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ABSTRACT

Purpose The purpose of this study is to demonstrate the
long-term, controlled, zero-order release of low- and high-
molecular weight chemotherapeutics through nanochannel
membranes by exploiting the molecule-to-surface interactions
presented by nanoconfinement.

Methods Silicon membranes were produced with nano-
channels of 5, 13 and 20 nm using standardized industrial
microfabrication techniques. The study of the diffusion kinetics
of interferona-2b and leuprolide was performed by employing
UV diffusion chambers. The released amount in the sink
reservoir was monitored by UV absorbance.

Results Continuous zero-order release was demonstrated for
interferona-2b and leuprolide at release rates of 20 and 100 ug/
day, respectively. The release rates exhibited by these mem-
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branes were verified to be in ranges suitable for human
therapeutic applications.

Conclusions Our membranes potentially represent a viable
nanotechnological approach for the controlled administration of
chemotherapeutics intended to improve the therapeutic
efficacy of treatment and reduce many of the side effects
associated with conventional drug administration.

KEY WORDS chemotherapy - controlled release - drug
delivery - implants - nanochannel

INTRODUCTION

With an estimated 1.48 million reported cases resulting in
over 560,000 deaths in 2009, cancer has surpassed heart
disease as the leading cause of mortality in the U.S. for
individuals 85 years of age and younger (1,2). Despite
advances in cancer research, the number of deaths is
staggering and growing, while the societal and economic
impact of this malignancy continues to be enormous. As an
example, the total recurrent annual U.S. market for breast
cancer chemotherapies is estimated at $5.9 billion and is
expected to continue rising (3).

Nanopharmaceutical compounds such as liposomes (4)
and paclitaxel-loaded albumin nanoparticles (5) have been
widely used in the clinic (6,7). A large number of novel
nanotherapeutics is also involved in ongoing clinical trials
(8) and under investigation for the treatment of specific
types of cancers (9,10).

Despite the improvement of the therapeutic index of
chemotherapeutic compounds achieved through the nano-
technological enhancement of drug formulations, the
toxicity associated with drug administration still remains a
significant limiting factor (11).
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Parallel to the development of targeting strategies has
been the investigation of the controlled and metronomic
administration of drugs (12). The pharmacodynamics and
efficacy of treatments have indeed been demonstrated to be
related to the frequency (13), time (14,15) and duration of
drug administration. For example, it was shown that the
sustained controlled administration of chemotherapeutics
for several hours was needed for the drugs to be effective
against lymphoma cells (16).

Substantial resources have thus been focused on the
development of implantable technologies for the localized
controlled administration of drug at therapeutic levels (17—
21). Implantable polymeric systems have been developed
utilizing release strategies based on both degradation and
encapsulation (22). In general, however, polymeric systems
lack precise release control, which may represent an
obstacle for their adoption to chemotherapy (23). Osmotic
pumps (22,24), including the DUROS® developed by the
ALZA Corporation, were originally applied to control the
release of leuprolide. The device, loaded with 150 pl of a
DMSO-based leuprolide solution, showed near-constant
release for a year both i vitro and in i vivo in canines and
humans (25). While osmotic pumps have been successfully
demonstrated, the requirement of moving components
could generate device instabilities, which might lead to
therapeutic ineffectiveness or dangerous drug leakage.
Other approaches to implantable drug delivery have been
investigated by Santini e al. (26,27). A microelectrome-
chanical system (MEMS) was developed capable of the
pulsatile release of drug molecules from a chip hosting an
array of micro-reservoirs capped by gold membranes. The
device could selectively open single reservoirs through an
applied electrical potential, causing the electrochemical
dissolution of the gold membrane. This device was adapted
for leuprolide release by MicroCHIPS, Inc. and demon-
strated a pulsatile release of leuprolide in a canine model
for 6 months (28). Although pulsatile release may be
effective for several therapeutic regimes, this system
resembles a multiple injection strategy as opposed to
continuous drug administration.

