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Introdinction

Nanotechnology, one of the
most thriving key technologies
of this century, is generally
expected to play a leading role
in the development of solutions
for our global challenges.
Raising awareness of these
emerging challenges, particu-
larly amongst the future gen-
eration of scientists, seems
essential for the development of
successful solution strategies.
Since these global challenges
will require concerted efforts
on an international level, a
tightly interacting network must
be formed amongst the future
generation of scientists. To this
end a lively group of PhD stu-
dents and postdocs from all
over the world, working in dif-
ferent fields of nanoscience
gathered at the Venice Inter-
national University on San
Servolo for a concise and
focused workshop to discuss
these challenges as research
opportunities, and to initiate
a network amongst those
scientists who will shape our
scientific and technological
future.

CHALLENGES FOR THE NEXT
GENERATION OF SCIENTISTS

Between April 15th and 18th,
2013, the Center for NanoScience
Munich, the Swiss Nanoscience
Institute Basel and the ETH Zirich
organized a workshop with the
aim of raising the next generation
of nanoscientists’ awareness of the
global challenges looming on the
horizon. Postdocs and senior PhD
students from a broad range of
countries from all continents were
invited with the goal of initiating

a global network. The meeting
eventually gathered 57 participants
with 28 nationalities from all conti-

nents. Their scientific backgrounds,

though nanoscience-oriented,
ranged from physics and chemistry
to life sciences and also included
engineering and IT disciplines.
With 18 female participants, the
gender balance mirrored those of
the disciplines involved. Particular
emphasis was placed on inviting
students from developing and
threshold countries, as well as on
ethnic and gender balance. Unfor-
tunately, not all of the students
were able to accept the invitation
due to visa problems and other
hurdles.

This workshop was the follow-

up to a previous workshop entitled
“Global challenges — how can nano-
technology help?” held in the
same location in 2008. Since then
marked changes in the global
system, such as the Arab spring,
the world economic crisis, the
nuclear accident in Fukushima,
the oil spill in the Gulf of Mexico
and other environmental disasters,
had altered the global balance,

so it seemed necessary, timely
and appropriate to revisit this topic
five years on. The title was altered
slightly to take into account that

a perception of global challenges
as opportunities counteracts the
tendency to demonize changes
and at the same time motivates
those that are willing to deal with
these demanding and highly entan-
gled topics.

Following suggestions from the
participants of the previous work-
shop, a small team of experts was
added to support the discussions.
Two Nobel laureates, Jean-Marie
Lehn and Gerd Binnig, Viola
Vogel (the former US presidential
nanotechnology advisor) and Adi
Scheidemann, a nanotechnology
entrepreneur, brought their de-
tailed knowledge and know-how
to the discussions.



The workshop was motivated by
three major goals:

Identification of global
challenges viewed from
the student’s perspective
From the gofer’s perspec-
tive of the lab to the eagle’s
view of the world!

Focusing on those topics
where nanoscience may
contribute to solutions
Convergence with other
technologies with the goal
of developing high-tech solu-
tions as well as sustainable
low-key technologies.

Initiation of a global junior
nanoscientists’ network

Direct personal contacts enable

possible joint projects which
otherwise might be stuck in

the mud-holes of bureaucracy.

HOW TO ADDRESS THESE
CHALLENGES? - STRUCTURE
OF THE WORKSHOP

What is your expertise?

In the first part of the meeting

all participants introduced them-
selves in 3-minute talks and with
poster presentations in the sub-
sequent poster session. The pre-
sented topics were as diverse

as the participants’ backgrounds:
From energy transfer with quan-
tum dots, acoustic biosensors
for point-of care diagnosis and
plasmonic nanostructures to
synthetic genetic molecules.

Identify global challenges

For the second block, a less tradi-
tional format was applied. First,
global challenges were collected
and discussed in two rounds of
roundtable discussions in six sub-
groups. A “wisdom keeper” kept
the ideas discussed at a specific
table and passed them from round
to round while the participants
mixed anew at the tables. The
discussion groups then defined
criteria to assess the proposed
challenges and narrowed them
down to a concise list. Finally,
the group decided to focus the
discussions on those problems
where nanotechnology promises
to become instrumental, well
aware that their selection covers
only a fraction of the challenges
to be addressed by mankind.
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How can nano help?
In the third part, the potential
of nanoscience to address global
challenges was explored in
focused discussion groups. The
participants split into six groups,
each dealing with one of the
identified topics. Due to the
uneven distribution amongst the
different disciplines (biophysics
dominated), certain topics like
“health” attracted more partici-
pants for the discussions than
topics like “new materials”.
The outcome is summarized in
Table 1.

