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Nanotechnology in Medicine:
Moving from the Bench to the Bedside
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Abstract: While living matter is composed of a large number of biological nanomachines, it has been recog-
nized early in the history of nanotechnology that medicine could be a prime field for application. Now that
nanotechnology has gone beyond its infancy, its mature arsenal of tools, methods and materials is ready for
applications outside physics. While true clinical applications of nanotechnology are still practically non-exis-
tent at the current time, a significant number of promising medical projects is at an advanced experimental
stage. Tools based on the atomic force microscope will not only allow improved imaging of living matter but
can also serve as functional probes and will even serve as sensitive sensors for a broad range of molecules
of medical interest. New immunological tests based on microcontact printing and microfluidics will signifi-
cantly improve medical laboratory diagnosis. New materials, including nanotubes and fullerenes, nanocon-
tainers and other self-assembled structures may improve mechanical properties and biocompatibility of im-
plants and will allow new approaches in drug targeting.

Keywords: Arthroscopy - Atomic force microscopy - Biochemical testing - Drug targeting -
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Life is Nanoscience in Action motion adequately. In contrast, the view oftates, for example, at the level of single
for example, muscle myofilament assemblynolecules, living cells, and even entire tis-
To see living organisms designed as vetyeing a hanomachine involving electricalsues [1-3]. Moreover, indentation-type (IT)
complex systems composed of nanomahysicochemical, organic chemical, meAFM has opened the possibility to probe
chines and built by ‘programmed self-asehanical and many other aspects, opens tthee mechanical properties of biological
sembly’ might well be the ultimate para-door to a more comprehensive and, at theatter at different length scalés. from
digm in a mechanistic understanding of lifesame time, more rational understanding dfie nm to theim and even mm scale [4—6].
Down at the scale of single molecules anithis system. This view becomes even moidost exciting, by succeeding in dissecting
supramolecular assemblies, there is no gape when trying to deal with the most funDNA from a particular section chromo-
between the classical fields of chemistrydamental ‘building block’ of all living or- some, it has become evident that the AFM
mechanics, biology, and even medicingganisms — the cell. tip may also be used as a nano-scalpel [7].
Motion generated by muscle contraction However, it was not until the develop- Taken together, not only does the AFM
illustrates this fact well: Physicsf(electric ment of the atomic force microscopaive us the ‘eyes’ for imaging biological
potentials within a cell), physical chemistry AFM) that an analytical tool became availmatter from the mm to them and, ulti-
(cf. free intracellular calcium), biochem-able which is capable of imaging, measumately, nm scale, but it also provides us
istry (cf. myosin phosphorylation), me-ing and manipulating biological matter atvith the ‘fingers’ to measure and manipu-
chanics €f. bending of the myosin headshe level of single molecules or even atom#ate biological matter at these different
during the crossbridge cycle) fail to explainndeed, the AFM has opened completeliength scales. As might be gathered, the
new vistas in the life sciences for analyzingrospects of this unique device in funda-
biological matter at a resolution that hamental research and for practical applica-
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myopathies can lead to impaired moleculdo systemic drug application may lead téed to miniaturized devices that can func-
interactions during the course of musclearious side effects. For example, anttion as local probes, biosensors and effec-
myofilament assembly [8]. A viral infec- cancer drugs not only kill tumors, they alse¢ors that are very well suited for integration
tion, in turn, may be considered as an invaffect the gut (hausea, vomiting), the iminto instruments of such small size so that
sion of a complex system (a cell) by a simmune system (susceptibility to infection)they can directly be brought to the defect
ple nanomachine (a virus) that is able tthe blood (anemia), and the skin (hair loss3ite by minimally invasive surgical proce-
reprogram the system. Frequently, canc&ide effects may occur unexpectedly, andures. This evolving nanotechnology tool-
represents a malfunctioning of a nanosyshey may not simply put the patient at riskhox is slowly but definitely filling the gap
tem encompassing a gene, its transcriptidhey may also jeopardize drug companiebetween conventional medical instruments
apparatus, and promoter and suppresdor example, as recently illustrated by Bayand tools that are on a cellular or even sub-
mechanisms that in concert drive the cedlr after their new drug cerivastatin killectellular length scale.

