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A new type of implantable drug eluting device is presented, consisting of a bed of mesoporous micropar-
ticles packed inside a reservoir with a porous wall. This provides two sets of variables for drug release
control that can be tailored independently. The first is related to the microparticles (packing density, size
and pore structure) and the second to the reservoir (pore diameter and thickness of the wall, permeation
area). In this work the concept is developed into a working model, used to fight bacterial (Staphylococ-
cus aureus) growth by releasing linezolid that had previously been adsorbed on silica microparticles.
These particles were placed inside the hollow interior of a porous medical grade stainless steel pin mim-
icking those used in traumatology and in orthopedic surgery. The mechanical behavior of the porous
drug-eluting pin was tested and found satisfactory.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Despite the advances achieved in orthopedic surgery, steril-
ity levels in operating rooms, and developments in parenteral
antibiotic prophylaxis, bacterial infections continue to be a major
complication after implantation. Infection of bones (osteomyelitis)
and joints (septic arthritis) without prompt treatment can become
chronic when bacterial biofilm is not completely eradicated. When
biofilm is formed, a systemic treatment with antibiotics is needed
often accompanied by surgical alternatives including debridement
and prosthesis retention; re-implantation with either a single-
or two-stage exchange arthroplasty (shoulder, hip) or arthrode-
sis (knee) (Bernard et al., 2004). There is general agreement that
for hip surgery, an infection rate of less than 1% should be achiev-
able; for other joints the rate is higher because of their proximity
to the skin surface and a more limited experience in joint design
(Lew and Waldvogel, 2004). In this way, open fractures are fre-
quently accompanied by bacterial contamination. In some of those
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cases fixation devices either external (i.e., Illizarov frames, Schanz
pins, etc.) or internal (intramedullar nails, plates, etc.) are used
for stabilization of the healing bone. Those orthopedic external
fixation devices used for traumatology or for reconstruction are
placed externally from the body but connected to the bone through
pins. The connection across skin and tissue can be a critical entry
point for bacterial invasion. Usually, daily pin care is performed,
involving cleansing of the pin/skin interface with isopropyl alco-
hol and removing any crusted, weeping edema fluid. This generally
provides adequate care (Bibbo and Brueggeman, 2010), although
recalcitrant non-healing pin sites still occur, together with pin-site
infections (Mason et al., 2005). Therefore, both traumatology and
orthopedic surgery may potentially benefit from the use of on-site
drug-eluting devices and scaffolds that help to prevent bacterial
infection providing local concentrations of an antibiotic at least
above the minimal inhibitory concentration (MIC) but below the
systemic toxicological threshold.

Due to the poor bone vascularization the local concentra-
tion that can be reached with systemically applied antibiotics in
the bone is low; to solve this drawback, local antibiotic release
from polymethyl methacrylate (PMMA)-based bone cements was
already postulated in the 70s (Buchholz and Engelbrecht, 1970).
Despite their success (Engesaeter et al., 2003) an important disad-
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vantage of using antibiotic-loaded PMMA beads is that a second
surgery is necessary to remove them. Also, antibiotic loaded bone
cements cannot be used when hydroxyapatite coated prostheses
are employed (Laurent et al., 2008). Most of the alternatives to solve
the deficiencies of acrylic bone cements explore their replacement
by drug-eluting biodegradable materials that act as scaffolds and
will not require surgical removal when added, either as monolithic
structures or as microparticulate materials (Arruebo et al., 2010).

Hence, some materials act as re-sorbable scaffolds for bone
regeneration, others act as fixation systems which are temporarily
or permanently located in the bone until healing and both scenarios
are prone to bacterial infection. The design of scaffolds or prosthe-
sis with antibiotic eluting characteristics is therefore interesting in
the broad fields of traumatology and orthopedic surgery.

