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Abstract: Halloysite nanotubes (HNTs) were investigated as a platform for tunable nanoparticle 

composition and enhanced opacity in poly(methyl methacrylate) (PMMA) bone cement. Hal-

loysite has been widely used to increase the mechanical properties of various polymer matrices, 

in stark contrast to other fillers such as barium sulfate that provide opacity but also decrease 

mechanical strength. The present work describes a dry deposition method for successively 

fabricating barium sulfate nanoparticles onto the exterior surface of HNTs. A sintering process 

was used to coat the HNTs in barium sulfate. Barium sulfate-coated HNTs were then added to 

PMMA bone cement and the samples were tested for mechanical strength and tailored opacity 

correlated with the fabrication ratio and the amount of barium sulfate-coated HNTs added. 

The potential cytotoxic effect of barium-coated HNTs in PMMA cement was also tested on 

osteosarcoma cells. Barium-coated HNTs were found to be completely cytocompatible, and cell 

proliferation was not inhibited after exposure to the barium-coated HNTs embedded in PMMA 

cement. We demonstrate a simple method for the creation of barium-coated nanoparticles that 

imparted improved contrast and material properties to native PMMA. An easy and efficient 

method for coating clay nanotubes offers the potential for enhanced imaging by radiologists 

or orthopedic surgeons.
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Introduction
Bone cement is composed of poly(methyl methacrylate) (PMMA) and has been used 

by orthopedic surgeons for more than 6 decades.1–3 The first use of PMMA bone 

cement was in 1958 when British orthopedic surgeon Sir John Charnley implanted a 

hip endoprosthesis using PMMA.4 PMMA allows for the implantation and fixation 

of prostheses to the bone and consists of ~90% polymer, and the remaining material 

consists of salts of barium or zirconium powders that make the resulting product 

radio-opaque.2,5 The chemical structure of PMMA cement is made up of a polymer of 

methyl methacrylate and consists of solid and liquid phases. The solid phase consists 

of prepolymerized PMMA, a reaction initiator (benzoyl peroxide) and radio-opacifiers. 

The liquid phase consists of methyl methacrylate monomer, a reaction accelerator (N,N-

dimethyl-p-toluidine) and a reaction retardant (hydroquinone).6 To prepare PMMA 

bone cement, the solid and liquid phases are mixed. The powder quickly dissolves in 

the monomer and undergoes a polymerization reaction by a free radical mechanism 
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to form putty-like cement. The polymerizing fluid bonds 

together the spheres and as the liquid monomer polymerizes, 

the bone cement hardens.2,4

PMMA has a high elastic modulus and as an inert bio-

material does not form a chemical bond or integrate with 

surrounding bone tissue at the implant site, resulting in a 

weak interface between the bone cement and the adjacent 

bone.6,7 Particle wear debris,8,9 secondary fractures10,11 and 

loosening or even displacement of the PMMA bone cement12 

are unwanted complications. The addition of radio-opacifiers 

and antibiotics may also lead to decreased mechanical proper-

ties and fracture of the bone cement, which result in aseptic 

loosening and infections.13,14 PMMA has been the subject of 

continuous product development in parallel with improve-

ments in surgical techniques.14,15 A major focus has been 

on the inclusion and testing of various additives or fillers 

designed to improve or remediate the mechanical, thermal 

and biological deficiencies in conventional PMMA.16,17 

Researchers have studied combinations of PMMA bone 

cement and several micro- and nanoparticles, including 

barium sulfate,18 carbon nanotubes,19,20 chitosan,21 collagen,22 

clays,23,24 hydroxyapatite,25,26 magnesium oxide,27 silica28,29 

and silver nanoparticles30 (refer the study by Lewis17 for 

an extensive review of these, and other additives, and their 

effects on PMMA).

