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Abstract: This review provides an overview of selected re-
cent research efforts that employ the use of mesoporous
nanotubes in a biomaterial context, e.g. principally as a
therapeutic or biosensing platform. We focus on the com-
positions of alumina, boron nitride, silica, silicon, tita-
nia, and zinc oxide, along with selected accounts involv-
ing single-walled carbon nanotubes. Where known, atten-
tion is directed toward the biodegradability and biocom-
patibility of a given nanotube type, its tunability of size
and surface chemistry, and relevance of these parameters
to its function as a biomaterial.
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1 Introduction
While a diverse range of mesoporous morphologies are
available for investigation, the appealing simplicity of a
one-dimensional hollow nanotube construct, with associ-
ated high surface area along with interior/exterior curved
interfaces, provides unique opportunities in the observa-
tion of newphysical properties and chemical reactivity rel-
evant to a range of disciplines. While tubular crystals of
naturally-occurring minerals have been known for some
time [1], singlewalled carbonnanotubes (SWCTs) have gar-
nered a lion’s share of attention in the last decade [2]. The
range of commonly-investigated nanotube materials has
subsequently beenextended to a rather lengthy list, as out-
lined in Table 1.

Muchof the initial focus of investigations of these nan-
otubes has centered on their relevance to energy-related
areas such as battery technologies and photovoltaics.
Given the charge of the journal Mesoporous Biomateri-
als, this specific review entails highlighting known recent
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studies (within five years or less, where possible) of se-
lected nanotubes that retain the desired porous dimen-
sion in the mesoporous range relevant specifically to ei-
ther biosensing or therapeutic (e.g. principally drug deliv-
ery) applications. The discussion presented herein is or-
ganized according to composition, sub-classified within
each by fabrication, fundamental properties (biocompat-
ibility/biodegradability), and application. Highlights of a
given material’s desirable properties for a particular bio-
relevant application are identified where possible, along
with remaining challenges for clinical implementation.

2 Alumina Nanotubes
We begin with a brief but focused discussion on nan-
otubes of aluminum oxide (alumina, Al2O3). It is appro-
priate to begin with this composition, given the fact that
nanoporous aluminamembranes are used in awidespread
manner as templates for the attempted formation of other
nanotube types (titania, silicon) via infiltration, anneal-
ing, and etching.

Interestingly, prior investigations have established the
utility of nanoporous alumina membranes to possess
improved osteoblast adhesion and proliferation (relative
to amorphous alumina) for orthopedic-relevant applica-
tions [3] and also support viability and functionality of
encapsulated beta cells for the ultimate use in immuno-
isolated devices [4]. Nevertheless, in order to legitimately
probe size dependent effects, methods must be employed
to separate membrane assemblies into individual nan-
otubes. These are highlighted below.

2.1 Alumina Nanotube Fabrication

The base alumina nanoporous membranes are prepared
by anodization in dilute H3PO4/H2SO4 [3, 4]. Some pro-
cedures add a second anodization step under pulsed gal-
vanostatic conditions to improve pore structure. Any re-
maining aluminum substrate can be removed by wet
chemical etching in a mixture of dilute CuCl2 and HCl.
Free-standing alumina nanotubes are obtained by immer-
sion into the same acid solution followed by ultrasonic
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Table 1: Known mesoporous nanotubes investigated for biomaterial applications

Nanotube Type Focus (+) Advantages / (−) disadvantages References
Al2O3 Drug delivery (+) Ease of preparation / (−) brittleness [3–6]
BN Drug delivery, tissue

engineering, radiation
therapies

(+/−) Chemical inertness (both a
positive & negative effect, depending
on application) / (−) length control

[7–22]

SiO2 Drug delivery, tissue
engineering, biosensing

(+) Diverse range of preparative routes /
(−) Agglomeration (depending on

surface chemistry)

[23–36]

Si Drug delivery, tissue
engineering

(+) Bioresorbability; semiconductor /
(−) multistep fabrication & low yield

[37–46]

SWCNT Drug delivery, tissue
engineering, biosensing

(+) Ease of large scale preparation /
(−) toxicity in the absence of surface

modification

[47–75]

TiO2 Drug delivery, tissue
engineering, biosensing

(+) Large scale fabrication and ease of
osteointegration (in orthopedics)

[76–86]

ZnO Drug delivery, biosensing (+) Cost, ease of fabrication /
(−) challenges with drug loading

[87–92]

Figure 1: Alumina nanotubes: (a) generation of discrete alumina NTs
from alumina nanoporous membranes [6]; (b) TEM image of iso-
lated alumina NTs with widths on the order of 100 nm and lengths
~700 nm [6]; (c) TEM image of alumina NTs internalized by RAW
264.7 macrophage cells [6].

treatment [5]. Typical inner diameters for the nanotubes
prepared by this route are on the order of 30 nm, falling
within the mesoporous regime [5].

2.2 Alumina Nanotube Biocompatibility

Mesoporous alumina nanotubes have not enjoyed the
widespread investigation as witnessed for the case of sil-

ica and titania, for example. Alumina is typically consid-
ered as a bioinert material; nevertheless, its ability to be
carefully constructed in nanotube form under controlled
fabrication conditions doesmake it an excellent candidate
for an evaluation of the toxicity of high aspect ratio nano-
materials in general. A detailed study by Wang and co-
workers evaluated alumina nanotubes with aspect ratios
ranging from 7.8 to 63.3, and multiple cytotoxicity assays
(beyond simple cell viability and morphology) were con-
ductedwith RAW264.7mousemacrophage cells andMDA-
MB 231-TXSA human breast cancer cells [5]. Not surpris-
ingly, the resultant toxicity patterns were cell-type depen-
dent and strongly related with nanotube dose, length of
time, and very importantly, nanotube aspect ratio. Long
ratio nanotubes triggered enhanced cell death, morpho-
logical changes, tumor necrosis factor α (TNF-α) release,
etc. than short nanotubes. The toxic aspect ratio ‘window’
of thesenanotubeswasdetermined to be 7.8, reported to be
relatively shorter than that of other high aspect ratio nano-
materials [5].