Use your expertise and team
up globally

The fourth and last part was
deliberately left more or less
unstructured. Since the partici-
pants had gained an insight into
the expertise of the other partici-
pants in the first block and had
elucidated the scientific potential
in greater detail in the following
blocks, this last part allowed them
to exchange concrete research
ideas with their peers and to team
up for cooperation projects.
Typically two or three partners
joined together and came up with
brief concepts highlighting the
basic principles of their idea which
they presented to the group.
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In the first round of group dis-
cussions a broad list of topics
was identified where nano-
sciences are expected to con-
tribute to the solutions. The
wordle in Figure 1 illustrates
the challenges listed by the
participants in this initial phase.
However, the ranking of these

topics proved to be very difficult.

CRITERIA FOR GLOBAL
CHALLENGES

In order to assess the challenges
under discussion, criteria were
collected and their relevance was
discussed. In a next step, the
identified challenges were ana-
lyzed using the most relevant
criteria in order to establish a
ranking of the previously identified
global problems. One of the pre-
vailing criteria was found to be
the global impact of the specific
challenge on humankind and on
the environment. The scale of the
problem — whether a large part
of the world'’s population, indepen-
dent of their economic and demo-
graphic condition, is affected —
dominated the evaluation of a
specific problem. Moreover, the
impact of a challenge could also
be related to the global and/or
local environment. Evidently, the
urgency of finding solutions
played a major role in the rating

Figure 1: Global Challenges, illus-
trated as a wordle. The size of a word
is proportional to how often it was
listed by the participants during the
initial discussions.

of existing global challenges and is
closely connected with the ques-
tion of essentiality, i.e., whether
finding a solution is vital for human-
kind, and with the speed of dam-
age associated with a certain
problem. In addition, while the
sustainability of a solution was
considered an important criterion,
the transfer of information, time
frame and the risk associated
with finding a solution were con-
sidered to be minor issues com-
pared to the urgent need to find
promising opportunities. Other
significant considerations are the
ethical-social implications re-
lated to possible solutions, taking
into account the need for public
acceptance of a new technique in
order to successfully introduce it.
Furthermore, the costs associated
with the development of solutions
were defined as a major criterion.
While the feasibility of a pos-
sible problem-solving option in
general is evidently of the utmost
importance, the potential for
finding a solution based on
nanotechnology was an even
more relevant criterion in this
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workshop owing to the scientific
background of the participants.
This restriction directly implies
that only problems that can be
addressed with the help of nano-
technology are included in our

list of global challenges. For that
reason, issues like the growth

of the world population as well as
political and religious conflicts
are not discussed. Finally, the
participants also took into account
whether there is a particular need
to act or if there are already strong
and promising research activities
going on in a certain field.

The criteria defined above were
used to identify six global prob-
lems, which were found to be of
the highest importance in this
nanotechnology-related context
(in alphabetical order):

Energy
Environment
Food

Health

New Materials
Water

Table 1 provides a summary.
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Global Challenge

ENERGY

o Production

o Storage

o Transport

o Consumption

ENVIRONMENT

o Climate change (carbon
capture & storage)

o Pollution and waste

o Recycling & reusing

o Biodiversity

FOOD

Availability

Preservation & distribution
Sourcing

Substitutes & supplements
Recycling

O 0 0O 0 o

HEALTH

o Diagnosis
o Prevention
o Therapy

NEW MATERIALS

o Specific properties

o Resource/energy saving
production

o Intelligent

WATER

o Availability
o Purification
o Infrastructure

Nanoscience
potential

New solar cells,
biofuels, photobio-
synthesis, new
methods for energy
storage ...

Costs

Depend on
energy source,
storage and
transport

Develop smart
cycles of energy-
producing and
plastic-degrading
organisms; new
approaches for ex-
haust purification
and removal of un-
wanted chemicals ...

To be seen in
relation with
indirect costs
caused by waste,
pollution or
climate change

Soil supplements

to enable crop growth
in hostile environ-
ments; basic food
resource; artificial
meat

Drug delivery,
sensors for point-
of-care diagnostics,
improvement of
vaccine production,
tissue design ...

Energy-saving
materials, new anti-
microbial materials,
self-healing, self-
cleaning, shape-
memory materials ...

Global Impact Urgency Sustainability
of a solution
Very high High Depends on
energy source
and consumption
Very high High Yes
Mainly for devel-  High in Depends on
oping countries,  certain production
indirect effects areas methods
from developed
countries
Very high, Very high Depends on
focus might disease and
vary regionally treatment
Depends Depends Depends on
on area of material
application
Mainly for devel-  High in Depends on
oping countries certain method
areas

Table 1: Global challenges and criteria for their evaluation.