Halloysite nanotubes (HNTs) are naturally occurring clay 

minerals composed of silica and alumina.31–33 The outside of 

the tube has a net negative charge due to the silica, while the 

inside has a net positive charge attributed to the alumina.32,33 

This charge difference is due to the bonding pattern of the 

aluminum and silicon atoms about each other. The typical 

inner diameter, outer diameter and length of these tubes are 

1–30, 30–50 and 100–2000 nm, respectively.32,33 Since HNTs 

are hydrophilic and have opposite surface polarizations for 

the inner and outer lumen, they can be easily filled or coated.34 

This capability and the natural availability of these nanopar-

ticles have made them an ideal additive for many nanotech-

nology applications. They are particularly well suited for the 

sustained release of various drugs and bioactive agents.34–36 

Halloysite also has thermal and mechanical properties that 

are highly desirable in polymer composites, primarily for the 

reinforcement of low-density polymers.37,38 By varying the 

amount of halloysite and selecting applicable coatings, the 

thermal and mechanical properties of given polymers can 

be specifically tailored to the desired application. Wei et al24 

used halloysite as a nanocontainer for release of an antibiotic 

in PMMA cement. Gentamicin-doped HNTs admixed in 

PMMA bone cement showed significantly better elution of 

the antibiotic, with the increase in elution increasing with 

the increase in nanotube loading, and inhibited the growth of 

Staphylococcus aureus but not on specimens of their control 

(an approved bone cement brand).24

Metal acetate or metal acetylacetonates are unique 

complexes that are commonly used in chemistry. The metal 

acetylacetonates are coordination complexes made up of 

a metal ion and acetylacetonate anion.39 Iron and gold are 

more commonly known groups, but many other metals are 

also used, such as barium, and are readily manufactured by 

the chemical industry. These compounds degrade between 

200°C and 300°C. Due to their thermal degradation, 

they make ideal candidates for coatings via sintering.39,40 

Recently, a dry sintering process was used to coat the surface 

of HNTs with metal acetylacetonates – compounds primar-

ily used in the synthesis of nanoparticles, as metal catalysts 

and as nuclear magnetic resonance (NMR) shift reagents.41 

We showed that this method is capable of thermally decay-

ing the metal acetylacetonate, resulting in a free positively 

charged metal ion that readily bonded to the negatively 

charged HNT exterior, resulting in metallic barium, iron 

and nickel coatings on the HNT surface.

In this study, our sintering process was used for coating 

the HNTs with barium acetylacetonate (BA), and the coated 

HNTs were then added to PMMA bone cement. The compos-

ite material properties were assessed, and the potential effects 

on cell viability and proliferation were assessed. BA coatings 

improved contrast and strengthened the PMMA bone cement. 

Cellular results also support the concept that barium-coated 

HNTs are neither cytotoxic nor impact cell proliferation and 

may provide additional capabilities to established materials 

such as PMMA bone cement.

Materials and methods
Materials
HNTs, gentamicin sulfate and the visualization reagents used 

in this study were purchased from Sigma-Aldrich (St. Louis, 

MO, USA). BA was purchased from Fischer Scientific Com-

pany (Hampton, NH, USA). Three different PMMA bone 

cements, Bosworth Original Truliner (Skokie, IL, USA) and 

Wright’s Orthoset Radiopaque bone cement of low viscosity 

(ORTHOSET® 3) and high viscosity (ORTHOSET® Premier) 

(Warsaw, IN, USA), were used.

Spectrophotometric analyses were performed on a Nano-

drop spectrophotometer (Thermo Scientific, Wilmington, DE, 

USA). A Vulcan® A550 Series Bench Top Muffle Furnaces 

from Thomas Scientific (Swedesboro, NJ, USA) was used 

for heating the materials.
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BA sintering
BA was mixed with halloysite in a 1:1 ratio by weight. The 

mixing was done in 100–250 mg batches of halloysite to allow 

for a more uniform sintering. Halloysite was dried overnight at 

60°C. The halloysite was then weighed and mixed with an equal 

amount of a metal acetate or metal acetylacetonate. Powders 

were moderately mixed in a mortar and pestle. The powders 

were then placed into 5 mL borosilicate glass containers and 

vortexed vigorously for a minute. Containers were then placed 

in a Vulcan oven. The oven was programmed to heat to 300°C 

at a rate of 5°C/min. The program was then set to stay at this 

temperature for 4 hours, and the samples were then cooled 

to room temperature at 5°C/min. This resulted in a sintering 

reaction that coated HNTs in a metal shell or deposited metal 

clusters onto portions of the nanotube. After sintering, the glass 

tubes were vortexed, and the samples were ground by mortar 

and pestle to break up any clumps of material.

Fabrication of BA-sintered nanoparticle 
enhanced bone cement
HNTs were mixed into PMMA bone cement at 5%, 7.5%, 

10%, 15% and 20% w/w concentration. PMMA bone 

cement, with and without HNTs, was then molded into dif-

ferent shapes for imaging and further characterization and 

mechanical testing (see subsequently for details). Bosworth 

Original Truliner is composed of all the regular components 

of PMMA cement except for radio-opacifiers. Orthoset Radi-

opaque bone cements are regular PMMA cements without 

antibiotic additives. All bone cement samples were prepared 

by mixing two parts of the powder content and one part of 

liquid monomer in a bowl.