into an ‘infinite loop’ of uncontrolled self- several patients.

replication. Arteriosclerosis too was even-

tually traced back to a dysfunction at the Nanomaterials

single cell level,i.e. involving abnormal The Promise of Nanotechnology

handling of some lipoproteins [9] and locain Medicine Nanotechnology has produced novel
inflammatory reactions. materials such as nanotubes [11] and nano-

Ever since nanotechnology appeared apheres [12] that feature amazing mechani-
the horizon, its bright prospects in medicineal properties. It is evident that such nano-
The Gap of Today’s Medical Tech- have been hailed enthusiastically [10]. Tenaterials will eventually improve the design
nology Resides at the Nanoscale this end, a recent Medline literature searcdnd properties of implants where optimum
using the keywords ‘nanotechnology omechanical strength and durability are crit-
In recent years the structure and fungxanoscience or nanotubes or nanocapsuleal, for example, in artificial heart valves
tion of an ever-growing number of supraer nanoparticles’ yielded more than 200@nd weight-bearing artificial hip and knee
molecular and cellular nanomachines hawgts out of 11 million medical referencesprostheses. Presently, nano-structured sur-
been elucidated, and the role these play However, this number shrunk to 70 whefaces represent a very active field of re-
disease progression is increasingly recothe keyword ‘clinical’ was added. Evensearch and development which may ulti-
nized. Despite this, when we look at théhese publications failed to document a sinmately lead to improved biocompatibility
current diagnostic and therapeutic ‘medicalle established medicil vivouse of nano- of nanomaterials.
toolbox’, we find a remarkable discrepancytechnology. Instead, almost all of these
As illustrated in Fig. 1, whereas the funda#0 publications focused dn vitro results,
mental biological processes that goverprediction of future possibilities, or on ex-Biomedical Laboratory Diagnostics
health and disease happen at the cellulperimental concepts. Despite this soberinat the Nanometer Scale
and subcellular scale.e. ranging from a finding, the arguments in favor of a bright
few micrometers to a few nanometers, tduture for nanotechnology in medicine are Biomedical laboratory diagnosis plays a

day’s medical tools were designed almostumerous. key role in today’s health care. Most testing
exclusively for a different length scale: Di- is done on a macroscopic scale, for exam-
agnostic tools either rely on measuring bulk ple, in microtiter plates. Size reduction of
concentrations of single molecules, or theManotools biomedical lab tests has several advan-
make use of structures and gadgets that are tages: Not only does it lead to a marked re-
typically at the millimeter to meter scale. The currently available ‘nanotechnolo-duction of the sample volume needed for

Similar objections hold true for thera-gy toolbox’ allows the attainment of atom-+esting, but it also results in a marked re-
peutic interventions: Drug therapy usuallyc detail not only for imaging single mole-duction of (potentially expensive) reagents
involves loading the entire body with acules in their native state, but to also teuch as monoclonal antibodies. Last but not
large number of drug molecules to treat probe their functional properties, and tdeast, it may lead to a significant reduction
limited number of malfunctioning cells. Asmanipulate them one by one. The technol@ time consumption. Moreover, the ability
we all know, the lack of targeting inherengy developed for atomic force imaging hasf current nanotools to measure interaction

in vivo diagnosis body components treatment

human eye

it_%hoscope dm artificial h_ips .
y therapeutic radiation
|
catheters T vessels F mm
( only blood cells:microscopes )
The gap S vm The gap
Fig. 1. In today’s medicine, there is a lack of
biochemical tests '+ nm drugs diagnostic and therapeutic tools applicable in
vivo at the submicrometer scale - this is ex-
actly the scale where many diseases originate.

