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By interrogating nature at the length scale of important biological molecules (proteins, DNA),
nanotechnology offers great promise to biomedicine. We review here our recent work on
nanofilm biomaterials: “nanoscopically” thin, functional, polymer-based films serving as bio-
compatible interfaces. In one thrust, films containing carbon nanotubes are shown to be
highly antimicrobial and, thus, to be promising as biomedical device materials inherently re-
sistive to microbial infection. In another thrust, strategies are developed toward films of in-
dependently controllable bioactivity and mechanical rigidity — two key variables governing

typical biological responses.

INTRODUCTION

Nanotechnology concerns materials/de-
vices with functionally important features
from 1 to 100 nanometers (nm), where 1 nm
is one billionth of a meter. For perspective,
normal human scalp hair has a width of
100,000 nm and grows at a rate of 5 nm per
second. The “nano” length scale is generally
larger than the size of small molecules (e.g.,
molecular oxygen is 0.36 nm in length), yet
small enough where material properties

begin to deviate significantly from bulk val-
ues. For example, at the nm length scale,
system sizes begin to approach their de
Broglie wavelengths, leading to the appear-
ance of quantum behavior. Also at this
length scale, surface effects become impor-
tant, as an appreciable fraction of atoms exist
at or near the surface. Of particular impor-
tance to biomedicine, the nm length scale is
where the smallest synthetic material fea-
tures approach the dimensions of biology’s
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Figure 1. Schematic of the layer-by-layer (LbL) thin film assembly system, showing the al-
ternate adsorption of positively and negatively charged polymers from aqueous solution.
Addition of a carbon nanotube layer is also shown.

fundamental building blocks: proteins. In-
deed, nanotechnology may interrogate nature
at its smallest natural length scale.

Carbon nanotubes (CNTY) are an im-
portant nanomaterial [1]. Essentially, a sin-
gle layer of sp? carbon in a cylindrical
geometry, these ca. 1 nm diameter materials
possess many amazing properties: CNT ex-
hibit the highest aspect ratio, strength, and
stiffness of any material ever measured [2]
and can superconduct electricity at compar-
atively high temperatures (to about 12 K)
[3]. Despite their promise, CNT applications
to date are largely limited to sporting equip-
ment (tennis rackets, golf clubs, baseball
bats), where high strength-to-weight ratio
offers performance advantages, and to auto-
motive plastics, where high strength may be
uniquely combined with electrical conduc-
tivity. However, many future applications
are envisioned in biomedicine [4]. For ex-
ample, CNT are proving to be excellent cell
contacting materials, promoting strong cel-
lular adhesion owing to CNT nanoscale
roughness and high rigidity [5]. CNT are
also being explored as gene delivery vehi-
cles, where high aspect ratio enables en-
hanced transport of genetic material across
the cell membrane [6-8]. Finally, CNT are
highly antimicrobial and so represent an in-
teresting route toward biomaterials inher-
ently resistive to microbial infection [9-13].

Nanoscale polymer films also offer
great promise in biomedicine. These ca. 10
to 100 nm coatings serve as the interface be-
tween biological objects (ranging from bio-
molecules to cells to tissues) and materials
(e.g., plastics, metals). Layer-by-layer (LbL)
assembly of oppositely charged macromol-
ecular species [14] offers a facile route to-
ward nanofilms for a variety of applications
(Figure 1) [15,16]. LbL films are easy to fab-
ricate on a variety of flat or irregularly
shaped objects (only simple solution expo-
sures are required) and are amenable to fine
control over physicochemical properties
(through choice of polymers, solution con-
ditions, and post-formation steps). Bioactiv-
ity may be conferred through the facile
incorporation of biomolecular species, mak-
ing LbL films excellent candidates for bio-
material applications, e.g., cell culture,
tissue engineering, biomedical implants [17-
20].

