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Nanoscopic Medicine: The Next Frontier

Reiner Peters*

The extraordinary progress that has taken place in cell science and

optical nanoscale microscopy has led recently to the concept of medical
nanoscopy. Here, we lay out a concept for developing live cell nanoscopy
into a comprehensive diagnostic and therapeutic scheme referred to as
nanoscopic medicine, which integrates live cell nanoscopy with the struc-
tural and functional studies of nanoscopic protein machines (NPMs), the
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systems biology of NPMs, fluorescent labeling, nanoscopic analysis, and
nanoscopic intervention, in order to advance the medical frontier toward
the nanoscopic fundament of the cell. It aims at the diagnosis and
therapy of diseases by directly visualizing, analyzing, and modifying

NPMs and their networks in living cells and tissues.

1. Progress in Science and Technology is
Revolutionizing Medicine

Traditionally, the human cell is regarded as the one and
only source of health and disease.['! The essence of medicine
is accordingly the diagnosis and therapy of the cell. Howev-
er, striking progress in science and technology is revolutio-
nizing medicine: The human genome has been sequenced,
high-throughput techniques for the identification and se-
quencing of cellular proteins have been developed, classical
resolution limits of optical microscopy have been broken,
the creation of artificial nanometer-sized structures for med-
ical applications has become feasible. Based on these extra-
ordinary achievements, we have recently considered” possi-
bilities for directly visualizing, analyzing, and modifying pro-
tein complexes in living cells and tissues. Here, we lay out a
concept for developing live cell nanoscopy into a compre-
hensive diagnostic and therapeutic scheme referred to as
nanoscopic medicine. Nanoscopic medicine is the pursuit of
traditional medical goals on the nanometer level and should
be clearly discriminated from “nanomedicine”, that is, the
application of nanotechnology to medical questions.
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2. Nanoscopic Protein Machines: Providing the
Functional Basis of Cells

In recent years, progress in understanding cells has been
tremendous. In particular, it has been found that approxi-
mately 80% of cellular proteins are organized within com-
plexes.*¥ Many protein complexes execute their tasks as if
they were small machines.*® A paradigm for the machine
analogy is provided by the F-type ATPase (Figure 1). Draw-
ing analogies between machines of everyday life and living
organisms or, more recently, certain organs, cells, and protein
complexes is not new — for a lucid and critical account, see
the book by Harold.”! However, such analogies should not
be taken literally. In contrast to macroscopic machines, nano-
scopic protein machines (NPMs) are primarily governed by
thermal motion, molecular interactions, and friction.®

Another highly significant discovery made recently is
that NPMs interact extensively with each other. NPMs co-
operate in localized (e.g., ribosome) or dissipated (e.g.,
signal transduction) modules to exert specific, frequently
highly complex tasks.! Moreover, functional modules form
extended networks (Figure 2) occupying the whole cell.'*!!]
Heuristically, the cell can be regarded as one huge NPM
network.

3. Live Cell Imaging Extended into the
Nanometer Domain

Since the nineteenth century, the resolution of the opti-
cal microscope was believed to be restricted to ~220 nm.["?!
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Figure 2. Nanoscopic protein machines form extended networks. Pro-
tein—protein interactions in yeast, measured by the two-hybrid tech-
nique, are displayed by a diagram in which nodes and lines repre-
sent proteins and their interactions, respectively. The diagram
reveals that interactions are extensive and follow a hierarchical, non-
random pattern. Reproduced with permission from Nature Reviews,
Ref. [10]. Copyright 2004, Macmillan Magazines Ltd.
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Recently, however, that limit has been overcome through
the application of lasers, point scanning techniques, sensitive
light detectors, and computers."® During the 1990s, the spa-
tial resolution of fluorescence microscopy was substantially
improved by confocal microscopy!"* and two-photon micro-
scopy.>!*l Both techniques provide a lateral resolution of
~220 nm and a vertical resolution of ~600 nm, thus allow-
ing thick samples to be sectioned optically. The nanoscopic
range first became accessible for fluorescence microscopy
by single-molecule techniques.'” ™ Although single mole-
cules are not resolved by these techniques, rather imaged as
diffraction-limited spots of about 220 nm diameter, their po-
sitions can be determined by curve fitting with high accura-
cy.?%2 In living cells, localization accuracies of 20-30 nm
have been obtained at a time resolution of a few millisec-
onds.?2%)
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' Siiiet ShaR A true increase in resolution, improving®**! and eventu-