Many medical devices with drug-eluting properties have been
designed (Arruebo et al., 2010). Among the examples, porous
titanium-based implants have been used in vitro as growth-factor
delivery vehicles (Clark et al., 2008). Ceramic blocks of antibi-
otic impregnated calcium hydroxyapatite have been implanted in
patients who received resection arthroplasty, demonstrating no
evidence of a recurrent infection in the 86% of them (Sudo et al.,
2008). In order to control the diffusion kinetics of a previously
encapsulated drug, top-down microfabrication techniques were
used to create silicon-based membranes that were used as release
windows on drug reservoirs formed from a cylindrical titanium
alloy hollow enclosure (Martin et al., 2005). On the other hand,
porous ceramic matrices including calcium phosphates (Yu et al.,
1992) and ordered silica mesoporous materials are well known as
porous materials capable of adsorbing and releasing drugs on a con-
trolled manner (Vallet-Regi, 2006), although they have not been
used to build prosthetic devices, probably because self-supported
structures formed by these materials alone lack mechanical stabil-
ity. This problem is partly solved when composite materials are
used as scaffolds for bone regeneration since they combine the
mechanical properties of biodegradable polymeric materials with
the ability to control the release obtained with inorganic meso-
porous materials. However, when high mechanical resistance and
fixation capabilities are needed to support a healing bone, struc-
tures formed of metals such as medical grade CoCrMo, Ti6Al4V or
316L stainless steel are commonly used.

In this work we present adrugreleasing device in which the drug
release rate is controlled by coupling two mass-transport stages
in series. In a first stage, the drug adsorbed on a packed bed of
microparticles is released into the inner space of a drug reservoir.
The second step corresponds to the permeation of the desorbed
drug through the porous wall of the reservoir, constituted by a
porous membrane of suitable permeation characteristics. The con-
cept is schematically shown in Fig. 1. As a proof of concept we
designed a porous 316L stainless steel reservoir that mimics the
pins used in external frame fracture fixation. We loaded its hollow
interior with mesoporous silica microparticles in whose pores an
antibiotic had previously been adsorbed and studied the release to
the fluid surrounding the reservoir. The mechanical performance
of this porous stainless steel has also been assessed.

2. Materials and methods
2.1. Materials synthesis and drug loading

Spherical mesoporous microparticles (~440 nm)with the MCM-
48 cubic structure were synthesized according to the procedure
previously described (Pérez et al., 2007) but reducing the amount
of silica precursor (TEOS) used. These microparticles were charac-
terized by X-Ray diffraction (on Philips X’'pert MPD diffractometer
with a thin film attachment for low angle glazing incidence
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Fig. 1. Conceptual scheme of the drug release device.

measurements), Scanning and Transmission Electron Microscopy
(on a SEM Hitachi S2300 and a Tecnai® F30 from FEI® Instru-
ments, respectively) and N, adsorption analysis (on a Micromeritics
ASAP2010 analyzer). The microparticles were packed inside hollow
porous 316L stainless steel pins purchased from Mott Corpora-
tion (Farmington, USA). The pins had one open end which was
used to load the particles, while a blind end cap was welded on
the opposite side. Each pin has a porous length of 25.4 mm and
an outside diameter of 6.35 mm with a wall thickness of 1.6 mm
(Fig. 1). The nominal filtration cutoff size of the steel is 200 nm
and its volumetric porosity of 17%. The inner volume of the hol-
low pins was packed with drug-loaded mesoporous particles. The
material was carefully loaded, with frequent tapping of the tube
to have a densely packed bed and ensure packing reproducibil-
ity.

Linezolid is a synthetic antibiotic, member of the oxazolidi-
none class of drugs which has been used to treat a large number
of resistant strains of bacteria. For adsorption loading, commercial
linezolid (Zyvoxid®) solution (10 mL, 2 mg/mL) was put in contact
for 18 h with 100 mg of the MCM-48 spheres at room tempera-
ture in an orbital shaker. Previously, the dispersion was sonicated
during 5min to break down agglomerates. Adsorption isotherms
were evaluated by measuring the linezolid concentration in the
supernatant by using UV-vis spectrophotometry (at 251 nm) at
fixed time intervals. To avoid interference in the measurement by
suspended silica microparticles, the powder was separated from
the supernatant in a centrifuge (10,000 rpm, 20 min) and by fil-
tration (200 nm cut-off). The possible interference in the UV-vis
at the frequency used from the other components present in the
commercial antibiotic formulation was evaluated and ruled out.
Desorption isotherms were evaluated by packing the hollow pins
with ~37 mg of linezolid-adsorbed MCM-48 particles and immers-
ing the loaded pins in 50 mL of simulated body fluid (SBF), prepared
according to the method described by Kokubo et al., 1990, at 37 °C
under stirring. The SBF solution has the following molar concentra-
tion: 142Na*:5K*:1.5Mg2*:2.5Ca%*:148.8Cl~:4.2HCO3~:1HPO42~
(Kokubo et al., 1990). The thermal stability of the linezolid at 37 °C
over time was studied and verified (no absorbance-peak shift was
observed after 22 days of analysis and new absorption peaks which
could indicate the presence of degradation by-products were not
observed either). TGA analysis (Mettler Toledo TGA/SDTA 851e
equipment, up to 600°C under O, atmosphere, 1°/min) was per-
formed after drug loading and after drug release, respectively, to
quantify the amount of drug loaded on and released from the meso-
porous materials.
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2.2. Bactericidal studies

