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Abstract

Antibiotic-loaded poly (methyl methacrylate) bone cements (ALPBCs) are widely used as an agent
to decrease the occurrence of periprosthetic joint infection (PJI). Most often, the antibiotic used in
an ALPBC is gentamicin, tobramycin, or vancomycin. In many recent clinical studies, it has been
reported that the pathogens that commonly present in PIJ are becoming resistant to these antibio-
tics. As such, a new generation of antibiotics is emerging, among which is daptomycin. Literature
reports with a clinically relevant medium-dose daptomycin-loaded cement show that the dapto-
mycin release rate from cylindrical specimens is low. Incorporation of a poragen, such as dextrose,
glycine, or particulate xylitol, into the cement powder has been shown to be an effective way to
increase daptomycin release rate. There are, however, no studies on modeling of daptomycin re-
lease from specimens of either a daptomycin-loaded cement or a daptomycin-poragen-loaded ce-
ment. In the present work, we determine the profiles of daptomycin release from cylindrical me-
dium-dose daptomycin-xylitol-loaded cement specimens, as a function of the particulate xylitol
loading. We used these results and relationships that have been shown to model antibiotic release
from ALPBC specimens to obtain the best-fit relationship for the present cements. Through this
approach, we demonstrated that, regardless of the xylitol loading, the daptomycin release profile
is a mixture of initial burst followed by a slow Fickian diffusion.
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1. Introduction

Although there is no consensus on the incidence of periprosthetic joint infection (PJI) in total joint replacements,
with values ranging from <1% for primary cases [1] to >40% for revisions [2], it is universally acknowledged
that PJI is a major, if not intractable, problem. Specifically, PJI is a very serious complication for the patient
(necessitating revisions, in some cases [3] [4]) and for the healthcare system (for example, in 2009, in the United
States, the cost of surgical treatment of an infected arthroplasty ranged from ~$94,000 to ~$144,000 [5] [6]). To
reduce the likelihood of PJI, antibiotic-loaded poly (methyl methacrylate) (PMMA) bone cements (ALPBCs) are
widely used as a prophylaxis agent in primary cases or a treatment option in certain types of revision cases, such
as second-stage reconstructions [7] [8]. For the former cases, there are a large number of approved low-dose
commercially-available brands of these cements [7] [8]. A low-dose is defined as antibiotic loading of 1 g of an-
tibiotic mixed with 40 g of dry cement powder [7]. For applicable implant revision cases, medium-dose ALPBC
formulations are prepared by the attending orthopaedic surgeon or a designated member of the surgical team [9].
A medium-dose is herein defined as antibiotic loading of between 1 g and 4 g of antibiotic per 40 g of dry ce-
ment powder. In either type of case, it is very common that the antibiotic mixed with the cement powder is gen-
tamicin, tobramycin, vancomycin, or some combination of these [7] [8]. Clinical studies are indicating that the
pathogens that commonly present with PJI, such as methicillin-resistant Staphylococcus aureus and Staphylo-
coccus epidermidis, are developing resistance to these antibiotics [10] [11]. As such, a new generation of antibi-
otics is emerging, among which are ceftobiprole, dalbavancin, daptomycin, telavancin, and tigecycline [12]-[19].
Of these, only daptomycin has been incorporated in a PMMA bone cement and reported in some in vitro studies
[20]-[25] and only daptomycin and telavancin have been used in PJI treatment [18] [19].

Results of the few studies on the release of daptomycin from cylindrical specimens of medium-dose dapto-
mycin-loaded PMMA bone cement show that 1) it is characterized by an initial burst of the antibiotic within 24
h, followed by low amount of sustained elution; and 2) the released daptomycin is effective against S. aureus [21]
[25]. There are a plethora of methods to increase the rate of an antibiotic from ALPBC specimens, such as in-
corporation of a poragen (for example, particulate xylitol and glycine) in the cement powder, low-level ultrsoni-
cation, and mechanical mixing [26]-[32]. The literature on enhancement of release of daptomycin from dapto-
mycin-loaded PMMA bone cement specimens is limited, with the only method used being incorporation of par-
ticulate xylitol in the cement powder [24] [25] [33]. It has also been shown that daptomycin released from cy-
lindrical daptomycin-particulate xylitol-PMMA bone cement specimens is effective against S. aureus [25]. Thus,
the daptomycin-particulate xylitol-PMMA bone cement system is clinically relevant. While studies on modeling
of the release of gentamicin, tobramycin, and vancomycin from ALPBC cylinders abound [26] [34] [35], there
are none on the daptomycin-particulate xylitol-PMMA bone cement system. The purpose of the present study
was to propose an applicable daptomycin release mechanism for this system.