In this article, we review our recent
work on nanotechnology for medicine. The
focus is on nanofilm biomaterials, i.e., ma-
terials of nanoscale thickness designed to in-
terface with biology. In one line of inquiry,
we seek CNT-containing films that are in-
herently antimicrobial and hence resistive of
intracorporeal infection [21-23]. In other
work, we seek films in which the two key
film properties affecting the biological re-
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sponse — mechanical rigidity and bioactiv-
ity — are independently controllable
[24,25]. We follow with a discussion on
some of the most promising application
areas for these technologies and some of the
challenges likely to be faced in their imple-
mentation.

CARBON NANOTUBE (CNT)-BASED
NANOFILM BIOMATERIALS

About half of all Americans will host a
biomedical implant at some point during
their life, and about 1 million of these each
year will become infected, resulting in
60,000 to 90,000 deaths and $17 to $29 bil-
lion in associated costs [26]. With the future
rate of medical implantation likely to rise,
biomedical device materials resistive of mi-
crobial infection represent a key public
health priority.

Current strategies toward antimicrobial
materials are generally based on 1) release of
anti-infective agent or ii) grafted antimicro-
bial polymers [27-31]. In the first approach,
anti-infective agents such as antibiotics are
embedded within a material and are released
by diffusion and/or material degradation.
While effective in some cases, disadvan-
tages include difficult-to-control release
rate, potential toxicity to human cells, even-
tual agent depletion, and the possibility of
resistance development. In the second ap-

Figure 2. Percent E. coli
inactivated following 1 h
exposure to glass, poly(lac-
tic-co-glycolic acid)
(PLGA), and PLGA con-
taining carbon nanotubes
(CNT) at concentrations (w
CNT / w-PLGA) 1/7000
(low), 1/700 (medium), and
1/70 (high). CNT of length
ca. 300 nm (short) and > 1
(long) are considered. Re-
produced with permission
from The Royal Society of
Chemistry [21].

proach, polymers containing highly charged,
quaternary amine groups are chemically
grafted to the material surface and poten-
tially provide a more permanent antimicro-
bial effect. However, the grafting chemistry
can be quite intricate and even inapplicable
to certain materials, and long-term stability
of the grafts remains a challenge.
Nanotechnology offers great promise
toward inactivating microbes [32,33]. In
particular, nanoparticles may release an-
timicrobial agents, or inactivate microbes,
through physical disruption of the cell wall.
CNT have recently been shown to be highly
antimicrobial [9-13]. Owing to their high
stability and compatibility with a variety of
base materials, CNT offer many potential
advantages to other antimicrobial ap-
proaches. We are developing thin polymer
film approaches employing CNT as a mi-
nority component. In one approach, we em-
ploy the well-established hydrolytically
degradable biomedical polymer poly(lactic-
co-glycolic acid) (PLGA), together with
CNT, in a spin-coated thin film formulation
[21]. As shown in Figure 2, the degree of E.
coli inactivation (at 1 h) increases from
about 10 percent for pure PLGA and 1/7000
w-CNT to w-PLGA systems to about 80 per-
cent for 1/700 and 1/70 w-CNT to w-PLGA
systems. A marked decrease in inactivation
degree upon increasing average CNT length
at constant CNT content suggests tube ends
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play an important role in the an-
timicrobial mechanism.

In another approach, we are
developing an aqueous-based,
layer-by-layer strategy toward
films composed of CNT and
charged polymers (Figure 1)
[22,23].  Aqueous-based  ap-
proaches are appealing on eco-

nomic and environmental grounds,
but an important consideration is
the solubility of the (generally very
hydrophobic) CNT. We employ
here an amphiphilic polymer, PL-
PEG, consisting of a phospho-
ethanolamine-based lipid with a

Figure 4. Molecular computer simulation snapshots of
poly(ethylene glycol) modified phospholipid (PL-PEG)
assembly around isolated (a and b) and bundled (c and
d) carbon nanotubes (CNT). Greater PEG-chain exten-
sion is observed on isolated CNT, leading to greater
steric repulsion and thinner adsorbed layers. Repro-
duced with permission from The Royal Society of
Chemistry [23].

