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bstract

A novel three-dimensional (3D) printing technique was utilized in the preparation of drug implants that can be designed to have complex drug
elease profiles. The method we describe is based on a lactic acid polymer matrix with a predefined microstructure that is amenable to rapid
rototyping and fabrication. We describe how the process parameters, especially selection of the binder, were optimized. Implants containing
evofloxacin (LVFX) with predefined microstructures using an optimized binder solution of ethanol and acetone (20:80, v/v) were prepared by
3D printing process that achieved a bi-modal profile displaying both pulsatile and steady state LVFX release from a single implant. The pulse

elease appeared from day 5 to 25, followed by a steady state phase of 25 days. The next pulse release phase then began at the 50th day and
nded at the 80th day. To evaluate the drug implants structurally and analytically, the microscopic morphologies and the in vitro release profiles of
he implants fabricated by both the 3D printing technique and the conventional lost mold technique were assessed using environmental scanning
lectron microscopy (ESEM) and UV absorbance spectrophotometry. The results demonstrate that the 3D printing technology can be used to

abricate drug implants with sophisticated micro- and macro-architecture in a single device that may be rapidly prototyped and fabricated. We
onclude that drug implants with predefined microstructure fabricated by 3D printing techniques can have clear advantages compared to implants
abricated by conventional compressing methods.

2007 Published by Elsevier B.V.

eywords: Drug implant; Three-dimensional (3D) printing; Conventional compression mold; Drug release in vitro; Levofloxacin (LVFX)
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. Introduction

While the systemic route of drug administration is the main-
tay of pharmacotherapy, it often suffers from limitations due
o dose-limited efficacy or safety (Alekha and Greggrey, 1998;
chim, 1997). Drug implants are an alternative method of deliv-

ring drugs locally and can have significant advantages over
ystemic delivery for certain indications. Implants in or near
he diseased organ that contain active drug within a sustained-

elease delivery matrix provide the benefits of relatively high
herapeutic efficacy and low systemic toxicity. For example, reti-
al diseases are difficult to treat with systemically administered
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rugs because of the blood-retinal barrier, as well as due to
ystemic toxicity.

Drug implants are often manufactured by the freeform
abrication of a homogeneous mixture of the powder form of
he active ingredient together with its excipients (Gabriel et
l., 2002; Zheng et al., 2002; Zhou et al., 1998; Soriano and
vora, 2000; Castro et al., 2003). While these methods have
erits, there can suffer from a lack of control over the structure

nd internal architecture of the implants, which can limit their
ffectiveness. The three-dimensional (3D) printing technique
epresents one of several improved technologies used more
ecently to produce drug implants (Sarah and Tejal, 2003; Wu et

l., 1996). The 3D printing process is a type of solid, freeform
abrication technique first developed at MIT (Wu et al., 1996;
ill et al., 2002). The 3D printing process works in a manner
ery similar to an “ink jet” printer to create a precise, three-
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Three cylindrical implants were designed as illustrated in
Fig. 2 I–III. The names and dimensions of the designs are
summarized in Table 1. L-PLA was chosen as the main

T
C

I
D

Fig. 1. The schematic illustration of the principle of the 3D printing.

imensional product composed of a series of two-dimensional
ayers. A principle of the technique is presented in Fig. 1.

The essential elements of the printing device are a z-piston
s a building box, an x–y plotter for moving the printing
evice, the spreading unit, and several electronic control devices.
nlike other conventional pharmaceutical processing technolo-
ies, 3D printing technology enables the design and fabrication
f implants with novel and precisely defined, micro- and macro-
rchitecture. The implants can be designed to have uniform drug
istribution in the matrix form, display well-controlled dosing
nd have complex drug release profiles.

There have been several reports on the use of 3D print-
ng methodologies in medical applications. Most of these have
ocused on the engineering aspects of fabricating scaffolds for
issue and organ replacements. For example, Kim et al. (1998)
mployed 3D printing with particulate leaching technique for
reating porous scaffolds. The work of Park et al. (1998),
eltinger et al. (2001) and Lam et al. (2002) deal mainly with
D printing methods used for the fabrication of scaffolds made
p of different polymer materials. Generally, there are few pub-
ished studies on the application of 3D printing techniques to
abricate drug implants. The first report of using 3D printing pro-
ess to fabricate drug delivery devices was by Wu et al. (1996),
ho showed it was possible to construct devices with complex
icrostructure, rather than just complex macro-shapes. How-

ver, their study used dyes as model drugs to demonstrate proof
f concept for 3D printing in fabricating drug delivery devices.
atsta et al. (2000) and Rowe et al. (2000) reported that oral
osage forms of standard pharmaceuticals could be formulated

ith the aid of 3D printing methods.
In 3D printing methods, several parameters may be controlled

o optimize the drug delivery properties of the implant. The
ayer thickness and spacing between printed lines are optimized

able 1
omparison of LVFX implants designs

I II

mplant design Matrix structure Capsule struc
rug distribution Homogeneous Homogeneou
f Pharmaceutics 339 (2007) 33–38

o provide adhesion between lines and layers. Flow rate of the
iquid binder and fast axis speed determine the quantity of
inder deposited per unit line length. These operating param-
ters for fabricating implants were optimized in our previous
tudy (Huang et al., 2005).