Nano-encapsulation
for purification

Depend

Reduction possi-
ble by early
diagnosis, pre-
vention measures
and new drugs

Potential for cost
reduction

Depend on
technique
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Energy was a central topic of dis-
cussion for all participants. Since
many of the other challenges

are directly or indirectly affected
by the availability of energy, e.g.,
purification and desalination of
water, this topic received the most
attention. Global challenges con-
cerning energy comprise the fol-
lowing aspects:

Energy production

Energy storage

Energy infrastructure
Energy transport efficiency

O 0O OO

Nanotechnology develops new
and optimizes old processes on
the microscale (see Figure 2)
that push efficiency on the macro-
scale. In the face of global climate
change, new sources of energy
are needed to bridge our transition
away from fossil fuels and to pro-
vide enough power for an expo-
nentially growing world population.
Currently, fossil fuels are the most
widely used and portable energy
source, but their availability is
limited. Alternative energy sources
include light, harvested by solar
cells, and biofuels.

Solar cells still exhibit limita-
tions regarding lifetime and stability,

preparation costs and upscaling,
and fundamentally, weather
dependence. In addition, the use
of scarce elements (indium etc.)
for the production of solar cells is
critical. Last but not least, only a
certain spectral part of light is cur-
rently used for energy conversion.

Biofuels are ideally produced
from biological waste or from
engineered organisms. With genet-
ically engineered microorganisms,
processing abundant organic waste
into fuel, a breakthrough might be
close, especially considering their
seamless fit into our existing, liquid
fuel-based transportation system.
Ideally, their production and con-
sumption should be a carbon
neutral process.

POTENTIAL OF NANO-
TECHNOLOGY RESEARCH
FOR ENERGY PRODUCTION:

Solar Cells

Nanoscience can contribute sig-
nificantly to the development

of new solar cells by designing
new conductive polymers, by
methods of nanostructuring, and
by improving their scale-invariance

(from calculators to city roofs).
Different types of light-harvesting
systems were discussed:

o Quantum dot-based solar
cells provide higher theoretical
efficiencies for photovoltaics,
but are currently limited by
lifetime and overall efficiency.
Nanoscience can contribute
here by pursuing early-stage
research for fundamental
understanding.

Industry

Nuclear

City
Village

Household

Power scale
Solar

Mobile system
ship, car etc.

Small mobile
devices

Figure 2: As the power required to
supply the systems listed on the left
rises, different technologies (matched
on the right) apply. The scaling of an
energy source is of key importance in
deciding its application.



o The key advantage of thin film
applications in solar cells is
to minimize material usage for
solar cell production. Chal-
lenges are production cost and
upscaling processes. Nano
research opportunities can be
found in nanostructuring and
material design, as well as in
the development of bulk meth-
ods for thin film deposition.

o Dye-sensitized solar cells
(DSSC) are a very promising
approach for conversion
of light energy. Advantages
of this method are low pro-
duction costs, usage of diffuse
light and environmentally-
friendly production compared
to conventional solar cells;
however, durability and stability
of the cells is still an issue.
Research could focus on up-
scaling possibilities and on
solid-state devices.

o Photobiosynthesis aims to
use nature’'s methods of light
energy conversion (photo-
system | and Il in plants). The
challenges in this research
area are harvesting the elec-
trons, connecting a photo-
system to the electrode via
a biological-inorganic inter-
face, and developing efficient
methods for protein nanoscale
arrangement. Further research
is needed here to elucidate
the underlying processes and
to make the progress in protein
engineering necessary for this
kind of application.

Biofuels

A major obstacle for the conver-
sion of biomass into biofuels is the
inefficient breakdown of ligno-
cellulose-containing biomass into
sugars, caused by the low effi-
ciency of enzymes and large losses
of enzymes during the process.

The growing demand of energy will require harnessing hydrocarbons from waste
and other uneatable biomass. Biofuels from such sources will certainly play
an important role in our future energy mix.

Here, nano research can contribute
new methods for bioengineering of
more efficient enzyme complexes,
screening of enzymes, and protein
immobilization.

Fossil fuels

Nanoscience can help to mitigate
the negative effects of fossil fuels
by means of new approaches

for exhaust purification and for
catalysis for removal of unwanted
chemicals. The efficiency of power
plants could be improved by usage
of new nanoparticles with high
heat capacity for heat transfer (also
for nuclear power plants).

POTENTIAL OF NANO-

TECHNOLOGY RESEARCH
FOR SHORT- AND LONG-
TERM ENERGY STORAGE:

Since storage of electric energy
typically occurs at interfaces,

be it the charging of capacitors
or electrochemical reactions, a
reduction of the typical structure
sizes results in an improved
surface-to-volume ratio. Nano-
structures are thus an ultimate
goal for optimal storage density.

Energy density of supercapac-
itors (e.g., Li-ion-capacitors)
could be further enhanced by
nanostructuring of surfaces (elec-
trodes), and by the usage of new
materials, such as graphene, for
electrodes. The application of
hydrogen as an energy storage
material could be improved by
converting hydrogen into storage
materials with higher energy
density per volume. For conven-
tional batteries, materials for
higher density energy storage are
desirable, too. lonic liquids, nano-
particles increasing water heat
capacity and phase transition,
could be used to store and ex-
change heat energy.

