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1 | INTRODUCTION
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Abstract

Periprosthetic joint infection is a costly debilitating affliction following total joint
arthroplasty. Despite a relatively low incidence rate, periprosthetic joint infection is an
increasing problem due to a substantial increase in arthroplasty surgeries over time. The
current treatment is replacing the primary implant with a temporary bone cement
spacer that releases antibiotics over time. However, the spacer is mechanically weak
with an ineffective antibiotic release. Alternatively, three-dimensional (3D)-printed
reservoirs in high-strength devices have the potential to release antibiotics long term in
a controlled manner. In this study, 3D-printed reservoirs were loaded with calcium
sulfate embedded with gentamicin. In vitro antibiotic release is tuned by varying
reservoir parameters, such as channel length, diameter, and quantity. In addition, a
straightforward computational model effectively predicts antibiotic release curves to
rapidly design devices with a preferred release profile. Overall, this study highlights a
novel approach to potentially develop high-strength joint implants with the long-term

effective release of antibiotics to treat the periprosthetic joint infection.
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The current treatment for infected implants is an expensive
multistage approach that begins with the removal of the implant and

Periprosthetic joint infection (PJI) is an infection, most commonly by
Staphylococcus aureus, near a synthetic implant in the surrounding
tissue following total joint arthroplasty (TJA)." The infection rate for
TJA ranges from 1% to 4%, although the rate is even higher for the
revision of a failed TJA, possibly due to prolonged operating time.
Since the number of orthopedic operations performed annually in the
US is increasing due to an aging population, the number of infections
is steadily rising over time.® High costs associated with hospitaliza-
tion for infected implants exert an enormous financial burden on the
US health care system. The annual cost of revision procedures for
infected knee and hip implants in the US increased from $320 million
in 2001 to $566 million in 2009 and is projected to exceed $1.62
billion by 2020.*

© 2020 Orthopaedic Research Society. Published by Wiley Periodicals, Inc.

thorough debridement of infected tissue followed by the adminis-
tration of systemic and locally delivered antibiotics, which can be
achieved by implantation of an orthopedic device, such as a spacer or
beads, embedded with antibiotics.”® The gold standard biomaterial is
poly(methyl methacrylate) (PMMA) bone cement “spacers” designed
to fill the implant void site and provide temporary mechanical sta-
bility during drug elution.” However, PMMA has many limitations,
including (a) poor antibiotic release rates, (b) limited number of
compatible antibiotics due to a damaging exothermic reaction during
cement setting, (c) weak mechanical properties that prevent rea-
sonable levels of load-bearing activity, and (d) need for a follow-up
surgery to remove the nonbiodegradable PMMA 2'° Antibiotics have

a small surface-mediated burst release from PMMA in the first
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24 hours followed by a subtherapeutic release for many years
thereafter.*>*? Since only a small fraction of antibiotic elutes from
the spacers, high concentrations of antibiotics are required.’?** This
leads to profound reductions in mechanical strength, leading to fre-
quent breaking of the spacer, which is a painful and costly
consequence.*

Alternative biomaterials to PMMA include bioceramics, espe-
cially calcium sulfate (CS) and calcium phosphates (CPs). These ma-
terials release antibiotics more effectively than PMMA and are
biod(—:‘gradable.w’17 In addition, there is no exothermic reaction in-
volved in cement hardening, which enables the use of a wider range
of antibiotics than is possible with PMMA. Numerous studies have
demonstrated the potential of bioceramics as a depot for antibiotic
delivery.’> 141823 However, bioceramics have significantly weaker
mechanical properties than PMMA, preventing their use in load-
bearing implants, such as knee and hip spacers. Overall, current
treatment options lack both the mechanical strength and elution ki-
netics to effectively treat bone infections while bearing high-
mechanical loads.