2.3 Alumina nanotubes - therapeutic
relevance

Drug Delivery

Given the above results, other research groups have eval-
uated the ability of a non-toxic alumina nanotube mate-
rial to host and release a tumor necrosis factor-relevant
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apoptosis-inducing ligand, Apo2L/TRAIL [6]. Experiments
with these nanotubes using a combination of transmission
electron microscopy (TEM) and fluorescence microscopy
demonstrated significant uptake of alumina nanotubes by
the sameRAW264.7mousemacrophage cells andMDA-MB
231-TXSA human breast cancer cells noted earlier. These
alumina nanotubes could loadmore than 100micrograms
of the Apo2L/TRAIL ligand per mg of nanotube, and in
studies withMDA-MB 231-TXSA human breast cancer cells,
an associated significant reduction in cell viability is ob-
served due to the induction of apoptosis (as monitored by
changes in Caspase-3 activity). Importantly, and encourag-
ingly, these high loading capacities facilitated cancer cell
death in relatively short times [6].

Given cost considerations and ease of fabrication,
these results for this relatively under-explored composi-
tion of nanotubes will likely stimulate further work as a
consequence.

3 Boron Nitride Nanotubes
In nanotube form, boron nitride forms a unique contrast to
its isoelectronic analog, carbon (CNTs). Its chemical inert-
ness, specifically resistance to oxidation, along with me-
chanical strength and intrinsic radiation adsorption prop-
erties, suggests novel utility in selected biomedical appli-
cations [7].

3.1 Boron Nitride Nanotube Fabrication

Typical fabrication techniques for boron nitride (BN NTs)
nanotubes have been inspired by methods established for
the growth of CNTs, mainly via arc-discharge and chemi-
cal vapor deposition (CVD) routes [8, 9]. Additional meth-
ods under refinement have focused on the use of rather
extreme conditions (laser heating or ball milling at high
pressures) [10–12] or more sophisticated refinement of the
above-notedCVD techniques [13]. Thesemethods are effec-
tively summarized in a 2010 reviewbyGoldberg et al. [7]. In
spite of extensive efforts, the large scale synthesis of boron
nitride nanotubes with suitable diameters and purity for
biomedical applications (requiring less complex reaction
conditions) remains a challenge, likely the strongest chal-
lenge to itswidespread implementation for suchpurposes.
It is also clear that the preparative method employed has
a very sensitive influence on nanotube width (pore size);
for example, laser ablation methods can produce BN NTs
with inner diameters of 3–15 nm [14], while ball milling
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Figure 2: Boron Nitride (BN) nanotubes: (a) schematic illustra-
tion of glycinetemplated biopolymer coating process for these
nanoubes [15]; (b) Internalization of functionalized BN NTs by a
mesenchymal stem cell [17]; (c) Plasma-assisted functionalization of
BN NTs with Au nanoparticles [16].

can provide meso-scale inner widths in the range of 20–
40 nm [15].

3.2 Boron Nitride Nanotube Biocompatiblity
and surface chemistry dependence

Given its chemical inertness, one of the most common for-
mulations to evaluating the cytotoxicity of boron nitride
nanotubes has been their coating with different biocom-
patible polymer species. One of the most noteworthy is a
recent (2014) study involving noncovalent functionaliza-
tion of boron nanotubes with four surfactants: pluronic
(P123), polyethyleneimine (PEI), pluronic (F127) and am-
moniumoleate [16]. Cytotoxicity levels in four different cell
lines (Vero, Chang liver, MCF7 and A549) were evaluated
by MTT assays, with the pluronic-coated boron nanotubes
showing the most promising biocompatibility versus the
cell lines tested.

Other biocompatible coatings onto the surface of BN-
NTs have also been investigated, including the polyca-
tionic polymer chitosan, polyanions such as hyaluronan
(HA), and polyzwitterionic polymers such as chitosan-
phosphorylcholine (CH-PC) [17]. However, for such coat-
ings to adsorb onto the nanotube surface, glycine must be
present onto the BN, achieved with relatively mild condi-
tions. The role of glycine in this process is 2-fold: the amine
terminus presumably binds to the B-sites of BNNTs, while
the carboxylic acid function provides ionic anchoring sites
for interactionswith polyelectrolytes [17]. Such functional-
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ized nanotubes have not been yet been evaluated for their
biocompatibility, however.

3.3 Boron Nitride nanotubes - therapeutic
relevance

3.3.1 Drug Delivery

It should be pointed out that selected surfactant-coated
BN nanotubes noted above have also been evaluated for
their antibacterial activity. Specifically, quantitative tur-
bidity assays indicate that PEI-coated BN nanotubes ex-
hibit strong bacterial activity against Escherichia coli and
Staphylococcus aureus [16]. In addition, chemotherapeu-
tics such as tamoxifen and paclitaxel loaded into pluronic-
coated BNNTs were tested in MCF7 and A549 cells. It is
found that DNA fragmentation and fluorescence-based as-
says are consistentwith an apoptotic pathway of cell death
for these particular cancer cells, inferring the possible fur-
ther exploration of such nanovector constructs for tar-
geted drug delivery [16].

One rather unique approach to tacking the nanotube
length issue by Ponraj et al has been addressed by the
generation of a pulsed plasma in liquid at atmospheric
pressure by a nanosecond pulsed voltage, and its effect
on suspended boron nitride nanotubes [18]. Such an ap-
proach was used to significantly reduce the length of
boron nitride nanotubes; furthermore, with the presence
of gold nanoparticles in the solution, hybrid boron ni-
tride/goldnanoparticle solutionswere created. Thesenan-
otubes were loaded with the established anticancer drug
doxorubicin and an average of 97%of prostate cancer cells
(DU145) were killed. Such effects presumably occur for
plasma-treated BNNTs because of their shorter length, fa-
cilitated cellular uptake, and drug loading capacity [18].

3.3.2 Tissue engineering

The approach of coating BN nanotubes with specific bio-
compatible species has also been found to impart use-
ful therapeutic properties to such hybrid materials rele-
vant to tissue engineering. A range of coatings, with dif-
ferent areas of emphasis in the realm of tissue engineer-
ing, has been investigated. One example evaluated the in-
fluence of BN NTs functionalized with gum arabic on its
cytocompatibility and subsequent differentiation of mes-
enchymal stem cells [19]. In vitro assays were performed
on mesenchymal stem cells to evaluate the cytocompati-
bility of the functionalized BN NTs in terms of cell viabil-

ity and metabolic activity. The differentiation of the mes-
enchymal stem cells into adipocytes and osteocytes after
treatments with non-toxic concentrations of BN NTs was
assessed at both the gene andphenotype levels [19]. Unfor-
tunately, it was found that the differentiation of the MSCs
into adipocytes was enhanced by the presence of the nan-
otubes, with no measureable elevation of osteogenesis.