grafted poly(ethylene glycol)

chain. The lipid assembles around the CNT,
and the PEG chain acts to repel the coated CNT
from one another via entropic stabilization.
Aqueous CNT dispersions are created through
a sonication process, with the time of sonica-
tion serving to control the degree of CNT
bundling. For example, at 5 min sonication at
60 W, CNT bundles of length 1200 nm result,

whereas at 60 minutes sonication at 60 W,
(nearly) isolated CNT of length 400 nm are ap-
parent. Interestingly, the degree of bundling
greatly impacts the layer-by-layer assembly
process. As shown in Figure 3, for a film com-
posed of CNT and the polypeptides poly(L-ly-
sine) (PLL) and poly(L-glutamic acid) (PGA),
layers of bundled CNT are about twice as thick
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Figure 5. Scanning electron micrographs of E. coli seeded onto layer-by-layer films
formed with charged polymers and either bundled or isolated carbon nanotubes (CNT).
Reproduced with permission from The Royal Society of Chemistry [23].

as layers of isolated CNT (30 vs 15 nm). Mo-
lecular simulations performed by Matta and
Sammalkorpi reveal the molecular mechanism
behind the thick layers associated with bundled
CNT [23]. The diameter of isolated CNT is less
than that of the lipid assemblies, so the lipid
tends to form (only weakly perturbed) micelles
around the CNT (see Figure 4). However, the
CNT bundles are too large to allow for lipid mi-
celle formation, so instead, lipid adsorbs in a
relatively flat and sparse monolayer. These dif-
ferent interfacial morphologies result in very
different CNT-CNT interactions: the isolated
CNT repel one another to a much greater de-
gree, owing to the greater density and exten-
sion of the PEG chains, and thus form much
thinner adsorbed layers. Films formed via iso-
lated and bundled CNT interact with microbes
in very different ways: E. coli rest on top of
films formed by isolated CNT, but become en-
gulfed by films composed of bundled CNT
(Figure 5). Although both films inactivate about
90 percent of E. coli after 24 h, only the bun-
dled CNT film achieves this level of perform-
ance after 1 h and thus has the advantage of
being “fast acting.” (As a comparison, the iso-
lated CNT film inactivates only 20 percent of
E. coli at 1 h. Results based on the standard
LIVE/DEAD® assay, Invitrogen.)

NANOFILM BIOMATERIALS OF
CONTROLLABLE BIOACTIVITY AND
MECHANICAL RIGIDITY

Biomaterials are “nonviable materials
used in a medical device, intended to inter-
act with biological systems” [34]. Control-

ling the cellular response is perhaps the
grandest challenge in biomaterials science.
A number of material properties are known
to influence contacting cells: charge, hy-
drophobicity, topography, and mechanical
rigidity [35,36]. In addition, cells may react
to bioactive elements presented by a mate-
rial [37,38]. Ideally, each of these properties
would be independently tunable, so that an
optimal material could be designed toward
a desired cellular response. In practice,
bioactivity and mechanical rigidity are often
difficult to decouple. An important example
comes from nanofilm biomaterials formed
via the LbL method, where rigidity is gen-
erally controlled through post-assembly
chemical cross-linking of the polymer net-
work [39-42], and bioactivity is generally
conferred through film-embedded or sur-
face-adsorbed biomolecules [43-47]. As
shown in Figure 6, when film cross-linking
follows film bioactivation, embedded bio-
molecules may become inaccessible to con-
tacting cells [43,44], and when cross-linking
precedes bioactivation, biomolecular load-
ing tends to be limited to the film surface
(Figure 6B) [46,47]. In summary, for current
approaches, LbL film mechanical rigidity
and bioactivity — two key features govern-
ing cell behavior — tend to be strongly
(often inversely) coupled.