In addition to injection molding or machining, three-dimensional
(3D) printing is another relatively new technique used to fabricate
orthopedic implants. One study examined 3D-printed antibiotic-
laden calcium phosphate cements (CPCs) to treat a mouse model of
infection.’® The 3D-printed CPC significantly reduced the bacterial
burden compared to the antibiotic-loaded PMMA control. However,
the mouse model does not require a high-strength material compared
to infected implant sites in humans. On the other hand, a few studies
used a metal 3D-printing technique called selective-laser melting
(SLM) to make high-strength implants containing a hollow reservoir
connected to the surroundings by channels. A major advantage of 3D
printing is the ability to create reservoirs with complex internal
geometries that cannot otherwise be created with conventional
manufacturing methods. One study loaded an antibiotic-impregnated
CPC into titanium cylinders with an inner reservoir.?* The antibiotic
release profiles could be tuned by modulating the orientation of the
channels. Another study covered channels in 3D-printed hollow ti-
tanium cubes with polymer membranes to extend release.”” A third
study manipulated SLM printing settings to change the porosity of
titanium.?® Antibiotic release was extended as the porosity of the
titanium decreased. These studies demonstrate a proof-of-concept
that modulating reservoir geometry can tune the drug release profile.
However, these studies were limited in scope and only demonstrated
the release of antibiotics for less than 24 hours, which is insufficient
to eliminate an infection. A more comprehensive study of reservoir
geometry is needed to optimize the release of antibiotics for many
weeks to effectively treat PJI.

In this study, a photocured rigid polyurethane (RPU 60) was
selected as a prototyping material for 3D-printing devices with in-
ternal reservoirs, loaded with calcium sulfate hemihydrate (CSH) and
gentamicin. Varying channel parameters, such as quantity, diameter,
and length, had a significant effect on the in vitro elution kinetics of
gentamicin. A computational model of gentamicin release from re-

servoirs can expedite the design of devices with desired antibiotic

release profiles. Overall, this study demonstrates the long-term re-

lease of antibiotics with high-strength devices to effectively treat PJI.

2 | MATERIALS AND METHODS
2.1 | Materials

The materials used for this study include CSH and gentamicin sulfate
powders that were purchased from Sigma-Aldrich. Photocured che-
mically cross-linked RPU 60 resin was purchased from Carbon 3D.
The RPU 60 resin is 3D printed into cube-shaped reservoirs using the
M1 printer from Carbon 3D via continuous liquid interface produc-
tion. After 3D printing, the reservoirs are thoroughly washed with
isopropanol and then cured in a convection oven at 120°C for
4 hours. Low-viscosity PMMA bone cement containing gentamicin
(PALACOS LV+G) was obtained (Zimmer-Biomet). S. aureus strain
29213 from American Type Culture Collection (ATCC) was used for
bacterial studies. Mueller-Hinton Broth 2 was purchased from Sigma-
Aldrich and Tryptic Soy Broth was purchased from BD Bacto. Six
millimeters Whatman antibiotic discs were also purchased from
Sigma-Aldrich.

2.2 | Loading reservoirs and elution study

Cube-shaped reservoirs were designed with an outer shell (2 mm
thick) made of RPU 60 with a large inner volume (20 mm side di-
mension) (Figure 1A). Channels can be designed in the shell of the
reservoir to connect the inner volume to the surroundings. A port for
syringe injection is located on the top face of the cube to load cement
embedded with gentamicin.

Figure 1B illustrates the experimental design for studies to
assess the elution kinetics of gentamicin from the reservoirs.
Reservoirs were loaded with cement composed of CSH, deionized
water, and gentamicin sulfate at a ratio of 2g/1mL/80mg, re-
spectively. The sides of the reservoirs containing channels were
tightly wrapped with parafilm to reduce leakage during cement
loading. A custom-designed cap was glued into the opening at the
top of the reservoir to prevent the unwanted gentamicin elution.
The cement set for at least 2 hours prior to starting the elution
study. The mass of the reservoir was recorded before and after
loading. Control blocks of CSH cement (20 x 20 mm?) were pre-
pared using the same ratio of CSH, water, and gentamicin sulfate.
The cement paste was injected via syringe into a custom-designed
mold made of multiple pieces that could be separated to release
the block after setting for at least 2 hours. PALACOS LV+G was
prepared according to the manufacturer's instructions and in-
jected into the mold. The pieces of the mold were cut away to
obtain the block of cement.