Nanotechnology promises to fill this gap.
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forces between individual molecules is For comparison, elasticity measure- In further experiments, we mimicked
most promising for biomedical testing bements obtained by indentation-type (ITithe osteoarthritic disease progression by
cause this might eliminate the need foAFM at the nanometer scaleel by em- enzymatic digestion of the GAGs with
reagent labeling, a tedious and expensiy#oying sharp pyramidal tips) yielded elaseathepsin D. At the micrometer scaie.
step. Taken together, small size, tiny samptieity moduli that were typically 100- to when monitored with our spherical tips,
volumes and fast reaction times bring mdb00-fold lower. Fig. 2a demonstrates thao significant hardening was depicted
bile testing devices onto the realm of realtopography at the overall tissue level of arFig. 4a), and the elastic modulus deduced
ty [13]. They indicate that there will be aticular cartilage as imaged by AFM. Thifrom these measurements was in accor-
strong trend toward point-of-care testing dimnage demonstrates what a micrometedance with that obtained by macroscopic
the bedside or in an ambulatory setting. sized indenter ‘feels’ or ‘sees’ as the diredhdentation tests. In contrast, at the nano-
mechanical response at this level of thmeter scale the enzymatic digestion exhib-
cartilage architecture. In contrast, Fig. 2ied a significant hardening of the digested
Examples of Nanotechnology demonstrates a distinct substructure. At theartilage (Fig. 4b), exactly as observed with
in Medicine nanometer scale distinct components, sudsteoarthritic cartilage (see Fig. 3c). Ac-
as individual fibers, of the extracellular maeordingly, the elastic modulus increased
Following are three practical examplesrix (ECM) become visible. An individual from 21 kPa for the native articular carti-
taken from our own research activities thatollagen fiber exhibits a 67 nm axial repedage to 54 kPa after two days of enzyme ac-

will illustrate the application of nanotech-and 50 nm diameter. tion.

nology in experimental medicine. In a next step, we compared normal As expected, the elasticity values are
with osteoarthritic articular cartilage from adependent on the chemical composition

Diagnosing Articular Cartilage patient harvested during hip surgery. As iland the spatial arrangement of the collagen

Elasticity ex vivo by lustrated in Fig. 3a, the normal cartilage exaetwork. At the nanometer scale the fine

Indentation-type (IT) AFM hibits a more or less random orientation ctructure of cartilage is apparei, on the

Cartilage spans the articulating surfacese collagen fiber network, with the 67 nntollagen fibers and the space in-between
of bones where they form joints, suclaxial repeat of the individual collagen(i.e.the interstitial space being filled with
as knees, hips, elbows, shoulders, and tfibers being clearly resolved. In contrastglycosaminoglycans (GAGs) keeping adja-
spine. The biomechanical properties of athe diseased cartilage exhibits a preferregnt collagen fibers spaced apart). By re-
ticular cartilage are such that under normalrientation of the collagen fibers (Fig. 3b)moving some of the GAGs through enzy-
conditions it will stay intact for 70 or morelt is conceivable that upon degradation ahatic digestion with cathepsin D the colla-
years. Pathological situations such as acutee glycosaminoglycans (GAGS) in the ingen fibers became more densely packed
trauma or chronic inflammation may leaderstitial space, the collagen fibers that atbereby resulting in hardening of the di-
to the degradation of the articulating sumo longer spaced apart by the GAGs slovgested cartilage at the nanometer scale.
faces in the affected joints [14]. ly but definitely align themselves in a di-Two results are most important in this con-

Articular cartilage can be regarded as @ection representing the predominant joirtext: First, the digestion experiments al-
fiber-reinforced multi-component and mul-mnovement. As demonstrated in Fig. 3c, thewed us to model or mimic alterations sim-
ti-phase material whose mechanical propeosteoarthritic cartilage revealed a signifilar to those caused by the pathological
ties are governed by the complex architecant hardening compared to the normal cadlegradation processes. Secondly, the elas-
ture of the extra-cellular matrix (ECM).tilage when measured at the nanometécity measurements as provided at two dif-
The most comprehensive information abougcale. ferent scalesi.e. nanometeversusmicro-
the mechanical function of articular carti-
lage tissue can be obtained by measuring its
elastic properties [15-18]. Therefore, we
have been employing IT-AFM to directly ar-
measure the elastic modulus of healthy, di
eased €.g. osteoarthritic) and enzyme-
digested articular cartilage.

