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Abstract
Antibiotic-loaded poly (methyl methacrylate) bone cement (ALBC) is widely
used for anchoring joint replacements as a means of reducing the potential
for peri-prosthetic joint infection (primary cases) and treating a patient who
has an infected joint replacement (revision cases). One shortcoming of the
cement is the high maximum exothermic temperature experienced upon polymerization (Tmax), a phenomenon that, it has been postulated, may cause or
be implicated in thermal necrosis of peri-prosthetic tissues. There are many
reports in the literature on methods of reducing Tmax, with one such study
involving the addition of a phase change material (microencapsulated paraffin) (MEPAR) to the cement powder or adding a chain-stopping chemical
(1-dodecyl mercaptan) (DDM) to the liquid. In that report, the results of
gentamicin elution tests were presented. In the present work, those results
were used to calculate various indices of gentamicin elution kinetics, namely
1) diffusion coefficient (Dgent); and 2) values of the coefficients in four equations that are widely used to model antibiotic elution from ALBCs. We found
1) the difference in Dgent of either a MEPAR- or DDM-containing formulation, on the one hand, and that of the control cement, on the other, was not
significant; and 2) a consistent trend in the value of only one coefficient in
one of the four model equations, with this change suggesting insignificant
difference in gentamicin elution mechanism between an experimental cement
formulation and the control cement. The implications of these findings for
guiding selection of additives that simultaneously produce significant reduction
of Tmax but minimal effect on gentamicin elution kinetics are discussed. This
guide is a novel contribution to the literature.

Keywords
Poly (Methyl Methacrylate) Bone Cement, Gentamicin, Elution, Diffusion
Coefficient, Kinetics Models

DOI: 10.4236/wjet.2019.73031 Aug. 15, 2019

418

World Journal of Engineering and Technology

G. Lewis, L. Li

1. Introduction
For a total joint arthroplasty (TJA), its revision burden has been defined as the
ratio of the number revised because of peri-prosthetic joint infection (PJI) to the
total number of primary cases performed in a given period within a specific population [1]. The 2015 unweighted average burdens for total hip and knee arthroplasties between 6 arthroplasty registers are 0.97% and 1.03%, respectively [2]. In
other words, the incidence of PJI is low; however, its impact is devastating. In fact,
it is universally agreed that PJI is the most challenging complication of TJAs [3].
This is because of two reasons. First, a “gold standard” diagnostic test is lacking
[3]. Second, even when diagnosed, it is difficult to treat/manage to the point of
being intractable [3]. However, for patients who present with severe and persistent pain secondary to PJI diagnosis, the consensus is that the best treatment
modality is two-stage exchange revision arthroplasty, which is a very painful and
costly procedure (for example, in the United States, in 2010, annual hospital cost
incurred for treating PJI cases was estimated to be between ~$769 million and
~$802 million, with it projected to rise to ~$1 billion by 2020) [4]. Thus, methods that aim to prevent PJI are an integral part of TJA practice. Arguably, the
most widely used method is to anchor the joint replacement components in a
bed of antibiotic-loaded poly (methyl methacrylate) bone cement (ALBC) [5];
for example, each year, in the United States, over the period 2010-2015, ~80% of
total hip arthroplasties were cemented using an ALBC [6].
One of the shortcomings of the current generation of approved ALBC brands
is that, upon polymerization, a high amount of heat is produced, which, some have
postulated, may result in thermal necrosis of peri-prosthetic tissues [5]. Consequently, methods to reduce the maximum temperature reached during cement
polymerization (Tmax) have been the subject of many studies [7]-[12]. In one recent study, two experimental ALBC formulations were prepared, one in which a
phase change material (microencapsulated paraffin (MEPAR)) was added to the
cement powder and another in which a chain-stopping agent (1-dodecyl mercaptan (DDM)) was added to the cement liquid [12]. It was found that each of
these additives was effective in that Tmax was reduced by between 14% and 50%
(with MEPAR additive) and between 31% and 47% (with DDM additive) compared to the corresponding value for the control ALBC [12]. However, in the
study, although the cumulative gentamicin amount eluted obtained at different
points during the test were determined, these results were only used to calculate
CGE, which was defined as the cumulative mass of gentamicin eluted at the end
of the test period (28 days) normalized by the product of the volume of phosphate buffered saline (PBS) solution used in the test and the initial mass of the
test specimen [12].
The purpose of the present study was to determine more information about
the kinetics of elution of gentamicin from the two aforementioned experimental
ALBC formulations; specifically, 1) determine the diffusion coefficient (Dgent), 2)
determine the best-fit equation (from a collection of equations) for modeling the
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kinetics, and 3) use the results obtained in items 1) and 2) to provide guidelines
for the selection of Tmax-reducing agents. There are very few literature reports
that present diffusion coefficient for elution of an antibiotic from an ALBC and
there are no reports that utilize the combination of diffusion coefficient and
best-fit equations for antibiotic release to provide guidance on materials to be
added to the powder and/or liquid of an ALBC to influence cement properties.
Both of these aspects are covered in this present work, underscoring its novelty.