The samples were then fully submerged in 0.9% NaCl solution.
Throughout the experiment, the samples were maintained at 37°C.

At each time point, the saline was passed through a 0.22 um filter,
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FIGURE 1 Experimental Design. A, Reservoirs are cube-shaped with an inner side dimension of 20 mm and a wall thickness of 2 mm. There

are channels on the four sidewalls and a syringe port on top. B, Reservoirs
powders are mixed with water to form a paste and injected into the rese

are 3D printed from RPU prototyping material. CSH and gentamicin
rvoirs. After the cement setting, reservoirs are submerged in saline,

which is collected at various time points to measure antibiotic concentration. 3D, three dimensional; CSH, calcium sulfate hemihydrate; RPU,

rigid polyurethane [Color figure can be viewed at wileyonlinelibrary.com]

and a small sample was collected to measure the concentration of

gentamicin. The saline was completely replaced at each time point.

2.3 | Disk diffusion assay

The concentration of gentamicin in each sample was assessed using a
disk diffusion assay according to methods recommended by the
Clinical and Laboratory Standards Institute (CLSI). Briefly, the
S. aureus inoculum density was standardized to a 0.5 McFarland
standard. A hundred microliters of the culture were coated evenly
across the surface of a Mueller-Hinton agar plate using a sterile
spreader. Fifteen microliters of samples containing gentamicin were
loaded onto 6-mm Whatman antibiotic assay discs. The discs were
placed onto agar plates and incubated at 37°C overnight. Zones of
inhibition (ZOI) where bacteria are unable to grow around the disks
(see Figure S1A). The plates were imaged and diameters of the ZOl's
were determined using the ImageJ software. The diameter of the ZOI
is approximately proportional to the logarithm of the gentamicin
concentration (see Figure S1B). The minimum ZOl is 6 mm since that

is the disk diameter.

2.4 | Approximate cumulative release

Serial dilutions of known concentrations of gentamicin were tested in
a disk diffusion assay to get a standard curve of concentration vs ZOlI.
2.528 xIn
.9892. Approximate gentamicin

A line of best fit was determined with the formula: ZOI =
0.2034 with R%=
concentrations were determined from ZOI values from elution stu-

(concentration) -

dies. To get the approximate total gentamicin released, the con-
centrations were multiplied by the volume of saline. Approximate
cumulative release curves were determined by summing the ap-
proximate gentamicin quantities released at each time point
over time.

2.5 | Broth dilution assay

The minimum inhibitory concentration (MIC) of gentamicin was de-
termined using a broth dilution assay according to the methods re-
commended by the CLSI. Briefly, an overnight culture of S. aureus
(ATCC 29213) was diluted to a 0.5 McFarland standard. The bacterial

concentration was serial diluted in cation-adjusted Mueller-Hinton
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broth (CAMHB) to reach an inoculum concentration of 1x 10°
colony-forming units (CFUs)/mL. Two-hundred microliters of
CAMHB were added to 96-well plates as a sterile control. CAMHB of
concentration 180 uL and inoculum of 20uL were added to the
96-well plates as a growth control to get a final concentration of
1x 10° CFUs/mL. To test the concentration of samples containing
gentamicin, 80 uL of CAMHB, 20 uL of inoculum, and 100 uL of the
sample was added to the 96-well plates. The plate was incubated at
37°C overnight for 16 to 20 hours. The optical density at 600 nm was
measured the next day. The MIC for S. aureus 29213 is approximately
2.5 pg/mL (see Figure S1C).