In general, representative elasticit :
measurements of a given piece of cartilagg™
can be obtained by employing indente
that probe the tissue on a length scak (
mm to um) that cannot resolve local finegs
structure, so within this length range th
measurement does not exhibit a significa
dependence on the probe size. To perforg
elasticity measurements at the micromet
scale we glued micrometer-sized spherssg
onto tipless cantilevers. As expected, thes

elasticity of articular cartilage determined ; i : o )
at this length scale was in accordance wiffig. 2. The two images demonstrate two different levels of the cartilage architecture as imaged
published values determined by clinical inby AFM. (a) Exhibits the overall tissue level, where the tissue functions as a compact multi-
dentation devices,e. clinical testing de- compound system. At this level of hierarchy distinct cartilage cells (chondrocytes) and the com-
. T . . act extracellular matrix (ECM) are visible, but no distinct sub-structure of the ECM. (b) At the
V'Ce_s that probe th.e_ elasticity of a'tt'CUIaEanometer scale the cartilage tissue exhibits its substructure. At this level the randomly ordered
cartilage at the millimeter to centimetegoliagen fibers, i.e. the 67 nm axial repeat and 50 nm diameter of the individual collagen fibers
scale. as distinct components of the ECM are clearly visible. Scale bars: (a) 20 um, (b) 1 um.
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Fig. 4. The elasticity measurements as presented were taken from the same samples by em-
ploying two different indenter sizes, i.e. (a) micrometer-sized spherical tips (diameter of the tip
= 5 micrometer) and (b) nanometer-sized pyramidal shaped sharp tips (nominal tip-radius
<2 nm). Each set of the two curves is taken on normal articular cartilage and on cathepsin D
digested articular cartilage. For digestion the articular cartilage was treated by cathepsin D at
37 °C for 2 d. Comparisons of the two slopes as taken at the micrometer scale indicate no dif-
ference between native and cathepsin D treated articular cartilage. At the nanometer scale the
situation is different, i.e. the cathepsin D treated articular cartilage exhibits a clear stiffening.
The two insets suggest at what level the indenters assess the cartilage architecture, i.e. a
micrometer scale indenter may distinguish between the chondrocytes and the ECM, whereas
at the nanometer scale the distinct fine-structure of the ECM, such as the interstitial space
between the collagen fibers being filled with glycosaminoglycans (GAGs) that often is altered in
a disease progression can be assessed by the small indenters.

CHIMIA 2002, 56, No. 10

Fig. 3. Surface topography of (a) normal artic-
ular cartilage and (b) osteoarthritic articular
cartilage, imaged in air and (c) the correspon-
ding elasticity measurement at the nanometer
scale. (a) The 67 nm repeat of individual colla-
gen fibers is clearly resolved by AFM. (b) In
contrast to the normal cartilage that exhibits a
random orientation of the collagen network,
in the diseased cartilage the collagen fibers
exhibit a preferred orientation. The orientation
of the fibers might follow the directed move-
ment within the joint more easily once the
GAGs become digested in the course of
the disease development. (c) Comparison of
the two slopes indicates stiffening of the
osteoarthritic articular cartilage. Scale bars:
(@and b) 1 um.

meter) resulted in qualitatively different
results,j.e.the mechanical properties of ar-
ticular cartilage can be very different de-
pending on whether they are measured at
the micrometer or the nanometer scale.