channel Cytoplasm ally breaking®?" classical limits, was recently achieved by
S o e e e o e e e = 4Pi  microscopy®  (Fig-
ure 3A) and  stimulated
emission depletion (STED)
microscopy®  (Figure 3B).
In theory, STED microscopy
can yield infinite resolution.
In living cells, a resolution of
30 nm™! has been achieved
so far (Figure 3C). Recently,
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Figure 1. The FyF,-ATPase, a paradigm for nanoscopic protein machines. FF,-ATPases are rotary motors
that are driven by the transmembrane concentration difference of protons or sodium ions and convert
rotary energy into chemical energy, that is, adenosine triphosphate (ATP). F,F;-ATPases can also run in
reverse, hydrolyzing ATP and pumping ions. A) F,F;-ATPases of mitochondria and bacteria consist of two
portions.! The F, portion is made up of a rod-shaped stator (subunits a and b) and a barrel-shaped
rotor (10, 11, or 14 c-subunits). The barrel is inserted into the lipid bilayer, while the stator extends
from the bilayer into the matrix/cytoplasm. The F, portion consists of three a- and three B-subunits,
forming a hexamer. The hexamer is connected by a stalk (y- and e-subunits) to the center of the rotor.
The 3-subunit of F, connects the a/B-hexamer of F, with the stator of F,. B) Suggested mechanism!“2**!

for the function of the F, portion of a bacterial F,F,-ATPase: 1) Thermal fluctuations carry a cation binding
site on the rotor into the stator; 2) The rotor side is captured due to the attraction of the stator charge;
3) The rotor fluctuates out into the inlet channel; 4) The rotor site is neutralized by a sodium ion; 5) The
rotor site loses its hydration shell and enters the hydrophobic membrane phase to the left; 6) The rotor
site encounters the outlet channel and releases the sodium ion. (A) reprinted with permission from

Ref. [41]. Copyright 2005, AAAS. (B) reprinted with permission from Ref. [43]. Copyright 2003, Elsevier.

small 2006, 2, No. 4, 452 — 456 © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, D-69451 Weinheim

a commercial 4Pi microscope
employing beam scanning in-
stead of object scanning has
become available.!
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4. Nanoscopic Medicine: The Emergence of a
New Medical Specialty

B %‘ and computational steps.”” This could be dramatically sim-

plified and enhanced” by live cell nanoscopy employing
just four consecutive steps: fluorescent labeling, nanoscopy,
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nanoscopic analysis, and nanoscopic intervention.

97 nm
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Excitation  STED , Saturated that of traditional medlcmf.:, the diagnosis ar.ld .therapy of
spot ~ spot ~ depletion the cell. However, the frontier is moved deep inside the cell

towards its nanoscopic fundament.

therapeutic purposes.

Figure 3. Extending live cell studies to the nanometer domain. A) In 4Pi microscopy®" the infrared beam of a titanium—sap-
phire (Ti:Sa) laser is directed into the 4Pi-unit and, using the beam splitter (BS), divided into two beams of equal amplitude
and phase. The beams are focused by two opposing objectives into the sample. In the common focus, the laser spot that
determines optical resolution is reduced by interference to a width of 100 nm in the direction of the optical axis. B) In stimu-
lated emission depletion (STED) microscopy,?® the pulse of a laser beam (green beam) is focused into the sample and
employed to excite fluorescence at a particular spot of the specimen. During the few nanoseconds that the fluorophores are
in the excited state, a second laser pulse (red) is delivered which has a ringlike focus. The ringlike pulse is adjusted such
that the spot excited by the first laser pulse is sharpened by means of stimulated emission. Thus, the excited spot is trimmed
down yielding, in principal, unlimited resolution. C) Combining STED with 4Pi microscopy,"* a bacterial cell in which the
plasma membrane was stained by a fluorescent lipid analog was imaged, obtaining a resolution of ~30 nm. (A) reprinted
from Ref. [44]. Copyright 2002, The National Academy of Sciences, USA. (B) and (C) reprinted with permission from Ref. [28].
Copyright 2004, Elsevier.
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Most diseases, regardless of their various and frequently
highly complex etiologies, manifest themselves as defects of
cellular proteins. Taking the recent insight into the organiza-
tion of the proteome into consideration, this means that
most diseases result in defects of NPMs and their networks.
Assuming that normal human cells contain ~50000 differ-
ent proteins and that the average number of protein mole-
cules per complex is =10, the number of different physio-
logical protein complexes is estimated to be ~5000. Fur-
thermore, taking the abundance of pathological protein var-
iants into consideration, the number of protein complexes
yet to be analyzed is virtually infinite. Currently, however,
the identification and characterization of NPMs is a long
and difficult process involving a number of experimental

The application of live cell nanoscopy to medical ques-
tions is, however, more than just another approach to the
analysis of NPMs. It absolutely requires, as we believe, the
establishment and rapid development of a new specialty,
nanoscopic medicine (Figure 4). Nanoscopic medicine inte-
grates nanoscopy with systems biology, functional proteo-
mics, fluorescent labeling, nanoscopic analysis, and nano-
scopic modification, and thus is characterized by a high
level of complexity and an extraordinary degree of interdis-