Studies have highlighted the efficacy of metronomic
strategies for the treatment of various forms of cancer
(29,30). The efficacy of such approach as compared to the
conventional practice is related to the increased frequency
of drug administration at non-toxic doses. In this context, a
sustained and continuous administration of therapeutics
represents an extreme form of metronomic delivery. As
such, nanochannels represent a possibility for a stable
therapeutic delivery platform capable of constant, control-
lable release in a diffusive fashion. Our group was the first
to develop silicon nanochannel membranes for biomedical
applications (31,32). We proved that when the size of the
fluidic channels shrinks to the size of the diffusing

molecules, the spatial confinement associated with analyte-
to-wall interactions causes a constrained and saturated
diffusion. By tailoring the nanochannel size and surface
properties, we demonstrated the zero-order release of large
biological molecules such as bovine serum albumin (BSA),
interferon (INFa-2b) and lysozyme in 13 and 20 nm
nanochannels for a period of over 4 weeks (33,34).
Furthermore, the membrane materials were shown to be
biocompatible (20,35), and implants based on a previous
nanochannel membrane architecture demonstrated sus-
tained stable release for 6 months i vwo, unaffected by
tissue encapsulation (36). Although the results were encour-
aging, the mechanical stability of the early chip designs was
limited. Moreover, manufacturing limitations at that time
prevented the investigation of constrained release in
channels below 7-10 nm.

In this manuscript, a novel high throughput nanochannel
delivery system (nDS) with enhanced mechanical stability is
presented. The nDS membranes used in this investigation
have nanochannel sizes of 5, 13, or 20 nm, although
nanochannels down to 2 nm have been fabricated. These
membranes are employed for the i vitro constant release of
both large and small chemotherapeutic molecules, in this
case INFa-2b and leuprolide, at therapeutic levels, a
capability which had yet to be reported for low molecular
weight pharmaceuticals. INFa-2b is an important immu-
nomodulatory cytokine used alone or in concert with other
chemotherapic drugs for the treatment of malignant
melanoma (37,38), hairy cell leukemia (39), and giant cell
tumor (40). Leuprolide is prescribed for the treatment of
prostate cancer (41) (9% of the total cancer deaths in men
(1)), ovarian cancer (42) or in chemotherapic cocktails for
breast cancer (43), which accounted for 15% of the fatalities
among all cancer types in women in 2009.

MATERIALS AND METHODS
Membrane Description

The nanochannel membrane is composed of a silicon
substrate and a capping layer. Fig. 1 shows a 3D schematic
of the membrane. The silicon substrate presents a mesh
structure that provides the mechanical strength of the
membrane. The mesh is composed of 50-pm-thick walls
separating a regular pattern of 161 square inlet macro-
channels (200x200 um). Inlet microchannels 30 pm in
length run through the silicon layer at the bottom of the
macrochannels. Outlet microchannels run through a thin
capping layer perpendicular to the outer surface. The
nanochannels exist in the area between the silicon surface
and capping layer, parallel to the chip surface, connecting
the inlets to the outlets.
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Fig. | Schematics (A, C, D) and
microscopy image (B) of the
nanochannel silicon membrane. A
3D image of the entire membrane
presenting the silicon substrate s
and the capping layer p. B optical
microscopy image of the mem-
brane surface where m,, m; and
n are the outlet and inlet
microchannel and nanochannel,
respectively. € schematic of the
inner membrane structure pre-
senting a mesh of supporting walls
w and macrochannels M.

D membrane microstructure and
the diffusion path of molecules
across the membrane. The
nanochannels n are highlighted in
violet.

Membrane Fabrication

The membranes investigated in this study were fabricated
using standardized industrial processes at a commercial
foundry. A Silicon-on-Insulator (SOI) wafer of diameter
200 mm, with a device layer of 30 pm, a handle layer of
700 um, and a buried oxide of about 1 um is used as the
substrate. Fabrication of nDS nanofluidic membranes
begins with the deposition of a sacrificial layer of a specific
thickness. This layer is removed at the end of the process to
form the nanochannels. This sacrificial layer is capped with
a thin layer of silicon nitride. Rectangular microchannels
are dry ectched into the silicon nitride, the underlying
sacrificial material and through the 30 pm device layer
stopping on the buried oxide below. These microchannels
are plugged and planarized, and this surface is then
patterned to define lines of nanochannels and etched to
remove all silicon nitride and the sacrificial material outside
of these lines. A thick layer of silicon nitride is then
deposited, and outlet microchannels are then patterned on
this surface along the lines. The outlet microchannels are
ctched deep enough to land in the silicon substrate, thus
exposing the openings into the nanochannels. The nano-
channel arrays are clustered into 161 blocks, each approx-
imately 200 um X200 pm with a space of 50 pm between
them. The wafer is then turned over, and the 161 block
regions are patterned with an oxide hard mask. Using a
deep silicon etcher, these regions are fully etched out down
through the handle silicon, stopping at the buried oxide.