Microcontact Printing, Microfluidic
Networks, and Micromosaic
Immunoassays

Five-hundred years after Gutenberg prin-
ted his first bible, printing technology has
been rejuvenated by the recent develop-
ment of microcontact printing and related
techniques including micromosaic im-
munoassays [19-21]. Microcontact print-
ing is based on the observation that some
polymers can be molded to a very small fea-
ture size. When coated with an appropriate-
ly diluted samplege.g.containing proteins
in solution, they can act as a stamp to print
its features on a surface. Microcontact
printing of proteins down to single mole-
cules has been reported. This, in turn, al-
lows the design of immunoassays at very
small scales, bringing all the mentioned ad-
vantages including the marked reduction of
sample and reagent volume needed com-
bined with rapid processing times and par-
allel processing of multiple samples. Alter-
natively, reagents can be brought to the test
substrate surface by microfluidic networks
that consist of channels with diameters in
the micrometer range. Flow of samples and
analytes is driven by capillary forces or by
miniature pumps. The molecules to be test-
ed are thus brought to the testing site pri-
marily by convection, while diffusion (the
time limiting step in conventional assays) is
necessary only across a distance measured
in micrometers, not in millimeters, render-
ing the tests very fast. In our prototype tests,
overall processing times in the range of
5-10 minutes were realistic even without
automated equipment.
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Fig. 5 illustrates such a micromosai@esign flexibility liposomes can offer. Incontainers built from PMOXA-PDMS-
immunoassay based on microfluidics. Noteontrast, polymer nanocontainers [22][23PMOXA triblock-copolymer (Graffet al,
that the actual test surface per sample meésve not only a much increased stability budniversity of Basel) were specifically func-
ures 1/2500 square millimeter, compared ive the designer a lot of freedom in engitionalized with poly-G chains that form
several square millimeters in conventionaieering: Successful integration of functionhighly polyanionic DNA quadruplexes [25]
enzyme linked immunoassays (ELISA) iral biological membrane proteins into thend are well-known ligands of the scav-
microtiter plates. With such small test sureontainers has been described by sevemiger receptor. Specific binding to the
faces, we actually found that reliable testgroups. Based on these observations, fur&savenger receptor could be proven by
can be done with sample volumes far belotional nanocontainers have been construatelocalisation experiments in human mo-
one microliter. Size reduction also is an oped that are able to respond to specific exterocyte-derived macrophages, as well as in
portunity to perform a large number of testeal stimuli via their membrane receptors,a tumor cell line mimicking macro-phages.
in parallel, which is an important prerequiwhile creating a compartment that can banocontainers were then tagged with a
site in the coming proteomics era in healthsed as a reaction chamber for local cherfiuorescent marker which allowed to track

care. ical reactions. This flexibility of nanocon-the cellular uptake of this prototype drug

tainers makes them a prime candidatarrier (Fig. 6b). Current experiments focus
Nanocontainers Used as for targeted drug delivery, although manyn different release mechanisms of drugs
Drug Delivery Vehicles questions, including those of biocompatieontained in these ‘Trojan horses’ and on

Because systemic application of potertility, toxicity, and immunogenicity are notthe specific impact of different drugs on the
drugs carries a well-known risk of toxicity,exhaustively answered at the current timecells.
local drug delivery to specific target organs Because macrophages play a major role
or cells is an old dream. While direct injecin a wide range of disease including cancer,
tion and local intraarterial infusion aremmunologic, and cardiovascular diseas®@utlook
rarely used for various reasons, liposomege chose macrophage cell lines as one
have raised considerable interest in the pasbdel system for evaluation of new drug Nanoscience, best thought of as an in-
two decades, especially when functionatargeting approaches. On the surface of aerdisciplinary field combining many of the
ized with specific ligands or antibodiestivated macrophages, scavenger receptaisssical natural sciences, offers a fresh
However, liposomal drug targeting remainf24] are expressed that are responsible fmok on life as a complex system composed
of limited value in clinical medicine today,binding and uptake of highly polyanionicof a large number of nanomachines. The
in part because of the limited stability ananolecules. As illustrated in Fig. 6a, nanofascinating and versatile toolbox offered by