Nanoscopic medicine must be clearly distinguished from
applications of nanotechnology to medical questions, fre-
quently referred to as “nanomedicine”.*"*?! Although pho-
netically similar, nanoscopic medicine and nanomedicine
represent opposing approaches. The roots of nanoscopic
medicine lie, as described, in medicine while those of nano-
medicine are found in nanotechnology. Nanoscopic medi-
cine seeks to analyze and improve the nanoscopic funda-
ment of the cell while nanomedicine aims at the creation of
artificial nanometer-sized devices such as particles, tubes, or
sieves, if not electromechanical robots, for diagnostic and
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NMP Inventory of NPMs
Analysi Principles of NPM function
nalysis Pathopysiology of NPMs
NMP Network Theory
Modeli Modeling of physiological systems
odeling Modeling of pathological systems
Improved fluorcphores
Eluorl(?scent Specific labeling of NPMs by small fluorophores
Nanoscopic abeling Introduction of labels into living cells
Medicine Live Cell Improvement of resolution, sensitivity, penetration depth
vae € Combination with single-molecule techniques
anoscopy Combination with endoscopy and whole-body techniques
. Nanoscopic photobleaching
Eanlost.:oplc Nanscopic FCS
nalysis Nanoscopic FRET
. Nanoscopic De-caging
Nanoscoplc Nanoscopic dissection
Intervention

Nanoscopic optical tweezers

Figure 4. Taxonomy of nanoscopic medicine. Nanoscopic medicine is
understood in this article as an emerging specialty, which aims at
the diagnosis and therapy of diseases by directly visualizing, analyz-
ing, and modifying single nanoscopic protein machines in living cells
and tissues. In order to accomplish this aim, nanoscopic medicine
integrates diverse fields of the natural sciences, technology, and
medicine.

5. Further Development of Nanoscopic Medicine

Nanoscopic medicine is an emerging discipline that
needs massive development before it can be incorporated
into medical practice. Considering Figure 4, it is obvious
that many of the fields mentioned and their branches are in
an early state. Thus, a comprehensive inventory of NPMs
and their pathological variants has yet to be established.
Only then, general principles underlying the structure and
function of NPMs can be established and the effect of
pathological condition can be understood. This will also
lead to a specification and qualification of the machine anal-
ogy.

Concerning network theory, the mathematical modeling
of complete cells is currently out of reach. The list of in-
volved components and interactions is far from completion,
and mathematical methods for handling extremely large
networks have yet to be developed.™"

There has been substantial progress in the specific fluo-
rescent labeling of NPMs in living cells and tissues. Howev-
er, current approaches™ require genetic manipulation and
involve rather large fluorophores. The resolution of live cell
nanoscopy is currently limited to ~30 nm. An inspection of
NPMs for which atomic models are available reveals, how-
ever, that NPMs typically have dimensions of 10-100 nm.
Exceptions such as the nuclear pore complex (125 nm by
250 nm )P exist. This requires an improvement of resolution
to 5-10 nm. The application of optical nanoscopy to living
tissues and, eventually, the entire human body is clearly a
tremendous challenge. Here, promising progress has been
made in “molecular imaging”.” But its resolution is cur-
rently far from nanoscopic. The amalgamation of nanoscopy
with endoscopy appears feasible but has yet to be accom-
plished.

A number of techniques for the quantitative analysis of
molecular processes in microscopic systems have already

small 2006, 2, No. 4, 452 — 456

© 2006 Wiley-VCH Verlag GmbH & Co. KGaA, D-69451 Weinheim

Smu|| R

been established. However, techniques such as fluorescence
microphotolysis (fluorescence photobleaching),*® fluores-
cence correlation spectroscopy,”” and fluorescence reso-
nance energy microscopy”™ have yet to be adapted to the
nanometer scale. Similarly, techniques for the photochemi-
cal and photomechanical manipulation of microscopic sys-
tems are available,”>*! but have yet to be adapted to the
nanoscale.

6. Concluding Remarks

In this article, a concept for a novel specialty, nanoscopic
medicine, has been outlined. Nanoscopic medicine integra-
tes live cell nanoscopy with structural and functional studies
of NPMs, systems biology of NPMs, fluorescent labeling,
nanoscopic analysis, and nanoscopic intervention. It aims at
the diagnosis and therapy of diseases by directly visualizing,
analyzing, and modifying NPMs and their networks in living
cells and tissues. Nanoscopic medicine is at an early stage.
Massive interdisciplinary efforts are required before it can
be incorporated into medical practice.
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