Staphylococcus aureus and epidermidis are the most common
pathogens causing implant-associated infections (Wu et al., 2003).
For this reason, the former was chosen in this work. S. aureus
strain ATCC 29213 was used in all the experiments. For electron-
microscopy observation the bacteria samples were fixed with
2wt.% glutaraldehyde-0.1M sodium cacodylate buffer supple-
mented with 4.5wt.% of sucrose for 1h 30 min at 37 °C. Bacteria
were then dehydrated in a graded methanol series. The samples
were sputtered with gold and observed in a Hitachi S-2300 scan-
ning electron microscope.

The linezolid commercial solution was filter-sterilized (pore
diameter 200nm), stored at 4°C and diluted to the concentra-
tion chosen for each experiment. The classical broth microdilution
method (Wikler, 2009) was applied to determine the minimal
inhibitory concentration (MIC) and the minimal bactericidal con-
centration (MBC). MBC was defined as a 99.99% reduction of cell
viability with respect to that of the initial inoculums.

Pins loaded with linezolid-adsorbed mesoporous silica parti-
cles were co-cultured with the S. aureus colonies. Previously to the
assay, each empty pin was autoclave sterilized, then filled with the
drug-loaded microparticles and capped with a PTFE conic plug. The
pieces were placed in tubes containing 4 mL of TSB and 100 pL of
a stationary culture of the isolate. Bacterial biofilm formation was
studied for the pins at 1, 2, 12, 24 or 48 h at 37 °C. Growth medium
was discarded and freshly added every 12 h when biofilms of 24 and
48 h were formed. Tests were done in duplicate and a control was
included using a pin with no antibiotic. Colonized pins were recov-
ered under sterility and washed with phosphate buffered saline
(PBS) to remove unbound bacteria. The average number of bac-
teria was measured by plate count after sonication at 40 Hz for
15 min (in case of 1, 2 and 12 h biofilms) or 30 min (in case of 24
and 48 h biofilms) at room temperature to disintegrate biofilm cell
aggregates.

2.3. Mechanical studies

Tubes of porous stainless steel 316L were purchased from Mott
Corporation (Farmington, USA). The tubes had the same porosity,
nominal filtration rate, external diameter and wall thickness than
the porous pins used in the drug release and bactericidal exper-
iments but different lengths due to the physical requirements of
each specific mechanical test.

Uniaxial and unconfined compression tests were performed on
porous tubes with 9.5 mm in external diameter, 10 cm long, and a
wall thickness of 1.6 mm. Also solid tubing of 316L stainless steel
of the same dimensions was purchased to establish a comparison
point. The experiments were carried out in an Instrom 8032 testing
machine fitted with a 100kN load cell. The samples were com-
pressed between two steel disks of 20 mm diameter at a crosshead
speed of 1 mm/s up to a strain less than 0.5. The porous stainless
steel samples were tubes with the same characteristics than the
pins but with a length of 10 mm. Five samples were tested and the
average and standard error were calculated.

Athree point bending test was performed, consisting of a simple
supported beam subjected to a point wise central force. The beam
corresponded to a tube of stainless steel with a span of 30 mm.
The bending test was performed in an Instron 8032 machine with
a 100kN load cell, at a displacement rate of 1 mm/min up to the
fracture. Three samples were tested and the average and standard
deviation were calculated.

Torsion test were performed up to the final fracture in a set-
up machine (Metaltest, Spain) with a torque cell of 100 Nm. Three
samples were fractured in this test.

a

Fig. 2. SEM (A) and TEM (B) views of the silica microparticles used in this work.

