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Abstract
Implantable blood glucose sensors have inadequate membrane–tissue interfaces for long term
use. Biofouling and inflammation processes restrict biosensor membrane stability. An ideal
biosensor membrane material must prevent protein adsorption and exhibit cell compatibility.
In addition, a membrane must exhibit high porosity and low thickness in order to allow the
biosensor to respond to analyte fluctuations. In this study, the structural, mechanical and
biological properties of nanoporous alumina membranes coated with diamond-like carbon thin
films were examined using scanning probe microscopy, nanoindentation and MTT viability
assay. We anticipate that this novel membrane material could find use in immunoisolation
devices, kidney dialysis membranes and other medical devices encountering biocompatibility
issues that limit in vivo function.

(Some figures in this article are in colour only in the electronic version)

Introduction

Conventional implantable blood glucose sensors exhibit poor
in vivo performance. Biofouling and tissue encapsulation
create barriers that decrease the transport of analytes
between the sensor and the surrounding tissues [1]. These
biocompatibility issues have been far more challenging than
electrode passivation, electrical failure, enzyme degradation
or other biosensor-related issues. Biofouling is the buildup
of cells, proteins and other materials on an implant surface.
This phenomenon starts immediately after implantation, when
<3 kDa proteins undergo adhesion and adsorption processes
on the implant surface [2]. In some cases, biological molecules
and cells may obstruct pores and other features on the implant
surface. The thickness of the biofouling layers can vary
between 20 and 0.5 µm [3]. In vivo and in vitro studies
have shown that membrane biofouling results in decreased
biosensor signal strength [4, 5].

Several materials, including Nafion R©, hydrogels,
phospholipids and surfactants, have been utilized to modulate
the tissue–material interface of implantable biosensor
materials. The goal of these materials is to maintain
the passage of analyte molecules between the biosensor
and the surrounding tissues over an extended period of
time. Specifically, biosensor membrane materials exhibit low
protein adsorption and high cell compatibility. Furthermore,
these membranes must be thin and porous in order to allow the
biosensor to rapidly respond to analyte concentration changes.
Polymeric materials have generally not been successful in
maintaining a permeable in vivo biosensor interface. Novel
biosensor membrane materials must be developed that exhibit
low levels of biofouling and good cell compatibility.

Recently, nanoporous materials have been considered for
use as biosensor membranes. Ion-track etching has been
used to form nanoporous membranes, and these materials
are now widely available (e.g., Millipore IsoporeTM). The
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ion-track etching technique produces relatively thin materials
(thickness between 7 and 22 µm) with a relatively tight pore
size distribution (pore variation within 10%). Unfortunately,
ion-track etched membranes exhibit relatively low porosity
values; pore concentration values under 109 pores cm−2 are
typically observed. Porous silicon is another material that
has been considered as biosensor membrane material. This
material is fabricated by electrochemically corroding silicon
in a hydrofluoric acid solution. The pores propagate in the
〈1 0 0〉 direction of the silicon crystal. The average diameter
of the nanocrystalline porous silicon layers can be modulated
using appropriate electrolyte composition, electrochemical
current or wafer dopant parameters [6]. Unfortunately,
porous silicon may undergo fouling (e.g., calcium phosphate
mineralization) and biofouling within hours of implantation
[7]. In addition, porous silicon materials undergo biological
degradation under physiologic conditions; in fact, porous
silicon may be appropriately suited for use as a biodegradable
drug delivery scaffold [8].

Narayan et al developed diamond-like carbon-coated
nanoporous alumina for use as a potential biosensor membrane
material [9]. Prolonged anodization of aluminum, stripping
of the aluminum oxide layer and re-anodization produces a
nanoporous material [10]. Nanoscale pores are randomly
formed on the aluminum oxide surface during anodization.
Then these pores self-organize into a hexagonal configuration
during growth into the bulk material. This first oxide layer is
typically removed using an aqueous solution of 1.8 wt% Cr
(VI) oxide and 6 wt% phosphoric acid. Nanoporous alumina
is relatively thin (∼60 µm), and contains high density, long,
columnar, ordered nanoscale pores. This material provides
several advantages over conventional materials as a sensor
membrane. These membranes can be processed with smaller
pore sizes (10–100 nm range), more uniform pore sizes and
lower membrane thicknesses (5 µm range) than polymer
membranes. Finally, the anodization process provides precise
control over pore size and distribution.