2.6 | Compression testing

For mechanical testing, the reservoirs were 3D printed without the
top and bottom faces so that only the four vertically facing walls
were 3D printed. The compressive strength of the reservoirs was
measured using a Test Resources 830LE63 Axial Torsion Test
Machine equipped with a 10 000-1b load cell. The displacement rate
was maintained at 1 mm/min. The compressive strength was calcu-
lated as the maximum load divided by the cross-sectional area. The
Young's modulus was calculated as the slope of the linear portion of

the stress-strain curve.

2.7 | Statistics analysis

For graphs of ZOIl and cumulative release curves, full-factorial re-
peated measures analysis of variance was used to test significance.
For nonlinear relationships, the data were linearized with a log
transform to perform an analysis of covariance unequal slopes to
determine the statistical significance. Most conditions are n=3 to 5,
but some conditions were reduced to n=2 due to human
error. P<.05 is considered as significant. Error bars reported in

figure graphs are represented as the standard error of the mean.

3 | RESULTS

To treat bone infections caused by S. aureus and other pathogens,
PMMA and CSH are two common biomaterials used as a depot for
local antibiotic delivery.’® PALACOS LV+G is a PMMA-based bone
cement containing gentamicin with a low viscosity so it can be injected
with a syringe. PALACOS LV+G (40:1g ratio of PMMA:gentamicin)
and CSH (40:1.6 g ratio of CSH:gentamicin) were loaded into custom-
designed molds to make cubes with a 20mm side dimension
(Figure 2A). These control cubes were compared to reservoirs loaded
with CSH (40:1.6 g ratio of CSH:gentamicin) with one channel (0.5 mm
diameter) on each vertically facing side. In agreement with previous
reports,>”?® therapeutic levels of gentamicin released over longer
periods of time from CSH than PMMA (Figure 2B). There was an initial

burst release of gentamicin from PMMA in the first 24 hours with only
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FIGURE 2 Reservoirs extend antibiotic release. A,
Representative images of PALACOS LV+G PMMA cement (left),
calcium sulfate with gentamicin (center), and a schematic of
reservoirs loaded with calcium sulfate/gentamicin. B, ZOl vs time for
these conditions. The colors of the words in (A) correspond to the
colors in the graphs. C, Cumulative release vs time. Reservoirs
extend release vs CSH and PMMA alone (P <.0001). D, Compressive
strength and Young's modulus. Reservoirs improve the strength of
CSH alone (P <.0001). CS, compressive strength; CSH, calcium
sulfate hemihydrate; PMMA, poly(methyl methacrylate); YM,
Young's modulus; ZOl, zones of inhibition [Color figure can be
viewed at wileyonlinelibrary.com]

minimal release thereafter. There was a burst release of gentamicin
from CSH in the first 5 days and steady release of low gentamicin
levels over the next four weeks. CSH released significantly more an-
tibiotics than PMMA (204.17+£8.10 vs 5.31+0.96mg; P<.0001)
(Figure 2C). Importantly, the reservoir loaded with CSH released
therapeutic levels of gentamicin significantly longer than CSH or
PMMA alone (P < .0001) (Figure 2B,C). Despite more favorable release
kinetics, CSH had a significantly lower compressive strength
(1.61+0.17 vs 84.33+0.43MPa; P<.0001) and Young's modulus
(216.16 +40.91 vs 811.33+7538MPa; P<.01) than PMMA

(Figure 2D). In addition to extending antibiotic release, the reservoir
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significantly improved the strength of CSH (41.28+0.31 vs
1.61+0.17 MPa; P<.0001), although with a lower compressive
strength than PMMA (41.28+0.31 vs 84.33+0.43 MPa; P <.0001)
since RPU is a relatively weak prototyping material. Stronger
3D-printable materials, such as titanium or cobalt-chrome, would have
a significantly greater compressive strength than PMMA. The results
in Figure 2 demonstrate that PMMA is relatively strong but cannot
effectively release antibiotics, while CSH is an effective release matrix
but almost two orders of magnitude weaker than PMMA. The com-
bination of CSH with a printed scaffold provides better potential
elution and strength than either PMMA or CSH alone.

