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ABSTRACT

A noninvasive, three-dimensional technique is needed to image microstructural features —
such as microcracks and vasculature — in bone tissue. Micro-computed tomography (uCT) using
a radiopaque barium sulfate contrast agent to label microstructural features in bone lissue has
been proposed. The size of vasculature and microcracks in bone tissue requires nano-scale
barium sulfate particles. Therefore, a simple aqueous precipitation method was used to
synthesize barium sulfate particles less than 100 nm in size. The effects of the reagent solution
concentration, molar ratio, feeding order, feeding speed and pH were investigated. Finally, the
feasibility of imaging the synthesized barium sulfate nanoparticles in pCT was verified. The
detected signal duc to barium sulfate nanoparticles was amplified by a volumetric factor of
nearly eight, which enabled detection of features much smaller than the nominal resolution of the
instrument.

INTRODUCTION

Microdamage in hone tissue is caused by fatigue, creep, or monotonic overloading.'
Accumulation of microdamage leads to a degradation of mechanical properties and an increased
risk of fracture, including stress fractures in athletes and bone [ragility in the elderly.”* In human
cortical bone, microdamage accumulates in the form of microcracks™® and degradation of the
elastic modulus is dependent on the applied stress state,™® Therefore, quantitative measurement
of the distribution and orientation of microcracks is important in order to assess the effects of
microdamage on the mechanical behavior of bone tissue.

Microdamage in bone is currently imaged by optical microscopy using various epifluorescent
contrast agents which chelate ta calcium exposed at a free surface, such as a microcrack.”"!
Sequential staining with multiple contrast agents can be used to differentiate microdamage from
other microstructural features, as well as different damage events.”'™" While bone tissue may be
stained en bloc, quantitative measurements require the preparation of many histologic sections.
Thus, these methods are inherently invasive and two-dimensional, and ‘a non-invasive,
three-dimensional technique is needed for imaging microdamage in bone. Micro-computed
tomography (LCT) has been proposed for such a technigue, using a suitable contrast agent.

In order for uCT to differentiate microcracks from bone, a contrast agent which is much
more radiopaque than bone tissue must be used to selectively label microcracks. In practice, after
staining with the contrast agent, microcracks would be detected as bright features in pCT images.
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Barium sulfate (BaSO,) is a logical choice for the contrast agent due to current clinical use as a
contrast agent for conventional radiography of the digestive tract and a radiopaque filler in
commercial bone cement. Thus, the biocompatibility ol barium sulfate is reasonably well
accepted. Typical microcracks in cortical bone tissue are 30-100 pm in length and less than one
um in width,"'*!"* Therefore, in order to be used as a contrast agent for microcracks in cortical
bone tissue, barium sulfate nanoparticles are required. "

Barium sulfate precipitation has received significant atlention in the literature, not only due
to the industrial signilicance of scaling, but also as a model system for precipitation
investigations,”*** Barium chloride and sodium sulfate are usually chosen as the reagents to
study precipitation of barium sulfate. In some cases, sulfuric acid>?' or potassium sulfate'*" are
also used. The size and morphology of any precipitated crystal is governed by the
thermodynamics and kinetics of nucleation and gmwlh."j Taguchi et al'® evaluated the
nucleation and growth kinetics of barium sulfate for equimolar amounts of barium and sulfate
ions, and Aoun ef al."* studied the kinetics of barium sulfate precipilation with a molar excess of
either barium or sulfate ions. Wong ef al.** showed that a considerable excess of either reagent
solution produced the smallest particles but the particles were all on the micro-scale.

Many methods and modifications have been used to control the size and morphology of
precipitated barium sulfate, such as the addition of various additives,”** chelate
decomposition,” and microemulsions.™* The use of additives, including chelating agents, has
shown the greatest influence on particle morphology, but particle sizes have typically remained
greater than nano-scale. Microemulsions also enable particle size control by varying the molar
ratio of water to surfactant, but the uniformity of precipitates is more difficult to control and the
yield is relatively small,

The objective of this work was to synthesize barium sulfate nanoparticles suitable for use as
a contrast agent for pnCT. Precipitation experiments focused on identifying key parameters for
precipitating equiaxed nanoparticles. Finally, the feasibility of imaging the synthesized barium
sulfate nanoparticles using uCT was investigated.