g

Fig. 5. Micromosaic immunoassays based on
microfluidics allow parallel fast testing of mul-
tiple antigens in clinical samples within a few
minutes with tiny amounts of reagents at a
very small scale. This example shows a novel
high-sensitivity test for C-reactive protein, an
important marker of inflammation in clinical
practice. Silicon-chip based microfluidic net-
works were used for deposition of capture an-
tibodies on a substrate, followed by sample
application in a microfluidic network arranged
perpendicularly, with final use of a fluorescent
secondary antibody. Note that a single test
area covers no more than 1/2500 square mil-
limeter, can be performed reliably with sample
antiMyoglobin volumes in the range of 100 nanoliters, and
can be performed within minutes. Image:
Marc Wolf, IBM Rueschlikon and University
Hospital Basel.
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nanotechnology is about to find a prime ay
plication in life sciences. Nanotechnology a
will advance today’s medicine in two ways
First by improving current technology,g.

by offering new materials. This will proba-
bly be the main impact in medicine in th¢
short term. Secondly, we believe that th
unique characteristics of nanotechnolog L
will allow to break completely new ground
through very innovative approaches focus
ing diagnosis and treatment on the sing
cell; this may happen later, but could hav
an even stronger impact on the way med

cine is performed in the future.
The compelling advantages of nanoEig. 6. Drug targeting by functionalized nanocontainers: (a). ABA triblock-copolymer nanocon-

technology applied to biomedical lab testtalners [N], functionalized through a biotin [B] —avidin [A] link with poly-G quadruplexes [L], a lig-
ing will bring a breakthrough in this field 2 and of macrophage scavenger receptors. Nanocontainers were filled with a fluorescent dye [D]

2 . : and used as a prototype drug delivery device in human monocyte-derived macrophages. Op-
within a few years and will strongly en- tionally, these nanocontainers can be equipped with transmembrane proteins, allowing to ex-
hance fast, bedside testing of whole arraysnd functionality quite freely [M]. (b) Fluorescent labeled nanocontainers are specifically tak-
of parameters aiding in fast and accurats up by the target cells exposing scavenger receptors through endocytosis, where the drug
diagnosis content of the nanocontainer shall be released, in our case resulting in strong intracellular flu-

Very flexible and highly selective drugorescence. Specific binding to the receptor is documented in colocalisation experiments (not
targeting using nanocontainers will be a shown). This way, a systemic application of a potentially toxic drug can be circumvented, and

. . S ... . adrug can be directly delivered to a specific class of target cells. Images: Cheelong Saw, Uni-
plicable in selected applications within

. . . ersity Hospital Basel/University of Basel.

few years and will have a big potential for
development, including novel strategies
for somatic gene therapy. Nanocontainers
might also form the platform for simple
nanosystems for medical use that combine
sensing and effector functions at a submi-
crometer scale, although these systems will
be far from what is considered a nanorobot
by current science fiction descriptions.

For future clinical applications, owx
vivo measurements of articular cartilagy
elasticity by IT-AFM call for moving this
diagnostic tool from the lab to the patient i \ .
i.e. by bringing the AFM directly into, for ' articular

example, the knee joint using minimall . i lf o
invasive surgical procedures such ! ““ 1HaLe

arthroscopy. Fig. 7 shows a cartoon as
how an ‘arthroscopic’ AFM might look like

so that it can directly be introduceidk.
through an arthroscopic tubus, into a kng
joint, where it has to be stabilized relative t
the joint surface to be analyzed.
Nanotools brought down to a scale th4

fits on a catheter tip will allow disease to b
monitored and diagnosed in a minimally in
vasive way within the body within several
years.