(Bio)fuel cell catalysis and elec-
trode materials for (bio)fuel cells
should be further explored. In
addition, nanomaterials could help
to reduce friction of mechanical
systems, e.g., in rotors. —



The global challenge of the preser-
vation or restoration of a healthy
and livable environment touches
many of the other identified topics
such as energy, food or water.
Generally, the potential of nano-
technology was considered in
those categories. Explicit prob-

lems discussed in this group were:

CO, reduction

Pollution (toxic materials, smog
control, particulate matter)
Waste and recycling

Here, waste based on poly-
meric, non-biodegradable materi-
als in the environment was ad-
dressed as a specific challenge.

Plastic waste is a serious problem,

since it represents up to 20% of
mankind'’s overall waste (urban
and industrial). Most highly pro-
duced plastics are PVC, PE and
PP, and half of this waste cannot
be recycled. Research on this
topic should focus on prevention,
degradation and mitigation.

POTENTIAL OF NANO-
TECHNOLOGY RESEARCH
FOR REDUCTION OF
PLASTIC WASTE:

Especially biotechnology and
synthetic biology could contribute
to the development of a smart
cycle of plastic-degrading organ-
isms/enzymes and energy-
producing organisms, which con-
vert by-products into useful educts
such as new polymers, energy

or fuel.

The effects of plastic waste
already present in the environment
could be mitigated by rational
degradation of plastics by micro-
organisms. The following mea-
sures might lead to new degrada-
tion pathways:

|dentification of polymer-
degrading organisms/enzymes
(cheap, robust and efficient)

(Bio)engineering of new/
advanced polymer-degrading
functionalities (organisms)

Implementation of smart
metabolic steps for product
control (clean byproducts,

breakdown to monomers or
short oligomers of the polymer,
further degradation of by-
products into CO,, H,0 and
other small molecules)

Confinement of biological
function to plastic-dense areas

Regulatory/biosafety switches
to remove degrading organisms
from local environment after
successful plastic degradation.

Material criteria for prevention
of accumulation of plastic waste
were defined: New materials
should be efficiently degraded into
bio-degradable, biocompatible
byproducts. They should be pro-
ducible at low costs. Conditional
stability, dependent on content,
context, structure or locality, could
secure degradation of plastic under
defined conditions, e.g., in salt
water only (to remove waste from
the oceans) or after a certain
time, e.g., biodegradable and bio-
compatible thermoplastic (PHA).



Small (less then an inch) hard plastic
fragments floating in rivers. The frag-
ments are carried by run-off water

to waterways, rivers, and in the end,
the sea. Such fragments are mis-
taken for food by animals and ingested,
causing harm and often death.

POTENTIAL OF NANO-
TECHNOLOGY RESEARCH
FOR OTHER ENVIRON-
MENTAL CHALLENGES:

The participants discussed the
potential of synthetic biology
to capture CO, by genetically
modified microbes and to couple
this process with the synthesis
of useful products (fuels, com-
modity chemicals etc.).

Magnetic nanoparticles could
be applied for the removal of toxic
materials from the environment,

while nanoporous materials could
be used for exhaust purification
and thus smog control.

A new generation of tires
should be produced from a mate-
rial which is stable as bulk (in
use on roads) but would safely
degrade in the form of nano-
particles. Thus, release of toxic
particulate matter by abrasion
would be prevented through the
follow-up decomposition of re-
leased nanoparticles into clean

end-products. —

Low production costs and superior mate-
rial properties have made polymeric
materials the fastest growing commodity
of the petrochemical industry. Today,
plastic waste represents up to 20% of
mankind's overall waste, and half of this
waste cannot be recycled.

11
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As the population on our planet
continues to grow, the production
and distribution of food will be

an ever growing challenge, particu-
larly in times of climate change
like we are experiencing today.
Nanosciences will play an increas-
ingly important role in dealing
with this problem. Food-related
challenges can be caused by either
production or consumption. Food
itself can be divided into two main
categories, animal-based food
and crop-based food.

Problems generated by animal-
based food comprise wastage,
pollution and methane production,
emergence of antibiotic resistance,
and health and environmental
issues, e.g., due to use of growth
hormones or pathogen trans-
mission. In addition, standards
of production, costs, availability
and distribution of animal-based
food have societal and ethical
implications.

Crop-based food on the other
hand, can affect the environment
depending on production methods
by wastage, pollution and distri-
bution, e.g., local/regional versus
global production. Other factors
to be considered, especially in
view of the increasing world popu-
lation, are food availability, pro-
duction costs, and health issues.