EXPERIMENTAL METHODS
Synthesis of Barium Sulfate Nanoparticles

Barium sulfate was precipitated instantaneously by mixing aqueous solutions of barium
chloride and sodium sulfate as

BaCl, + Na;SOs —> BaS04d + 2NaCl N

Barium chloride (Certified ACS crystal, Fisher Scientific, Fair Lawn, NJ) and sodium sulfate
(anhydrous powder, Fisher Scientific, Fair Lawn, NJ) solutions were prepared by dissolving (he
desired concentration of reagents in de-ionized water. The pH of all reagent solutions was
adjusted using nitric acid (ACS reagent, Aldrich Chemical Co., Milwaukee, WI) and sodium
hydroxide (ACS reagent, Sigma Chemical Co., St. Louis, MO). Precipitation occurred as the
feeding reagent solution was dropped into the other reagent solution using a buret to control the
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feeding rate. The mixed reagent solution was kept at ambient temperature and stirred at a
constant speed of 450 rpm using a magnetic stir plate. Barium sulfate precipitates were collected
by centrifugation at 4500 rpm for 20 min. Precipitales were washed with de-ionized water and
recollected three times. Collected precipitates were dried in an oven at 40°C for more than 24 h.

Experiments were designed to study the effects of independent parameters on the size and
morphology of precipitates. Experimental parameters included the reagent solution concentration,
molar ratio, feeding order, feeding speed and pH. All experimental conditions are shown in Table
L

Powder x-ray diffraction (XRD) (X1 Advanced Diffraction System, Scintag, Inc., Sunnyvale,
CA) was performed to verify the phase of the precipitated crystals. Powders were examined over
15-50° with a step size of 0.02° and a step time of 0.5 s, using Cu Ka radiation generated at 40
kV and 30 mA. The size and morphology of precipitates was examined qualitatively using field
emission scanning electron microscopy (FESEM). For each sample, 0.003 g of precipitates was
added to | ml methanol and dispersed in a sonic bath for 10 min. The suspension was dropped
onto a sample holder and the methanol evaporated in air. After drying, samples were coated with
gold and examined by FESEM (S-4500, Hitachi High-Technologies Corporation, Tokyo, Japan)
with an accelerating voltage of 25 kV and working distance of 7 mm. The mean size of
nanoparticles was also quantified by XRD line broadening measurements using the Scherrer
equation and Warren’s method.? The (200), (020) and (002) reflections were each scanned with
a step size of 0.01° and a step time of 2.0 s, and fit with a Pearson 7 funclion using a freeware
software package (MacDiff 4.2).

Table 1. Experimental parameters investigated for barium sulfate precipitation.

Experiment [Ba™"] [SO45] [Ba™]/[SO47] Feedingreagent pH Feeding speed

y 5

1 055M  055M 1.0 S04 7 2.5 ml/min
2 00IM  001M 1.0 SO 7 2.5 ml/min
3 0.10M  1.00M 0.1 804~ 7 2.5 ml/min
4 1L.OOM  0.10M 10 S0.” 7 2.5 ml/min
5 055M  0.55M 1.0 Ba®' 7 2.5 ml/min
6 055M  0.55M 1.0 SO4” 10 2.5 ml/min
7 055M  055M 1.0 S0,” 7 25 ml/s

RCT of Barium Sulfate Nanoparticles

The barium sulfate nanoparticles synthesized using the parameters of Experiment 4 (Table 1)
were imaged using pCT. A cortical bone specimen was removed from the mid-diaphysis of a
bovine tibia using a band saw. Six holes of 1.2 mm diameter and approximately 5.0 mm depth
were drilled in the specimen. One hole was used as a control and the other five were filled with

Ceramic Nanomaterials and Nanotechnology Il = 221



approximately 0.02 ml of aqueous suspensions containing 0,8, 0.6, 0.4, 0.2 and 0.1 vol% barium
sulfate nanoparticles. After the water was absorbed by the bone, the specimen was dried and
cach of the six holes were imaged by pCT (80MG, Scanco Medical AG, Bassersdorf,
Switzerland) at 10 pm resolution, 70 kVp voltage, 113 pA current intensity and 200 ms
integration time. The image for each hole contained 141 slices (1.4 mm) where each slice was
oriented parallel to the depth of the hole. A Gauss filter (sigma = 1; support = 2) was applied to
reduce signal noise and a threshold brightness of 17,000 was selected based on the image data
from the control hole. All voxels with brightness lower than the threshold were assumed to be
cortical bone tissue and filtered off. All voxels with brightness greater than the threshold were
assumed to be due to the barium sulfate nanoparticles. Three-dimensional images were
constructed using the available software (Image Processing Language, Scanco Medical AG,
Bassersdorf, Swilzerland).