3. Results
3.1. Materials synthesis and drug loading

A SEM view of the microparticles used inside the porous-wall
reservoir is shown in Fig. 2A. It can be seen that their size is
rather homogeneous (~440 nm). Fig. 2B is a TEM view of this mate-
rial, where the mesoporous structure is observable. Small angle
XRD results (not shown) indicated that these microparticles had
the MCM-48 structure, with 3-D interconnecting mesopores. N,
adsorption measurements gave a BET area of 1105.7 m2/g, with a
pore volume of 0.624 cm?/g and pore sizes of 2.3 nm. Molecular size
calculations for linezolid were carried out using ® CAChe Software
(®Fujitsu Ltd.), to find out the lowest energy configuration. The cal-
culated value was ~2.2 nm x 0.4 nm, which confirms that linezolid
can be hosted inside the material mesopores.

Under the conditions used in adsorption experiments the evolu-
tion of linezolid in the liquid phase indicated that 52.3 +4.1% of the
total linezolid present in the solution was adsorbed in the MCM-48
particles, giving a load of 9.5+ 0.1 wt.% of linezolid in the meso-
porous material. These results agree with the TGA quantification,
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Fig. 3. (A) Linezolid release profiles in three different experiments when porous
metallic pins loaded with linezolid-containing MCM-48 particles were immersed
in SBF at 37°C. (B) Normalized linezolid concentrations in the surrounding fluid
obtained with porous metallic pins containing antibiotic-adsorbed MCM-48 parti-
cles and non-porous quartz microparticles of the same size with linezolid occupying
inter-particle spaces.

which showed that approximately 50% of the total linezolid in solu-
tion was present as adsorbed material on the particles. TGA results
showed that linezolid was burnt out at 220°C and that weight
loss was used to evaluate the amount of linezolid loaded in the
mesoporous material.

Fig. 3A shows the drug release profiles obtained with 3 differ-
ent pins containing MCM-48 particles loaded with linezolid. The
porous pins with the microparticles were immersed in 50 mL of
SBF at 37°C and the linezolid concentration was recorded at dif-
ferent times. Since the total amount of microparticles loaded in
the pins was approximately 37 mg, and the load of linezolid in
the MCM-48 particles was 9.5wt.% the maximum concentration
attainable would be 70.3 p.g/mL; however, the release reached a
plateau at a concentration of ~23 pg/mL, well below the maximum
concentration attainable and even farther from the solubility limit
(~3 mg/mL, Curtin et al., 2003). This indicates that the concentra-
tion of the antibiotic in the limited solution volume (50 mL) and
the concentration of the antibiotic still adsorbed on the mesopores
have reached dynamic equilibrium, which in this case occurs when
over half of the drug is still adsorbed in the mesopores. However, in
areal application (e.g. an antibiotic-releasing prosthesis) a contin-
uous renovation of the fluid surrounding the implant would take
place leading to further drug release.

Without considering the initial lag-time the release profiles fol-
low a typical first-order release. This lag-time is always present

when desorbing from porous materials, but in this case it is
enhanced because of the two serial mass transfer resistances
introduced in the system. Initially, the SBF will enter the reser-
voir through the porous metal wall, filling the voids between the
microparticles of the inner mesoporous bed. The drug then diffuses
into the fluid filling the reservoir, where its concentration increases.
The driving force for permeation builds up as the linezolid con-
centration inside the reservoir increases and therefore permeation
through the porous reservoir wall starts to occur, slowly at first,
then faster, then more slowly again as the concentration outside
the reservoir increases. The differences between the release profiles
obtained with the 3 pins tested are small, and might be attributed
to the slight differences in the amount of drug loaded in the par-
ticles, in the packing density of the microparticles (which would
give rise to a different bed porosity and degree of agglomeration,
and therefore to different diffusion paths) and in the permeabil-
ity of the porous wall produced during the manufacturing of the
sintered stainless steel pins.