In another application, the piezoelectric properties of
BN NTs were exploited (using low-frequency ultrasound)
for purposes of exploring its relevance to cardiovascular
tissue engineering [20]. Three-dimensional constructs, in
microfiber form, were obtained via ultrasonic irradiation;
it was found that C2C12 myoblasts differentiate into vi-
able myotubes and internalize the BN NTs. Both 2D and
3D models were further evaluated by investigating the ex-
pression of connexin 43 (C × 43, involved in cell crosstalk
and mechano-transduction) and myosin, a myogenic dif-
ferentiation marker. Maximum expressions of C × 43 and
myosin were detected in the 3D model relative to all con-
trols, a marked contrast to standard 2D cultures where BN
NTs (with ultrasound) both deplete myosin synthesis and
reduce C × 43 mRNA levels [20]. Such results for authen-
tic three-dimensional scaffolds are encouraging, but cer-
tainly reinforce the necessity of drawing conclusions from
proper in vitromodels.

3.3.3 Therapies taking advantage of radiation
sensitivity

Finally, it should be pointed out that some limited inves-
tigations highlight the known neutron absorbing ability
of boron in such nanotubes to act as a therapeutic vehi-
cle relevant to Boron Neutron Capture Therapy (BNCT).
Boron neutron capture therapy (BNCT) is a form of can-
cer therapy which exploits the preferential accumulation
of boron-containing compounds in tumor sites. Irradiation
by a neutron beam subsequently causes the 10B to split
into an α particle and a lithium nucleus, both of which
cause damage localized to the cells in which they are con-
tained.

One study has evaluated dispersions of BNNTs coated
with poly-L-lysine solutions along with functionalization
with a fluorescent probe (quantum dots) for tracking and
folic acid for targeting purposes [21]. In vitro studies of this
material with glioblastomamultiforme cells indicate some
selectivity in nanotube uptake, suggesting a possible use
in clinical BNCT for cerebral tumors.

A recent patent application also describes a formula-
tion that combines BN NTs functionalized with a IgG an-
tibody species via a suitable linker for covalent attach-
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ment and housed in a polymeric chitosan carrier.22 The in-
tended focus of such a composite is also in neutron-based
therapies such as BNCT.

4 Silica Nanotubes

4.1 Silica Nanotube Fabrication

Silica nanotubes have been prepared by a diverse num-
ber of routes, all of which employ active templating –
by either organic, inorganic, or biomolecular species –
to achieve the desired morphology. For example, use of
single-walled carbon nanotubes as templates provide sil-
ica nanotubes with diameters ranging from 5–23 nm [23].
A recent review highlights a multiple synthetic method-
ologies that have been successfully engaged for this pur-
pose [24]. Other strategies have emerged recently, such as
work by Gao et al. highlighting use of a nickel hydrazine
complex – nanorod precursor species that permits sensi-
tive tailoring of length of the given silica nanotube prod-
uct length via hydrazine concentration employed [25]. The
range of lengths reported span from 37 to 340 nm; asso-
ciated inner diameters are also tunable (from 10–20 nm)
based on choice of surfactant in this case.

4.2 Silica Nanotubes: Bioresorption Studies

One of the most detailed studies of the dissolution behav-
ior or silica nanotubes comes from studies by Hu and co-
workers,who evaluatedboth thepHdependence aswell as

Figure 3: Silica Nanotubes: (a) Basics of coating silica nanotubes
with polyelectrolyte layer-by-layer assembly, with concomitant drug
loading (such as with doxorubicin (DOX) [31]; (b) TEM image of silica
nanotubes of 14 nm length [26]; (c) Dissolution of silica nanotubes
9 nm length as a function of pH (at 37∘C) [26].

the thickness dependence of such phenomena [26]. Simi-
lar to mesoporous silicon [27], the degradation product of
these silica nanotubes is monomeric silicic acid, Si(OH)4.

In terms of pH dependence, not surprisingly, negligi-
ble dissolution is observed at pH = 1; however, at neutral
pH (7), approximately 35% is degraded in 5 h, and shift-
ing to a pH = 8 results in over 80% dissolution in the same
time period [26]. Nanotube wall thickness demonstrates a
similar sensitivity to dissolution. At this slightly elevated
pH value of 8, silica nanotubes with average wall thick-
nesses of 14 nm dissolve less than 20% in the 5 h time
window, while diminishing this value to ~9 nm dramati-
cally increases the percent silica dissolved to ~80%. The
authors then exploit the above sensitivity to demonstrate
pH dependent drug release of the anticancer drug camp-
tothecin from this system [26].

4.3 Silica nanotubes – therapeutic relevance

Gene therapy

Along with the above example with camptothecin, a di-
verse range of drug delivery options has been explored us-
ing this type of nanomaterial. One of the early noteworthy
examples include attempted gene therapy, whereby silica
nanotubes were functionalized with primary amine moi-
eties (via silicon alkoxide precursors), then electrostati-
cally loaded with a gene encoding green fluorescent pro-
tein protein (GFP), exposed to monkey kidney cells, and
the cells subsequently found to express GFP [28]. Trans-
fection efficiencies of 10–20% were reported for this sys-
tem. A second example of a gene therapy delivery system
based on silica nanotubes entails a far more complex plat-
formwith the use of polyethylene imine (PEI) that not only
binds the nucleotide of interest, but also entangles multi-
ple silica nanotubes in a single construct [29]. To diversify
their potential biomedical relevance, specifically in area
of imaging, these investigators also loaded superparamag-
netic iron oxide nanocrystals along with visibly emissive
quantum dots into the nanotube interior, making these
quite complex compositions. Transfection efficiencies on
the order of 60–70% percent have been reported with this
system [29]. The possible issue of cytotoxicity due to the
presence of the cadmium-containing quantum dots was
not addressed, however.
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Drug Delivery – Other Complex Combinations

This theme of more complex designs in terms of nan-
otube surface functionalization and impact on deliv-
ery has been addressed for other therapeutics, includ-
ing more complex platforms addressed by Chen and co-
workers [30]. Using amine-functionalized silica nanotube
surfaces, these workers created a mutlistage platform that
contained ibuprofen (for eventual release), immobilized
enzyme (vide infra), and CdS quantum dots. The presence
of the amine functionality is found to reduce the ibupro-
fen release rate from the matrix [30]. While the quantum
dots are presumably present for imaging reasons also in
this case, once again the ultimate toxicity of the CdS quan-
tum dot in an in vivo context was not discussed, however.