2. Materials and Methods
2.1. Materials

The materials used were a commercially-available brand of a high-viscosity PMMA bone cement (Orthoset®1
Radiopaque Bone Cement; Wright Medical Technology, Arlington, TN, USA), daptomycin (Cubicin®; Cubist
Pharmaceuticals, Lexington, MA, USA), and particulate xylitol (XyloSweet®; XLEAR, Orem, UT, USA). The
daptomycin loading used (3.3 wt/wt%; equivalent to 1.36 g per 40 g of dry cement powder) was determined
from our previous work on daptomycin-loaded Orthoset®1,based on a balance between three cement properties,
namely, daptomycin release rate, an index of inhibition of the daptomycin eluate against S. aureus, and fatigue
limit [21].

2.2. Study Design

The study design comprised four parts: 1) fabrication of four groups of specimens, one not loaded with the xyli-
tol (XYL-00 group) and three having different amounts of xylitol per 40 g of dry cement powder; namely, 0.7 ¢
(XYL-07 group), 1.4 g (XYL-14 group), and 2.7 g (XYL-27 group), corresponding to xylitol loadings of 1.66,
3.27, and 6.13 wt/wt%, respectively. The range of xylitol loading used was the same as that in our previous
study in which we computed what we designated an “appropriate xylitol loading” being the loading that yields a
cement that has an optimal combination of the seven properties we determined, namely, daptomycin release rate;
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an index of inhibition of the daptomycin eluate against S. aureus; coefficient of diffusion of egress of daptomy-
cin; coefficient of diffusion of ingress of 1X phosphate buffered saline (PBS) solution, at 37°C; polymerization
rate, at 37°C; fracture toughness; and fatigue limit [25]; 2) for each group, determination of the daptomycin re-
lease profile (amount of released daptomycin-versus-length of time of specimen in 1X PBS solution, at 37°C); 3)
for each group, determination of the morphology of the specimens at the end of the daptomycin release studies;
and 4) for each group, determination of the applicable daptomycin release mechanism by fitting four antibiotic
elution kinetics models to the release profile.

2.3. Specimen Fabrication

The protocols used in the preparing the cement specimens were the same as presented in our previous work [25].
In essence, 1) the cement powder, daptomycin, and xylitol were mixed using a commercially-available cement
powder mixer (OmoMix®; Tecres SpA, Verona, Italy) and then the mixture was vacuum-mixed with the liquid
monomer of the cement (18.37 mL); 2) the resulting cement dough was injected into a silicone mold that has
four cells, with each cell having internal configuration and dimensions of a solid cylindrical dog-bone, whose
dimensions conformed to those stipulated in ASTM F2118 [36]; and 3) after curing in the mold, in ambient labo-
ratory air, for 20 minutes, the specimens (Figure 1) were removed, lightly sanded, and then inspected for flaws.
Protocols for inspecting the fabricated specimens, selecting acceptable specimens, and conditioning the accepta-
ble specimens prior to the daptomycin release testing, were the same as described in our previous work [21]
[25].