2. Materials and Methods
2.1. Materials
The control cement used was a commercially-available gentamicin-loaded ALBC
brand (Table 1). The additive to the cement powder was MEPAR (Microtek Laboratories, Moraine, OH, USA) and the additive to the cement liquid was DDM
(98% purity; Acros Organics, ThermoFisher Scientific, Pittsburgh, PA, USA)
(Table 2). Details of methods used to blend MEPAR with the cement powder
and to dissolve DDM in the cement liquid are given in the previous report [12].

2.2. Specimen Preparation and Elution Test
Details of the methods used to obtain a homogenous cement dough and prepare
the test specimens and the protocol used in performing the gentamicin elution
test are given in the previous report [12]. After each measuring time-point (t) (1,
2, 5, 7, 10, 14, 21, and 28 d), a chemical derivatization method and a configurable
microplate reader were used to determine the cumulative mass of gentamicin
Table 1. Composition of control cement brand [12].
Powder (40.0 g)

Liquid (15.7 mL)

Poly (methyl methacrylate) beads (g)

33.11

Methyl methacrylate (mL)

15.42

BaSO4 (g)

4.00

N,N-dimethyl-p-toluidine (mL)

0.27

Benzoyl peroxide (g)

1.20

Hydroquinone (ppm)

75

Gentamicin sulfate (g)

1.69

Table 2. Compositions of the cements in the study groups [12].
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Study group

Cement powder
(g)

MEPAR
(g)

Cement liquid
(mL)

DDM
(mL)

Powder-to-liquid ratio
(g∙mL−1)

Control

10.00

----

3.9

----

2.56

5MEPAR

8.00

0.42

3.3

----

2.55

15MEPAR

8.00

1.41

3.7

----

2.54

25MEPAR

8.00

2.67

4.2

----

2.54

1DDM

10.00

----

3.9

0.04

2.54

2DDM

10.00

----

3.8

0.08

2.58

3DDM

10.00

----

3.7

0.12

2.61
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eluted (in µg) after which it was normalized by the product of the volume of the
PBS solution used (3 mL) and the initial mass of the test specimen (321 ± 38 mg)
leading to a final result (in µg∙mL−1∙mg−1). For each cement group, 3 replicate
specimens were used for each value of t. Further details of this computation are
given in the previous report [12].

2.3. Calculation of Diffusion Coefficient
The applicable governing equation for the elution of gentamicin out of the test
specimen (for release ratio ≤ 0.8) was taken to be that for diffusion of a drug out
of a long, cylindrical specimen; thus, it is [13]:
1

3
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(1)

where Mt is the cumulative amount of released gentamicin at a given time-point,
M∞ is the equilibrium amount of released gentamicin (defined as the value of Mt
at which the Mt-versus-t plot flattened), Dgent is the gentamicin diffusion coefficient, t is time, l is the length of the test specimen (0.062 m), and a is the mean
radius of the specimen (0.00374 m). With the aid of a commercially-available
software package (Wolfram Mathematica, version 11; Citrix StoreFront, Citrix
Corp., Fort Lauderdale, FL, USA), the Mt/M∞-versus-t results and Equation (1)
were used to compute Dgent.