In a separate experiment a hollow pin was loaded with quartz
microparticles of a similar size to the silica particles used in Fig. 3A,
and the bed voidage (inter-particle voids) was filled with linezolid
solution (2 mg/mL). The release behavior can be compared to the
case just shown, when linezolid is not only present in the interstitial
fluid but also adsorbed in the pores of the particles that consti-
tute the inner packed bed (one of the experiments in Fig. 3A is also
shown for comparison in Fig. 3B). A strong contrast can be observed
between the release profiles in both cases. When the porous pin is
packed with non-porous quartz particles there is virtually no drug
adsorbed, and a much faster release can be observed. In spite of this,
the drug concentration in the fluid outside the pin increases pro-
gressively, which is a consequence of the mass transport resistance
introduced by the porous pin wall, as could be expected from its
characteristics: low nominal filtration cut-off size (200 nm), inher-
ent tortuosity, low porosity (17%) and considerable wall thickness
(1.6 mm). The rate of diffusion through the porous wall could be
further decreased by reducing the pore size of the reservoir wall,
by increasing the wall thickness or by decreasing the permeation
area of the device. Since the same porous wall is present in both
experiments in Fig. 3B, the difference between both curves shows
the effect of the first stage of the mass transfer process (desorption
of the drug in the reservoir inner space) on the overall drug release
behavior.

The experiments in Fig. 3 shows that a concentration plateau is
reached when the concentration in the surrounding SBF increases
sufficiently, thus limiting the amount of drug released. However as
already mentioned in a real application (e.g. an antibiotic-releasing
prosthesis) a continuous renovation of the fluid surrounding the
implant would take place and additional drug release can be
expected. This was tested by renewing the surrounding at periodic
intervals. Fig. 4 shows that SBF renewal was effective in promoting
further drug release, and in fact almost all of the linezolid adsorbed
in the mesoporous silica could be desorbed with a single renova-
tion.

3.2. Bactericidal studies

The MIC and MBC for the linezolid were calculated sepa-
rately and values of 2 and 16 pg/mL, respectively were obtained
which agrees with the values previously reported by other authors
(Giacometti et al., 2005; LaPlante et al., 2008; Onda et al., 2001).

The linezolid-loaded pins showed a clear bactericidal effect up
the maximum period tested (48 h, Fig. 5). When a pin loaded with
mesoporous silica but without linezolid adsorbed on its mesopores
was used as control a linear growth of bacteria was observed. The
bacterial growth for this control was 5.65 x 107 CFU/mL after 48 h.
However, for the two pins loaded with linezolid-loaded meso-
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Fig. 4. Linezolid released (Qr) as a percentage of the linezolid loaded initially (Qo)
in the mesoporous silica. Release profile obtained with a single renovation of the
immersion media. It is important to point out that in this case, by carrying out a
renovation, the immersing volume used was 100 mL instead of 50 mL.

porous silica, the bacterial growth leveled out or even decreased
reaching a value as low as 1.31 x 10* CFU/mL. This is an excellent
result taking into account that it is applied to biofilms, where killing
bacteria may require up to 1000 times the antibiotic dose neces-
sary to achieve the same result in a suspension of bacteria (Smith,
2005). In this case the maximum dose achieved from the loaded
pins under the conditions used was ~54 times higher than the MBC
and with that dose the bacterial growth was kept steady inhibiting
their proliferation. Therefore, the drug-loaded pins effectively con-
trolled the bacterial growth up to 3 orders of magnitude after 48 h.
The bactericidal effect was also corroborated by direct observation
of bacterial growth on the porous pins used. Fig. 6A shows the gen-
eral appearance of the culture medium with the drug-releasing pin.
A clear difference in terms of turbidity (caused by bacterial growth)
is evident between linezolid-eluting pins (right) and the control
experiments where microparticles without antibiotic were loaded
inside the pins. Bacterial colonies were also directly observed using
electron microscopy. Fig. 6B and C shows the differences in terms
of bacterial adhesion on surface of the porous pins when they were
loaded with the silica particles containing linezolid adsorbed on
its mesopores. In 24 h large bacterial clusters are clearly observed
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Fig. 5. Bactericidal effect of pins loaded with mesoporous silica. For the pin labeled
as “with linezolid” the material had linezolid adsorbed in the mesopores while the
labeled as “without linezolid” contained only the MCM-48 particles. For each contact
time duplicate experiments were carried out.

Fig. 6. Bacterial colonization on the wall of stainless steel porous pins after 24 h of
incubation with Staphylococcus aureus. (A) Pins containing MCM-48 with linezolid
adsorbed (right) and without linezolid (left) after 24 h culturing with SA. (B) SEM
photographs of pins containing MCM-48 particles and (C) pins containing MCM-
48 particles with linezolid adsorbed in their pores. Insets: representative bacteria
(computer colored) of each sample.
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Fig. 7. Stress-strain compression curves for the porous (p-316L) and solid stainless
steel 316L tubing.

in the absence of linezolid (Fig. 6B) but when linezolid-loaded sil-
ica particles were used as filling in the hollow interior of the pins
bacteria showed up only sparsely (Fig. 6C).