In this report, we describe the properties of implants fabri-
ated by a 3D printing technique compared with a conventional
ompression method for fabricating implants for the controlled
elivery of Levofloxacin (LVFX), a broad-spectrum fluoro-
uinolone antibiotic against gram-positive, gram-negative and
typical bacteria. A powder of biocompatible poly-l-lactide
PLA), a polymer of lactic acid, was developed to compare the
D printing and conventional compression methods. Selection of
he binder in the 3D printing process was optimized for manufac-
uring implant prototypes and with predefined microstructure,
hich we then fabricated and tested. The morphology of the

mplants manufactured by both processes was characterized and
he release profiles of LVFX in vitro were studied.

. Materials and methods

.1. Materials

Poly (l-lactic acid) (L-PLA), Mw = 100 kDa, was a gift from
ikang Biomedical Co., Ltd. (Chengdu, China). Levofloxacin

LVFX) powder was obtained from Daiichi Pharmaceutical
Beijing) Co., Ltd. All other chemicals were analytical grade
r better and readily available commercially.

Polymer L-PLA powders were milled, vacuum-dried and
and-sieved with stainless steel sieves at 150 �m before fab-
ication.

.2. Implants design
Fig. 2. The schematic illustration of the LVFX implant designs.

III

ture Double-layer with a reservoir-like structure
s in core portion Homogeneous in lower and upper portion
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on a bed of L-PLA.

From Table 2, we determined that a 20:80 mixture of ethanol
W. Huang et al. / International Jour

atrix material because of its well-established biocompatibility,
iodegradability, and FDA approval as biomaterial for clinical
se.

The implant in Fig. 2 I was a single matrix structure with
VFX homogeneously distributed in L-PLA matrix. For com-
arison, we fabricated implant I in Fig. 2 using both the
onventional compressing process and 3D printing technology.
mplants with more intricate architectures were also designed by
D printing technique, as shown in Fig. 2 II–III. Implant II has
capsule structure, with its core containing LVFX distributed

n the matrix and surrounded by the L-PLA matrix. The implant
II prototype consists of a complex structure: the upper region
as a reservoir-like system, in which the homogeneous mixture
f LVFX and L-PLA was encapsulated, while the lower region
as a L-PLA matrix system homogeneously loaded with LVFX.

.3. Fabrication of implants

.3.1. Three-dimensional printing process
A 3D printing test setup was used for process evaluations. The

achine was designed and built by Fochif Mechatronics Tech-
ology Co. Ltd. (Shanghai, China). We used 3D inkjet printing
o create a solid object by printing a binder onto selected areas
f sequentially deposited layers of powder or particulates in the
ollowing sequence:

. Align the first desired powder cylinder with the rolling deliv-
ery system.

. Increase the movable position piston upwards to deliver an
incremental amount of powder.

. Activate the roller to move powder to the receiving platform.

. Lower the powder piston onto the driving system.

. Then slide the powder feeder so that the next desired powder
cylinder is lined up with the delivery system.

. Repeat step 2–5.

. Continue for as many different powders and/or powder layers
as required.

We created each layer by spreading a thin layer of powder
ver the surface of a powder bed. The powder bed is supported by
piston that descends upon powder spreading and then prints

ach layer. More details of 3D printing have been previously
escribed (Wu et al., 1996; Leong et al., 2003; Sachols et al.,
003).

Printed implants were allowed to dry overnight at room tem-
erature, followed by removal of the unbound powder to reveal
he final implants. The implants were carefully removed from
he plate and transferred into a vacuum oven and allowed to dry
or 7 days. We assumed that the migration of polymer and drug
uring the drying period was minimal.

.3.2. Conventional compression process
The implant paste was made by adding drug directly as pow-
er or incorporated as an emulsion of polymer solution prior
o mixing and drying. These implants, therefore, were manu-
actured by creating homogeneous mixtures of powdered drugs
nd excipients. The conventional implants in this study were

a
w
t
w
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repared by compressing homogeneous mixtures of L-PLA and
VFX using a process described by Castro et al. (2003), and
oriano and Evora (2000).

