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international review by an external scientific expert committee.
For the 2009 Center of Excellence call, nanomedicine was
identified as the topic, resulting in the establishment of the three
new Nanomedicine Research Centers in Denmark (Figure 2) that
start their operation in 2010.

The three Centers use complementary techniques and
approaches adapted to their individual goals but also share
certain core approaches and provide or develop platform
technologies that may create strong synergies in the future.
The Centers are highly interdisciplinary, combining know-how
and experts in basic and clinical research as well as from the
areas of nanotechnology, biotechnology, molecular biology,
biomedicine, chemistry, and physics.

CBN—The Lundbeck Foundation Center for
Biomembranes in Nanomedicine

The CBN (http://www.nanomedicine.ku.dk/english) is locat-
ed at the University of Copenhagen and jointly led by U.G.
(gether@sund.ku.dk) of the Institute for Neuroscience and
Pharmacology, and D.S. (stamou@nano.ku.dk) of the Institute
for Neuroscience and Pharmacology and Nano-Science Center,
as directors. Lipid biomembranes, which are the focus of
research within this Center, not only represent barriers for
compartmentalization of the cell versus the environment and of
cell organelles versus the cytoplasm but actively participate in a
variety of fundamental biological processes (Figure 3). Mem-
brane lipids mediate, together with a complex composition of
embedded membrane proteins, processes such as transport of
nutrients and ions into and out of the cell, cell-cell contacts, and
transmission of chemical signals into, from, and between cells.
Because of the particular importance of these processes, it is not
surprising that the underlying principles and mechanisms are

evolutionarily conserved and thus very similar when comparing
human and bacterial cell-cell communication.

The neurotransmitter dopamine is one of the central interests
of the CBN. Dopamine is essential for the human brain's ability
to regulate motivation, reward, learning, and voluntary move-
ments. Aberrations in dopamine function play a key role in
several psychiatric and neurological disorders including schizo-
phrenia, drug addiction, attention deficit hyperactivity disorder,
and Parkinson's disease. Upon excitation, the neurotransmitter is
released from intracellular lipid vesicles to the synaptic cleft
between neurons. After dopamine has bound to its target
receptors on the postsynaptic neuron, its action is shut down
again by endocytosis via lipid vesicles. Thus, these naturally
occurring nanoscaled biomembrane devices regulate fundamen-
tal processes in the central nervous system. It is the goal of the
CBN to develop ultrasensitive assays for the detection of
individual molecules of receptors and transporters in the cell
membrane as well as novel nanobiosensors for dopamine and
related transmitters. This will improve the understanding of these

Figure 1. Funding volumes provided by major Danish funding organizations
in 2009. Values are presented both in U.S. dollars and Euros. LF, the
Lundbeck Foundation. The Danish Council for Strategic Research (DCSR)
had three programs in 2009, which related to health sciences or nano/
biotechnology and are relevant for comparison: the programs for Health,
Food and Welfare (HFW), for Individual, Disease and Society (IDS), and for
Strategic Growth Technologies (SGT). Also displayed are the volumes of the
Danish Council for Independent Research (DCIR), Natural Sciences (NS)
andMedical Sciences (MS) as well as the total volume of funds distributed by
the Danish Cancer Society (DCS).

Figure 2. Distribution of the three Nanomedicine Research Centers and
associated Nanobiotechnology Centers throughout Denmark. Aarhus Uni-
versity hosts LUNA (the Lundbeck Foundation Nanomedicine Centre for
Individualized Management of Tissue Damage and Regeneration) and the
Interdisciplinary Nanoscience Center (iNANO), whereas the CBN
(the Lundbeck Foundation Center for Biomembranes in Nanomedicine)
and the NSC (Nano-Science Center) are located at the University of
Copenhagen. NanoCAN (the Lundbeck Foundation Nanomedicine Research
Center for Cancer Stem Cell Targeting Therapeutics), the NAC (Nucleic
Acid Center), and MEMPHYS (Center for Biomembrane Physics) are at the
University of Southern Denmark in Odense.
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• The Lundbeck Foundation funded 3 centers of excellence on 
Nanomedicine in 2009 in Denmark

• for a five year period (non extendible) 
• with a total of  € ~14 million
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The Lundbeck Foundation

• The Lundbeck Foundation is a commercial foundation established in 
1954. Its main objective is to 

— maintain and expand the activities of the Lundbeck Group
— provide funding for scientific research of the highest quality.

