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Mechanically robust implants are being used in many different

parts of the body for various applications in orthopedics,

cardiovascular stents, and defibrillators.[1,2] However, there are

numerous problems to overcome, such as reducing infections,

enhancing implant bonding, and preventing restenosis in

cardiovascular stents, among others. A central strategy is to

incorporate therapeutic agents that can enhance implants and

overcome the key problemsmentioned.[3–5] A popular approach

is to incorporate polymer coatings that are loaded with the

therapeutic agent.[6,7] However, in some cases polymers are not

themost suitablematerials, suchas incardiovascular stentswhere

delamination of the polymer coating can lead to thrombosis.[8,9]

In those situations it is necessary to have a reservoir that does not

degrade or erode. Non-eroding nanoporous oxide coatings offer

an attractive alternative platform since they are nonerodible and

their nanofeatures allow control of the elution profile.

Herein, we present the results for the release of a model

drug, doxorubicin (Dox), from different non-eroding nanopor-

ous coatings. Detailed studies of drug release from these

platforms in the form of anodic aluminum oxide (AAO) and

anodic titaniumoxide (ATO)were carriedout. There aremany

approaches to sputter metals, such as titanium and aluminum,
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on different materials and to anodize them afterwards,[10,11]

thus giving feasibility to the integration of the nanoporous

templates on implants or stents. We show that nanoporous

surfaces can achieve a sustained release rate over periods of

several weeks, similar to polymeric platforms but without the

risk of delamination or leaching since they are not degradable.

We show that the kinetics of the sustained release from

these nanoporous platforms is well described by an activated

surface-density-dependent desorptionmodel,which appears to

be universal for non-eroding platforms.

The release studies were performed in vitro using

phosphate-buffered saline (PBS), which is commonly

employed to simulate in vivo conditions for drug release.[12,13]

The elution kinetics is fundamentally the same in vivo since the

nanoporous platforms are not affected by the physiological

conditions, unlike their polymeric or hydrogel counterparts.

Besides, in the case of small molecules such as Dox, enzymes

would not interferewith the drug and hence the elution kinetics

is not altered by the presence of the biomolecules. In this study,

the results prove that the nanoporous platforms can be used as

non-eroding sustained-release systems that can be utilized as

coatings on currently available implants, such as cardiovascular

stents, orthopedic/dental implants, fiducial implants, or spacers.

The biocompatibility of titanium, aluminum, and their

oxides has already been well established and they have been

used widely in orthopedic prostheses and dental implants for

years.[14–18] Somestudiesofnanoporous coatingsof alumina for

drug-release applications have been carried out before.[10,19–21]

ATO nanotubes, although a relatively new material compared

toAAO, have also been investigated as drug-release platforms

in the past.[22,23] Studies have shown that titania-nanotube

coatings are not only biocompatible but also support bone

growth.[24–26] Although drug release fromnanoporous coatings

has been studied before, there is a lack of understanding of the

release kinetics from these platforms and the dynamics

governing them. Herein, our aim is to explain the release

kinetics fromnanoporous surfaces by amodel that is supported

with a systematic study of elution profiles.

Three different types of platformswere used for the elution

studies: AAO nanotemplates (Figure 1a and b), ATO nanotem-

plates (Figure 1c), and a biodegradable polycaprolactone (PCL)

as control platform. Dox, which is a self-fluorescent drug, was

loaded into the templates for the release studies.

A custom-made fluorometry setup (Figure 2) was built to

enable in situ measurements, that is, the fluorescence intensity

of Dox was measured directly inside the release medium. This

in situmeasurementmethodmade it possible to achieve a large
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Figure 1. Scanningelectronmicroscopy imagesofnon-erodingnanoporous templates.a)AAO,

20 nmpore diameter (AAO-20); b) AAO, 200 nmpore diameter (AAO-200); c) ATO, 125 nmpore

diameter.

214
number of readingswithout disturbing the release process. This

design is critical to understand the release kinetics, since it

allows the collection of fast and frequent data over time.

All the platforms showed release profiles extending to the

order of weeks and were still eluting when the measurements

were terminated. Figure 3 shows representative graphs of the

percentage of drug released from different platforms. The

percent release was calculated by comparing the drug released

into themediumto the total drug releasedat infinite time (M1).

For nanotemplates M1 was estimated by clearing the drug

completely from theporeswith thehelpof anemulsifier,Tween

80, after the elution measurements (see the Supporting

Information for the protocol diagram, Figure S3). The drug

released at infinite time is the sum of the amount of drug in the

Tween solution (MT) and the total drug eluted during the

experiments (M):M1 ¼ M þMT. For polymeric platforms, on

theother hand,M1 is knownexactlyby thepreparationmethod.