The minimum detectable thickness of deposited barium sulfate nanoparticles by pCT was
also studied. Aqueous suspensions containing 0.2 and 0.1 vol% barium sulfate nanoparticles
were prepared and 0.02 ml of each suspension was dropped onto a microscope slide. Afler the
water evaporated, the diameter of the deposited layer was measured, and the thickness of the
deposited layer was estimated assuming uniform deposition. Each glass slide was imaged by
HCT using the methods described above, with slices normal to the deposited layer and a blank
microscope slide as a control for threshold. The thickness of the deposited layer of barium sulfate
nanoparticles on each slide was measured from pCT images after threshold.
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Fig. 1. X-ray dal'trdn.uon pattern for barium sulfate nanoparticles synthesized with [Ba®'] = 1.0 M,
[S047] = 0.1 M, SO feeding, and feeding rate = 2.5 ml/min (Experiment 4),

RESULTS
Synthesis of Barium Sulfate Nanoparticles

XRD patterns identified precipitates from all experimental conditions as barium sulfate. An
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exemplary XRD pattern for the barium sulfate nanoparticles prepared by Experiment 4 (Table 1)
is shown in Fig, |. The effects of the experimental parameters on the size and morphology of
barium sulfate precipitates were revealed by FESEM. For equimolar amounts of each reagent,
increased total reagent concentration resulted in decreased particle size and a more equiaxed
morphology (Fig. 2a and b). Particles precipilated at 0.01 M reagent concentralions were
plate-like and greater than | pm in size. Al 0.55 M reagenl concentrations, particles were
equiaxed and submicron. For a fixed total reagent concentration, increasing the molar ratio of
barium to sulfate ions resulted in a substantially decreased particle size (Fig. 2a, ¢ and d). For a
molar ratio of 10 (Experiment 4, Table 1). particles were less than 100 nm in diameter. For this
powder, the mean particle size measured by XRD line broadening of the (200), (020) and (002)
reflections was 52.0 nm, 54.5 nm and 46.3 nm, respectively. Thus, the particles were confirmed
to be equiaxed with a mean diameter of approximately 50 nm. All other powders were measured
to have mean diameters greater than 100 nm. The feeding reagent also affected the size and
distribution of precipitates (Fig. 2a and ¢). For equimolar amounts of each reagent, particles
prepared by sulfate feeding were significantly smaller and more uniform than those prepared by
barium feeding. For equimolar amounts of each reagent and sulfate feeding, reduced feeding rate
resulted in more uniform precipitates (Fig. 2a and [). The pH of reagent solutions was not shown
to significantly affect the size or morphology of precipitates under the conditions investigated.

uCT of Barium Sulfate Nanoparticles

Varying amounts of barium sulfate nanoparticles were deposited in holes drilled in cortical
bone tissue and imaged using nCT. Image segmentation at the threshold level of 17,000 removed
the entire cortical bone image, and the higher inlensity voxels representing barium sulfate were
clearly visible (Fig. 3). Images revealed that the particles covered the inner wall of the holes such
that the actual thickness of deposited barium sulfate nanoparticles was less than the hole
diameter. The measured diameter of holes with deposited barium sulfate nanoparticles was larger
than the actual diameter and the measured volume of deposited barium sulfate nanoparticles was
larger than the actual volume of deposited particles, The measured volume of barium sulfate
nanoparticles was nearly eight times larger than the actual volume (Fig. 4).
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Fig. 2, SEM micrographs of the as-prepared barium sulfate precipitates showing the effects of
selected experimental parameters: (a) Experiment 1, [Ba™] = [SO,%] = 0.55 M, SO/ feeding,
feeding rate = 2.5 ml/min; (b) Experiment 2, [Ba™'] = [SO4™] = 0.01 M, SO.% feeding, feeding
rate = 2.5 ml/min; (¢) Experiment 3, [Ba®'] = 0.10 M, [SO4] = 1.0 M, SO~ feeding, feeding
rate = 2.5 ml/min; (d) Experiment 4, [Ba®] = 1.0 M, [SO;%]=0.1 M, SO,* feeding, feeding rate
= 2.5 ml/min; (¢) Experiment 5, [Ba’'] = [SO4"] = 0.55 M, Ba®" feeding, feeding rate = 2.5
ml/min; (f) Experiment 7, [Ba’'] = [SO,7]=0.55 M, SO, feeding, feeding rate = 25 ml/s.
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Three glass slides with different amounts of deposited barium sulfate nanoparticles were also
imaged using pCT. For the 0.2 vol% barium sulfate suspension, the imaged thickness of the
barium sulfate layer was 30 pm and the diameter of the layer was about 8 mm, which was almost
the same as the measured diameter. For the 0.1 vol% barium sulfate suspension, no layer of
pixels was detected. The estimated layer thickness for the 0.2 and 0.1 vol% barium sulfate
suspensions was 0.79 pm and 0.24 pm, respectively.