Material characterization and image 
analysis
The surface microstructures of doped and undoped PMMA 

cement were characterized using a HITACHI S-4800 

 Field-Emission Scanning Electron Microscope (FE-SEM) 

(Chiyoda, Tokyo, Japan). Samples were attached to a con-

ductive adhesive tape and placed onto a stage for viewing. 

A gold sputter coating (4 nm) was applied to the sample 

surfaces with a 208 HR Metal Sputter Coater (Cressington, 

Watford, England). The prepared stages were then placed into 

the sample chamber and viewed at 1.0–2.0 kV.

Magnetic resonance imaging (MRI)
For assessment of potential gains in imaging contrast, we 

tested nine PMMA cement formulations. Control groups 

consisted of commercial grade PMMA bone cement (Ortho-

set Radiopaque) and included low-viscosity (Group #1) and 

high-viscosity cement samples (Group #2). Additionally, plain 

PMMA powder was used to create bone cement constructs that 

lacked barium sulfate (Group #3). Our experimental group 

samples were made using the PMMA-only bone cement. 

These were PMMA cement with 5%, 10% and 20% wt/

uncoated HNTs (Groups #4, 5 and 6, respectively) and with 

5%, 10% and 20% wt/barium-coated HNTs (Groups #7, 8 and 

9, respectively). All cement samples were mixed and placed 

within a dog-bone mold for setting. Control groups and experi-

mental groups are shown in Table 1. A 30 mm long rectangular 

bar sample of each cement sample was run through an MRI 

machine set to 120 kV. The three-dimensional (3D) scan was 

manually observed. Fifty to one hundred 1 mm point regions 

of interest (ROIs) were calculated in each sample for contrast 

and expressed in Hounsfield units.

Compression testing
For compression testing, PMMA cement, with and without 

HNTs, was molded into cylindrical pillars of 12 mm height 

and 6 mm radius using wax molds. These specimens (N=5/

group) were produced per ASTM F451 standard for compres-

sion testing. Compression testing was performed using a Tinius 

Olsen universal testing machine in compression testing mode.

Table 1 Bone cement contrast levels as measured in Hounsfield units

Control groups Hounsfield  
units

HNTs Hounsfield  
units

Barium-coated  
HNTs

Hounsfield 
units

Group #1 low viscosity 1473 Group #4
5% wt

140 Group #7
5% wt

382

Group #2 high viscosity 1443 Group #5
10% wt

164 Group #8
10% wt

652

Group #3 PMMA only 68 Group #6
20% wt

164 Group #9
15% wt

1029

Note: n=3 samples/per group tested.
Abbreviations: HNTs, Halloysite nanotubes; PMMA, poly(methyl methacrylate).
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Flexural testing
A three-point bending test was performed to assess the flex-

ural strength of the fabricated PMMA samples (N=5/group), 

with and without HNTs. Bar-shaped samples were molded 

in 75 mm×10 mm×5 mm. The distance between adjacent 

points was set to 20 mm, and the load speed was 0.75 mm/

min. Flexural strength was calculated using the formula s = 

3fl/bd2, where f is the peak force, l is the span between the 

supports, b is the width and d is the thickness of the specimen.

Osteosarcoma cell culture
PMMA cement, barium sulfate-doped PMMA, PMMA with 

10% w/w HNTs and BA-coated HNTs were fabricated to 

form thin disks of 1 mm thickness and 5 mm diameter and 

placed within a 96-well dish. Osteosarcoma cells (CRL 2836; 

American Type Culture Collection, Manassas, VA, USA) 

were chosen as our study model cell type. In many similar 

studies, osteoblast cells are the standard cell type used in cell 

viability tests on bone cements. The potential of halloysite 

as a nanocontainer for the sustained release of drug delivery 

has long been established.19,22,28 We envision coupling coated 

and drug-doped HNTs (e.g., methotrexate) as a potential 

drug delivery system.

Osteosarcoma cells seeded onto the cement disk surfaces, 

and the cell cultures were maintained in Dulbecco’s Modi-

fied Eagle Medium containing 10% fetal bovine serum and 

1% penicillin–streptomycin–amphotericin. Cells cultured 

on cell culture plastic and disks containing PMMA only 

serve as controls. Live/Dead cytotoxicity assay (n=6) was 

done to visualize cell viability, and osteosarcoma cell prolif-

eration was evaluated using an 2,3-bis-(2-methoxy-4-nitro-

5-sulfophenyl)-2H-tetrazolium-5-carboxanilide (XTT)-assay 

(n=6). Both assays were performed at 24 hours and 4 days 

after cell seeding.