3.3. Mechanical studies

If hollow porous stainless steel pins are contemplated for poten-
tial use as drug-eluting structural material, they must be able to
withstand the mechanical stresses involved in their utilization.
To test this, a battery of mechanical tests was performed. The
stress-strain, o-¢, curves of the compression test for the porous
and solid samples are plotted in Fig. 7. Similar qualitative behav-
ior appears in both materials. The first part of the curve shows
a linear trend, characterized by an elastic modulus, E, which is
practically the same in both materials. This linear region finishes
at the compression yield stress oy, but with main differences in
both materials. So, the 316L starts the plastic regimen at approx-
imately 300 MPa, whereas, the porous metal reaches this point at
lower stresses, around 200 MPa. The following step corresponds
to a large deformation associated to the plastic flow showing a
lower slope. This plastic behavior can be observed by the perma-
nent strain which appears after the unload curve, which slope is
similar to the initial slope as it was expected. The test is stopped
at strains close to 0.5 without reaching fracture. Literature asso-
ciated with the mechanical properties of cortical bone estimated
values for the ultimate strength of human cortical bone in com-
pression close to 200 MPa (Elices, 2000). Therefore, although the
pores present in the porous steel introduce a loss of the stiffness in
compression mode compared to the solid material, which can be
evaluated in a 50% less, the porous steel tested shows mechanical
properties similar to the cortical bone.

Bending tests were carried out with both porous and solid
tubes. When a sample is loaded in bending, tensile stresses are
generated at the convex surfaces and compression stresses are
generated at the concave surfaces. In order to compare the bend-
ing results of both materials, which were carried out on samples
with different dimensions, we have plotted in Fig. 8 instead of the
load-deformation, F-8, curves showing the maximum tensile stress
versus the strain, o-¢, using beam bending theory and assum-
ing a linear behavior. So, o =FLR/8I, where F is the applied load,

200 T  — T
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0 0,05 0.1 0,18 0.2 0,25
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Fig. 8. Bending test results for the porous and compact stainless steel tested.

L is the active length and I is the area moment of inertia for the
hollow circular cross-section, which is given by the relation: I=m
(R — RY )/4. The strain is calculated from the deformation by the
expression: & =36D/2L. The slope of the initial straight line portion
of the stress-strain diagram is the Young’s modulus, E. The bend-
ing test, at difference of the compression test, is sensitive to the
influence of the porosity on the stiffness. The initial slope in the
porous material is lower than in the solid material, according to
the McElhaney-Byars expression E=Eo (1 — bp +cp?), where pis the
porosity, Eo the elastic modulus for the compact material and b and
c are fitting parameters.

The results show that the porous stainless steel pins used in
this work reached values of 130 MPa. This is considerably smaller
than the ultimate stress obtained for solid tubing, rated at 584 MPa
(Cigada et al., 1993). However, this value seems high enough to
withstand the mechanical stress during healing of a bone fracture.
Indeed, the value of 130 MPa is not far from the ultimate tensile
stress supported by the long human bones, which was rated by
Reilly and Burstein (1975) as 176 MPa.

Finally, from the torsion test results, the values of the
maximum torque, Tmax, for the porous and the solid steels
were 40.464+0.61 Nm and 100.77 +1.90 Nm, respectively. Accord-
ing with the expression Tmax =Tmax Rext/l, the calculated shear
strengths Tmax were 1651 MPaand 1180 MPa. In both cases, the ulti-
mate strength is higher than the values given for femoral cortical
bone by Reilly and Burstein (1975).

4. Discussion

To our knowledge, this is the first time that the interior of pins
is loaded with a drug-eluting mesoporous material using porous
walls as barriers for the drug diffusion. Other works have used the
empty space of hollow implants to add medical functionality. Thus,
Graichen et al. (1999, 2007) loaded microelectronic-telemetry sys-
tems to measure in vivo the joint loads in shoulder and hip
endoprosthesis, and Martin et al. (2005) loaded proteins and dyes.
Unlike these works, here the inner space is not filled directly with
the drug, but with the drug adsorbed in a porous material.