POTENTIAL OF NANO-
TECHNOLOGY RESEARCH
FOR FOOD PROBLEMS:

SMART(e)R soil

SMART(e)R sail, a low-cost, nutri-
ent-enhanced soil supplement that
enables plant growth in environ-
ments that would not otherwise
support healthy plant growth,
would be ideal to improve environ-
mentally friendly crop production.
Ideally, it should consist of a
mechanically stable composite
material consisting of millimeter-
sized support granules and
nutrient-adsorbing particles. This
prevents nutrients from being
washed from productive top-

soil and transported to unproduc-
tive lower soil. SMART(e)R soil

could improve crop quality, crop
yield and land productivity.
SMART(e)R soil could also enable
more efficient fertilizer usage,
thereby reducing growth costs
and damage to the environment.
Because it is a granular material,
SMART(e)R soil could be packed
in a space-efficient manner and
shipped to a wide variety of loca-
tions in large volumes at a low
cost per unit. Reduced environ-
mental pollution, improved crop
quality and improved crop yield
should lead to improvements in
population health. Malnutrition
associated with inadequate food
resources could also be reduced.

Basic Food Resource (BFR)

The growing resource demand due
to growing populations could be
secured by a Basic Food Resource
(BFR) —a simple, low-cost, easy-
to-grow food source that meets
the basic nutritional requirements
of the average human being.

The BFR would be a simple alga
capable of being grown in low-
cost, fertilizer-free, water-contain-
ing reactors. These reactors
should be deployable in a wide
range of environments (e.g., rural,
urban rooftop, etc.).



They should provide basic
properties enabling and supporting
effective algal growth, including:

Selective gas permeability
Light permeability

Heat capture

Non-adhesive walls (to prevent
reactor fouling)

o Adjoining cyanobacteria-based
support reactor for N,-fixation.

O O O o

Here, nano- and biotechnology
could contribute to finding solutions
for the following requirements:

o Genetic engineering of the alga
to provide all essential nutri-
tional needs

o Surface and material engineer-
ing of the reactor vessel walls

o Scalability to enable housing
on the average urban rooftop.

Artificial meat

The demand for animal-based
food could be satisfied by artificial
meat — a healthy, low-cost, easy-
to-produce artificial alternative

to animal meat. This could be used,
for example, as a substitute for
meat in regions where animals
cannot be raised, transported or
sustained. This could also be used
as a low-cost substitute for meat
found in products where the tex-
ture of the meat is less critical
than in other foods, e.g., in frozen
pizza. Nanotechnology could help
to meet requirements such as
controlled structure/texture,
controlled taste and controlled
nutrition and nutritional delivery.
Artificial meat as described above
could be produced faster, on a
larger scale and in a wider variety
of environments than natural
animal meat, e.g., in regions that
do not naturally support the pro-
duction of natural animal meat.
This could lead to improved access
to food, reallocation of land to
support crop growth, and also
greater local and regional employ-
ment. Since the production of
animal meat requires large quanti-

ties of feedstock, drinking water
and agricultural land, artificial meat
produced on an industrial scale
would likely be more resource
efficient. Artificial meat could be
produced in a wide variety of
environments and could be
shipped in larger quantities more
efficiently. A greater dependence
on artificial meat could lead to a
significant reduction in the large
quantity of environmentally harm-
ful methane gas ejected into the
atmosphere by cattle, and would
also lead to reduced antibiotic
resistance in the human popula-
tion caused by the presence of
antibiotics in cattle and other ani-
mals. The spreading of animal-
borne diseases amongst the
human population could also be
greatly reduced, especially in
countries where animal handling
methods are less well developed.
Last but not least, a reduced
dependence on animal meat leads
to the killing of fewer animals.

Algae as a basis for a Basic Food
Resource (BFR) can be grown in
fertilizer-free, water-containing reactors
in a wide range of environments.
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Affordable health care for a grow-
ing and, at the same time, ageing
population, especially in the west-
ern world, is one of the largest
challenges. The growing disparity
between scientific progress and
applied medicine demands urgent
solutions, and nanosciences offer
potential solutions.

A) PREVENTION

Vaccines are ideal means to pre-
vent infectious diseases caused
by bacteria or viruses. There are
several bottlenecks in the use

of vaccines, both in production
and in distribution. The first one
is manufacturing process opti-
mization towards facilitating regu-
lation of bio-products (cheaper,
safer, more efficient use). Many
new vaccines that are developed
can never be used due to difficul-
ties in mass-manufacturing them.
Special challenges are faced when
producing vaccines: they are ad-
ministered to (a) healthy individu-
als, (b) children and (c) individuals
of all ethnicities, BUT it is almost
impossible to create a biopharma-
ceutical which is 100% safe, has
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no side effects and is always
efficient. This is due to the inher-
ent variation present in biological
materials and because it is not
known how process conditions
affect the product. Moreover, reg-
ulatory agencies cannot approve
vaccines which are effective for
only a subset of the world's popu-
lation — this needs to be counter-
acted because approving a vaccine
which works for 30 % of the
world’s population (for example
against malaria) would still save
millions of lives. This would ease
the burden on manufacturers and
regulators alike, it would make
vaccines cheaper, safer and more
varied.