Live/dead assay
Dyes for visualizing alive and dead cells were used for this 

assay. According to the kit protocol, 2 µM solutions of dyes 

were added to test wells and incubated for 30 minutes. To 

assess any potential cytotoxicity effects of the different 

cement, the Live/Dead assay (Life Technologies, Carlsbad, 

CA, USA) was performed on six groups with three groups 

serving as controls. The three control groups consisted of 1) 

nonbone cement scaffold (serving as the negative control), 

2) bone cement with no fillers (PMMA only) and 3) low-

viscosity radiopaque cement (as positive control). The three 

experimental groups were 1) bone cement scaffolds contain-

ing 10% w/w barium-coated HNTs, 2) barium sulfate pow-

der and 3) HNTs. Images taken were restricted to the outer 

edge of the scaffolds because of their opaqueness and were 

captured using an Olympus BX51 fluorescence microscope.

XTT assay
Cell proliferation was estimated using XTT assay (Sigma-

Aldrich, MO, USA). The XTT dye (2,3-bis[2-Methoxy-4-ni-

tro-5-sulfophenyl]-2-tetrazolium-5-carboxyanilide sodium 

salt) is reduced to an orange color dye by the dehydrogenase 

enzyme present in the mitochondria of living cells. Based 

on this principle, the assay was performed by following the 

protocol given by the manufacturer. Cells were assayed after 

day 1 and day 4 in culture. Photometric readings were taken 

after 4 hours of incubation in the XTT dye.

Statistical analysis
All the experiments were done in triplicate. Statistical 

analysis was carried out via one-way analysis of variance 

(ANOVA) tests, using MINITAB software v 16. p<0.05 was 

considered statistically significant. Data are expressed as 

mean ± standard deviation (SD).

Results
Coating HNTs
Metal acetylacetonates were used to create custom metal 

deposition on HNTs through a sintering process. A major 

change in color was achieved with PMMA

An SEM of uncoated HNTs (Figure 1A) and barium-

coated HNTs (Figure 1B) demonstrates that HNTs were 

coated with barium. Barium coatings typically covered most 

of the HNTs’ outer surface (Figure 1B). Energy dispersive 

spectroscopy (EDX) was run to analyze the composition of 

the barium-coated HNTs  compared with control samples 

(uncoated HNTs). A barium peak indicating the presence of 

barium on the HNT surface is shown in Figure 1C.

MRI
MRI was used to assess the amount of contrast achieved 

with PMMA doped with barium-coated HNTs compared 

with commercial grade PMMA bone cement (Figure 2). One 

millimeter point ROIs were calculated for each sample for 

contrast in Hounsfield units, and the ROIs from the samples 

were averaged with values expressed in Hounsfield units 

(Table 1).

The PMMA-only cement has very low contrast and 

visibility at 68 HU. According to the literature, HNTs can 

add strength to PMMA but provide little contrast when 

compared to commercial low- or high-viscosity cement. In 
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fact, 20 wt% HNTs added to the cement only increases the 

Hounsfield units to 164  compared to 68 for plain PMMA. 

 Barium-coated HNTs at 15 wt% are 1029 HU. The barium-

coated HNTs were 6.3 times the contrast level of the 

control HNTs. The barium-coated HNTs, at 15 wt%, were 

15.1 times the contrast level of plain PMMA. The 15 wt% 

barium-coated HNTs had ~70% of the contrast level of the 

commercial grade PMMA cement. Each 5 wt% increase 

in barium-coated HNTs resulted in a 300 HU increase in 

contrast. It should be noted that multiple layers of barium 

coatings could be applied to further enhance the contrast 

level, and this approach may achieve a commercial level 

of contrast.

Compression testing
Compression testing was done on 6 mm diameter PMMA 

cylinders (n=5) and consisted of control (PMMA-only), 

BA-mixed PMMA, HNTs/PMMA-only and BA-coated 

HNTs/PMMA groups following ASTM F-451 testing 

 standards. This was done with percent additives ranging 

from 5% to 15% HNTs as shown in Figure 3. PMMA 

cements that were devoid of any additives had peak 

compression strength of 57.07 MPa. The addition of BA 

and BA-coated HNTs to PMMA cement did not cause 

any significant change in the compression strength of the 

PMMA cements.