Layering of polyelectrolytes is a proven strategy in
nanomaterial design, and has been applied to silica nan-
otubes as well for pH-controlled release of the estab-
lished chemotherapeutic doxorubicin. In a recent study,
as-prepared silica nanotubes were exposed to a layer
by layer assembly of poly(allylamine hydrochloride) and
sodium poly(styrene sulfonate) to load and release the
positively charged drug doxorubicin [31]. A second re-
lated design was prepared by alternately coating sodium
alginate and chitosan onto amine-functionalized meso-
porous silica nanotubes, which were used as vehicles for
the loading and release of the negatively charged model
drug sodium fluorescein. Controlled release of the drug
molecules from these delivery systems was achieved by
changing the pH value of the release medium. An evalu-
tion of the cell-killing efficacy of the loaded doxorubicin
against human fibrosarcoma (HT-1080) and human breast
adenocarcinoma (MCF-7) cells was found to be pH depen-
dent, suggesting a relevance to pH-controlled drug deliv-
ery systems [31].

A more recent study has exploited the reduced
nanoscale pore channel width of silica nanotubes to in
principle decrease drug particle size, increase drug sur-
face area, and thereby increase drug dissolution rate for
drugs with intrinsically poor aqueous solublity [32]. This
is exemplified in this study by the incorporation of the
relatively insoluble drug cilostazol into mesoporous silica
nanotubes. Gelatin coatings of different thicknesses were
employed to further tune drug delivery release rates by
barrier coatings.

Finally, it should be pointed out that non-standard re-
lease triggering mechanisms have been applied to drug-
loaded silica nanotube platforms, such as the work pub-
lished by Kapoor and Bhattacharyya regarding the use of
ultrasound to release ibuprofen from silica nanotubes [33].
Not surprisingly, drug release profile is strongly depen-

dent on ultrasonic exposure protocol, with shorter pulses
(ca. 30 sec) and shorter time intervals between succes-
sive ultrasonic pulses producing higher amounts of re-
leased ibuprofen. Additional investigations on less stable
drugs or specific clinical candidates with challenging re-
lease conditions remain to be explored at this stage, how-
ever.

4.4 Mesoporous Silica Nanotubes for
Biosensing

In multiple examples, enzymes have been immobilized on
the surface ofmesoporous silica nanotubes. The perceived
rationale for this strategy is to improve the stability of a
given enzyme with regard to temperature, pH, and long-
term storage. This is exemplified with studies of the at-
tachment of penicillin G acylase [34] and lysoszyme [35]
to porous hollow silica nanotubes. The system most rel-
evant to authentic biosensing entails the immobilization
of glucose oxidase to silica nanotubes, as it is sensitive
probe of glucose concentrations in biological fluids [36].
In this regard, enzyme activities were found to increase
with increasing surface coverage of adsorbed protein (up
to a relative activity scale of 98.6%), then effectively di-
minish slightly and saturate at values approaching 90%.
This slight reduction at higher enzymatic loadings is at-
tributed to aggregation of adsorbed glucose oxidase and
associated restriction of mass transfer of substrate to/the
nanotube surface [36]. A more quantitative evaluation of
glucose oxidase sensing platforms have been carried out
for other nanotube compositions, however (vide infra).

5 Silicon Nanotubes

5.1 Silicon Nanotube Fabrication

Nanotube materials based on elemental silicon form a
complementary system to the silica materials described
above, as mesoporous silicon particles and films demon-
strate a well-established dissolution chemistry exploited
for drug delivery [37, 38], sustained release, and enhance-
ment during dissolution phenomena in tissue engineering
applications such as calcification for bone regrowth [39–
41]. This is in addition to the key advantage of silicon as a
semiconductor, to be exploited in the long term for ‘smart’
applications involving the exploitation of Si in a mono-
lithic structure that hasboth sensingand therapeutic func-
tions on a single platform. Ideally in such a platform there
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Figure 4. Representative cases of silicon nanotubes prepared by a sacrificial templating 

method, showing (a) porous sidewalls; (b) medium thick walls approx. 20 nm thick, and (c) 

extremely thick Si nanotube sidewalls ca. 80 nm thick. 

Figure 5: Representative cases of silicon nanotubes prepared by
a sacrificial templating method, showing (a) porous sidewalls; (b)
medium thick walls approx. 20 nm thick, and (c) extremely thick Si
nanotube sidewalls ca. 80 nm thick.

will be electronic communication between the two func-
tions.

In terms of nanotube synthesis, multiple entries to the
formation of nanotubes elemental silicon have been inves-
tigated, including routes that involve incomplete filing of
a porous alumina template [42]. This process is very dif-
ficult to control and achieve uniformity in nanotube mor-
phology (e.g. it is easy to overfill a given pore and produce
solid nanowire structures). Another published route em-
ploys gas phase condensation, a process that yields a large
amount of amorphous, ill-defined particles and only few
nanotubes on a given surface [43].

The process currently employed in our laboratories re-
lies on the initial formation of a zinc oxide (ZnO) vertical
nanowire array template, followed by the deposition of a
surface silicon layer of a desired thickness (using silane
as a Si precursor), and finally, use of a gas phase etching
process involving He-diluted HCl / NH3 gas mixtures at a
modest temperature (450∘C) to remove the ZnO core and
produce the resultant hollow nanotubes [44].

We have established the ability of such a process to
create SiNTs of a sensitively tunable shell thickness, rang-
ing from 10 nm to ~100 nm. The former nanotube pos-
sesses a rather unique porous morphology with small
mesopores in the 2–5 nm regime (Fig. 5a), providing op-
portunities for facilitated infiltration and release. We have
also demonstrated the ability to tune inner diameter of
the nanotube, from ~30 nm to hundreds of nm, with im-
plications for the size/dimensions of the resultant loaded

species (therapeutic or sensing probe molecule) that can
be confined within the nanotube cavity.

5.2 Silicon Nanotubes: Bioresorption
Studies

The observation of a porous morphology in the very thin
walled SiNT variant poses the question of possible dis-
solution of these nanotubes in aqueous media over time.
Knowledge of such behavior is critical to use of these SiNTs
to in vivo functions such as sustained drug delivery and/or
tissue engineering.