Further studies were performed to determine the effect of
channel geometry on gentamicin elution. The diameter of the channel
ranged from 0.5 to 15 mm (Figure 3A). The channel porosity, which is
the percent area of one side of the inner reservoir that is exposed to
channels, varied from 0.05% to 44.18%. Decreasing the channel
diameter significantly prolonged gentamicin release (P <.0001)
(Figure 3B,C). There was a detectable ZOlI for at least 90 days with
the lowest diameter, approximately 13-fold longer than PMMA.

Another way to tune porosity is the number of channels.
Reservoirs with different channel numbers (1 mm diameter) were
loaded with CSH and gentamicin (Figure 4A). The number of channels
ranged from 1 to 25 channels per side and the porosity varied from
0.2% to 4.91%. The duration of elution was extended at low poros-
ities (Figure 4B). Reservoirs with one channel per side had greater
elution after 3 weeks than reservoirs with multiple channels per side
(P<.0001). There was no significant difference among reservoirs
with multiple channels per side.

To further understand the relative importance of channel por-
osity distribution on elution kinetics, reservoirs with the same
channel porosity (~20%) but different channel number and diameter
were studied (Figure 4D). There was no significant difference in
antibiotic release among reservoirs with constant porosity
(Figure 4E,F). There was a slight but not significant increase in elution
by reservoirs with one channel, possibly due to the reduced disper-
sion of porosity across the face of the reservoir (see Figure S2). For
reservoirs with one channel, the reservoir corner is nearly 10 mm
away from the closest channel. As the number of channels increases,
the distance from corner to channel decreases sharply. Combining
the data from all of these studies show that there is, in fact, a sig-
nificant difference between single and multiple channels at lower
porosities (Figure 4G).

To further tune antibiotic elution, 3D printing enables the design
of complex structures to modify channel length. Channels were 3D
printed with greater lengths extending into the reservoirs
(Figure 5A). These new structures extended the length from 2 to
7 mm (0.5 mm diameter). Increasing the length significantly increased
the duration of the gentamicin release (P<.001) (Figure 5B). Re-
servoirs with a 7-mm channel length released gentamicin for longer
than 180 days, the duration for which spacers are cleared for use in
patients (Figure 5C). Reservoirs with the longer channels released
90% of gentamicin by 186.67 +9.33 vs 47.60+4.08 days by re-

servoirs with 2-mm channel length (Figure 5D). However, this

Research®

channel design has two limitations. First, the channels extend into the
reservoir, which reduces the amount of cement that can be loaded
(9.79+0.18 vs 12.53+0.08 g; P <.0001) (see Figure S3) and the total
amount of antibiotics released (156.27 +5.74 vs 240.25+4.67 g;
P <.0001) (Figure 5D). Second, there is only one small channel per
side, which could potentially limit the dispersion of antibiotics
throughout the surrounding tissue following implantation.

These limitations can be overcome by designing reservoirs with
channels embedded within the shell of the reservoir (Figure 5E).
Channels (1 mm diameter) were designed in an “X-shaped” pattern.
Gentamicin in the reservoir enters the channel network through a
single opening at the center of the “X.” The lengths of the four
channels that compose the X-shape can be varied (0 to 4 to 12 mm)
to modulate the release profile, and the gentamicin exits to the
surroundings at the four ends. With this design, there are no struc-
tures in the inner volume that limit the amount of cement, and
multiple exits from the channel network could improve the disper-
sion of gentamicin to the surroundings. Increasing the length of the
channels significantly extended the gentamicin release (P <.0001)
(Figure 5F,G).