The addition of lower percent concentrations of HNTs 

decreased the strength significantly when compared to 

PMMA cement only. At 15% w/w of HNTs/PMMA, the 

strength was similar to that of regular PMMA.

Flexural testing
PMMA cement (with no additives) had a peak flexural 

strength of 81.3 MPa, while addition of BA and HNTs did 

not cause any significant change in flexural strength of the 

PMMA cement (Figure 4, α=0.05.). In contrast, there was 

a significant change in flexural strength with addition of 

HNTs coated with BA (α=0.05). The addition of 15% w/w 

of barium-coated HNTs reduced the flexural strength. There 

was no significant change in strength with 5%, 7.5% and 10% 

HNT addition to PMMA cement (Figure 4).

Figure 1 Analysis of barium-coated HNTs.
Notes: (A) SEM showing uncoated HNTs. (B) SEM showing a single barium-coated HNT, bars = 1 mm and 100 nm, respectively. (C) EDX of barium-coated HNTs. The 
particles had to be secured with carbon tape to prevent damage to the SEM. (Carbon peaks are derived from the carbon tape.)
Abbreviations: HNTs, Halloysite nanotubes; SEM, scanning electron microscopy.
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Live/dead cytotoxicity assay
Cells adhered and proliferated in all groups, but the cell 

density was more pronounced on scaffolds containing fillers. 

As seen in Figure 5, images taken after 24 hours in culture, 

live cells (green fluorescence) had broader cytoplasmic pro-

cesses on scaffolds containing barium-coated HNTs, barium 

sulfate, HNTs and low-viscosity cements. The addition of 

these filler materials may be modifying the surface morphol-

ogy of cements, favoring cell attachment and proliferation. 

A larger number of dead cells stained with red fluorescence 

were observed on the scaffolds containing HNTs  compared 

with other groups. Increased cell density was observed on the 

scaffolds on day 4 as shown in Figure 6. Cells were observed 

to be large and denser on disks with barium-coated HNTs 

and low-viscosity cements. Cells cultured on nonbone cement 

disks were smaller, and the cell density was less  compared 

with other groups.

Cell proliferation
Cell proliferation was estimated using XTT assay. Greater 

absorbance in the graph indicates larger number of viable 

cells. Disks were made with barium-coated HNTs, barium 

sulfate and HNTs at 10% w/w. Osteosarcoma cells were 

incubated on the disks and analyzed after 24 hours (labeled 

as day 1 on the graph) and after 4 days in culture. There was 

no significant difference among PMMA cement samples 

with addition of barium sulfate, HNTs and barium-coated 

HNTs with respect to cell proliferation on both days of the 

assay (Figure 7). A significant difference in cell viability was 

observed when control cells were compared with disks doped 

with barium-loaded HNTs (Figure 7).

Discussion
Barium sulfate is commonly used as a radiopacifying agent.29 

In this study, a method for making barium coatings on the 

surface of HNTs was created using BA.

Most metal acetylacetonates degrade completely at 

300°C, outgassing acetone and carbon dioxide and leaving 

behind positively charged metal ions. BA readily bonded to 

the negatively charged HNT outer surface allowing for a one-

step sintered coating. SEM and EDX analyses indicated that 

the BA coating created a strong shell-like layer with spheroid 

depositions as revealed in scanning electron micrographs.

The addition of barium and HNTs did not cause any signifi-

cant change in the flexural strength of PMMA cement. More-

over, there was no significant change in flexural strength with 

addition of BA-coated HNTs up to 10% w/w of PMMA. With 

15% w/w BA-coated HNTs, a significant reduction in flexural 

strength was observed. Compression testing data also showed 

no significant difference between the controls, BA-PMMA and 

BA-coated HNT/PMMA. This suggests that our method can 

provide enhanced contrast without loss of the enhanced mate-

rial strength. Wei et al24 also showed that gentamicin-doped 

HNTs added to PMMA could provide sustained gentamicin 

release without loss of material properties.17 In fact, gains in 

tensile strength and adhesion were observed. Similar observa-

tions for barium additives have been reported in other studies. 

Khandaker et al42 reported on the modes of fracture for PMMA 

and PMMA-containing barium sulfate ceramic microparticles. 