2.4. Model Equations
For each of the study groups, four kinetics equations that have been widely used
to gain insight into the mechanism(s) involved in the release of an antibiotic
from ALBC specimens were fitted to the Mt/M∞-versus-t results. These equations, in order, are those given by Korsmeyer et al. [14], Lindner and Lippold
[15], Frutos et al. [16], and Hesaraki et al. [17]; namely

M t M ∞ = k1t n1

(2)

M t M ∞ = b + k2 t n2

(3)

(

(4)

)

M t M ∞ =A + B 1 − e − n3t + Ct 0.5
Mt M
k3 1 − e
=
∞


−(t τ ) d




(5)

The physical meanings of the coefficients (k1, n1, b, k2, n2, A, B, n3, C, k3, τ and

d) in Equations (2)-(5) are given in Table 3, and their values were determined
using a nonlinear least squares method contained in a commercially-available
software package (OriginPro 8.6; OriginLab Corp, Northampton, MA, USA).
DOI: 10.4236/wjet.2019.73031

421

World Journal of Engineering and Technology

G. Lewis, L. Li

2.5. Statistical Analysis
The Dgent results are presented as mean ± population standard deviation and the
mean values are reported for the coefficients in the model equations. For Dgent
and each of the aforementioned coefficients, intergroup comparison was carried
out using the Kruskal-Wallis test, with Bonferroni correction (SAS Version 11.5;
SAS Institute, Inc., Cary, NC, USA). Significance was denoted when p < 0.05.

3. Results
The gentamicin elution test results are presented in Figure 1 [12]. The computed
Table 3. Physical meanings of coefficients in Equations (2)-(5).
Coefficient Physical meaning

k1; k2

Each is related to the characteristics of the macromolecular network of the cement
matrix and the gentamicin

n1; n2; C; d Each denotes that the mechanism of release of the gentamicin from the cement matrix
is a diffusion process

b; A

Each is a term that characterizes the initial burst of the gentamicin from the cement

B; n3

Each term is associated with a Noyes-Whitney dissolution process [18] of the
gentamicin within the cement matrix

k3

A term whose value is related to the initial loading of the gentamicin in the cement

τ

A time constant related to the mechanism of release of the gentamicin from the cement

Figure 1. Summary of the gentamicin elution test results [12].
DOI: 10.4236/wjet.2019.73031
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values for Dgent are given in Table 4 and the best-fit values of the coefficients in
the model equations in Equations (2)-(5) are given in Table 5, from which it is
seen that the fits were excellent (as an example, see Figure 2).
The difference between Dgent of an experimental cement formulation and that
of the control cement was not significant (p = 0.06). The difference in Dgent
among the experimental cement formulations was not significant (p = 0.109).
Only one coefficient in one of the model equations displayed a consistent trend
in going from the control cement to the experimental cement formulations; that
is, coefficient n2 in Equation (3). It was found that n2 of an experimental cement
formulation was greater than the corresponding value for the control cement but
not significantly so (p = 0.534). The difference in n2 among the experimental
cement formulations was not significant (p = 0.625).
Table 4. Summary of computed values of Dgent.
Group

Dgent (10−12 m2∙s−1)

Control

26.5 ± 7.6

5MEPAR

19.7 ± 5.7

15MEPAR

12.6 ± 4.4

25MEPAR

28.9 ± 5.2

1DDM

17.3 ± 2.1

2DDM

21.1 ± 7.7

3DDM

14.8 ± 1.9

Table 5. Summary of best-fit mean values of parameters: fits between release kinetics models and experimental results.
Equation (2)
Cement

k1

n1

Equation (3)