2.4. Determination of Cement Properties

For each study group, from among the 78% - 89% of the specimens found acceptable, three were selected at ran-
dom for the daptomycin release tests. Each specimen was weighed using an analytic balance (Model A-160; Fi-
sher Scientific, Inc., Fairlawn, NJ, USA) and then placed in a 15-mL centrifuge tube containing 10 mL 1X PBS.
The tube was then placed in an incubator at 37°C. At time points (t) of 1, 2, 5, 7, 10, 14, 21, and 28 days, the
tube was shaken and four 1-mL aliquots were taken, placed in microcentrifuge tubes, and frozen (at —80°C) until
testing. At each time point, the remaining PBS was discarded and a fresh 10 mL 1X PBS was added. The eluate
volume was chosen such that low concentrations could still be measured through day 28, while allowing the test
specimen to be completely submerged. Theamount of daptomycin in each aliquot was measured using a protocol
given by Richelsoph et al. [37] and high-performance liquid chromatography (Varian Prostar; Varian, Inc., Palo
Alto, CA, USA), at 530 nm. The daptomycin release amount was calculated as the mass of daptomycin in the
eluate divided by the product of the mass of the test specimen and the volume of 1X PBS used [21] [25]. The
release results were presented as current daptomycin release amount versus t and cumulative daptomycin release
amount (M) versus t.

2.5. Morphology Determination

After the daptomycin release tests, test discs (nominal diameter and thickness = 5.0 mm and 3.0 mm, respectively)
were cut from the test specimens (three per group). The morphology of each disc was observed using an environ-
mental scanning electron microscope (Model XL30; Philips, Eindhoven, Netherlands), at an accelerating voltage
of 15 kV and a magnification of 200.
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Figure 1. Dimensioned drawing of the test specimen.
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2.6. Modeling Equations

For each of the study groups, four kinetics equations that have been widely used to gain insight into the me-
chanism(s) involved in the release of an antibiotic from ALPBC specimens were fitted to the M, results. These
equations, in order, are those given by Korsmeyer et al. [38], Lindner and Lippold [39], Frutos et al. [35], and
Hesaraki et al. [40]; namely

Ml/Moo = ltln (1)
M, /M, =b+k,t] )
M/M, =A+B(1-e")+Ct* ®3)
M, /M., =k [1-e ] )

The definitions of the coefficients (ki, ny, b, ky, Ny, A, B, ns, C, ks, 7, and d) in Equations (1)-(4) are given in
Table 1, and their values were determined using a nonlinear least squares method contained in a commercially-
available software package (Origin Pro 8.6; Origin Lab Corp, Northampton, MA, USA).

3. Results

Following daptomycin release, the morphology of the cement specimens may be described as porous (Figure 2).

Although each of the release kinetics models provided a very good fit to the experimental M-versus-t results
(that is, in each case, adjusted R* > 0.96—see Table 2), Equations (1) and (4) suffer from the fact that neither
contains a term that could be associated with initial burst of the daptomycin (a phenomenon that is in clear dis-
play—see Figure 3(a) and Figure 3(b)). With respect to Equation (3), the best-fit value of the release time ex-
ponent (ns) has exactly the same value for all the study groups, suggesting that the elution mechanism is a con-
stant rate of release. This, clearly, is not the case. Thus, we are left with Equation (2). We note one similarity and
three differences in the best-fit values of the constants in Equation (2) when the xylitol-containing cements (ta-
ken as a group) are compared to the cement that did not contain xylitol. The similarity is that, for each cement,
the best-fit value of n, is< 0.5. The three differences are that there is a very substantial increase (mean of
~1025%) in the best-fit value of b, a marked decrease (mean of ~50%) in the best-fit value of k,, and a very
large increase (mean of ~94%) in the best-fit value of n,. The consequences of these differences are seen in an
improvement in the daptomycin release profile in cements that contained xylitol compared to the one that did
not; specifically, the time taken for the daptomycin release to be completed was ~18 days when the xylitol load-
ing was zero but almost doubled (to ~35 days) when the loading was 1.66 wt/wt% or higher (Figure 3(a)).

4. Discussion

Antibiotic-loaded PMMA bone cements are widely used in the treatment of PJI [7] [8]. Typically, gentamicin,
tobramycin, or vancomycin is the antibiotic used in these cements [7] [8]. The pathogens that are commonly
found in PJI cases are becoming increasing resistant to these antibiotics [10] [11]; as such, various newer anti-
biotics are now becoming available, examples being daptomycin and telavancin [12] [14] [15] [18] [19]. The li-
terature on the use of daptomycin to treat PJI [18] and on in vitro studies of daptomycin-loaded PMMA bone

Table 1. Definitions of constants in Equations (1)-(4).