Arthroscopic AFM

Fig. 7. Cartoon of an AFM designed for arthro-
scopic inspection of the articular cartilage in a
knee joint. The arthroscopic AFM has been
designed by S. Martin and H.J. Hug from the
Physics Department, University of Basel, in
collaboration with U. Stauffer from the Insti-
tute for Microtechnique, University of Neucha-
tel. The images of the knee joint are courtesy
of Castle Orthopaedics, Auora, Ill, USA.
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Single molecule detection, single cell
diagnosis, and single cell treatment could
become feasible within a decade.

While placative uses of nanotechnology
like improvement of brain function and 0]
prolongation of lifespan have been declared
as goals of medical nanotechnology refi1)
search, we believe that in order to have a
major impact on health, our research should
focus on prevention and early treatment of
the big killers: cardiovascular disease, can-
cer, and, in less developed countries, infeti-12
. . o . ]
tions. Occasions for specific niche applica-
tions targeted to diseases with a limited
number of patients will arise as research is
ongoing. [13]

Received: September 4, 2002

[1] D. Stoffler, K.N. Goldie, B. Feja, U. Aebi,
‘Calcium-mediated structural changes of
native nuclear pore complexes monitore(T14
by time-lapse atomic force microscopy’, ]
J. Mol. Biol.1999 287, 741-752.

C. Goldsbury, J. Kistler, U. Aebi, T. Arv-
inte, G.J. Cooper, ‘Watching amyloid fib-
rils grow by time-lapse atomic force mi-
croscopy’,J. Mol. Biol.1999 285, 33—39. [15]
M. Stolz, D. Stoffler, U. Aebi, C. Golds-
bury, ‘Monitoring biomolecular interac-
tions by time-lapse atomic force mi-
croscopy’, J. Struct. Biol. 200Q 131,
171-180. [16]
[4] E. A-Hassan, E., W.F. Heinz, M.D. An-
tonik, N.P. D'Costa, S. Nageswaran, C.A.
Schoenenberger, J.H. Hoh, ‘Relative mi-
croelastic mapping of living cells by atom-
ic force microscopy’Biophysical Journal  [17]
1998 74(no.3; March), 1564-1578.
C. Rotsch, M. Radmacher, ‘Drug-induced
changes of cytoskeletal structure and me-
chanics in fibroblasts: an atomic force mi-
croscopy study’, Biophysical Journal [18]
200Q 78(no.1, pt.1; Jan.), 520-535.
[6] S. Hengsberger, A. Kulik, P. Zysset,
‘Nanoindentation discriminates the elastic
properties of individual human bone
lamellae under dry and physiological con-[19]
ditions’, Bone2002 30, 178-184.
S. Thalhammer, R.W. Stark, S. Muller, J.
Wienberg, W.M. Heckl, ‘The atomic force
microscope as a new microdissecting too[20]
for the generation of genetic probeg,
Struct. Biol.1997, 119, 232-237.
[8] K.J. Nowak, D. Wattanasirichaigoon, [21]
H.H. Goebel, M. Wilce, K. Pelin, K. Don-
ner, R.L. Jacob, C. Hubner, K. Oexle, J.R.
Anderson, C.M. Verity, K.N. North, S.T.
lannaccone, C.R. Muller, P. Nurnberg, F.
Muntoni, C. Sewry, |. Hughes, R. Sutphen,
A.G. Lacson, K.J. Swoboda, J. Vigneron,
C. Wallgren-Pettersson, A.H. Beggs, N.G.
Laing, ‘Mutations in the skeletal muscle [22]
alpha-actin gene in patients with actin my-
opathy and nemaline myopathyNat.
Genet.1999 23, 208-212. [23]
[9] V.L. Herrera, S.C. Makrides, H.X. Xie, H.
Adari, R.M. Krauss, U.S. Ryan, N. Ruiz-
Opazo, ‘Spontaneous combined hyperlipi-

[2

—_—

[3

—_—

5

—_

[7

—_—

CHIMIA 2002, 56, No. 10

demia, coronary heart disease and dg24] M. Krieger, J. Herz, ‘Structures and func-

creased survival in Dahl salt-sensitive hy- tions of multiligand lipoprotein receptors:
pertensive rats transgenic for human cho- ~ Macrophage scavenger receptors, and
lesteryl ester transfer proteirhat. Med. LDL receptor-related protein (LRP)AN-
1999 5, 1383-1389. nu. Rev. Biochen1994 63, 601-637.