• Revenue € ~2 billion 

• The Foundation holds a substantial interest in the share capital 
of H. Lundbeck A/S, ALK-Abelló A/S and Falck A/S. In 
addition, a substantial portfolio of investments is managed 
and the entity Lundbeckfond Ventures has been 
established to investment in life science companies.

• In 2010, the Foundation granted € 51,5 million and expects to 
grant approx. € 53 million to research in biomedical and 
natural sciences in 2011.

• The Lundbeck Foundation has in recent years established 
15 Centres of Excellence and several fellowships to 
outstanding researchers - Danish or foreign - who wants to 
establish their own research groups at Danish universities.
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• Request for expressions of Interest, Jan 2008
• Expression of interest, April 2008
• 1st round January 2009, 15pg
• 2nd round June 2009, 25 pg  
• Presentation August, 2009
• Decision, Sept 2009
• Signing of contracts, Oct 2009
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Definitions

• Nanotechnology is broadly defined as the 
interdisciplinary science and technology whose 
unifying theme is the investigation and manipulation 
of matter at the atomic and molecular scale.

• Nanomedicine is defined as the application of 
nanotechnology to improving human health and is 
projected to impact specifically on prevention, 
diagnosis and treatment of diseases.

• Added value is found in novelty
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detailed mechanistic understanding at the molecular level.

• A similar progress has so far remained elusive in the fields of 
biological sciences, mainly due to the sheer complexity of 
biological systems and the absence of appropriate 
methods to investigate them.

• Nanotechnology originated from attempts to investigate 
and manipulate at the atomic and molecular scale hard–
matter, however several pioneering innovations over the 
last decade have enabled the successful nanoscale study 
of complex biomolecular systems. 

• We therefore predict and anticipate that Nanotechnology, in 
the form of the newly conceived field of Nanomedicine, 
will make substantial contributions in the areas of 
prevention, diagnosis and treatment of diseases in the 
coming years.
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Growth, Timing
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Preproposal for a Center of Excellence on Nanomedicine 

Nanotechnology for Health 

 

Introduction 

What if doctors could search out and destroy the very first cancer cells that would 
otherwise have caused a tumor to develop in the body? What if a damaged part of a 
cell could be removed and replaced with a miniature biological machine? What if 
pumps the size of molecules could be implanted to deliver life-saving medicines 
precisely when and where they are needed? These scenarios may sound unbelievable, 
but they are the long-term goals of the Nanomedicine initiative that we anticipate will 
yield medical benefits as early as 10 years from now. 
 
Nanotechnology is broadly defined as the interdisciplinary science and technology 
whose unifying theme is the investigation and manipulation of matter at the atomic 
and molecular scale. Nanomedicine is defined as the application of nanotechnology 
to improving human health and is projected to impact specifically on prevention, 
diagnosis and treatment of diseases. 
 

      
Figure 1. Pharma and healthcare currently represent only 2% of the nanotechnology market and are 

predicted to be one of its fastest rising segments.
1 

 
The tremendous developments in nanotechnology are reflected by the interest of the 
research funding agencies in particular in the EU, that only in 2005 financed nanotech 
by $ 1,8 billion versus $ 1,3 billion in the US.2 The US however is taking the lead in 
the field of nanomedicine that was identified as a priority and for which it allocated 
specific funding (~ $ 0.25 billion) see e.g. the creation of eight new NIH centers in 
2005-07 focused exclusively on nanomedicine.3 The initial national Research & 
Development funding policy has so far placed Denmark at the forefront of the 
nanotechnology field internationally. Denmark is therefore critically positioned to 
support a major investment in nanomedicine, an initiative that will be pioneering at 
the European level. The Lundbeck Foudation has a golden opportunity to advance this 
particular field, because the Danish future national nanoscience program has been 
cancelled and replaced by broader University competitions (so called UNIKs) that are 
unlikely to propel a concerted Danish nanomedicine program. A Lundbeck 

                                                
1 White paper “The Nanotech Revolution in Drug Delivery”. www.cientifica.eu 
2 Where has my money gone? www.cientifica.eu 
3 Nature Materials, 5, 243 (2006) 
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US-EU-DK, Timing

• Nanotech funding 2005
— US $ 1,3 billion
— EU $ 1,8 billion

• Nanomed
— US $ 0.25 billion (8 NIH Centers in Nanomed)
— EU ?