@ Springer

The buried oxide is etched away, exposing the bottom of
the inlets. The sacrificial materials in the inlets and the
nanochannels are then removed with wet-etches, forming a
contiguous inlet=>nanochannel=>outlet pathway. nDS chips

with nanochannels ranging in size from a few nanometers
up to tens of nanometers, with nanochannel densities up to
100,000/mm?, have been fabricated in quantity.

Experimental Setup

To perform the drug release tests an experimental device
was developed. The device is composed of two stainless
steel SS316L bodies which house the drug and the sink
reservoirs separated by the nanochannel membrane. The
membrane is sealed between the metal bodies through two
silicone rubber O-rings (Apple Rubber, Lancaster, NY,
USA). The drug solution reservoir presents a volume of
150 pl, which is capped through a silicone rubber cap
(Mocap, Inc., St. Louis, MO). A 4.45 ml sink reservoir is
obtained by bonding the lower metal body to a UV macro-
cuvette (BrandTech Scientific, Inc. Essex, CT) through an
UV-curing epoxy resin (OG116-31, Epoxy Technologies,
Billerica, MA). A detailed description of the testing device is
presented elsewhere (Grattoni A., Gill J. et al. Novel device
for nanoscale diffusivity measurements. Anal. Chem.
Submitted, (2010)). Fig. 2 shows a schematic of the
experimental setup.

Prior to each test, the device’s parts were accurately
cleaned and autoclaved for 20 min at 121 C. New UV
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Fig. 2 Testing device parts and assembled device.

cuvettes were used for each experiment. After loading the
sink reservoir with phosphate-buffered saline (PBS) (Gibco),
the wet membrane was clamped between the reservoirs.
Leuprolide (Bachem Americas Inc., Torrance, CA) and
INFa-2b (Cell Sciences, Inc., Canton, MA) solutions
were prepared in PBS at the concentration 5 mg/ml and
1 mg/ml, respectively. One-hundred-fifty pl of solution was
then loaded in the drug solution reservoir. The reservoir
was finally capped through a silicone rubber plug pierced
by a venting needle. The needle allowed for the complete
removal of air and prevented an increase of the pressure
within the chamber during the insertion of the plug. The
plug was able to self-seal after extraction of the venting
needle. The leuprolide release test was performed with
continuous magnetic stirring of the sink solution. In the case
of INFa-2b, the testing devices were constantly rotated
(8 rpm), causing two 5.5-mm stainless steel spheres (SS
316 L) to mix the sink solution by continuous displacement
of the fluid. The effectiveness of the mixing procedure was
verified by comparing the UV-absorption of the samples
before and after vigorous vortexing of the sink solution. No
differences were observed in the measurements, demon-
strating the homogeneity of the concentration of the
solutions achieved through the use of mixing spheres. The
tests were carried out at 23+0.2°C over a period of 6 days.
Leuprolide release experiments were performed in repli-

cates of 3 for 5 and 13 nm nDS, while INFa-2b tests were
executed in 4 replicates using 20 nm nDS. Prior to the
diffusion experiment, the membranes were selected through
gas testing as described elsewhere (44).

Concentration Measurement

To determine the concentration of drug in the sink solution,
the UV absorbance was measured by means of an UV
spectrophotometer (DU 730 UV/Vis, Beckman Coulter,
Inc.). Absorbance peaks were determined and standard
curves generated for leuprolide and INFa-2b at wavelengths
of 278 and 230 nm, respectively. The absorbance of each
device was measured at several time points. To verify the
homogeneity of the sink solution, multiple readings were
performed for each time point. Only negligible variations
within the repeatability limit of the spectrophotometer were
observed. The data were normalized by removing the
absorbance at time zero, and the concentration was finally
calculated through the standard curves.

RESULTS
INF-Results

The cumulative INFa-2b release, standard deviation, and
percentage of the released amount are shown in Fig. 3. The
graph shows a linear trend of the experimental points up to
a release amount of approximately 95%. The correlation
coefficient R between the experimental data and the linear
fit was calculated equal to be 0.99. A release rate of
approximately 29.7£1.5 pg/day was measured.