To better understand the role of reservoir geometry on genta-
micin elution, a computational model was developed. The reservoirs
were modeled as a 3D matrix in MATLAB (Figure 6A). “Antibiotics”
are randomly distributed throughout the matrix, diffuse via a random
walk, and leave the matrix at designated “exits” at the ends of
channels. To simulate degradation, the exit entries of the matrix shift
inward over time (Figure 6B). The model parameters for gentamicin

diffusion and CSH degradation were determined by fitting the model
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FIGURE 3 Effect of channel diameter on antibiotic release.

A, Schematic of reservoirs with a varying diameter (D) and porosity
(P). B, ZOI vs time for varying diameters. C, Normalized cumulative
release over time. Decreasing channel diameter extends release
(P <.0001). ZOl, zones of inhibition
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to the cumulative release curves of the experimental data. The model
provided a reasonable fit for gentamicin release from reservoirs with
large diameters (22.5mm) (Figure 7A) but not small diameters
(<1.5 mm) (Figure 7B). Furthermore, the model did not accurately fit
the experimental data for reservoirs with longer channel lengths with
small diameters (Figure 7C). There are three possible explanations
for a poor model fit at small diameters: (a) the saline cannot effec-
tively pass through small channels due to the hydrophobicity of the
RPU, (b) degraded cement cannot pass through the small channels, or
(c) the model does not accurately reflect the mechanism of genta-
micin elution from reservoirs.

To test the first hypothesis, cylinders were 3D printed with
channels of varying diameter (Figure S4). Saline was slowly added to
the cylinders until it flowed through the channels. Greater height of
saline was needed to flow through channels with smaller diameters
(Figure 8). In fact, the three smallest diameters require a larger saline
height than was used in the elution study, which could potentially

explain why the model poorly fit the data for these diameters.

40 50

Therefore, the effect of the saline height on gentamicin elution was
studied for two-channel diameters: 0.5 mm, which was the smallest
diameter tested previously, and 8 mm, for which the model predicts
an approximately linear cumulative release curve. The reservoirs
were tested at saline heights of about 12 and 35 mm. There was not a
significant effect of saline height for reservoirs with the larger dia-
meter, but the larger saline height significantly expedited gentamicin
elution for reservoirs with the smaller channel diameter (P<.01)
(Figure 9A). However, the model still did not accurately fit the data
for reservoirs with the 0.5-mm channel diameter. To potentially ex-
plain this, the reservoir mass was tracked over the course of the
elution study (Figure 9B). There was a significantly greater increase
in mass after 24 hours for reservoirs with the larger channel dia-
meter due to a greater influx of saline into the porous cement, sug-
gesting the saline still cannot effectively penetrate the smaller
channels. The mass of the reservoirs with smaller channels continued
to increase over time as the saline slowly penetrated the channels

over time. On the other hand, the mass of reservoirs with larger
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FIGURE 5 Effect of channel length on A E
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FIGURE 6 A computational model of gentamicin released from
reservoirs. A, The cube-shaped reservoir (left) is modeled as a 3D
matrix (right) in MATLAB. Matrix entries are modified to create
reservoir geometry. In the schematic, the red “E” entries represent
the channel exits and the “1” entries represent the carrier. B, The
computational model incorporates surface degradation of the
cement. Black represents the reservoir. Gray represents the carrier.
Red represents a degraded carrier. The images show degradation at
time O (left) and a later time point (right). 3D, three dimensional
[Color figure can be viewed at wileyonlinelibrary.com]

Model

channels decreased over time due to cement degradation. This loss
was greater for reservoirs with higher saline heights, which suggests
that increasing the pressure of saline on the cement increased the
degradation rate. Although the model does not accurately predict
gentamicin release for reservoirs with small channel diameters, the
model accurately predicted that a channel diameter of 8 mm would
result in an approximately linear cumulative release curve over a
range of channel lengths (Figure 9C).