K.E. Drexler, ‘Engines of creation’, An- [25] T. Simonsson, ‘G-quadruplex DNA struc-
chor Books 1986 tures - variations on a them&iol Chem.

A. Thess, R. Lee, P. Nikolaev, H. Dai, P. 2001, 382 621-628.
Petit, J. Robert, C. Xu, Y.H. Lee, S.G.
Kim, A.G. Rinzler, D.T. Colbert, G.E.
Scuseria, J.E. Fischer, R.E. Smalley,
‘Crystalline Ropes of Metallic Carbon
Nanotubes’Sciencel 996 273 483-487.
H.W. Kroto, J.R. Heath, S.C. O'Brien, R.F.
Curl, R.E. Smalley, ‘G, Buckminster-
fullerene’, Nature 1985 318n0.6042;
14 Nov. 1985), 162—-163.

M.K. Baller, H.P. Lang, J. Fritz, C. Gerber,
J.K. Gimzewski, U. Drechsler, H.
Rothuizen, M. Despont, P. Vettiger, F.M.
Battiston, J.P. Ramseyer, P. Fornaro, E.
Meyer, H.J. Guntherodt, ‘A cantilever ar-
ray-based artificial nose’, Ultrami-
croscopy 200Q 82(no.1-4; Feb. 2000),
-9.

C.A. McDevitt, H. Muir, ‘Biochemical
changes in the cartilage of the knee in ex-
perimental and natural osteoarthritis in the
dog’, J. Bone Joint Surg. Brl976 58,
94-101.

5] C.G. Armstrong, V.C. Mow, ‘Variations in

the intrinsic mechanical properties of hu-
man articular cartilage with age, degener-
ation, and water contentl. Bone Joint
Surg. Am1982 64, 88-94.

N.P. Cohen, R.J. Foster, V.C. Mow, ‘Com-
position and dynamics of articular carti-
lage: structure, function, and maintaining
healthy state’,J. Orthop. Sports Phys.
Ther.1998 28, 203-215.

V. Roth, V.C. Mow, ‘The intrinsic tensile
behavior of the matrix of bovine articular
cartilage and its variation with age’,
J. Bone Joint Surg. Am198Q 62,
1102-1117.

P.X. Ma, B. Schloo, D. Mooney, R.
Langer, ‘Development of biomechanical
properties and morphogenesisinofvitro
tissue engineered cartilagel, Biomed.
Mater. Res1995 29, 1587-1595.

A. Bernard, E. Delamarche, H. Schmid, B.
Michel, H.R. Bosshard, H. Biebuyck,
‘Printing patterns of proteinsLangmuir
1998 14(no.9; 28 April), 2225-2229.

A. Bernard, B. Michel, E. Delamarche,
‘Micromosaic  immunoassays’, Anal.
Chem.2001, 73, 8-12.

B. Michel, A. Bernard, A. Bietsch, E. De-
lamarche, M. Geissler, D. Juncker, H.
Kind, J.P. Renault, H. Rothuizen, H.
Schmid, W.P. Schmidt, R. Stutz, H. Wolf,
‘Printing meets lithography: soft ap-
proaches to high-resolution printin¢g&M
Journal of Research and Development.
2001, 45(no.5; Sept), 697-719.

M. Sauer, W. Meier, D. Streich, ‘pH-sen-
sitive nanocontainersAdvanced Materi-
als2001, 13, 1649-1651.

A. Graff, M. Sauer, P. Van Gelder, W.
Meier, ‘Virus-assisted loading of polymer
nanocontainer’,Proc. Natl. Acad. Sci.
USA2002 99, 5064-5068.