.4. Microscopic observation of implants

Environmental scanning electron microscopy (ESEM) was
sed to characterize the structure of the implants before, during
nd after the drug release assays. The samples were dried and
oated under an argon atmosphere with gold–palladium and then
xamined by ESEM (FEI Quanta 200) at 20 kV.

.5. Analytical method for measuring LVFX

For the in vitro release test, concentrations of LVFX in each
eleased sample lot were analyzed by measuring absorbance at
92 nm with an UV spectrophotometer (PerkinElmer Lambda
5). The in vitro release medium was composed of PBS 7.4
nd 0.9% (w/v) sodium chloride. The standard curve was
lotted and linear regression allowed quantification of the
amples.

.6. In vitro release assay

The samples were placed in 20 ml glass test tubes with fresh
uffer solution, and maintained in water bath at 37 ◦C. The
elease medium was sampled at pre-selected intervals for UV
bsorbance and replaced with fresh physiological saline.

. Results and discussion

.1. Selection of the binder for 3D printing

According to reports on the 3D printing technique from MIT
Wu et al., 1996; Leong et al., 2003; Sachols et al., 2003; Jill et
l., 2002), the binder used in 3D printing can be the same material
s in the conventional powder compression methods (Cima and
ima, 1996; Monkhouse et al., 2003). The optimal binder selec-

ion for 3D printing of implants should be determined before
heir fabrication.

In this study, L-PLA was used as the polymer phase, which
as soluble in acetone. The LVFX was slightly soluble in ace-

one but soluble in ethanol. The solubility of LVFX in different
atios of ethanol and acetone solutions was determined in order
o optimize the balance of high drug concentration and dis-
olution ability of the polymer binder solution. The mixtures
f ethanol and acetone (5:95, 10:90, 20:80, 30:70, 40:60, v/v)
hown in Table 2 were investigated. A homogeneous implant
as achieved by these binders solutions, which was deposited
nd acetone was suitable for dissolving the polymer L-PLA,
hile delivering a high concentration of drug to the implant;

herefore, binder solutions with ethanol and acetone at 20:80
ere selected for subsequent 3D printing.
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Table 2
Binder composition of 3D printing process for implants fabrication

Binder composition

A Acetone Cannot print
B Acetone + 5% ethanol Print; cannot bind
C Acetone + 10% ethanol Print and bind; loose
D Acetone + 20% ethanol Print; bind; excellent
E
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Acetone + 30% ethanol Print and bind; normal
Acetone + 40% ethanol Print; bind; poor

.2. Microscopic observation of implants

Implants manufactured by 3D printing are shown in Fig. 3.
he surface of the implants appeared smooth and the implants
ave the external dimension of 6 mm in height and 9 mm in
iameter.

The morphology of the implants made using the two pro-
esses was compared. The implant made by the conventional
ompression process had fewer pores while the implant made
y 3D printing technique was more porous and uniform. The
ame uniform predefined structure of implant III with a pore
ize of below 200 �m is shown in Fig. 4.

The structure of implant III during the release test at 40th
ay was characterized by ESEM (Fig. 5). The pore size was
00–400 �m, and most remained connected during the period
f drug release. This pore size range has been shown as optimal
or regenerating bone scaffolds (Leong et al., 2003; Jill et al.,
002). This suggests that the 3D implants we describe here may
lso have utility as an implant matrix for bone repair. As the
rug release study progressed over time, the connected pore size

ecame about 500 �m after 100 days. Follow-up studies in vivo
n a rabbit model to measure drug release and bone repair of the
mplants we describe here are in progress (data not shown).

ig. 3. The typical implants fabricated by 3D printing process. The scale of the
uler is mm.
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ig. 4. The cross-section ESEM of implant III made by 3D printing process.

.3. In vitro measurements

Fig. 6a shows the release of implant I made by the conven-
ional compressing process. The release of implant I reached

aximum concentration of 19 �g/ml at the 5th day. After about
5 days, LVFX release was around 6 �g/ml and remained below
�g/ml from days 20 to 42. The result of implant I made by
D printing in Fig. 6b indicated that burst release occurred, fol-
owing a lag time of 1 day, at the 4th day. The concentration of
VFX release was maintained about 4 �g/ml for 15 days before
eclining gradually to under 4 �g/ml on day 42.