Diamond-like carbon (DLC) is an ideal interface between
the biosensor and the surrounding biological environment.
The term diamond-like carbon is used to describe amorphous
carbon materials that possess a significant fraction of sp3

hybridized carbon atoms [11–16]. In a previous study, we have
demonstrated that diamond-like carbon-coated nanoporous
alumina membranes remained free from fibrin networks or
platelet aggregation after exposure to platelet rich plasma
[9]. A few small, widely scattered crystals were observed
on the film surface. The presence of sodium and chlorine
within the energy dispersive x-ray analysis spectra for platelet
rich plasma-exposed nanoporous alumina membranes suggest
that the sodium chloride crystals precipitate from the platelet
rich plasma. The clotting process has been attributed to a
charge transfer theory, in which an exchange of electrons
between blood proteins and the surface of a material initiates
the release of fibrinopeptides that cause thrombosis [17].
The rate of charge transfer during the interaction of platelet
rich plasma and the medical device surface is a function of
the time constant of the material. The time constant for
diamond-like carbon is significantly higher than those for

Figure 1. Schematic of pulsed laser deposition system used for
deposition of diamond-like carbon thin films.

thrombogenic metal-containing materials. As a result, the
diamond-like carbon film exhibits a lower amount of charge
transfer. Studies by other investigators have shown that platelet
activation and platelet adhesion occur less often on diamond-
like carbon-coated surfaces than on titanium, titanium carbide,
titanium nitride and stainless steel surfaces [18–21]. Jones
et al have suggested that the extremely low surface energies
(40–44 mN m−1) and large contact angles (75–80◦ with water)
exhibited by diamond-like carbon prevent fouling by proteins
[20]. Ultraviolet pulsed laser deposition will be used to
produce hydrogen-free diamond-like carbon thin films with
a high fraction of sp3 hybridized carbon atoms. Pulsed
laser deposition of diamond-like carbon is a physical vapor
deposition process, in which a sp2-hybridized carbon target
(e.g., graphite) is ablated at room temperature and under high
vacuum. The advantages of pulsed laser deposition are fast
deposition times, nonequilibrium depositing species and room
temperature deposition.

In this study, the structural, mechanical and biological
properties of nanoporous alumina membranes coated with
diamond-like carbon thin films were examined using scanning
probe microscopy, nanoindentation, and MTT cell viability or
cytotoxicity assay. We anticipate that this novel membrane
material could be used in immunoisolation devices, kidney
dialysis membranes and other medical devices that face
biocompatibility issues.

Experimental procedure

100 nm pore diameter nanoporous alumina membranes were
obtained from a commercial source (Whatman, Brentford,
UK). The membranes have thickness of ∼60 µm and porosity
values between 25% and 50%. Ultraviolet pulsed laser
deposition was used to deposit hydrogen-free diamond-like
carbon thin films, gold films, titanium films on nanoporous
alumina membranes (figure 1). A Compex 205 KrF excimer
laser (Coherent, Fort Lauderdale, FL) operating at λ = 248 nm
was used for ablation of the graphite, titanium or gold target.
The target materials were supplied by a commercial source
(Alfa Aesar, Ward Hill, MA, USA). The substrates and targets
were loaded into a high vacuum chamber, which was evacuated
to a base pressure of ∼1 × 10−4 Pa. The target–substrate
distance was maintained at 4.5 cm. The laser was operated
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Figure 2. (a) 2 µm × 2 µm topographic image of as-prepared 100 nm pore size membrane. (b) 500 nm × 500 nm topographic image of
as-prepared 100 nm pore size membrane. (c) Phase image of as-prepared 100 nm pore size membrane. (d ) 2 µm × 2 µm topographic
image of DLC-coated 100 nm pore size membrane. (e) 500 nm × 500 nm topographic image of DLC-coated 100 nm pore size membrane.
( f ) Phase image of DLC-coated 100 nm pore size membrane.

using a frequency of 10 Hz and a pulse duration of 25 ns.
A laser energy output of 215 mJ and a laser spot size of
0.04 cm2 were employed in these experiments. The average
energy density was maintained at ∼5 J cm−2. The target was
rotated at a rate of 5 rpm during the deposition process. The
substrate was placed at an angle of 45◦ with respect to the
target. Diamond-like carbon films, gold films and titanium
films were deposited on the nanoporous alumina membranes
at 25 ◦C for 2 min. Previous profilometry studies suggest that
diamond-like carbon films prepared with similar deposition
conditions exhibit film thicknesses of ∼12 nm [14]. In our
previous work, we have shown that pulsed laser deposition

using similar deposition conditions produces diamond-like
carbon that contain 44% tetrahedrally hybridized carbon
atoms [9].