A second bottleneck is the
stable formulation and adjuvants
of the vaccine. Making existing
vaccines available in regions with
unfavorable climates requires
these measures. One of the larg-
est costs to health care and a
challenge in rural areas and devel-
oping countries is the refrigeration
of vaccines.

With the rise of genetic se-
quencing capabilities and develop-
ment of rapid, low-cost biosensing
techniques, the potential for per-
sonalized medicine is becoming
a reality. This powerful tool can
be used not only in diagnosis and
disease progression monitoring
but in screening and disease pre-
vention. The identification of risk
factors is already leading to life-
style changes but rather than
simply recommending only behav-
ioral changes to persons in an
identified risk group for a non-
infectious disease, therapeutics
should ideally be developed to
block the mechanisms which
trigger the onset of disease pro-
gression.

Taking steps at a presymptom-
atic stage and altering the body's
behavior could prevent what would
otherwise develop into chronic
diseases which need lengthy and
occasionally invasive treatment
and which are extremely costly,
resource-intensive and detrimental
to patient quality of life. For exam-
ple, in the case of heart disease,
if those who are predisposed to
the disease can be identified at an
early age and treated with a thera-
peutic, for example, a nanoparticle,



to reduce the adhesion of fat to
the lining of arteries, this would
avoid the later need to treat
symptoms, using, e.g., drugs
to reduce blood pressure or
extensive open heart surgery
for grafting.

The ambiguities of nano-
particle safety are an obstacle
not only to regulatory approval
but also to the effective incor-
poration of nanoparticles into
drug development, formulation
and targeted delivery mecha-
nisms. The continued compila-
tion of current knowledge of
the biological effects of nano-
particles, over a range of sizes
and materials, would enable
much more efficient research
practices and also increase
acceptance and trust in nano-
pharmaceuticals.

POTENTIAL OF NANO-
TECHNOLOGY RESEARCH
FOR PREVENTION OF
DISEASES:

Vaccines

Process analytical technology
(PAT) can be used to monitor
bulk production, for example bio-
sensing devices for biophysical
characterization of the bioproduct.
Such biosensing devices should
work in real time, in-process and
have a high throughput so that
quality aspects of the bulk product
can be monitored. Separation
processes based on chromato-
graphy techniques could be used
in conjunction with the specific
biorecogition techniques used in
biosensing technology to provide
the specificity to achieve the purity
required for pharmaceuticals.

Community health worker gives a vaccination in Odisha state, India. Vaccines are ideal
means to prevent infectious diseases caused by bacteria or viruses.

For approval of vaccines effec-
tive for only a subset of the world's
population, better tools for bio-
physical characterization of vac-
cines during manufacturing and for
efficient identification of relevant
population subgroups are needed.
In addition, new formulation of
vaccines which allows for storage
under atmospheric conditions
could facilitate distribution in de-
veloping countries.

Personalized medicine

The main steps identified as critical
for the emergence of preventative
medicine are:

o Genetic sequencing and cor-
relation with biomarkers for risk
for disease

o Identifying biomarkers for
pre-symptomatic disease pro-
gression

o Development of biosensing
devices to monitor pre-symp-
tomatic disease progression

o Developing drugs to target
these biomarkers and block
disease progression. This can
happen in conjunction with
corresponding alterations to
lifestyle/behavior.

Nanoparticle safety

Research on this topic should
include information such as the
effect of route of administration
and the mechanism of degradation.
Bioclearance, immune response,
accumulation in different organs,
toxicity etc. for the various size
ranges, distributions and initial
dose to determine safe exposure
limits should be investigated.



B) DIAGNOSTICS

Many diseases can be cured or at
least contained when diagnosed
sufficiently early. However, current
diagnostics rely on the use of costly
and time-consuming methods
and tools. A Point-of-care diag-
nosis biosensor could alleviate
this problem, provided that it is:

o Widely available and affordable

o Highly sensitive and specific

o ldeally quantitative (semi-
guantitative)

o Reliable, compact and robust

o Easy to use.

A suitable sensor will also
enable the deployment of afford-
able diagnostic tools to developing
countries, reduce the time be-
tween diagnosis and treatment of
a disease, and would be of great
use in detecting asymptomatic
diseases during routine check-ups.

BIOINTERFACES

Antibodies

Peptide Nucleic Acids (PNA)
Imprinting methods

Proteins

Functionalized nanoparticles (NPs)
Nanoparticles

POTENTIAL OF NANO-
TECHNOLOGY RESEARCH
FOR DIAGNOSTICS:

Biosensors are composed of
a biointerface (that recognizes
and binds the analyte of inter-
est) and a transducer (that
converts signals generated by
the interaction into a readable
form).

Common biointerfaces and
transducers are shown in

Table 2. Please note that only

stable bio-interfaces are presented.