Adjusted

b

R2*

k2

n2

Equation (4)
Adjusted

A

R2*

B

C

Equation (5)
Adjusted

n3

R2*

k3

τ

d

Adjusted

R2*

Control

0.68 0.13

0.988

0.0066

0.68 0.16

0.985

0.0067

−0.64 0.25 1.21

0.989

2.04

1.333

0.29

0.998

5MEPAR

0.50 0.21

0.995

0.0008

0.50 0.21

0.994

0.0029

−0.59 0.25 1.32

0.993

4.23

1.77 × 104

0.28

0.995

15MEPAR

0.44 0.25

0.980

−0.0067

0.44 0.26

0.977

0.00027

0.10 1.37

0.993

3.26

1.73 × 104

0.48

0.996

25MEPAR

0.78 0.10

0.940

−0.0053

0.76 0.21

0.930

0.0033

−1.23 0.32 0.57

0.988

0.99

0.99

1.15

0.998

Equation (2)
Cement

k1

n1

1DDM

0.31

0.35

2DDM

0.40

3DDM

0.44

Adjusted

Equation (3)

b

k2

n2

0.949

0.02

1.41

0.29

0.22

0.989

0.006

0.49

0.21

0.964

-0.009

0.53

R2*

0.48

Equation (4)
Adjusted

Equation (5)
Adjusted

A

B

C

n3

0.945

0.0031

1.72

0.45

0.08

0.22

0.984

0.0057

0.01

0.18

0.21

0.958

0.0028

0.69

0.06

R2*

Adjusted

k3

τ

d

0.975

40.63

0

0.37

0.941

7.45

0.995

6.55

2.63 × 104

0.29

0.987

0.74

0.994

1.05

3.04

0.62

0.997

R2*

R2*

Adjusted R2 = coefficient of multiple determination, adjusted for the degrees of freedom of the equation. Control: no additive to powder or liquid;
5MEPAR: 5 wt./wt.% MEPAR in cement powder; 15MEPAR: 15 wt./wt.% MEPAR in cement powder; 25MEPAR: 25 wt./wt.% MEPAR in cement powder;
1DDM: 1 vol./vol.% DDM in cement liquid; 2DDM: 2 vol./vol.% DDM in cement liquid; 3DDM: 3 vol./vol.% DDM in cement liquid.

*
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Figure 2. Sample fit between experimental results and Equation (3): specimen E2 (specimen #2 in the
5MEPAR group; for compositional details of the group, see Table 2).