INFa-2b 100
14071 o Experimental data {
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g 120 { o
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Fig. 3 INFa-2b cumulative release and percentage released.
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Fig. 4 Leuprolide cumulative release and percentage released through-
out 5 and 13 nm nanochannels.

Leuprolide Results

Fig. 4 shows the cumulative release and the percentage of
the released amount of leuprolide in 5 and 13 nm nano-
channels. The leuprolide released through the 13 nm
membrane clearly shows an exponential trend, character-
istic of a non-constrained Fickian diffusion. A zero-order
release, however, was observed through the 5 nm nano-
channels for up to 65% of the total loaded amount. The
linear fit of the experimental data presents a correlation
coeflicient of 0.99. A release rate of approximately 100+
10 ng/day was measured.

Leuprolide, 13 nm

The constrained release of INFo-2b and leuprolide is
caused by spatial confinement in the nanochannels in which
the molecules diffuse. When the channel shrinks to the size
of the diffusing molecules, the diffusion becomes two-
dimensional and wall-to-molecule interactions dominate the
diffusive transport. In particular, leuprolide and INFa-2b tend
to adsorb on the native SiO, formed on the channel surfaces.
This adsorption causes on average a reduction of the
effective nanochannel size, which amplifies the molecular
confinement. Fig. 5 illustrates the normalized ratio between
the size of the molecule and its adsorption exclusion zone to
the size of the nanochannel.

The figure clearly shows that the diffusing molecule
needs to occupy a significant percentage of the nano-
channel height for the release to be constrained. Table I
lists the bulk properties of the solutes and the characteristics
of their confinement. The table shows that constrained
diffusion happens for molecule-to-channel size ratios
between 1:3 and 1:5.

DISCUSSION

The conventional bolus administration of drug occurs in
periods of time ranging from seconds to minutes. As a
consequence, a spike in plasma drug concentration is
observed, which generally exceeds the therapeutic range.
This temporary drug overdose may emphasize the drug
side effects which are generally dose-per-unit time
dependent (48). The concentration of the drug in the
plasma then slowly decreases, first transitioning to the
therapeutic range for a limited period of time and then
subsequently falling below the efficacy limit and thus

INFo-2b,20nm

Fig. 5 Schematic representation of leuprolide in 13 and 5 nm (A and B). Representation of INFa-2b in 20 nm (C).
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Table 1 Bulk Properties of Solutes and Confinement Characteristics

Solute d, nm dmin, MM Qnets € Mw, kDa Dg, cm’/s nCh, nm Ratio Ratiomed
LEUP l.4 1.0 +1 1.2 0.32 5 I:4 [:3

INF a-2b 3.2 3.0 -2 19 0.07 20 17 [:5

d — effective size as 2*Rg (radius of gyration) as calculated from the molecular structure; di, — lowest dimension of the molecule; gy, — net formal charge
of the molecule at pH 7; Mw — molecular mass; Dg — bulk diffusion coefficient at infinite dilution as a multiple of 107 ; nCh — nanochannel height; Ratio —
molecule to nanochannel size ratio; Ratioy,.q — predicted molecule to nanochannel size ratio after including surface adsorption effects

* Leuprolide diffusion coefficient is represented by the average of BPTI (Mw=6.5 kDa 0.15x 107>) (45) and tetrapeptide (0.5X 107%) (46). Interferon diffusion

coefficient (47)

requiring a following administration. Alternative to the bolus
administration is slow intravenous or intra-arterial infusion,
commonly adopted for the administration of chemothera-
peutics. The slow infusion allows the plasma drug concen-
tration to reach the therapeutic range and be maintained for
a period of time ranging from hours to days. However, this
alternative presents the patient with the inconvenience of
long visits to the clinic or the discomfort of carrying a catheter
infusion device. The ability to control the release rate of drug
molecules by tailoring the size and properties of nano-
channels presents interesting prospects for the development
of new strategies for the administration of chemotherapeutics
from implantable devices. The nDS should allow for
sustained drug delivery within the therapeutic range while
avoiding multiple periodic administrations, reducing the
overdosing and side effects associated with conventional
practice (generally oral or intravenous), and eliminating the
need for a catheter. Improvements in patient compliance and
quality of life could also be realized as patients would not be
subject to frequent clinic visits for their therapies (49,50).
Furthermore, the constant administration of a cocktail of
drugs can be achieved through a multi-reservoir nDS
implant. A representation of the release profiles of a

Fig. 6 Profiles of drug delivered 4
and drug concentration in the

plasma through bolus injection,
infusion, or zero-order release

delivered drug and its concentration in the plasma is
plotted versus time in Fig. 6 for a conventional intravenous
bolus administration, for a slow infusion delivery, and from
our zero-order release implant.