In addition to elution kinetics, channel porosity could also in-
fluence mechanical properties. Video S1 shows a representative
time-lapse video of compression testing. Increasing porosity
significantly decreased the compressive strength and Young's
modulus (P<.0001) (Figure 10A,B). Figure 10C shows re-
presentative stress/strain curves for reservoirs with a range of
porosities. Despite affecting gentamicin release, the number of
channels per side did not significantly affect the compressive
strength but does have a slight but significant effect on Young's
modulus (P <.01). Decreasing porosity both extended gentamicin
release and increases the compressive strength (P <.0001)

(Figure 10D). This could be advantageous for load-bearing devices
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FIGURE 7 Model fit of cumulative release data. A, Model fit (solid
lines) of normalized cumulative release data (dashed lines) from
reservoirs with channel diameters between 2.5 and15 mm (Figure 3).
B, Model fit of data from reservoirs with diameters between 0.5 and
1.5 mm (Figure 3). C, Model fit of data from reservoirs with 0.5 mm
diameter and length of 2 vs 7 mm (Figure 5C)

to treat chronic bone infections. Despite extended elution, the
increased length of the X-shaped channels decreased the com-
pressive strength (P <.0001) and Young's modulus (P <.001) due
to the increased void space in the reservoir shell (Figure 10E,F).
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FIGURE 8 Height of saline required for fluid to flow through
channels. The dashed line represents approximate saline height used
in elution studies for Figures 3-5 [Color figure can be viewed at
wileyonlinelibrary.com]
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FIGURE 9 Saline height and model prediction. A, Effect of saline
height (12 vs 35 mm) on normalized cumulative release for
reservoirs with channel diameters 0.5 vs 8 mm compared to the
model prediction (solid lines). B, Change in mass over time for the
reservoirs in (A). C, Model prediction (solid) and data (dashed) for
reservoirs with channel diameter 8 mm and length 2 vs 7 mm

4 | DISCUSSION

Effective treatment for PJI requires a high-strength device that en-
ables load-bearing activity while eluting therapeutic levels of anti-
biotics for many weeks.?*° Antibiotic-impregnated PMMA spacers
only support partial weight-bearing with minimal release of anti-
biotics over time.'? In this study, we fabricated a 3D-printed model
scaffolds with reservoirs as a depot for the long-term delivery of
antibiotics from a biodegradable carrier. Compartmentalizing the
mechanical and therapeutic activities via two different materials
enables the strength and antibiotic release profile to be in-
dependently tuned.

The rate of drug liberation from bioceramics is significantly
greater than the resorption rate, so the antibiotic release is mediated
primarily by diffusion rather than degradation of the bioceramic.®* In
order to extend antibiotic elution, reservoirs must be designed to
slow the diffusion of the drug through the bioceramic. We demon-
strate that reducing the area, or porosity, or increasing the length of

3D-printed channels extend release by forcing antibiotics to diffuse
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FIGURE 10 Mechanical properties of reservoirs: A, Compressive
strength and (B) Young's modulus of reservoirs from Figures 3 and 4.
Black data are from reservoirs with a single channel per side and red
data are from reservoirs with multiple channels per side.

C, Representative stress-strain curves for reservoirs with a single
channel per side. The legend refers to the channel porosity.

D, Correlation between the percent gentamicin remaining in the
reservoir after 1 week vs the compressive strength of the reservoir.
E, Compressive strength and (F) Young's modulus of reservoirs from
Figure 5E. CS, compressive strength; YM, Young's modulus

further to reach the channels to exit the system. While not the main
focus of this study, it is important to note that the interaction be-
tween the cement and antibiotic also affects elution. For instance,
increasing the liquid-to-powder ratio of the cement will increase the
cement porosity and expedite antibiotic diffusion.>’ In addition,
bioceramics with different degradation rates can also influence drug
release. CPC degrade slower than CS cements to prolong antibiotic
release.®® Future studies should explore parameters of the cement
and antibiotic mixture on antibiotic elution from reservoirs.