In this regard, silicon dissolution assays have
been carried out with the use of molybdate-based
spectrophotometric-based methods. For the case of the
thin porous sidewall (10 nm) SiNT exposed to aqueous
buffer at physiological temperature (37∘C), 80% of a
∼ 60 µg sample will resorb in a 48 h period, and complete
dissolution within 72 h [44]. This dissolution behavior
is similar to that of high porosity bioactive nanostruc-
tured mesoporous silicon prepared by the anodization of
crystalline silicon [27]. Use of thicker Si side walls, lower
temperatures, and an absence of salts in the water greatly
reduce these dissolution kinetics.

5.3 Silicon nanotubes – therapeutic
relevance

Drug Delivery

There are ample opportunities to demonstrate useful drug
delivery with these semiconducting nanotubes. One of
the more unique examples published thus far lies with
the case of the loading of superparamagnetic iron oxide
nanocrystals into these nanotubes,with the long termgoal
of magnetic-field assisted drug delivery of a relatively high
density of these nanocrystals, and functionalized with
a targeting/therapeutic moiety onto the outer SiNT sur-
face [45].

To date, there are two methods for loading nanocrys-
tals such as magnetite (Fe3O4) into SiNTs, depending on
the magnetite crystal size and the absence/presence of
pores in the nanotubewall. If the siliconwalls are thin and
porous (< 12 nm), and the magnetite size small enough
(~4 nm), then simple diffusion is sufficient for satisfac-
torily complete loading of a given nanotube. If the SiNT
wall thickness is greater, non-porous, and/or the mag-
netite nanocrystal diameter is larger, then the silicon nan-
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otube array must be ‘opened’ at one end by physical re-
moval from its underlying substrate.

Measurements of the fundamental magnetic proper-
ties of these loaded SiNTs have found that in all cases
the blocking temperature (TB) remains significantly below
room temperature, ensuring their suitability for use in bi-
ological environments.

Gene therapy

The relative large internal surface areas of SiNTs, capable
of housing a loaded therapeutic, coupled with the pres-
ence of targeted genes to the outer nanotube surface has
given impetus for its investigation in gene therapy. For
such experiments, aminopropyltriethoxysilane (APTES) is
utilized as a linker, whereby the siloxy species can cova-
lently bind to surface silicon atoms of the nanotube, and
the amine terminus exposed (and available for coupling
with a polynucleotide) [46].

Initial evaluation of cytocompatibility with HEK 293
cells and these SiNTs confirm that SiNTs have no adverse
effects on this human cell line. In preliminary transfec-
tion experiments, plasmid DNA (pDNA) expressing the en-
hanced green fluorescence protein gene under control of
an inducible interferon-beta promoter (IFNβ-eGFP) was
selected. Optimal ratios of the binding of APTES-SiNTs to
pDNA, evaluated by agarose gel electrophoresis, demon-
strated that the suitable ratio of silicon to pDNAwas about
35:1; indicating the positive charge density on the sur-
face of SiNTs is not very high. The eGFP expression from
HEK 293 cells was evaluated after 24 hrs, 48 hrs, and
72 hrs transfection. eGFP expression with these plasmid-
bound Si NTs required 72 hours transfection. Experiments
with additional surface functionalization strategies are
currently underway to reduce this incubation time.

6 Single-Wall Carbon Nanotubes
(SWCT)

Carbon nanotubes are of significant interest because of
their elemental simplicity and structural uniqueness (i.e.
they can be isolated in single atom thick wall form). The
number of reported studies for SWCNTs is large enough
such that informative review articles summarizing both
therapeutic [47, 48] and biosensing [49] relevance have
been compiled recently. Thus, we restrict our discussion
here to the relevant topics (fabrication, biocompatibility
/ biodegradability (if the latter property has been evalu-

ated), therapeutics, biosensing) that are especially note-
worthy and/or has appeared after a given review has been
published.

6.1 Single Wall Carbon Nanotube Fabrication

Original accounts of carbon nanotube synthesis are well
known for the heterogeneity of reaction products pro-
duced (multiwalled species, and for the single walled
tubes, mixtures subsequently identified as semiconduct-
ing, metallic, and insulating structures) [50]. In terms of
inner width, SWCNTs possess a range of 2–30 nm. The evo-
lution and refinement of chemical vapor deposition tech-
niques applied to SWCNT formation have subsequently
been refined to overcome some of these initial hurdles in
fabrication [51, 52]. High volume production with fluid bed
reactors capable of reactant diffusion and thermal transfer
to the requisite metal catalyst have resulted in significant
reduction inproduction costs for carbonnanotubes in gen-
eral [53]; however, isolation of SWCNTs with the desired
purity and chirality requires a combination of density gra-
dient centrifugation with surfactants encompassing the
nanotubes, or alternatively, gel chromatography [54, 55].
Yet as pointed out by DeVolder et al., in spite of such sig-
nificant improvements, the cost of SWCNT production is
still too expensive to be exploited in commercial products
on a large scale [56].

One of the key steps in assessing feasibility of car-
bon nanotubes for biological applications lies in altering
chemistry of the nanotube surface. Multiple comprehen-
sive reviews have recently summarized the progress in this
area (including one published late last year) [48], so for the
sake of brevity we distill the highlights of the key adopted
strategies in this section.

The earliest, and one of the most extensively utilized
methods entails an oxidative treatment of the carbon cen-
ters to produce carboxylic acid moieties on the sidewalls,
ends, or defect sites of the SWCNT [47]. This of course
has yielded additional synthetic openings to produce nan-
otubes with more than one or more additional type of sur-
face species, often put into place by the use of well-known
cycloaddition reactions. The range of available function-
alities is extremely diverse, in addition to the carboxylic
acid species, including acylation, amidation, esterifica-
tion, and polyethylene glycol (PEG)-ylation [48]. Tabular
compilations of the known range of functional groups at-
tached to SWNCTs are readily found in references 47 and
48.

A second major success in SWCNT functionalization
lies in the general approach of non-covalent wrapping by
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polymers, biopolymers, surfactants andother amphiphilic
molecules. Someof themost popular choices in this regard
include ‘proton-rich’ polymers such as polyethyleneimine
(PEI), polyacrylic acid (PAA), and dendrimeric polyami-
doamine species (PAMAM) [57]. This has resulted in the
dispersion of relatively large amounts of nanotube species
in aqueous via straightforward processes that are readily
scalable.