In spite of the complexity introduced by the dual-stage release
process used here, the release profile seems to be fairly repro-
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ducible. As already noted, for the three independent experiments
of Fig. 3, it is likely that differences exist regarding the drug load
in the silica microparticles, the packing and tortuosity of the par-
ticle bed, and the permeation characteristics (pore size, thickness)
of the porous wall. Especially the porosity and tortuosity in the
packed bed is a variable that depends on the particle size distri-
bution and on the ratio between particle and reservoir diameters,
and is not easy to control. In spite of this, the packing method used
and the relatively uniform particle size distribution provided good
reproducibility and only small differences were observed in the
linezolid release profiles. Additional optimization and standardiza-
tion of loading procedures should reduce these differences even
further.

With the design described here the drug-loaded pins effectively
reduced the bacterial growth by 3 orders of magnitude after 48 h.
A complete eradication of the bacteria was not achieved due to
biofilm formation. However, this limitation can be overcome by
increasing the amount of linezolid released, e.g. by considering
multiple pins in real applications, by designing pins with larger
dimensions (larger permeation area and larger inner loading vol-
ume). Also, the amount of linezolid loaded in the mesoporous
material is expected to be much higher when only the active ingre-
dient is used for loading. In our work however, in addition to
linezolid other components such as glucose monohydrate, sodium
citrate, citric acid anhydrous, and hydrochloric acid that consti-
tute the pharmaceutical formulation were present in the solution
used for adsorption. Since multicomponent adsorption is a compet-
itive process, the presence of other components reduced the useful
payload of the mesoporous silica.

The approach described in this work is also different from that
of Sudo et al. (2008) who loaded the inside of ceramic blocks with a
powdered antibiotic (the dose of antibiotics in each ceramic block
ranged from 100 to 400 mg) and they successfully implanted them
in 7 patients without recurrent infection in 6 of them. The concept
proposed here is different in the sense that it couples two stages
in which the mass transfer rate can be independently tailored by
adjusting the characteristics of the microparticles and of the porous
wall. The application envisioned here targets temporary fixation
systems that will be removed when the fracture heals. This helps to
avoid inducing bacterial linezolid resistance by the residual antibi-
otic that might occur if a ceramic integrable implant was used. A
similar case of resistance has been described for gentamicin-loaded
polymethylmethacrylate beads (Neut et al., 2003). In addition, the
amount of drug can be determined by the inner volume of the hol-
low implant, which presents obvious advantages in terms of the
useful payload achievable compared to antibacterial coatings on
implants (e.g. gentamicin-PDLLA-coated tibia nails, UTN Synthes®
GmbH, Umkirch, Germany) where the amount of drug is more lim-
ited.

This work presents only the device concept and some prelimi-
nary results. Optimization of drug release rates will be the subject
of future works, where the effect of the two sets of material charac-
teristics respectively related to the microparticles (pore structure,
packing density, size) and to the reservoir (pore diameter, wall
thickness, permeation area per unit volume) will be investigated.
Future developments should also consider the many different pos-
sibilities of mesoporous silicas in terms of pore size, particle size
and surface functionalization, as well as the possibility of defin-
ing different spaces within the reservoir to encapsulate different
drugs, each with an optimized release rate. Finally, the possibility
of filling the inner of hollow porous implants with drug-releasing
porous inorganic packed beds opens up new possibilities in other
fields where hollow screws have been used such as maxillofacial
implants (Buser et al., 1991; Cehreli et al., 2006), always with the
objective of attaining a drug concentration above the MIC to avoid
bacterial resistance.

5. Conclusions

Adrug-eluting porous implant has been developed, consisting of
a packed bed of porous microspheres inside a porous wall reservoir.
Such a system has the potential for a fine control of the rate of drug
release, since the variables related to the mesoporous nanoparticles
and to the porous wall reservoir can be manipulated indepen-
dently. The concept was tested in an antibiotic releasing scenario,
where the reproducibility of drug release patterns was demon-
strated. The mechanical resistance of the porous steel proposed as a
drug-eluting implantable pin was tested in uniaxial and unconfined
compression tests, three point bending tests, and torsion tests and
found sufficient for clinical use. Drug eluting experiments in which
nonporous particles were packed inside the reservoir showed a
marked different release profile, showing the influence of drug
adsorption in the microparticles on the overall release process.
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