A simple computational model accurately fit antibiotic release
data from reservoirs with channels that have diameters greater than
1.5 mm. At lower diameters, the hydrophobic properties of the RPU
material could potentially limit the exchange of saline and degraded
cement, resulting in a more extended-release profile than predicted
by the model. At greater channel diameters, the model can effectively

predict the geometry needed to achieve a desired cumulative release

Research®

profile. A constant rate of release over many weeks would be ideal to
treat an infection. Experimental data confirmed model predictions
that an 8-mm channel diameter results in an approximately linear
release profile. Increasing the channel length extended the release
while maintaining a linear shape.

This study demonstrates that reservoirs have the capacity to
release therapeutic levels of antibiotics for longer than spacers are
cleared for use by the Food and Drug Administration (180 days).
However, a limitation of this study is that in vitro elution studies do
not accurately reflect in vivo conditions, so it is difficult to predict
how long therapeutic antibiotic concentration would maintain in vivo.
We showed that cement degradation increases as the pressure ex-
erted by the fluid increases. Since the pressure of the synovial fluid in
an infected joint is difficult to determine, it will be challenging to
effectively predict the release profile of antibiotics in vivo. Some
studies have shown that in vivo release from bioceramics is slower
than in vitro release while other studies show the reverse.®**®
The data presented in this study at least provide general knowledge
about the factors that influence drug release from reservoirs. Future
work should investigate antibiotic release from reservoirs in large
animal models of infection.

Material selection for the 3D-printed implant is paramount to
tuning the mechanical strength of reservoirs. Without a need for
drug-eluting activity, there are multiple materials with greater
strength than PMMA that would enable full load-bearing activity. A
limitation of this study is that reservoirs were 3D printed with an
RPU with a compressive strength of approximately 45 MPa, which is
weaker than PMMA and thus limits the final strength of the com-
posite implant. However, the techniques developed from this study
can be applied to reservoirs 3D printed from high-strength materials.
For instance, others have 3D-printed reservoir-containing devices
from titanium using SLM.?*2° Titanium is considerably stronger than
PMMA and has the potential to support full load-bearing activity
during the treatment of PJI.

In addition to enabling load-bearing activity and improving era-
dication of the infection, a high-strength 3D-printed spacer could
significantly reduce the rising costs of treating PJI. PMMA spacers
are more expensive than primary implants, so a 3D-printed device
could be cheaper than current spacers on the market. Furthermore,
due to the high strength of the device, there would be no need for
additional surgery to replace the spacer with a new primary implant,
which would dramatically save on costs. There is also potential that
the local antibiotic release is so effective that the patient would need
less systemic antibiotics. As a result, a high-strength 3D-printed de-
vice with antibiotic-eluting reservoirs could improve treatment, pa-
tient mobility, and satisfaction, and reduce costs significantly.

Overall, this study demonstrates the potential to tune both the
mechanical and drug-eluting properties of implants with reservoirs.
Optimization of the 3D-printed material, reservoir geometry, and
biodegradable carrier can result in a device with substantially im-
proved efficacy vs current PMMA spacers. While this study focuses
on the treatment of PJI, the reservoir platform could potentially be

applied to other devices. Intramedullary nails are often used to treat
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nonunion bone fractures.’? A reservoir-containing intramedullary
nail could be loaded with a biodegradable carrier that elutes growth
factors to promote bone growth and antibiotics to prevent infection
in compound fractures. Reservoir-containing implants can also be
used after the excision of cancerous bone tissue as a bone graft
substitute that elutes chemotherapeutic while maintaining load-
bearing function.?* Understanding the ability to tune the mechanical
and drug-eluting properties of reservoirs enables the design of a
range of devices that could treat numerous afflictions.
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