6.2 Single Walled Carbon Nanotube
Biocompatibility / Bio-resorption
Studies

Two parameters of SWCNTSs play a role in their bi-
ological response: length and surface chemistry. Early
studies with non-functionalized multiwalled CNTs high-
lighted concerns with the possibility of mesothelioma in
the case of nanotube bundles beyond a certain length
(20 µm) [58]. Subsequent investigations with functional-
ized MWCNTs less than 1 µm in length did not pose a
toxicological risk with regard to intrapleural administra-
tion and retention [59]. The hypothesis that carboxylic
acid-functionalized SWCNTs, in the presence of strongly
oxidative enzymes such as horseradish peroxidase (HRP)
or myeloperoxidase (MPO), should undergo significant
degradation and ultimate resorption, was a significant ad-
vance to this field [60]. This approach has been evalu-
ated significantly and expanded to include the use of a
simulated phagolysosome environment (PSF, phagolyso-
somal stimulating fluid; simulates the acidic oxidizing
environment present in endosomes and phagolysosomes
of macrophages) for a range of COOH-functionalized
nanotubes [61]. To facilitate this degradation, a phos-
phatidylserine coating on COOH-functionalized SWCNTs
apparently initiates a digestion signal to macrophages,
monocytes, etc to begin the process [62]. An informative
review of the efforts to date regarding this topic has been
published by Bianco and co-workers [63]. A very recent re-
port by Donkor et al. has tackled the length dependence
issue on cellular uptake of SWCNTs. In this work, very
short (< 80 nm) SWCNT functionalized with PEG were ex-
posed to different cell lines, with an analysis in terms of
cell-type dependent cellular uptake, intracellular localiza-
tion, excretion, and in some cases partitioning at cell divi-
sion [64]. Confocal fluorescence imaging and flow cytom-
etry analysis of three cell types (HeLa, human hepatoma,
and HUVEC) indicate that PEGylated SWCNT shorter than
35 nm might not be suitable for active targeting but may
find merit in gene transfection (due to its ability to spon-
taneously traverse the nuclear membrane) [64]. SWCNTs
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Figure 6: Single Wall Carbon Nanotubes: (a) typical SWNCT
construct functionalized with charged polymer (ribbon) and
drug/prodrug (hexagon- outer surface), and targeting moiety
(arrowhead) [45]; (b) control of SWCNT length by acid oxidative
treatment [64]; (c) Sensitivity of SWCNT fluorescence to NO, NO-
containing species, and various O species [75].

with an average length of 30 nm were rapidly excreted by
HeLa and hepatoma cells, but for the case of HUVEC, lyso-
somal retention is observed. Such results clearly demon-
strate not only the sensitivity of nanotube length to cellu-
lar response, but identity of cell type as well.

6.3 Single Wall Carbon Nanotubes –
Therapeutic Relevance

Drug Delivery with SWCNTs

As mentioned earlier, this is a well-investigated area of
nanotube research, with the dominant disease model ad-
dressed with this platform being cancer. A recent review
by Fabbro et al. outlines the key themes investigated thus
far, involving the effects of covalent attachment of selected
important anticancer drugs to the SWCNT surface, includ-
ing doxorubicin,methotrexate, taxanes, platinates, camp-
tothecine and gemcitabine [47]. As with any nanoscale
drug delivery vehicle, targeting is a key issue of course,
andmulti-group functionalization of the nanotube surface
is required; commonly employed moieties used in the re-
ported studies include the well-known RGD peptide [65],
folic acid [66], biotin [67], and selected antibodies [68].
Overall a number of very promising results have been re-
ported, with advantages touted in terms of the capability
of SWCNTs to act as aneedle anddeliver biologically-active
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molecules directly to the cytoplasm [47]. The large surface
area functionalized with targeting ligands and (in princi-
ple) internal cavity that can be loadedwith additional use-
ful species (e.g. magnetic nanoparticles) are clear advan-
tages of the use of SWCNTs. However, due to the diverse
experimental conditions employed across these multiple
studies, precise comparisons as to the efficacy of these de-
signs are often difficult.

Gene therapy

The ability of these low dimensional SWCNTs to act in a
needle-like fashion is also relevant to exploitation in the
field of gene delivery. With the nanotube in a sense acting
like a spear, the target cell nucleus can ideally be pene-
trated and thus transfected with the nucleotide of interest
from the nucleotide carrier [69]. Multiple additional cri-
teria must be satisfied by the vector to ensure feasibility,
however, including sufficient loading of the gene of inter-
est, cellular translocation, intracellular delivery, control-
lable gene expression and minimal immunogenicity / tox-
icity [57].

In a rather brief period of time, a significant di-
verse range of ‘genetic cargos’ have been evaluated, in-
cluding small interfering RNA (siRNA) [70], microRNA
(miRNA) [71], plasmid DNA (pDNA) [72], oligonucleotides
(ODNs) [73], and DNA/RNA aptamers [74]. These studies,
both in vitro as well as in vivo, are effectively summarized
in tabular form in a recently-published review [57].

Again, while multiple significant advances have been
realized, serious challenges remain [57]. These include
sensitive evaluation of the dose of nucleotide cargo to
SWCNT carrier, determining optimal means of delivery in
vivo, and maintaining control of gene expression for sus-
tained periods.

6.4 Single Wall Carbon Nanotubes –
Biosensing

As with other aspects of SWCNTs applied to biological sys-
tems, biosensing platforms utilizing these nanotubes as
an active element have attracted immense interest over the
past decade. A comprehensive reviewhas appeared earlier
this year [49]; hence as with other well-studied nanotube
systems, we focus in this section on unique aspects associ-
ated with this topic, including selected results appearing
since the release of the above article.

These sensing platforms have been classified
into the following categories: electrochemical (mainly

amperometric-based); physical (optical, calorimetric,
piezoelectric), and SWCNT field effect transistors [49].
Prior surface functionalization of the nanotube is usually
required for optimal signal response upon its interaction
with the analyte, usually enzyme or nucleotide in ori-
gin. The identity of analytes that have been analyzed by
SWCNT biosensors to date is rather diverse and exten-
sive, including proteins / enzymes, nucleotides, viruses,
bacteria, and metabolites [49].