• Denmark
— National program in Nanoscience
— Lundbeck could lead investment in Nanomed in EU
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Bionanotechnology
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 2 

Foundation call in Nanomedicine, would hence be honoured by top quality proposals 
from several highly competitive Danish University groups at KU, SDU, and AU. 
 

 
Figure 2. Inauguration of the bionano 

laboratories at Nano-Science Center in 

2004 by Danish Prime Minister Anders 

Fogh Rasmussen (right). That initiative 

was supported by ≈ 10 MDKK 

extraordinary KU funding in 2004- 05 and 

two new tenure track positions based at 

the Health Science Faculty KU. Left 

Rector Linda Nielsen, middle Center 

Director Thomas Bjørnholm 

 

 

The high priority of biooriented nanotechnology at the University of Copenhagen is 
evidenced by the successful establishment of a dedicated BioNanotechnology 
Laboratory as part of Nano-Science Center in 2004. Today this activity flourishes 
with excellent young faculty and more than 20 Ph.d. and post-docs working on the 
bio-nano interface. In 2007 the Lab became part of two of the University of 
Copenhagen excellence programs in an open competition within the entire University. 
After a 4 year start up period, this group, together with key collaborators at KU, in 
Denmark, and internationally is optimally prepared to take up the challenges in 
nanomedicine at a highly competitive level. 

 

Nanomedicine, examples in key areas: 

The enormous progress we have witnessed in materials-based technology is so far 
hindered in the fields of biological sciences due to the sheer complexity of biological 
systems. Nanotechnology can contribute in biology and medicine by dissecting the 
function of biological systems at the nanoscale (< 100 nm) i.e. the level of proteins 
and supramolecular complexes. In addition to the gained mechanistic insight 
nanotechnology contributes to medicine through the development of new 
tools/technology (e.g. microscopes that break the diffraction limit) and new 
materials (e.g. complex drug delivery systems) that will have an impact from 
diagnostics to treatment of diseases. Below we outline a few relevant selected 
examples from the research conducted at KU Nano-Science Center. 

1. Biosensing for screening and diagnostics 
Single vesicle arrays. Lipid vesicles constitute nanocontainers suited for the isolation, 
preservation, transport and localization of a few or single biomolecules. The 
BioNanotechnology Lab has pioneered the assembly of nanosized lipid vesicles in 
ultrahigh-density arrays (~106 mm-2) on surfaces.4 They also possess technology that 
allows the controlled titration of single molecules in attoliter volumes in such 
systems. We will reconstitute a number or pharmacologically relevant receptors and 
adaptor proteins (ion channels, transporters, G-protein coupled receptors, G proteins, 

                                                
4 Biochip holds millions of vessels. MIT Technology Review 2003. Angew. Chemie Int. Ed., Cover 

Page Article 2003, 42, (45), 5580-5583. 
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Three Nanomedicine Centers

• Center for Biomembranes in Nanomedicine (CBN)
University of Copenhagen

• Nanomedicine center for individualized management of 
tissue damage and regeneration (LUNA)
University of Aarhus

• Nanomedicine Center for Cancer Stem cell targeting 
therapeutics (NanoCAN)
University of South Denmark

12



Lundbeckfonden Center NanoCAN

 Funding: 4.7 mio € for 2010-2014
 Goal: development of cancer stem cell targeting nucleic acid-based

    nanodrugs
 8 research groups (chemistry, physics, biology, clinical); total staff: 31