The pore size, pore structure, pore density and surface
topology of the as-prepared (uncoated) and diamond-
like carbon-coated nanoporous alumina membranes were
examined with a nanoscope IIIa scanning probe microscope
(Veeco Instruments, Santa Barbara, CA, USA), which was
operated in the tapping mode. Indentation studies were carried
out using a nano-indenter XP system (MTS Nano Instruments,
Oak Ridge, TN, USA) with a three-sided pyramidal Berkovich
diamond tip. Studies were performed at six sites on each
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sample with spacing between sites greater than 250 µm. Each
test consisted of 13 maximum load cycles, from 0.1 mN up to
409.6 mN, doubling the load after each cycle. The chemical
composition of the diamond-like carbon-coated nanoporous
alumina membrane was assessed using an LAS-3000 x-ray
photoelectron spectrometer (Riber, Rueil-Malmaison, France)
with a Mg Kα source (λ = 1254 eV) and a 1 mm spot size. The
take-off angle was 75◦ from the surface; the x-ray incidence
angle was 20◦; and the x-ray source-analyzer angle was 55◦.
The base pressure in the analysis chamber was approximately
1 × 10−8 Pa.

Cryopreserved neonatal human epidermal keratinocytes
(HEK) were purchased from a commercial source (Lonza,
Basel, Switzerland). HEK were plated in 6-well culture plates
at density of approximately 100 000 HEK in 3 ml of KGM-2
media. Cells were grown in a humidified environment of 5%
CO2 at 37 ◦C. Cells were maintained in keratinocyte growth
media (KGM-2), consisting of serum-free keratinocyte basal
media supplemented with human epidermal growth factor,
insulin, bovine pituitary extract, hydrocortisone, transferrin,
epinephrine and GA-1000 (gentamicin–amphotericin) (Lonza,
Basel, Switzerland). Wells and membranes were washed with
2 ml of media. Prior to the experiments, all membranes were
sterilized by exposure to ultraviolet B light for 3 h on each side.
During sterilization, the membranes were rotated 90◦ every
45 min. Upon completion of ultraviolet light sterilization, the
membranes were placed in 6-well plates. Sterile stainless steel
washers were used to weigh down the membranes to prevent
them from floating to the surface. The media was changed
after 24 h. Sampling was conducted after the HEK were
60% confluent. The HEK were assayed for viability using
the metabolic marker MTT assay (3-[4,5-dimethyl-2-thiazol]-
2,5-diphenyl-2H-tetrazolium bromide) [22]. Absorbance,
directly proportional to cell viability, was determined
spectrophotometrically at 550 nm in an ELISA plate reader
(Multiskan RC, Labsystems, Helsinki, Finland). Membranes
were moved to a new plate to prevent cells that had
grown on the plate influencing the data. MTT viability
cell proliferation assays were conducted in quadruplicate
on diamond-like carbon-coated and as-prepared nanoporous
alumina membrane. Gold-coated membranes and titanium-
coated membranes were also examined for comparison
purposes. HEK viability (normalized to media control) were
statistically compared using ANOVA (SAS 9.1 for Windows,
Cary, NC, USA). Multiple comparisons were made between
different membrane types using the Student’s t-test at
p < 0.05.

Results and discussion

The diamond-like carbon-coated and as-prepared nanoporous
alumina membranes were imaged using scanning probe
microscope tapping mode, which avoided tip drag forces that
are observed in scanning probe microscope contact mode. The
atomic force micrographs of the as-prepared and diamond-like
carbon-coated nanoporous alumina membranes are shown in
figure 2. Monodisperse pore sizes, high porosities and smooth
surfaces were observed. Biosensor membrane surfaces must

(a)

(b)

Figure 3. (a) Hardness versus indentation depth for as-prepared and
diamond-like carbon-coated 100 nm pore size nanoporous alumina
membranes. (b) Young’s modulus versus indentation depth for
as-prepared and diamond-like carbon-coated 100 nm pore size
nanoporous alumina membranes.

be sufficiently porous to allow the sensor to rapidly respond
to fluctuations in analyte concentration. The pore size can be
controlled by altering the electrical field strength, processing
temperature and electrolyte used in the anodization process.
The diamond-like carbon-coated membrane exhibited slightly
larger pore sizes than the as-prepared membrane. In pulsed
laser deposition, a plume containing energetic ionic, atomic
and molecular species (e.g., C+ ions) is created by laser–
target material interaction. These high energy species cause
damage when they interact with the substrate. The energetic
species sputter substrate atoms and form a ‘collision region’,
which contains species from both the substrate and the plume
[23–25]. The results of this study suggest that the increase
in pore size observed in the diamond-like carbon-coated
nanoporous alumina membranes results from localized heating
of the nanoporous alumina membrane during the diamond-like
carbon film deposition process.