4. Discussion
Many TJAs are grouted in the contiguous bone in an ALBC bed as a way of reducing the likelihood of PJI, which is the most challenging complication of TRJs
(primary cases), or of treating a patient from whom an infected TJA has been
removed (2-stage revision cases) [3].
There is a sizeable body of literature on research into methods of addressing
one of the shortcomings of ALBCs, namely, high Tmax [7]-[12]. In one such
study, the relative influence of addition of a phase change material to the cement
powder or of a chain-stopping agent to the cement liquid was investigated [12].
As part of that study, Tmax and other cement properties were determined, among
which was cumulative amount of gentamicin eluted over the test period of 28
days. No other index of gentamicin elution kinetics was determined. The purpose of the present study was to determine some of these indices, specifically, the
coefficient for the diffusion of gentamicin (Dgent) and values of coefficients in
four equations that have been postulated to be relevant to modeling the kinetics
of elution of an antibiotic from an ALBC.
The literature on diffusion coefficient for elution of an antibiotic from ALBCs
is very sparse, with the only reports being those by Shen et al. [19], Salehi et al.
[20], and Shen et al. [21]. The values, computed by Shen et al. for gentamicin
eluting from an approved brand (SmartSet GHV) and an experimental formulation (Simplex P (an approved plain brand) to which 3.4 wt./wt.% gentamicin was
DOI: 10.4236/wjet.2019.73031
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mixed with the cement powder) were 4.9 × 10−15 m2∙s−1 and 1.2 × 10−15 m2∙s−1,
respectively [19] [21]. These values are not on the same order as the present Dgent
result for the control cement, which may be a consequence of a difference in the
method of computation used. Salehi et al. [20] determined the diffusion coefficient of daptomycin (Ddapt) from an experimental cement formulation (1.36 g of
daptomycin per 40 g of cement powder) to be (37.50 ± 2.10) × 10−12 m2∙s−1.
While the present value of Dgent for the control cement ((26.5 ± 7.6) × 10−12) is
comparable to Ddapt, a difference in antibiotic incorporation method (that is,
method used to mix/blend the antibiotic into the control cement powder) in the
two studies should be noted; namely, proprietary (in the present study) and via a
manual mixing device (in the study by Salehi et al. [20]). Various curing and
cured properties of a commercially-available gentamicin-loaded bone cement
(1.69 g of gentamicin per 40 g of cement powder; proprietary antibiotic incorporation method group (Cement A)) and two experimental formulations, each
with the same powder as in Cement A but gentamicin incorporation method
being mixing in an open bowl (Cement B) or mixing in a cement powder mixer
(Cement C) have been reported [22]. It was found that while the difference in
gentamicin elution rates (into PBS, at 37˚C) between Cement A and Cement B
specimens was not significant, elution rate from Cement C specimens was significant higher than from either Cement A or Cement B specimens [22]. These
results point to the likelihood that antibiotic incorporation method would exert
a significant influence on Dgent.
Lack of significant difference in both Dgent and n2 between experimental cement formulations, on the one hand, and the control cement, on the other, suggests that there is no significant difference in gentamicin elution mechanism
between these two groups [5] [23]. In other words, addition of either MEPAR or
DDM to the control cement powder and liquid, respectively, does not interfere
with or alter the gentamicin elution mechanism of the control cement [5] [23]. It
is worth noting that for both control cement and experimental cement formulations, n2 < 0.5, consistent with the postulate of Fickian diffusion of gentamicin
through pores in the matrix of the cement [24]. Thus, among the possible gentamicin elution mechanisms are diffusion of the gentamicin through the solid
part of the cement matrix or through channels of cracks and voids in the cement
matrix [5] [23]. Furthermore, lack of significant difference in n2 between experimental cement formulations, on the one hand, and the control cement, on the
other, indicates similarity in porosity among the specimens from these two
groups.
Taken together, the trends in the Dgent and n2 provide a guide with regard to
selection of additives to incorporate in an ALBC from the perspective of reducing Tmax without simultaneously affecting the kinetics of diffusion of the antibiotic. An appropriate additive is one that does not significantly affect the porosity
of the cement specimen.
We recognize two limitations of our study. First, the gentamicin elution tests
DOI: 10.4236/wjet.2019.73031
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were conducted in a medium (1X PBS solution, at 37˚C) whose ionic composition is similar to that of synovial fluid (the medium to which a joint and a TJR is
exposed in vivo) but differs from it in terms of other constituents, such as proteins and cells and, additionally, the test conditions do not account for key in
vivo features, such as the response of the host [25]. Second, the study was only
on one approved ALBC brand, and, as such, generality of the applicability of the
results to other approved ALBC brands cannot be claimed.

5. Conclusions
Based on the results obtained on one gentamicin-loaded PMMA bone cement
brand, we conclude that:
• Addition of either a phase change material to the cement powder or a
chain-stopping chemical to the cement liquid does not have a significant influence on the coefficient of diffusion of the gentamicin.
• A consistent trend was found in one coefficient in one of the four gentamicin
elution kinetics equations tested for fit to the experimental elution test results, with this trend suggesting that 1) gentamicin elution mechanism in the
control cement is not different from that in an experimental cement formulation and 2) the experimental cement formulation and control cement specimens have similarity porosity.
• Taken together, the present results provide guidance in selecting an additive
to an ALBC that will simultaneously significantly reduce Tmax but have an insignificant influence on antibiotic elution kinetics.

Acknowledgements
The authors thank Jiyang Chen (Department of Physics and Materials Science,
The University of Memphis) and Liang Zhang (Department of Electrical Engineering and Computer Engineering, The University of Memphis) for their contribution to the computation of the diffusion coefficient. We also thank Bentham
Science Publishers for permission to use Table 1, Table 2, and Figure 1, which
were reproduced from the article by McKee et al. (2018).

Conflicts of Interest
The authors declare no conflicts of interest regarding the publication of this paper.