From the release profiles of Fig. 6a and b, implant I made
y both techniques appeared to have similar release patterns.
he high burst phase of LVFX release was observed between
ays 4 and 5. The implant made by conventional compressing
an sustain a LVFX concentration above 4 �g/ml longer than
he implant made by 3D printing. The release pattern may be

ationalized by the built-in release mechanism in the cases of
he two implants. Both implants achieved a burst of release at
lmost the same time since the LVFX release starts mostly at

ig. 5. The cross-section ESEM of implant III after in vitro release for 40 days.
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Fig. 6. In vitro release of LVFX from implant I–III, data show
mean ± S.D.,(n = 5). (a) Implant I made by 3D printing process; (b) implant
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release patterns compared to conventionally fabricated drug
implants. Our study provides support that 3D printing method-
made by conventional process; (c) implant II made by 3D printing process; (d)
mplant III made by 3D printing process.

he surface of the implant. From the microscopic observation
n implants made by both processes, the implant made by 3D
rinting displayed a looser or more porous structure than that
y the conventional compressing process. This observation sug-
ests that drug release from implants fabricated by 3D printing
roceeds by diffusion more readily compared to the conven-
ional compression process, based on the expected patterns of
iffusion-mediated drug release reported in the literature (Jill et
l., 2002).

The structures of implants made by the conventional fabrica-
ion process are relatively simple due to limits in its fabrication
echnology. The structures of implants fabricated with 3D print-
ng process can be more complex and achieve sophisticated
elease profiles, as shown by the results from implants II and
I.

Fig. 6c and d showed the profiles of implants II and III fabri-
ated by 3D printing process. The LVFX release profile depicted
n Fig. 6c indicates that implant II released a higher daily dose
f drug overall than implant I, except for the burst release phase.
rom the 10th to 50th days, implant II achieved a LVFX con-
entration above 4 �g/ml, with the maximum concentration of
1 �g/ml achieved at 20th day. Implant III was observed to have
distinct bi-modal or pulsed pattern of release, as shown by

ig. 6d. The first phase of the pulsed release of LVFX appeared
rom the 5th to 25th day, and the highest concentration achieved
uring this period was 15 �g/ml at the 15th day. A steady state
eriod of 25 days then occurred, with drug release during this
ime measured at about 5 �g/ml per day. A second pulse of drug
elease began at 50th day and ended at 80th day, and the highest

oncentration was 8 �g/ml at the 65th day. The release con-
entration was below 2 �g/ml at the 95th day in this 100-day
tudy.

o
f
r
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Release studies for each of the implant designs were under-
aken to gain better insight into the impact of different fabrication
rocesses on drug release over time. The in vitro release pro-
les in Fig. 6a–d indicated that all the implants continued to

iberate LVFX, but at nonlinear kinetics, throughout the 40-
ays study for implant I, for about 80-days for implant II
nd for about 90-days for implant III. The release pattern of
VFX from the implants was variable, which suggests that
he release was likely controlled by a combination of pas-
ive diffusion and erosion of the polymer matrix over time
ccording to the bioerosion-modulated drug release mechanisms
Chein, 1992).

Since the internal, macroscopic architecture of drug implants
an be more carefully designed and fabricated using the 3D print-
ng technique, implants could be created with many regions, each
ith different materials and architectures, as shown in Fig. 2 II

nd III. The release profiles of implant II and III shown in Fig. 6c
nd d met the designed criteria of the predefined microstructure
abricated by 3D printing. The sophisticated release profiles of
uch implants may suggest that 3D printing techniques have the
otential to allow fabrication of implants with more complex
rug release profiles than are possible with conventional manu-
acturing techniques. The former may find specific therapeutic
pplications where bi-modal or other patterns of drug expo-
ure are highly desirable, but not achievable with conventional
ethods routinely used today.

. Conclusions

Using a novel 3D printing technique, we successfully
abricated drug implants containing LVFX with predefined
icrostructures that exhibited complex release profiles not

chievable with conventional fabrication methods. The optimal
inder in our process was 20:80 (v/v) ethanol and acetone. Three
mplants demonstrating proportional release were developed
sing 3D printing versus conventional molding. The micro-
copic morphologies and the in vitro release of the implants were
nvestigated using ESEM and UV spectrophotometric absorp-
ion at 292 nm to evaluate the performance of both types of
mplant devices.

In comparison with the implants fabricated by the conven-
ional technology, the implants we prepared by 3D printing
rocess achieved a more sophisticated drug release profile;
amely a distinct bi-modal, or pulsed release profile from a sin-
le implant. Over the course of 100 days of monitoring drug
elease in vitro, one pulse of release appeared from the 5th to
5th day, and another pulse began at the 50th day and ended at
0th day, with a lag time of 25 days between the two pulses,
herein a steady state of release was observed at about 5 �g/ml
f LVFX.

We show that such 3D implants can display complex drug
logies that deploy inkjet techniques have promising potential
or manufacturing sophisticated drug implants with bi-modal
elease profiles that could have new therapeutic applications.
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