Of those very recent reports, we wish to briefly high-
light here a recent publication by Strano and co-workers
involving a near IR fluorescent SWCNT structure capable
of detecting NO in tissue [75]. Interestingly, this construct
entails fabrication of luminescent nanotubes on a flexi-
ble hydrogel substrate detection with a detection limit of
about 1 µM; it is claimed that such a structure is the first re-
versible, direct optical sensor for NO capable of in vivo op-
eration. The stability of such sensors in vivo for over a year
(at least 400 days, with a negligible change of activity ob-
served) is indeed impressive and has the potential for even
longer time periods of performance, given an absence of
photobleaching in nanotube emission. Two modes of op-
erationhavebeendemonstratedwith this sensor: injection
followed by localization within the liver, as well as direct
implantation within tissue. Further development of this
platform, therebyprovidingmore fundamental knowledge
associated with tissue inflammation, cancer and cell sig-
naling applications, is eagerly anticipated.

Not surprisingly, major challenges to widespread im-
plementation of the above structures remain: (1) cost
(given the steps associated with SWCNT isolation and pu-
rification) and (2) legitimate thermal stability and operat-
ing lifetime of these SWCNT-based biosensors. The above
NO sensor based on a stable luminescent SWCNT species
certainly addresses the latter concern, but focused efforts
from investigators working on these challenges continue.

7 Titanium oxide (Titania)
nanotubes

Titania remains an extensively explored category of nan-
otubes. While of significant interest to the fields of dye-
sensitized photovoltaics and battery-related electrochem-
istry, titania nanotubes have been widely investigated for
biomaterial properties including tissue engineering and
drug delivery.
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7.1 Titania Nanotube Fabrication

Standard fabrication of titania NTs often employ the an-
odization of titanium foil or related metal shape in a weak
acid electrolyte. However, in a study of some practical
significance published earlier this year, Gulati and co-
workers have explored several factors systematically that
strongly influence nanotube fabrication [76]. These work-
ers specifically analyzed the role of electrolyte aging, wa-
ter content, voltage / time of anodization, and the sub-
strate dimensions for optimization of the fabrication of
nanotubes on curved surfaces such as Ti wires. As a conse-
quence, an overall optimal fabrication procedure, includ-
ing anodization parameters, was presented that yield sta-
ble, well adherent titania nanotubes of high-quality [76].
In terms of nanotube inner diameter, a rather broad selec-
tionof possible sizes canbe achieved experimentally,most
commonly in the range of 30–100 nm [77]; the latter value
is formally beyond the standard IUPAC classification for a
mesoporous material.

Another relatively recent study involvingmore sophis-
ticated fabrication of titania NTs include the use of an os-
cillatory voltage during the anodization process to pro-
duce periodically modulated internal structures in array
form [78]. These periodic modulated structures were also
subsequently fractured by ultrasonication into liberated
capsule form. The intended goal of producing such peri-
odic structures is the formation of nanotubes capable of
enhanced drug loading and extended duration of release
(relative to conventional titania nanotubes).

7.2 Titania Nanotube Biocompatability

Several key studies have interrogated complementary
compatibility aspects of titania nanotube properties rele-
vant to its use in vitro and / or in vivo.

One early study investigated the adsorption
of key blood proteins (albumin, fibrinogen, and
immunoglobulin-g) on titania nanotube arrays using a
combination of micro-BCA assays and X-ray photoelec-
tron spectroscopy (XPS) [79]. The adhesion and activation
of platelets was investigated using live-cell staining, vi-
ability assays (MTT), and SEM. Whole-blood clotting ki-
netics was evaluated by measuring the free hemoglobin
concentration, with SEM used to image clot formation.
Overall, these results indicate increased blood serum pro-
tein adsorption, platelet adhesion and activation, and
whole blood clotting kinetics on titania nanotube arrays,
results that have clear implications for their use in a clini-
cal context.

A follow up investigation interrogated the in vitro
immune response of titania nanotubes compared to ti-
tanium surface controls. Immune cell functionality (of
leukocytes, thrombocytes and trace amounts of erythro-
cytes) was evaluated by cellular viability, adhesion, pro-
liferation, morphology, and cytokine/chemokine expres-
sion [80]. Results indicated a decrease in short- and long-
term monocyte, macrophage and neutrophil functional-
ity on titania nanotube arrays as compared to the control
medical-grade titanium substrate. Thus a reduced stimu-
lated immune response induced by these titania nanotube
arrays is certainly desirable and worthy of further assess-
ment.

Finally, one rather pragmatic study to point out
here involves the explicit evaluation of the role of ster-
ilization method on titania nanotube cytocompatibility.
Zhao et al. investigated autoclaving, ultraviolet irradiation
and ethanol immersion, on the cytocompatibility (primary
rat calvarial osteoblasts) in the presence of titania nan-
otubes (with an average diameter of 80 nm) as well as ti-
tania nanostructured ‘nets’ with an average pore diame-
ter of 25 nm [81]. UV and ethanol sterilization apparently
induce higher initial cell adhesion and proliferation com-
pared to autoclaving,whereasUV irradiation produces op-
timal adhesion, proliferation, as well as differentiation (as
represented in terms of gene expression) in the presence
of these nanotubes [81]. These authors suggest that differ-
ences between sterilization protocols may be responsible
for published differences in the in vitro response of titania
nanotubes.

7.3 Titania nanotubes – Therapeutic
Relevance

Drug Delivery

The literature regarding drug delivery frommesoporous ti-
tania nanotubes is rather vast and has been reviewed in
a very recent article from earlier this year by Dusic and
co-workers [82]. It should be emphasized that many of the
drug delivery studies reported involve delivery of antibac-
terial or anti-inflammatory compounds to suppress pos-
sible bacterial infections / immune responses associated
with a titanium-containing implant. Thus in this section
we mention only rather relatively newly reported studies
involving drug delivery from titania nanotubes of a rather
unique nature.

One of the most recent and innovative of these re-
ports involves the use of a titanium wire containing a ti-
tania nanotube layer loaded with indomethacin (an anti-
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inflammatory drug) and micelle-based carrier (tocopheryl
PEG succinate) [83]. For this platform, Au nanoparticles
were included for the purpose of including a transducer, as
RF signals were generated from a customized RF generator
to trigger an in vitro release. In their reported experiments
over a 2.5 hr time window, 92% of loaded drug and 68% of
loaded carriers were released using a short RF exposure of
5 min, in contrast to control values of 31% of drug and 11%
of carriers lacking a RF trigger [83]. Thus it would appear
that RF triggered release in this type of titania nanotube is
indeed possible and warrants further exploration.