We seek to develop approaches toward
nanofilm biomaterials with independently
tunable mechanical rigidity and bioactivity.
One strategy involves “surface cross-link-
ing,” where cross-link formation is confined
to the surface region of the polymer film, so
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Figure 6. Schematic of standard approaches (A and B) and our approaches (C and D) to-
ward nanofilm biomaterials of independently controllable mechanical rigidity and bioactiv-
ity. A) Film is constructed via the layer-by-layer assembly of charged polymers and
bioactive agents (see Figure 1), and subsequently chemically cross-linked to increase
rigidity, often at the expense of bioactivity. B) Bioactive agents are added following film
cross-linking, with loading typically limited to the film surface. C) The surface cross-linking
strategy, where cross-links form between an activated polymer and previously deposited
polymers, and are thus confined to the film surface, away from the bioactive species, re-
sulting in a rigid outer skin and high biomolecular accessibility. D) The nanoparticle tem-
plating strategy, where film assembly and cross-linking occurs in the presence of
nanoparticle templates, whose removal via dissolution results in a pore space that may be
subsequently filled with biomolecules. Film rigidity is controllable by the extent of cross-
link formation and bioactivity by the extent of biomolecular loading.

as not to perturb any bioactive species within
the film interior (Figure 6C) [24]. Another
strategy is “nanoparticle (NP) templating,”
involving film formation in the presence of
spherical latex NP, chemical cross-linking to
increase film rigidity and “lock in” a porous
morphology, and removal of NP via dissolu-
tion (Figure 6D) [25]. The idea is to create a
porous film where the polymer portion may
be “hardened” via standard chemical cross-
linking methods, and the pore space then
filled with bioactive species, both to inde-
pendently controllable extents.

Within each strategy, key questions in-
volve the degree to which the film is pene-

trated by macromolecular species. In the
surface cross-linking approach, cross-link-
ing agents are bound to a polymer, such that
the polymer will adsorb to but not penetrate
the film and allow cross-link formation to
occur with previously adsorbed polymers
near the film surface. The important ques-
tion is whether cross-link formation occurs
prior to polymer film penetration. Using
laser scanning confocal microscopy and flu-
orescently labeled polymers, we verify the
formation of a truly surface cross-linked
layer (Figure 7). In the nanoparticle tem-
plating approach, the pore space is intended
to be filled by bioactive species, but pore
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Figure 7. Laser scanning confocal microscopy cross-sectional images of nanofilm biomate-
rials formed by the layer-by-layer assembly of charged polymers. Top) A 60-layer red fluo-
rescing film terminated with a green fluorescing activated polymer (i.e., capable of forming
chemical cross-links, left) and a green fluorescing standard polymer (right). Green confined
to the surface of the film to the left (but not right) suggests cross-links to occur in the sur-
face region. Bottom) Red fluorescing albumin is added to a cross-linked (i.e., non porous)
and a templated cross-linked (i.e., porous) film. The albumin penetrates only the porous
film, as evidenced by the red and yellow color throughout. Reproduced with permission
from The American Chemical Society (top) [24] and John Wiley and Sons (bottom) [25].

filling requires the bioactive species to pen-
etrate into the film interior. Again using laser
scanning confocal microscopy, we establish
that a bioactive species proxy — fluores-
cently labeled bovine serum albumin —
penetrates a porous film but not a control
film without pores (Figure 7). Based on the
known bulk concentration, the concentration
of albumin in the porous film could be esti-
mated to be about 0.1 g/mL, or about 10 per-
cent of the film mass.

Do the strategies depicted in Figure 6
affect film properties beyond mechanical
rigidity and bioactivity? An analysis of sur-
face topography via atomic force mi-
croscopy (AFM) shows a standard
cross-linked film and a nanparticle tem-
plated film to possess quite similar surface
roughness values (7 nm vs. 10 nm) and sim-
ilar domain sizes distributions (of order 20-
50 nm) [25]. However, subtle structural (and
perhaps other) differences could still be im-
parted through the templating process and
possibly contribute to the eventual cell re-
sponse.