Barium sulfate addition did not affect the strength of PMMA, 

although the addition of barium sulfate ceramic microparticles 

Figure 3 Compression testing of PMMA bone cement cylinders containing barium 
only, HNTs only or a composite of barium and HNTs (5%–15%).
Notes: Standard errors were calculated for each group and are shown as error 
bars. n=5. *Represents groups with significant difference at α=0.05.
Abbreviations: PMMA, poly(methyl methacrylate); HNTs, Halloysite nanotubes; 
Ba HNTs, barium acetylacetonate-coated halloysite nanotubes.
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made the PMMA more brittle. Similar observations have also 

been made by Gillani et al,43 although fracture strength and 

Young’s modulus of PMMA and PMMA with barium sulfate 

were four to five times lower than those values reported in the 

study by Khandaker et al.42 The differences reported in material 

properties in these two studies may be due to the types of the 

mechanical tests used in these studies.

BA-coated HNTs were shown to be cytocompatible. The 

study by Khandaker et al42 also found no negative effect on 

cell viability after exposure to barium sulfate-doped PMMA. 

Barium sulfate-doped PMMA also produced less harmful 

exothermic reactions during solidification of PMMA and 

increased osteoblast adhesion.44 Wei et al24 also showed that 

gentamicin-doped HNTs reduced exothermic temperature 

during PMMA solidification after the addition of HNTs. 

Our long-term objective is to create a halloysite-based mul-

tifunctional platform that can provide a suite of properties, 

including sustained drug release, bioimaging capabilities 

Figure 5 Live/dead cytotoxicity assay (day 1 in culture).
Notes: This assay was performed on control and experimental substrates after 1 day in culture. (A) Control cells; (B) Ba-coated HNTs 10%; (C) barium 10%; (D) HNTs 
10%; (E) PMMA and (F) low-viscosity cement. Scale bar=100 mm. Insets show dead cells (red-orange fluorescence).
Abbreviations: HNTs, Halloysite nanotubes; PMMA, poly(methyl methacrylate).
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Figure 6 Live/dead cytotoxicity assay.
Notes: (A) Control cells; (B) Ba-coated HNTs 10%; (C) barium 10%; (D) HNTs 10%; (E) PMMA and (F) low-viscosity cement. Scale bar=100 mm. Insets show dead cells 
(red-orange fluorescence).
Abbreviations: HNTs, Halloysite nanotubes; PMMA, poly(methyl methacrylate).
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and enhanced material properties. BA-coated HNTs, when 

added to PMMA bone cement, offer the potential for lower 

cost nanotechnology-based additives, and the sintering 

process creates, even more, customization opportunities. 

Preliminary studies with other metal acetate complexes such 

as iron, copper and gold have been conducted and show much 

promise and offer the potential to create highly customized 

HNT/PMMA materials. There is also the opportunity to 

provide bioactive additives through drug-doped BA-coated 

HNTs, thus overcoming the structural deficits as seen in the 

traditional methods of adding antibiotics or other additives 

to PMMA.

Another application area is the 3D printing of customized 

implants. Weisman45 demonstrated that the powdered com-

ponent of commercial grade PMMA, including antibiotics 

and chemotherapeutics as additives, could be extruded at 

proper melt flow temperatures into a filament.31 The bioac-

tive filaments were then 3D printed into beads and disks, 

and the additives retained their effective antimicrobial or 

cytostatic properties despite the heat required in this method 

of fabrication. The lack of the liquid monomer traditionally 

used to catalyze a standard reaction to make PMMA bone 

cement is not needed, thus reducing its potential toxicity. 

PMMA powder with additives, including but not limited to, 

barium and antibiotics, can be fabricated into a 3D printing 

filament and antimicrobial implants. However, they would 

still need to be surgically removed at some point since they 

do not degrade, necessitating additional surgeries. As many 

bioplastics and absorbable polymers are degradable, their 

advantage over PMMA would be not requiring a secondary 

surgery at a later date, thus reducing the impact on patient 

health. 3D fabrication can also offer an additional surface 

area for enhanced drug elution, smoother surfaces that will 

not damage tissue or break off  compared with traditional 

hand-made antibiotic beads and the potential for combinato-

rial therapy.

Conclusion
Metal acetylacetonates were used to coat HNTs. SEM and 

EDX were used to verify whether HNTs were coated with 

BA. BA-coated HNTs improved radiopacity, strengthened 

native PMMA bone cement and were shown to be cyto-

compatible. The creation of barium-coated nanoparticles 

that provided improved contrast and material properties 

to PMMA offers the potential for enhanced imaging by 

radiologists or orthopedic surgeons. Further analysis of the 

BA-coated surface, however, is required to determine the 

evenness of BA-coating thickness, degree of surface adhe-

sion and coating durability.
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