IDENTIFY CAUSAL GENES CONSTRUCT CELL LINE
PAIR

NORMAL
GENE

CANCER
GENE

SYSTEMATIC
SCREENING

IDENTIFY siRNAs KILLING
CANCER STEM CELLS

ASSEMBLY OF NUCLEIC ACID-
BASED NANODRUGS



25 JANUARY, 2012
AARHUS
UNIVERSITY

THE LUNDBECK FOUNDATION NANOMEDICINE CENTER FOR 
INDIVIDUALIZED MANAGEMENT OF TISSUE DAMAGE AND REGENERATION

› Grant 4 mill EURO
› PRMs control the degenerative and generative imbalance in CVDs and MSDs and 

that characterization of the molecular processes will allow the identification of 
new therapeutic targets

   This knowledge can be exploited by nanomedicine approaches for:

 1. new drug design
 2. drug delivery
 3. bioimaging
 4. tissue regeneration

 to improve prevention, early diagnosis and treatment of CVDs and MSDs

Contact person: Jørgen Kjems, iNANO, Aarhus University (Head)
kjems@inano.dk  - www.iNANO.dk
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CBN is focused on: Signal transmission across biomembranes

Aberant signal transmission is linked both to:

- Diseases of the brain (schizophrenia, depression, Parkinson’s, Alzheimer’s, neuropathic pain etc)

- Microbial infections (bacterial infections, viral infections)
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CBN our first year

• The Center has hired 12 staff

• The Center has published 56 peer-reviewed scientific 
papers

• Including Science (x1), Nature Clones (x3) and 
Proceedings of the National Academy of Sciences 
of the United States (x3). 

• Furthermore, CBN researchers and CBN affiliated 
staff have received approximately 15 million 
Danish kroner of cofinancing for their research.

18
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Science Topics:
– Intrasample heterogeneity
– Counting SNAREs
– Zeptofluidics
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Intrasample nanoscale heterogeneity
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Synaptobrevin

Syntaxin
SNAP-25

Sutton et al., 1998, Nature 395, 347-53.

The SNARE-complex is essential for exocytosis

Secretion assay:
L5** mutant is dead for secretion

Zipper model for SNARE-action

Jakob Sørensen, Science, 2011
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Titration with ‘dead’ L5** mutant reveals cooperativity of exocytosis

• Fast part of secretion has a higher cooperativity (~3) than slow parts (~1).

• Interpretation: fast part of secretion depends on a higher number of SNARE-complexes.

• Open question: does different secretion speeds in the nervous system depend on 
SNARE-complexes with different stoichiometries?

Cell-by-cell quantification of expression
ratios using fluorescence tagging

Co-expression of two variants in same cell

Jakob Sørensen

Science, 2011
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HT ultra miniaturized enzymatic reactions
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HT ultra miniaturized enzymatic reactions
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Golgi

Nanoscale Membrane Anatomy: a conserved & regulated phenotype
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Sensing of Membrane Curvature 
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Model: same type of defects but at different densities

30Nat Chem Biol, 5 (11), 2009
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Prediction: Alkylated Proteins are sensors of membrane curvature

Rhodopsin

G Protein

31
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Rafts & Membrane Curvature
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Rafts & Membrane Curvature
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Optical measurements of agonist induced activation of b2 Adrenergic Receptor
Influence of Membrane Curvature

33
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High affinity b2AR agonist
To stabilize further the active state of the b2AR, we screened over 50
commercial and proprietary b2AR ligands. Of these, BI-167107
(Boehringer Ingelheim) had the most favourable efficacy, affinity and
off-rate profile. BI-167107 is a full agonist that binds to the b2ARwith a
dissociation constant Kd of 84 pM (Supplementary Fig. 2a and b). As
shown in Supplementary Fig. 2c and d, BI-167107 induces a larger
change in the fluorescence intensity and lmax of bimane bound to
Cys 265 than does the agonist isoproterenol. Moreover, the rate of
dissociation of BI-167107 was extremely slow. Displacement of BI-
167107 with an excess of the neutral antagonist alprenolol required
150 h to complete, compared with 5 s for isoproterenol.