Phase images of the as-prepared and diamond-like carbon-
coated nanoporous membranes are shown in figures 2(c)
and ( f ), respectively. Phase imaging involves plotting the
phase lag of AFM cantilever oscillation when the cantilever
is operated under tapping mode [26, 27]. The phase lag is
sensitive to variations in material properties (e.g., modulus)
and is insensitive to large height differences in a sample. Phase
imaging may be used to obtain nanometer-scale data on the
composition of a given material, including the presence of
surface contaminants and the location of various component
phases in a composite material. The uniform color in the phase
contrast image of diamond-like carbon-coated nanoporous
membrane suggests that no contaminants are present and that
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(a)

(b)

Figure 4. Twenty-four hour MTT viability assays for as-prepared, gold-coated, titanium-coated and diamond-like-carbon-coated 100 nm
pore size membranes.

the diamond-like carbon film uniformly covers the surface of
the nanoporous alumina membrane. The x-ray photoelectron
spectrum for the diamond-like carbon-coated nanoporous
alumina membrane revealed the presence of carbon, aluminum
and oxygen.

Hardness and Young’s modulus values for the diamond-
like carbon-coated and as-prepared nanoporous alumina
membranes are shown in figures 3(a) and (b), respectively.
Average values were plotted versus the indentation depth.
Error bars were used to indicate standard deviation values.
Sokol et al used the thermal expansion method to measure the
elastic modulus of the anodized aluminum with pores. They
used the following formula:

E0 = E1(1 − p)2 (1)

to correlate Young’s modulus of a porous material of a given
composition with its nonporous counterpart. In this formula,
E1 = 98.1 GPa is the elastic modulus for nonporous anodic
aluminum oxide and p is the pore volume per volume unit.
According to this equation, membranes with larger pores
exhibit lower modulus values. These results suggest that the
lower hardness values and Young’s modulus values observed
in the diamond-like carbon-coated membranes result from

larger pore sizes. Due to the brittleness of the as-prepared
nanoporous alumina membranes and diamond-like carbon-
coated nanoporous alumina membranes, it is anticipated that
these membranes will require additional support or scaffolding
for in vivo usage.

Twenty-four hour MTT viability assays for as-prepared,
gold-coated, titanium-coated and diamond-like-carbon-coated
100 nm pore size membranes are shown in figure 4. The cells
placed in the media control were significantly more viable than
the cells placed on any of the membranes (figure 4(a)). Cells
grown in media alone without any test materials demonstrated
a statistically significant increase in viability compared to
the membranes. Figure 4(b) depicts a comparison of MTT
viability for coated and uncoated membranes, which shows a
significant decrease in viability from diamond-like carbon-
coated membranes to titanium-coated membranes to gold-
coated membranes. It is interesting to note that the gold-
coated membranes had the greatest significant decrease in
viability compared to all other membranes, although gold is
a noble metal that typically has little effects on cell growth
proliferation [28]. Both gold and titanium have demonstrated
good cell compatibility in previous studies [28]. These results
suggest that the metal coatings formed galvanic couples with
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metallic aluminum in the nanoporous alumina membranes,
which accelerated aluminum ion release and lead to reduced
viability rates. Previous studies have shown that diamond-
like carbon thin films exhibit excellent compatibility with
mouse peritoneal macrophages and mouse fibroblasts with
no biochemical or morphological changes during in vitro
studies [29]. In addition, Allen et al have shown that
osteoblast-like cells exposed to diamond-like carbon did not
demonstrate changes in alkaline phosphatase, type I collagen
and osteocalcin production [30]. Linder et al have also shown
that diamond-like carbon films do not affect macrophage
activation and do not elicit an inflammatory response [31].

Conclusions

Novel biosensor membranes must exhibit appropriate
structural, mechanical and biological properties for in vivo use.
Scanning probe microscopy demonstrated that nanoporous
alumina membranes exhibit monodisperse pore size and
high porosity. Pulsed laser deposition was used to deposit
atomically smooth diamond-like carbon thin films on the
nanoporous alumina membranes. The diamond-like carbon-
coated nanoporous alumina membranes exhibited mechanical
properties slightly lower than those of as-prepared nanoporous
alumina membranes due to their slightly larger pore sizes.
In addition, diamond-like carbon-coated nanoporous alumina
membranes demonstrated cell viability rates similar to those
for as-prepared nanoporous alumina membranes. Future
studies are underway to examine whether nanoporous alumina
membranes modified with conformal coatings exhibit cell
viability rates similar to nanoporous alumina membranes
modified with line-of-sight coatings. Several medical uses
for these novel materials are anticipated. For example,
biomimetic ion transport functionality may be incorporated
within the pores of the nanoporous membranes in order to
modify nanopore diffusion characteristics. These pores would
act similarly to the protein-based ion channels for electrical
signaling in nerves and muscles.
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