Tissue engineering

Given the prevalence of titanium metal alloy–based or-
thopedic implant materials, one of the great intrinsic ap-
peals of the use of titania nanotubes in this type of appli-
cation is to exploit both the titaniumoxygen surface chem-
istry, along with the high surface area of mesoporous nan-
otubes, to enhance theosteointegrationof a given implant.
Hence technically the formation of new bone in a tissue
engineering context is of a rather limited region between
implant and existing bone.

One of most influential of these studies involves early
(2007) evaluation by Desai and co-workers of titania nan-
otubes (formed by an anodization method) to promote os-
teoblast differentiation of marrow stromal cells and extra-
cellular matrix production, and enhance short- and long-
term osseointegration in vitro; in vivo biocompatibility of
these nanotube-containing interfaces was also assessed
histologically after four weeks by implanting surfaces in a
male Lewis rat model [84]. It was found that cells cultured
on nanotubular surfaces showed higher adhesion, pro-
liferation, alkaline phosphatase (ALP) activity (a marker
for osteogenic differentiation), andbonematrixdeposition
compared to flat titanium surface controls; furthermore,
in vivo biocompatibility results suggested that nanotubu-
lar titania does not cause chronic inflammation [84]. This
well-cited report stimulated an extensive number of ad-
ditional investigations (for example, see ref. [85]) of tita-
nia nanotubular structures as non-planar orthopedic im-
plants.

A very recent account by Wan et al. describes the use
of titania nanotubes to act as a possible scaffold for large
area bone tissue engineering [86]. These TiO2 nanotubes,
with an average outer diameter of 100 nm and (aggre-
gated) wall thickness of ca. 7 nm, were synthesized using
the template-assisted sol-gel method followed by calcina-
tion. Bacterial-based cellulose was used as the template
for nanotube formation in this case. The large surface area

of such tubular scaffolds (1629 m2 g) result in an enhance-
ment of cell growthandproliferation, alongwith improved
alkaline phosphatase (ALP) activity and mineralization,
when compared to ordinary culture plate controls [86]. It is
noted here that the ALP activity of the scaffold is as high as
commonly-employed hydroxyapatite-coated nanofibrous
scaffolds, a very encouraging result for further develop-
ment of this nanotube-based material.

8 Zinc Oxide Nanotubes
While extensively explored in nanowire form, ZnO nan-
otubes remain under-investigated for biomaterial pur-
poses. The lack of toxicity [87] and ease of fabrication
for ZnO nanostructures do suggest ample opportunities in
this regard. Nevertheless, a few studies are reported for
nanotube platforms with zinc oxide as a key component,
and these are brought to the reader’s attention to give a
proper perspective on the diversity of nanotube composi-
tions available.

8.1 Zinc oxide Nanotube Fabrication

The ease of ZnO synthesis in nanoscale dimensions is
one of its most appealing properties. Most approaches in-
volve initial formation of a ZnO nanowire-type structure,
followed by transformation of these NWs into NTs using
judicious control of etching of the ZnO (with either di-
lute HCl or KOH) to form a hollow interior with tubular
shape [88]. One account describes the use of silk as a tem-
plating agent for ZnO multiwall nanotube formation, but
the tubes lack consistent cylindrical shape and are heavily
aggregated [89]. Themesopores associatedwith these type
of nanotube fall within the 20–50 nm range [89].

8.2 Zinc oxide nanotubes – therapeutic
relevance

Studies of the release of active therapeutics from NT de-
signs based on ZnO are quite limited; in fact, a scrutiny
of the recent literature finds only one report along these
lines. Specifically, Yuan et al. utilize a ZnO nanowire array,
in conjunction with layer-by-layer alternating templating
assembly of the polyelectrolytes PBI and PAA to form nan-
otube architectures that house and subsequently release
model drug compounds [90]. While in principle a system
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of great opportunity, the incorporation of authentic thera-
peutics remain to be evaluated for such designs.

8.3 Zinc oxide nanotubes for Biosensing

Farmoreworkhas been carried out for the case ofmodified
ZnO nanotubes and applications relevant to biosensing.
For example, in contrast to the semi-quantitativemeasure-
ments performed on a silica nanotube platform described
above, Yang and co-workers have fabricated ZnONTarrays
on ITO substrates (and Nafion coating) with immobilized
glucose oxidase, with a sensitivity of 30.85 µA cm−2mM−1,
a relatively low limit of glucose detection of 10 µM, and
Michaelis-Menten constant KappM of 2.59 mM [91].

More recent investigations have continued to refine
explore glucose sensing with such nanotubes. Kong and
co-workers [92] utilize a well-defined hexagonal ZnO nan-
otube array (again with immobilized glucose oxidase) to
produce a biosensor with a 3 sec response time and a
sensitivity of 21.7 µA cm−2 mM−1. An impressive detec-
tion limit of 1 mM is reported, but with a surprisingly far
larger Michaelis-Menten constant of 19 mM (relative to the
initially-reported ZnO NT structure noted above) [92].

Utilizing a multiwalled ZnO nanotube structure fab-
ricated from silk templates, Zhao et al have fabricated a
chitosan/ZnO NT/Au structure with immobilized glucose
oxidase with detailed measurements of a relatively fast
(< 2 sec) and sensitive response (47.2 µA mM−1 cm−2) [90].
Interestingly, their associated Michaelis-Menten binding
constant of 1.09 mM is improved relative to that of the ini-
tial ZnO NWA platform of Yang et al. [92].

Given the competion between groups on this plat-
form, further refinement of these ZnONT-based biosensors
specifically for glucose monitoring is anticipated.

9 Overall Summary
This review has attempted to cover some of the key issues
in the evaluation of selected inorganic mesoporous nan-
otubes for therapeutic and diagnostic use. The amount of
preclinical research carried out thus far on silica, titania,
SWCNTs, along with BN NTs has indeed been impressive,
and interesting opportunities in the further evaluation of
silicon, alumina, and zinc oxide nanotubes for their possi-
ble applications in biotechnology clearly exist.While chal-
lenges for each material have been identified, it is hoped
that dedicated research on all of the above compositions
will continue at an enthusiastic pace.
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