(a) (b)

Fig. 3. Three-dimensional pCT images of barium sulfate nanoparticles deposited from an (a) 0.8
vol% and (b) 0.1 vol% suspension into 1.2 mm diameter holes in cortical bone tissue,
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Fig. 4. The relationship between the actual volume of deposited barium sulfate nanoparticles and
the volume measured by pCT after threshold. Linear regression of the data yielded y = 7.75x (R
=0.95).
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DISCUSSION
Synthesis of Barium Sulfate Nanoparticles

The kinetics of precipitation under stoichiometric conditions is well understood. Increasing
nucleation rate or decreasing crystal growth rate generally results in smaller precipitates. In this
investigation barium sulfate precipitated instantaneously upon mixing the two reagent solutions
and the entire system was kept under constant stirring. Therefore, nucleation was expected (o
govern the precipitate size more than crystal growth. The nucleation rate is influenced by the
supersaturation,'® and the supersaturation ratio, S, is defined as

5= ,H|Ba2* |so§' |/K (2)

where the solubility product of barium sulfate is K = 1.1-10™"°, ** Thus, increasing total reagent
concentration increases the supersaturation and nucleation rate. A higher nucleation rate means
that a greater number of stable nuclei form before reaching equilibrium, limiting crystal growth
and resulting in a smaller mean particle size.

Accordingly, the results of this study showed that the size of barium sulfate precipitates was
reduced from micro-scale to nano-scale by increasing the total reagent concentrations (Fig. 2a
and b). A further decrease in particle size was achieved using a molar excess of barium to sulfate
(Fig. 2a and d). This result can also be explained by considering the local supersaturation as the
sulfate feeding reagent solution was added dropwise to the barium reagent solution. In the case
for a molar excess of barium, a higher supersaturation was maintained throughout the duration of
precipitation, In other words, the local supersaturation incipient to precipitation was lower for the
equimolar reagent solutions, and was governed by the larger volume of the barium reagent
solution rather than the droplets of the feeding reagent solution. Furthermore, as barium sulfate
precipitated upon mixing the equimolar reagent solutions, the supersaturation decreased rapidly.
This decrease in local supersaturation with precipitation was cven greater for a molar shortage of
barium to sulfate (molar ratio of 0.1). Thus, decreasing molar ratio resulted in an increased
variation in the supersaturation during precipitation and a greater variation in the precipitate size
distribution (Fig. 2a, ¢ and d). Other investigations have also reported this effect, including a
more pronounced cffect for a molar excess of barium versus a molar excess of sulfate due to
preferential ion adsorption.'™ * In order to investigate the latter effect in our system, further
experiments arc nceded where the feeding reagent is reversed for the same molar ratios.
Furthermore, the particle size distributions should be quantified in future work. Nonetheless, for
equimolar concentrations of barium and sulfate, sulfate feeding resulted in somewhat smaller,
more uniform precipitates than barium feeding (Fig. 2a and ), suggesting that a molar excess of
barium increased the nucleation rate more than an equal molar excess of sulfate. The increased
precipitate size distribution observed for a faster feeding rate (Fig. 2a and f) can be explained by
less uniform mixing (greater variation in local supersaturation) for the faster feeding rate.
Finally, under the conditions investigated, the solution pH had negligible effect on the
supersaturation and thercfore showed no effect on the particle size.
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uCT of Barium Sulfate Nanoparticles

The results of this study showed the feasibility of detecting barium sulfate nanoparticles in
cortical bone tissue using pCT. Furthermore, the results also indicated that barium sulfate
nanoparticles influenced adjacent image voxels. The detected signal was amplified by a
volumetric factor of nearly eight (Fig. 4). In other words, barium sulfate nanoparticles enabled
detection of features smaller than the nominal resolution of the instrument. Currently most
commercially available pCT scanners have a resolution on the order of 10 pm and clinical CT
scanners have a resolution on the order of 100 pm. Microcracks in bone are typically 30-100 pm
in length and no more than | pm in width." "> Therefore, if barium sulfate nanoparticles can
be delivered fo microcracks, the amount of barium sulfate nanoparticles or the size of
microcracks may have dimensions less than the resolution of the instrument. Moreover, the
results from imaging barium sulfate nanoparticles deposited on glass slides indicated a minimum
detectable dimension between 0.24 pm and 0,79 pm for barium sulfate nanoparticles using an
instrument with 10 pm resolution.
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