References

DOI: 10.4236/wjet.2019.73031

[1]

Malchau, H., Herberts, P., Eisler,T., Garrellick, G. and Soderman, P. (2002) The
Swedish Total Hip Register. Journal of Bone and Joint Surgery American, 84, 2-20.
https://doi.org/10.2106/00004623-200200002-00002

[2]

Springer, B.D., Cahue, S., Etkin, C.D., Lewallen, D.G. and McGory, B.J. (2017) Infection Burden in Total Hip and Knee Arthroplasties: An International Registry-Based Perspective. Arthroplasty Today, 3, 137-140.
https://doi.org/10.1016/j.artd.2017.05.003
426

World Journal of Engineering and Technology

G. Lewis, L. Li
[3]

Kuhn, K.-D. (2018) Management of Periprosthetic Joint Infection. Springer-Verlag
GmbH, Berlin. https://doi.org/10.1007/978-3-662-54469-3

[4]

Kurtz, S.M., Lau, E., Watson, H., Schmier, J.K. and Parvizi, J. (2012) Economic Burden of Periprosthetic Joint Infection in the United States. Journal of Arthroplasty, 27,
61-65.e1. https://doi.org/10.1016/j.arth.2012.02.022

[5]

Lewis, G. (2009) Properties of Antibiotic-Loaded Acrylic Bone Cements for Use in
Cemented Arthroplasties: A State-of-the Art Review. Journal of Biomedical Materials Research Part B: Applied Biomaterials, 89, 558-574.
https://doi.org/10.1002/jbm.b.31220

[6]

Daines, B.K., Dennis, D.A. and Amann, S. (2015) Infection Prevention in Total Knee
Arthroplasty. Journal of the American Academy of Orthopaedic Surgeons, 23, 356-364.
https://doi.org/10.5435/JAAOS-D-12-00170

[7]

Ormsby, R., Modreanu, M., Mitchell, C. and Dunne, N. (2014) Carboxyl Functionalized MWCNT/Polymethyl Methacrylate Bone Cement for Orthopaedic Applications. Journal of Biomaterials Applications, 29, 209-221.
https://doi.org/10.1177/0885328214521252

[8]

Khandaker, M. and Meng, Z. (2015) The Effect of Nanoparticle and Alternative
Monomer on the Exothermic Temperature of PMMA Bone Cement. Procedia Engineering, 105, 946-952. https://doi.org/10.1016/j.proeng.2015.05.120

[9]

Paz, E., Forriol, F., del Real, J.C. and Dunne, N. (2017) Graphene Oxide Versus
Graphene for Optimization of PMMA Bone Cement for Orthopaedic Applications.
Materials Science & Engineering C, 77, 1003-1011.
https://doi.org/10.1016/j.msec.2017.03.269

[10] Liu, C.-W. and Chou, W.-H. (2017) Influence of Bone Cement Mixing Mechanisms
on Orthopaedic Surgery under Various Conditions and Parameters. Journal of Biomaterials and Tissue Engineering, 7, 863-867.
https://doi.org/10.1166/jbt.2017.1639
[11] Zhai, Q., Han, F., He, Z., Shi, C., Zhou, P., Zhu, C., et al. (2018) The “Magnesium
Sacrifice” Strategy Enables PMMA Bone Cement Partial Biodegradability and Osseointegration Potential. International Journal of Molecular Science, 19, 1746.
https://doi.org/10.3390/ijms19061746
[12] McKee, R., Harris, M.A., Hadley, J., Zhang, J. and Lewis, G. (2018) Comparative Influence of Two Compositional Modifications on Maximum Exotherm Temperature
and Other Properties of an Antibiotic-Loaded PMMA Bone Cement. Current Applied Polymer Science, 2, 76-88.
https://doi.org/10.2174/2452271602666180727112518
[13] Ritger, P.L. and Peppas, N. (1987) A Simple Equation for Description of Solute Release I. Fickian and Non-Fickian Release from Non-Swellable Devices in the Form
of Slabs, Spheres, Cylinders or Discs. Journal of Controlled Release, 5, 23-36.
https://doi.org/10.1016/0168-3659(87)90034-4
[14] Korsmeyer, R.W., Gurny, R., Doelke, R.E., Buri, P. and Peppas, N.A. (1983) Mechanisms of Solute Release from Porous Hydrophilic Polymers. International Journal of
Pharmacy, 15, 25-35. https://doi.org/10.1016/0378-5173(83)90064-9
[15] Lindner, W.D. and Lippold, B.C. (1995) Drug Release from Hydrocolloid Embedding with High or Low Susceptibility to Hydrodynamic Stress. Pharmaceutical Research, 12, 1781-1785. https://doi.org/10.1023/A:1016238427313
[16] Frutos, P., Diez-Pena, E., Frutos, G. and Barrales-Rienda, J.M. (2002) Release of Gentamicin Sulphate from a Modified Commercial Bone Cement. Effect of (2-Hydroxyethyl
Methacrylate) Comonomer and Poly (N-Vinyl-2-Pyrrolidone) Additive on Release
DOI: 10.4236/wjet.2019.73031