A short-/medium-term solution
(—> page 22) is presented and
combines existing solutions into
a single tool to create a more
efficient, more reliable bio-sensor.
A long-term vision, relying on a
bio-mimetic approach (— page 24)
is also presented for the develop-
ment of a new generation of highly
sensitive bio-sensors.

TRANSDUCERS

Surface plasmon resonance
BioFET

Resonance [Surface Acoustic
Wave (SAW), Film Bulk Acoustic
Resonator (FBAR), Longitudinal Bulk
Acoustic Resonator (LBAR), etc.]
Deflection (Membrane, cantilever,
etc.)

Impedance

Optical (FRET, absorption of light,
etc.)

Table 2: Examples of biointerfaces and transducers for point-of-care biosensors.
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C) TREATMENT

Identification of drugs

and drug targets

Both synthetic drugs and naturally
derived drugs should be consid-
ered. Nanotechnology can provide
improved screening technologies
for drug (bioprospecting) and drug
target identification and computa-
tional science for rational drug
design. A better understanding of
cellular processes on the nano-
scale will help to address new
target structures in diseased cells.

Improve drug design

Drugs should have high bio-
availability and specificity and
show low immune response and
toxic side effects. Smart nano-
particles that consist of polymers,
liposomes, inorganic material
(silica), or metals are currently
investigated. Targeting ligands can
be attached to achieve specific
treatment of diseased cells. Bio-
responsible linkers that sense pH,
temperature, surface molecule

or light might allow localized drug
release at defined time-points at
a chosen dose. Applied materials
should be biodegradable and one
should focus on FDA-approved
materials and naturally derived
products that are known to show
low side effects. Novel chemis-
tries and/or nanoscale constructs
may open up previously inaccessi-
ble biological sites for exploitation
(e.g., crossing the blood/brain
barrier).



Encapsulating already existing
drugs could improve biodistribu-
tion, delivery and diminish toxicity.
Gene therapy by viruses or artifi-

cial gene vectors can provide treat-

ment of severe diseases (genetic
diseases, cancer, cardiovascular
diseases in the future). Nano-
particles in combination with
dialysis can also be used to filter
toxic substances or pathogens
from the blood circulation.
Genetically modified mosquitos
were discussed for malaria treat-
ment. Last but not least, DNA
origami or DNA nanostructures
were considered as a promising
tool for the design of smart
nanoparticles.

Production

An important and urgent task that
should be addressed is the scal-
ability of drug production. Drug
production and purification has to
be cheap and fast (time-scale).
Nanotechnology can improve the
quality control processes in pro-
duction (more sensitive tests,
lab-on-a-chip) and the purification
process. New materials might
reduce the cost of treatment.
The stability of drugs needs to be
addressed to improve transport

and storage. DNA chemistries
(XNAs) can be used to enhance
stability.

Clinical Application

Education is important to reduce
inappropriate application of
drugs/medication that leads, e.qg.,
to antimicrobial resistance.
Personalized medicine should be
applied (e.g., specific targeting
for specific cancer subtypes). The
genomic or epigenomic back-
ground of each patient should
be considered. In addition, the
response of the patient to the
medication should be monitored
(nanotechnology can provide
point-of-care diagnostics).

Tissue Design
New implants can be designed by

nanotechnology. Stem cell technol-

ogy can help to build organs.

Point-of-care Diagnostics: Malaria
Rapid Diagnostic Test (RDT). Specific
challenges for the development of
Point-of-care diagnostics are high
sensitivity and specificity, reliability,
robustness, easy usability and costs.

POTENTIAL OF NANO-
TECHNOLOGY RESEARCH
FOR DISEASE TREATMENT:

Nanotechnology-based
solutions to the problem

of resistance to antibiotics
Current antibiotics have a relatively
long half-life, resulting in significant
amounts of antibiotics remaining in
the colon at sub-lethal concentra-
tions and facilitating the evolution
of resistance. Analogously, after
leaving the body, low concentra-
tions of antibiotics in the environ-
ment provide reservoirs for the
evolution of resistance. As a con-
sequence of the dramatic rise of
antibiotic resistance many potent
antibiotics become ineffective,
raising the need for immediate
alternative solutions. Nano-
technology offers valuable tools

to develop novel antibacterials,

to improve the efficacy of existing
antibiotics and to develop rapid,
cost-effective point-of-care diag-
nostics.



Improving the efficacy of exist-
ing antibiotics could contribute
significantly to successful treat-
ment of bacterial infections. Using
nanocarriers for drug delivery
offers a simple way to enhance
the efficacy of existing antibiotics,
via targeted and responsive (only
active at the site of infection)
delivery. In addition, drug delivery
inside host cells (e.g., Myco-
bacterium tuberculosis lives
inside macrophages) could be
improved by nanocarriers. Such
nanocarriers should be cost-
effective and biocompatible:
Chitosan, DNA/XNA nano-
structures (origami based), BSA
and PVA are possible carriers.