Crystallization of b2AR–T4L–Nb80 complex
The b2AR was originally crystallized bound to the inverse agonist
carazolol using two different approaches. The first crystals were
obtained from b2AR bound to a Fab fragment that recognized an
epitope composed of the amino and carboxyl terminal ends of the
third intracellular loop connecting TMs 5 and 6 (ref. 8). In the second
approach, the third intracellular loop was replaced by T4 lysozyme
(b2AR–T4L)7. Efforts to crystallize b2AR–Fab complex and b2AR–
T4L bound to BI-167107 and other agonists failed to produce crystals
of sufficient quality for structure determination. We therefore
attempted to crystallize BI-167107 bound to b2AR and b2AR–T4L

in complex with Nb80. Although crystals of both complexes were
obtained in lipid bicelles and lipidic cubic phase (LCP), high-resolution
diffractionwas only obtained fromcrystals ofb2AR–T4L–Nb80 grown
in LCP. These crystals grew at pH8.0 in 39–44% PEG400, 100mM
Tris, 4% DMSO and 1% 1,2,3-heptanetriol.
A merged data set at 3.5 Å was obtained from 23 crystals

(Supplementary Table 2). The structure was solved by molecular
replacement using the structure of the carazolol-bound b2AR and a
nanobody as searchmodels. Supplementary Fig. 3a shows the packing
of the b2AR–T4L–Nb80 complex in the crystal lattice. The receptor
has interactions with lattice neighbours in several directions, and is
relatively well ordered (Supplementary Fig. 3a and b), with readily
interpretable electron density formost of the polypeptide. Nb80 binds
to the cytoplasmic end of the b2AR, with the third complementarity-
determining region (CDR) loop projecting into the core of the recep-
tor (Fig. 2a, and Supplementary Fig. 4).

Agonist-stabilized changes in the b2AR
Figure 2 b–d compares the inactive b2AR structure (from the carazo-
lol bound b2AR–T4L structure) with the agonist-bound b2AR com-
ponent of the b2AR–T4L–Nb80 complex. The largest differences are
found at the cytoplasmic face of the receptor, with outward displace-
ment of TM5 and TM6 and an inwardmovement of TM7 and TM3 in
the b2AR–T4L–Nb80 complex relative to the inactive structure. There

a

d

b c
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TM6

C terminus

N terminus

TM7

90º

e

 TM3 
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TM5

TM6 TM7 (NPxxY)

TM1TM2
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11.4 Å

β2AR–Nb80 β2AR–Nb80

D/E3.49

R3.50

Y7.53Y5.58

E6.30

Y3.51

β2AR–Cz Opsin

N terminus

β2AR–Nb80β2AR–CzNb80

Figure 2 | Comparison of the agonist-Nb80 stabilized crystal structures of
the b2AR with inverse agonist bound b2AR and opsin. The structure of
inverse agonist carazolol-bound b2AR–T4L (b2AR–Cz) is shown in blue with
the carazolol in yellow. The structure of BI-167107 agonist-bound and Nb80-
stabilized b2AR–T4L (b2AR–Nb80) is shown in orange with BI-167107 in
green. These two structures were aligned using the PyMOL align function.
a, Side view of the b2AR–Nb80 complex with b2AR in orange and CDRs of
Nb80 in light blue (CDR1) and blue (CDR3). b, Side view of the superimposed
structures showing significant structural changes in the intracellular and G
protein facing part of the receptors. c, Comparison of the extracellular ligand

binding domains showing modest structural changes. d, Cytoplasmic view
showing the ionic lock interaction between Asp 3.49 and Arg 3.50 of the DRY
motif in TM3 is broken in the b2AR–Nb80 structure. The intracellular end of
TM6 is moved outward and away from the core of the receptor. The arrow
indicates an 11.4 Å change in distance between the a-carbon of Glu 6.30 in the
structures of b2AR–Cz and b2AR–Nb80. The intracellular ends of TM3 and
TM7 move towards the core by 4 and 2.5 Å, respectively, while TM5 moves
outward by 6 Å. e, The b2AR–Nb80 structure superimposed with the structure
of opsin crystallized with the C-terminal peptide of Gt (transducin)2. PyMOL
(http://www.pymol.org) was used for the preparation of all structure figures.
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