchrotron radiation may be advantageous in order

to maximize contrast by edge subtraction imaging just above and

below the energy of gold absorption peaks.
Conclusions

Au NPs were prepared using a citrate reduction reaction to �15

or 40 nm diameter, and functionalized with glutamic acid for

targeting damaged bone tissue. As-synthesized and functional-

ized Au NPs were spherical, relatively monodispersed, and

exhibited aqueous colloidal stability. Functionalized Au NPs

were demonstrated to target damaged bone tissue, which was

verified by visual staining, backscattered electron imaging and

atomic force microscopy of surface scratches compared to

undamaged tissue. Therefore, functionalized Au NPs are

a promising candidate for a targeted X-ray contrast agent for

damaged bone tissue.
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