427

World Journal of Engineering and Technology

G. Lewis, L. Li
Mechanism and Kinetics. Biomaterials, 23, 3787-3797.
https://doi.org/10.1016/S0142-9612(02)00028-5
[17] Hesaraki, S., Moztarzadeh, F., Nemati, R. and Nezafati, N. (2009) Preparation and
Characterization of Calcium Sulfate-Biomimetic Apatite Nanocomposites for Controlled Release of Antibiotics. Journal of Biomedical Materials Research Part B: Applied Biomaterials, 91B, 651-661. https://doi.org/10.1002/jbm.b.31441
[18] Noyes, A.A. and Whitney, W.R. (1897) The Rate of Solution of Solid Substances in
Their Own Solutions. Journal of the American Chemical Society, 19, 930-934.
https://doi.org/10.1021/ja02086a003
[19] Shen, S.-C., Ng, W.K., Shi, Z., Chia, L., Neoh, K.G. and Tan, R.B.H. (2011) Mesoporous Silica Nanoparticle Functionalized Poly (Methyl Methacrylate)-Based Bone
Cement for Effective Antibiotics Delivery. Journal of Materials Science: Materials in
Medicine, 22, 2283-2292. https://doi.org/10.1007/s10856-011-4397-1
[20] Salehi, A., Cox-Parker, A., Lewis, G., Courtney, H.S. and Haggard, W.O. (2013) A
Daptomycin-Xylitol-Loaded Polymethylmethacrylate Bone Cement: How Much Xylitol Should Be Used? Clinical Orthopaedics and Related Research, 471, 3149-3157.
https://doi.org/10.1007/s11999-013-2939-1
[21] Shen, S.-C., Ng, W.K., Dong, Y.-C., Ng, J. and Tan, R.B.H. (2016) Nanostructured
Material Formulated Acrylic Bone Cements with Enhanced Drug Release. Materials
Science & Engineering: C, 58, 233-241. https://doi.org/10.1016/j.msec.2015.08.011
[22] Lewis, G., Janna, S. and Bhattaram, A. (2005) Influence of the Method of Blending
an Antibiotic Powder with an Acrylic Bone Cement Powder on the Physical, Mechanical, and Thermal Properties of the Cured Cement. Biomaterials, 26, 4317-4325.
https://doi.org/10.1016/j.biomaterials.2004.11.003
[23] Anagnostakos, K. and Kelm, J. (2009) Enhancement of Antibiotic Elution from
Acrylic Bone Cement. Journal of Biomedical Materials Research Part B: Applied
Biomaterials, 90, 467-475. https://doi.org/10.1002/jbm.b.31281
[24] Siepmann, J. and Peppas, N.A. (2001) Modeling of Drug Release from Delivery Systems Based on Hydroxypropyl Methylcellulose (HPMC). Advances in Drug Delivery Reviews, 48, 139-157. https://doi.org/10.1016/S0169-409X(01)00112-0
[25] Lee, S.-H., Tai, C.-L., Chen, S.-Y., Chang, C.-H., Chang, Y.-H. and Hsieh, P.-H.
(2016) Elution and Mechanical Strength of Vancomycin-Loaded Bone Cement: In
Vitro Study of the Influence of Brand Combination. PLoS ONE, 11, e0166545.
https://doi.org/10.1371/journal.pone.0166545

DOI: 10.4236/wjet.2019.73031

428

World Journal of Engineering and Technology