Constant Definition
ki; ko Each constant is related to the characteristics of the macromolecular network of the cement matrix and the daptomycin

ng; ny; C; d An exponent that denotes that the mechanism of release of the daptomycin from the cement matrix is a diffusion process

b; A Each is a term that characterizes the initial burst of the daptomycin from the cement

B; n; Each term is associated with a Noyes-Whitney dissolution process [41] of the daptomycin within the cement matrix
ks A term whose value is related to the initial loading of the daptomycin in the cement
T A time constant related to the mechanism of release of the daptomycin from the cement
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Table 2. Results of the

daptomycin elution kinetics model curve fitting: mean alues of coefficients.

Cement Mean values of coefficients Adj R*
Equation (1)
XYL-00 ky = 0.4672; n, =0.05133 0.9989
XYL-07 ky = 0.2257; n, =0.10025 0.9691
XYL-14 ky = 0.2773; n, = 0.08630 0.9953
XYL-27 ky = 0.2225; n, = 0.10056 0.9809
Equation (2)
XYL-00 k,=0.4672; n,=0.05133; b=0.62x10"* 0.9988
XYL-07 k,=0.2253; n,=0.10034; b=7.87x10"* 0.9678
XYL-14 k,=0.2770; n,=0.08634; b=4.18x10* 0.9951
XYL-27 ko =0.2220; n,=0.10067; b=8.87x10* 0.9801
Equation (3)
XYL-00 A=364x107; B=0.8184;,C=122x10"% nz=1 0.9988
XYL-07 A=254x10"; B=0.6660;C=222x10"% nz=1 0.9704
XYL-14 A=383x10"; B=0.7061;C=195%x10"% nz=1 0.9970
XYL-27 A=253x10" B=0.6579;C=221x10"% ny=1 0.9844
Equation (4)
XYL-00 ks =2.663; 7=3.75x 10"; d=0.06379 0.9988
XYL-07 ks =4.131; 7=253x10"; d=0.11260 0.9676
XYL-14 ks =3.635; 7=2.72x10"; d=0.09905 0.9950
XYL-27 ks =4.090; 7=2.44x10"; d=0.11290 0.9798

*Coefficient of multiple determination, adjusted/corrected for the degrees of freedom of the equation.
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Figure 2. Morphology of a representative cement specimen, following release
of daptomycin. Note the white specks (mostly, BaSO, particles) layered on the
underlying porous regions (dark elongated ridges).

)



A. Salehi et al.

140 —
¢ XYL-07
120 | X7
B u XYL-27
;D'n i
,'% 100
T—: 80
_O
E
5 60 |-
8
=
5 40 [ E
g 3
6]
20 L .'-._“‘.
0 Lo "_a:i‘s;';-;-_ﬂzgz-_-g._..___“___i___:_ . l
0 5 10 15 2 " "
Time i PBS soltion (d)
(@)
200
- * XYL-00
180 \ . | oxan
e U T AXYL-14
i " XYL27
% 140 I I : T
é o ;- : ry ry
o
= 100 S i
§ ............... L i
g 80 . .
E il ¥ e sy SN % ------ % -------- . »
,%5 H
E 40
O
20
U : ' ' L 1
0 5 10 15 20 I “
Time in PBS solution (d)
(b)

Figure 3. The daptomycin release profiles in current amount (a) and cumulative
amount (b). Study sets were: no xylitol (XYL-00), 0.7 wt/wt% xylitol (XYL-07),
1.4 wt/wt% xylitol (XYL-14), and 2.7 wt/wt% xylitol (XYL-27).

cement is very limited [20]-[25]. Onlya few in vitro studies have been reported on the increase of the rate of re-
lease of daptomycin from PMMA bone cement specimens, this being achieved by mixing a poragen (particulate
xylitol) with the cement powder [24] [25]. There are no reports on modeling of daptomycin release from dapto-
mycin-loaded PMMA bone cement specimens. In the present study, our purpose was to perform this modeling in
the case of daptomycin-xylitol-loaded PMMA bone cement cylinders, as a function of the xylitol loading.