All the platforms show a considerable amount of drug

release immediately after introduction to the release med-

ium—this effect is known as the burst release. The time period

for the burst release is relatively very short compared to the

entire release process and is typically about 100min for the

platforms investigated. Although burst release has been

observed in many controlled-release studies, due to the short

time range there are few detailed data in this region and it has

been ignored in most of the mathematical models.[27]

One of the advantages of the in situ measurement setup

used in these experiments is that it is possible to collect release

data frequently, at minute intervals, which helps in under-

standing the short-term burst effect. The burst-release data

for the first 100min fit to the same power law behavior for all

non-eroding and polymeric platforms: mðtÞ=M1 ¼ y0 þ at1=2,

wherem(t) is the cumulative released drug, and y0 and a are the

fitting parameters (Figure 4a). The release rate (dmðtÞ=dt) of
such a system is inversely proportional to the square root of the

time: dm=dt ¼ kt�1=2, where the rate constant k ¼ 1
2M1a. The
Figure 2. Experimental setup for in situ fluorescence measurements.

Figure 3. Representa

each platform.
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t1/2 dependence is characteristic of Fickian

diffusion, considering that in this early stage

the drug is diffusing into a semi-infinite

medium with zero initial concentration.[28]

After the burst-release phase, all the

platforms start releasing the drug at a much

slower rate. The non-eroding nanoporous

coatings show an empirical logarithmic beha-

vior (Figure 4b): mðtÞ=M1 ¼ lnðbþ ctÞ,
where b and c are fitting parameters. The

empirical constant c in the release equation
depends on the effective surface area of the template, which is

quitemagnified due to one of the advantages of the nanofeatures

of the platform, namely the enhanced surface-to-volume ratio

(Figure 5a; see the Supporting Information for details). This

dependency suggests that the sustained release is not dominated

mainly by the diffusion, but by the drug–surface interactions, that

is, surface desorption. The release profile also suggests a density-

activated release model: the fewer the number of drug molecules

left on the surface, the faster the release rate (Figure 5b). Hence,

the release profile is determined not only by the interaction

between drug molecules and the surface, but also by the

interaction between the drug molecules.

The experimental results can be interpreted with a

desorption model, which assumes that the time rate of change

of the fractional surface coverage f obeys the simple first-order

kinetic law df
dt ¼ kðtÞf n, where k is the rate of desorption of

particles from the surface.[29] Since desorption is a thermally

activated process, the rate constant obeys an Arrhenius law

kðtÞ ¼ kexpð�EaðtÞ=kBTÞ, in which kB is the Boltzmann

constant.[30]TheactivationenergyEa, andhence thedesorption

rate, generally depends on surface coverage,[31] thus reflecting

the fact that this energy is determined byboth the interaction of

particles with the substrate and the interaction between

particles. The latter becomes relevant for large surface

coverage when the mean distance between particles becomes

comparable to the particle radius. Since the probability for two

particles to interact is proportional to f2, the activation energy
tive curves for the percentage of Dox released from

im small 2010, 6, No. 2, 213–216



Figure 4. a) Representative graph of the initial release profile fitted to

mðtÞ=M1 ¼ y0 þ at1=2. b) Representative slow-release profile for non-

eroding platforms fitted to mðtÞ=M1 ¼ lnðbþ ctÞ. The x axis is on a log

scale.

Figure 5. a) Change of parameter c in the release equation,

mðtÞ=M1 ¼ lnðbþ ctÞ, as a function of effective template surface area.

b) Representative graphof the change in the number of particles over the

surface,whichdependson thecoverage itself. The line is thefittingof the

data to the surface desorption model, df =dt ¼ �af expð�bf 2=kBTÞ.

Table 1. Fitting parameters of release data to the surface desorption
model, df =dt ¼ �af expð�bf 2=kBTÞ.

Platform a �10�6 [s�1] b �10�47 [J m2]

AAO-20 �6� 1 �8� 5

AAO-200 �7� 1 �4� 2

ATO �17� 0.6 �27� 10
can be written in the mean-field limit as Ea ¼ E0
a þ bf 2, where

E0
a represents the interaction of the particle with the substrate

and bf2 is the increase of the activation energy due to

the pairwise particle interactions. This yields the prediction

df=dt ¼ �afexpð�bf 2=kBTÞ, where the vanishing-coverage-

limit rate constant is defined as a ¼ exp � E0
a

kBT

� �
.