The zero-order release from the implant allows for a
sustained and time-invariant concentration of drug in the
plasma within the therapeutic range once the drug release
has equilibrated the kinetics of drug metabolism and body
elimination. For instance, here we demonstrate a release
rate equal to 100 pg/day for over 3 days for leuprolide,
approximating the daily dose administered for prostate
cancer patients. This release rate could be sustained for
over 6 months from a reservoir presenting a volume of
1 ecm® and loaded with a leuprolide solution at a
concentration of 20 mg/ml. By sustaining the drug
concentration in the plasma within the therapeutic range,
an increase in the therapeutic index of the treatment may
also be possible (48). The implantable zero-order release
approach may also reduce the cost of treatment by allowing
for a smaller integral amount of drug to be used as
compared to conventional strategies (51), especially when
considering the possibility of the diminished complexity of
the regulatory approval pathway when used in conjunction

implant. i -
Total AP| Delivered P v
_ (infusion) e e e e ot
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with already approved therapies. Further cost reductions
could be realized by subcutanecous device implantation
through a lowered risk of infection when compared to
repeated injections or the catheterization required for
infusion (48). These savings could offset the cost of the
implants which are produced using conventional and well-
established manufacturing techniques.

Our nDS has the potential to provide benefit in a broad
array of applications in cancer treatment. A local controlled
delivery of INFa-2b can be useful in the control of
unresectable lesions that are usually accompanied with
severe pain (37), in addition to the reduction of the toxicity
associated with its systemic administration.

In a recent study, Shah et al. showed that the magnitude
and duration of drug inhibition were important parameters
of tumor cell cytotoxicity when kinase-specific inhibitors
were applied to treat lymphoma (16). They found that
complete inhibition of the Ber-Abl kinase activity for at
least 8 h was needed before tumor cells committed to cell
apoptosis. Neuroendocrine carcinomas have a very low
proliferative activity. Conventional chemotherapy is not
recommended in the clinic. However, as demonstrated in
other studies (52), the low-dose frequent administration of
S-fluorouracil could provide an alternative choice for the
treatment of this type of malignancy. A long-term constant
drug release could also be effective in the prevention of
tumor angiogenesis. It has been shown that low-dose
metronomic chemotherapy using trofosfamide did not alter
serum VEGF levels while significantly reducing the mobi-
lization of endothelial progenitor cells into the blood of
cancer patients. In contrast, conventional dose-dense
chemotherapy not only doubled serum VEGF concentra-
tions, but also sharply increased circulating endothelial
progenitor cells. Complete inhibition of drug targets over
appropriate periods of time might be applicable to most, if
not all, drugs for cancer treatment. More in general, the
nDS system offers the benefit of extending the duration of
drug treatment while keeping a constant drug concentra-
tion through controlled release, a feature especially bene-
ficial to drugs with a very short half-life.

The nDS approach may also play an important role in
cancer chemoprevention. As an example, about 8% of
breast cancer cases are hereditary, and approximately half
of these are associated with germline mutations of the
breast tumor suppressor gene BRCAL (53). Women with an
inherited BRCAI or BRCA2 mutation have up to an 80%
chance of developing breast cancer during their lifetime.
Breast cancer growth is highly dependent on estrogen, and
thus inhibition of estrogen is highly effective for the
prevention of breast tumor development. The constant
local release of an aromatase inhibitor such as letrozole
could potentially be effective in the prevention of breast
cancer in women at high risk.

@ Springer

CONCLUSIONS

In this work, a novel silicon nanochannel delivery system
(nDS) was developed for the zero-order, sustained delivery
of chemotherapeutics from implants. The device demon-
strated the sustained, controlled release of leuprolide and
INFa-2b within the therapeutic range for human applica-
tions. By tuning the size and the surface properties of the
nanochannels, the nDS technology allowed for the zero-
order release of low- and high-molecular-weight molecules.
The nDS represents a viable nanotechnological approach
for the controlled administration of chemotherapeutics as a
potential strategy for the improvement of the therapeutic
efficacy of treatment, the reduction of side effects associated
with the conventional administration of drugs, and ulti-
mately, the improvement of patient quality of life.
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