In the literature, there is no consensus regarding the release mechanism(s) of an antibiotic from an ALPBC
specimen, with some proposed ones being a pure surface phenomenon, diffusion of the antibiotic through the
solid part of the cement matrix, and diffusion of the antibiotic through the channels of cracks and voids in the
cement matrix [42] [43]. In support of these proposals, a number of antibiotic release kinetics models have been
presented in the literature [35] [38]-[40] [44], a small sample of which was tested in the present work. Our re-
sults led us to postulate that the release of daptomycin from cylindrical specimens of either a daptomycin-loaded
cement or a daptomycin-xylitol-loaded cement involves 1) initial burst of the daptomycin from either the surface
or a zone close to the surface of the specimen and 2) Fickian diffusion of the daptomycin through pores in the
specimen matrix. The latter part of this postulate is based on the fact that, for each cement, n, < 0.5 [44].

We suggest that the very large increase in the best-fit value of n, for a cement that contained xylitol (com-
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pared to the value for the cement that did not contain xylitol) reflects an increase in porosity of the former ce-
ment specimen that is caused by the xylitol addition. This phenomenon, in conjunction with the marked decrease
in the best-fit value of kj, accounts for the increased daptomycin release rate from the daptomycin-xylitol-loaded
cement specimens.

To the best of our knowledge, only Nugent et al. [27] have reported on the influence of xylitol on antibiotic
release from ALPBC cylindrical specimens; thus, it is germane to compare and contrast our study to theirs. Nu-
gent et al. used Surgical Simplex®P cement (a medium-viscosity cement [45]), tobramycin, amounts of xylitol
that ranged from 0 to 16 g per 1 g of tobramycin and 40 g of dry cement powder; hand mixed the final powder
mixture with the cement liquid; determined the amount of tobramycin released as functions of the xylitol load-
ing and the time of immersion of the specimens in 1X PBS, at 37°C (T; 0 < T < 30 d); but did not provide any
information on modeling of tobramycin release. In the present study, we used Orthoset®1 (a high-viscosity brand
[45]), daptomycin, amounts of xylitol that ranged from 0 to 2.7 g per 1.36 g of daptomycin and 40 g of dry ce-
ment powder; vacuum mixed the final powder mixture with the cement liquid; determined the amount of dap-
tomycin released as a function of T (0 < T < 28 d); and modeled the daptomycin release. In both studies, at a
comparable range of xylitol loading, the antibiotic release rate increased with increase in xylitol loading.

Our study has a number of limitations. First, we used a poragen (particulate xylitol) for which there are no
reports on its use as a constituent of an orthopaedic material. However, there are reports of xylitol enhancing
daptomycin release from PMMA pellets in a preclinical rabbit model of chronic, postsurgical osteomyelitis [33]
and beneficial effects of dietary xylitol against weakening of bone in aged animal models [46]. Thus, the expec-
tation is that it will be safe to use xylitol-containing ALPBCs as a prophylaxis agent against PJI. Second, in the
interest of time and to keep the study cost reasonable, we used only one cement brand, but we do not expect ce-
ment brand to greatly affect the trends found in the present work. Third, we recognize that in vivo, there are pa-
rameters, such as blood clot and protein adsorption, that are important vis a vis the diffusion of an antibiotic
from ALPBCs. However, the solution used in the present daptomycin release determination protocol (hamely,
1X PBS, at 37°C) is both well-established and appropriate [27] [34] [47]. We submit, therefore, that none of
these limitations undermines the validity of our study findings.

5. Conclusion

We conclude that 1) release of daptomycin from cylindrical daptomycin-loaded PMMA bone cement specimens
may be modeled by an expression that accounts for initial burst of the antibiotic followed by its slow and low
release controlled by Fickian diffusion; and 2) this mechanism is unchanged when xylitol is blended with the
daptomycin and the dry cement powder (over the range of 0.7 - 2.7 g xylitol per 1.36 g daptomycin and 40 g
cement powder) although there are marked increases in the model constants associated with both the initial burst
and the diffusion.
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