The above theoretical prediction is seen to fit well for the

data from all of the nanoplatforms. The absolute coverage rate

decreases with declining coverage; Figure 5b shows a

representative curve fitting. The fitting parameters for each

non-eroding platform are summarized in Table 1.

We carried out drug-release studies from PCL plugs as a

comparison platform. PCL plugs showed same burst-release

behavior of t1/2 dependency as the non-eroding ones. However,

their profile was different from that of the non-eroding

platforms for slow release. It shows a power law similar to

burst release but with a different exponent: mðtÞ=M1 ¼ ktn

(data not shown), where k is the fitting parameter and the

exponent n¼ 0.31� 0.01, which is consistent with the elution

kinetics of polymeric platforms in the literature.[32–34]
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In summary, we have shown that biocompatible, non-eroding

nanoporous coatings can be fabricated that are suitable for drug-

releasing implants for a variety of therapeutic situations. Nano-

porous platformswere loadedwithDoxand the release profilewas

observed by in situ fluorometry. After a rapid burst release, which

was similar for all the platform types, different sustained-release

kineticswasobservedfromthenanoporousplatforms.Anactivated

surface-density-dependentdesorptionwas ineffect fornanoporous

templates. The results provide direct evidence that nonerodible,

biocompatible nanoporous coatings can be manufactured that are

suitable for sustained drug release from implants for a variety of

therapeutic situations as alternatives to polymeric systems.
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Experimental Section

Platform fabrication: Three types of non-eroding and one type

of polymeric platform were prepared for the study, namely AAO

with pore sizes of 20 (AAO-20) and 200 nm (AAO-200), ATO, and

PCL. Nanoporous alumina templates were prepared by anodiza-

tion of aluminum foil in an acid;[35] the anodization setup is

shown in Figure S1 (Supporting Information). AAO-20 platforms

were prepared by two-step anodization[36] of aluminum foil (Alfa

Aesar) under a constant voltage of 15 V in oxalic acid solution

(5wt%). The second step was carried out for 4 h resulting in a

20 nm pore diameter and 2mm array thickness. AAO-200 plat-

forms were also prepared by the same two-step anodization

method but at 130 V and in phosphoric acid solution (0.3 M).

Following 4 h of second-step anodization, the platforms were

immersed in phosphoric acid (5%) for 80min for pore widening.

Then, an AAO of pore diameter 200 nm and array thickness 10mm

was achieved. ATO platforms were fabricated by anodization of

titanium foil (Alfa Aesar) under a constant voltage of 60 V and in

potassium fluoride (0.05M in 10% deionized (DI) water/90%

glycerol) solution. After 15 h of anodization, nanotubes 125 nm in

diameter and 2.5mm in length were achieved as reported in the

literature.[37] The templates were soaked in Dox (adriamycin, 2mg

mL�1)/PBS (500mL, 50mg mL�1) for 24 h. PCL–Dox platforms

were prepared by mixing dissolved PCL and Dox. First, PCL (0.4 g)

was dissolved in acetone (1mL) to give a homogeneous solution.

Dox (2mg mL�1, 20 vol%, 100mL) was added to the PCL solution

and mixed thoroughly. The liquid solution was placed in 500-mL-

capacity microcentrifuge tubes and dried overnight. The dried PCL

was removed from the centrifuge tubes and the resulting self-

standing PCL cones were used as a representative polymeric drug-

release platform. Images of the platforms after loading are shown

in Figure S2 (Supporting Information).

In situ release profile measurement: The nanoporous tem-

plates were first washed with DI water (1mL) to remove residues

of Dox on the surface. All the release platforms (four replicas of

AAO-20 and AAO-200, three replicas of ATO, and five replicas of

PCL) were placed in glass scintillation vials with PBS (5mL, 1%)

buffer solution as the release medium. The fluorescence signal,

which was directly proportional to the amount of Dox in the

solution, was measured directly in the release medium using a

custom-built spectrometer design (Figure 2). The laser beam at a

wavelength of 532 nm was shone onto the vial at predetermined

time intervals. The fluorescence emission of Dox at 590 nm was

detected by the spectrometer (MS257 Oriel, CT). The acquisition

time of the spectrometer was set at 0.5 s and to avoid bleaching of

the Dox, the vials were kept under the laser no longer than

necessary. Between measurements the vials were kept on a rocker

to allow constant mixing of the solution. More details can be

found in the Supporting Information.
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