To what extent do surface cross-linked
and nanoparticle-templated films enhance

the initial cell response? We answer this
question by considering the interaction with
MC3T3-El pre-osteoblastic cells. In Figure
8, we show the number of adherent cells on
surface cross-linked films to be intermedi-
ate between that on non-cross-linked (nega-
tive control) and fully cross-linked (positive
control) films. We also show the degree of
cell spreading on a nanoparticle templated
(i.e., porous) film to be comparable to that
on a fully cross-linked (i.e., non-porous pos-
itive control) film and much greater than that
on native (i.e., non-cross-linked control)
films.

DISCUSSION

The world of biology is filled with
amazing structures whose detailed functions
are only now becoming understood. With hi-
erarchical structure and advanced function,
the world of modern materials is a marvel in
its own right and an important cog in the
continual advancement of the human condi-
tion. Marrying these two worlds represents a
key scientific challenge, and nanofilm bio-
materials — acting as the interface between
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Figure 8. Left) Number of adherent MC3T3-E1 pre-osteoblastic cells on native (OXL), sur-
face cross-linked (SXL), and fully cross-linked (FXL) nanofilm biomaterials. Right) Average
MC3T3-E1 pre-osteoblastic cell area on native, native with nanoparticle (i.e., without dis-
solution), fully cross-linked, and templated cross-linked (i.e., porous) nanofilm biomateri-
als. Reproduced with permission from John Wiley and Sons [25].

material and biology — offer great promise
toward a number of new and emerging bio-
medical applications.

Carbon nanotube-based nanofilm bio-
materials are capable of destroying harmful
pathogens without the use of antibiotics or
other potentially harmful (bio)chemical
agents. This capability offers great promise to
many areas of health care — potentially af-
fecting the quality of human life. In addition
to biomedical device applications, one could
imagine other surfaces — within health care
facilities or even households — being ren-
dered anti-infective using this approach. A re-
maining challenge is to better understand
mechanistically the microbe-nanotube inter-
action. Current evidence suggests both phys-
ical disruption (i.e., piercing the cell wall) and
oxidative stress to contribute, but details re-
main unclear [9,10]. A more complete mech-
anistic picture is needed to improve the
CNT-based film approach and to tailor it to-
ward specific pathogens. Another challenge
involves the question of carbon nanotube tox-
icity to human cells. Some examples from the
literature show toxicity [48-50], while others
indicate compatibility [51-53]. The discrep-
ancy may be due to differences in CNT prop-
erties, e.g., diameter, length, and purity (i.e.,
metal content); and more studies appear to be
needed here. In any event, approval of CNT-
based materials for clinical use will likely re-
quire extensive evidence as to their safety.

Nanofilm biomaterials of independently
controllable bioactivity and mechanical
rigidity are expected to have an important
impact in many applications involving cell-
material contact, e.g., as biomedical device
coatings that promote a confluent endothe-
lial cell layer, cell-based bioreactor supports
that induce production of a pharmaceutical
product, and tissue engineering scaffolds
signaling fetal or even stem cells to form
mature cellular structures. “Standard”
nanofilm biomaterials already show great
promise but suffer from strong coupling be-
tween bioactivity and mechanical rigidity.
Our strategies significantly enhance the po-
tential utility of these thin film systems. A
remaining challenge is to better understand
the biological response to film-embedded
bioactive agents, e.g., cell sensitivity to
intra-film concentration, surface cross-
linked polymer layers, and strength of bioac-
tive agent-nanofilm interaction. The
importance of high film loadings may differ
among biomedical applications — a broader
understanding of what systems can benefit
most from high and controllable local bioac-
tive agent exposures would help guide the
development of these promising materials.

CONCLUSIONS

By matching the key material and bio-
molecular length scales, nanotechnology is
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poised to make significant contributions to
biomedicine. We summarize here recent
work in our lab in the area of nanofilm bio-
materials: thin polymer-based films of thick-
ness 10 to 100 nm. In one avenue, films
containing carbon nanotubes act as perma-
nent antimicrobial surfaces, offering the pos-
sibility of infection-resistant biomedical and
other health care-related devices. In another
avenue, films of independently controllable
bioactivity and mechanical rigidity are
achieved by either surface cross-linking or
nanoparticle templating approaches and
offer great promise to interface the material
and biological worlds.
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