Novel antibacterials: Natural
nanobiotics should be further
explored, e.g., antimicrobial pep-
tides. Problems like toxicity could
be overcome by using carriers
for delivery.

The efficacy and toxicology as
well as environmental implications
of artificial nanobiotics (e.g., metal
nanoparticles, carbon nanotubes)
should be investigated. Possibil-
ities for breakdown (or at least
removal from the body) of metal
nanoparticles or carbon nanotubes
should be addressed.

Phage Therapy (viruses that
attack bacteria) has potential
drawbacks that nanotechnology
could mitigate. Better purification
could be achieved by new types
of membranes and advanced
filters. Genetic engineering could
help to (i) alter the evolvability of
phage (and the potential dangers
associated with evolved phage

such as broadening of the host
range) by incorporating high fidel-
ity polymerases and (ii) suppress
unwanted immune responses.
Design of non-replicating phages
which can be administered by the
body but are not able to ramain
there latently for a long time is
desirable. Last but not least, the
use of phages as biofilm-degrad-
ing agents would be an interesting
application.

Combinatorial drug delivery
(of different existing antibiotics
and novel natural antibacterials)
via efficient nanocarriers leading
to synergistic antimicrobial effects
would offer new options for
treatment of bacterial diseases.

Point-of-care testing (POC):
Time-consuming culture based
techniques are still widely used
to determine the species that
causes a bacterial infection. How-
ever, there is a need to develop
rapid and less labor intensive
techniques. Therefore, point-of-
care testing (POC) for bacterial
infections should be developed.
Currently, PCR is used to detect
specific DNA sequences that
can distinguish between resistant
and non-resistant strains and to
adjust therapy accordingly. How-
ever, this method is expensive
and requires skilled workers, elec-
tricity and lab facilities. It would
be helpful to develop non PCR-
based methods to detect DNA
and RNA in a POC platform. The
use of plasmonic properties of
(gold) nanoparticles provides
opportunities to develop methods
to detect nucleic acids without

PCR. Short DNA or RNA probes
can be used to make colloids
aggregate, causing a change in
color upon plasmonic excitation.

Optimizing antimicrobial materi-
als used in various settings (e.qg.,
hospitals, food industry) to prevent
bacterial growth and biofilm devel-
opment by using nanocoatings
could significantly improve existing
hygiene measures.

Improvement testing of anti-
biotics: Natural bacterial habitats
are heterogeneous in space and
time. Traditionally, microbiologists
use well-mixed environments to
study the efficacy of antibiotics,
whereas in the human body con-
centration gradients across space
exist and concentrations fluctuate
through time. Nanofabrication

and microfluidics provide the tools
to create artificial ‘ecosystems’

to mimic the natural heterogeneity
of antibiotics and study its influ-
ence on the evolution of resistance
and the development of non-
inheritable resistance (tolerance)
to antibiotics. —_



New haknals

New materials were defined as
a challenge which has strong
implications on other challenges
such as health, environment,
food, energy etc. The participants
decided to focus on highly adap-
tive and controllable materials.
Three key areas of adaptive
materials were identified: self-
healing, self-cleaning and shape
memory materials.

Self-healing materials would
be ideal construction materials.
Damage to exterior and support
structures in buildings requires
costly repairs or results in aban-
donment of the structure. This is
particularly acute in catastrophic
natural disasters, such as earth-
quakes, where damage to large
population centers results in loss
of life and billions of dollars in
damage. Countries which do not
have the infrastructure immedi-
ately available after a catastrophe
suffer particularly, and so quick
repairs will aid better response
in these situations. The materials
may also be able to repair micro-
failures in the structure on a daily
basis to stave off larger structural
failure over time, creating a more
sustainable building material.

Incorporation of self-healing mate-

rials would allow for quick and

effective repair of these structures,

reducing the loss of life and the
time and cost of repairs.

Self-cleaning materials could
represent a major advantage

in medicals tools for developing
countries, where surgery takes
place in poor hygienic conditions.
These materials would represent
a new platform for bacterial
prevention, limiting the causes
of infections. |deally the self-
cleaning materials would be a
preventative measure, reducing
the presence of bacteria in sur-
gery environments, food handling,
and medical tools (i.e. bandages,
sutures, scalpels, surfaces).

Shape memory materials are
materials that will return to their
pre-deformed state when exter-
nal stimuli (most often heat) are
applied. This kind of material is
already applied in various real-
world devices like medicine
(e.g., stents, orthopedic surgery),
optometry or different industrial
applications. However, there

is still a lot of work to be done in
order to find other fields of appli-
cation to tackle some important
global challenges.

External stimuli such as light,
heat and electricity can be used
to effectively and cheaply have
materials adapt their properties
to current needs. The incorpora-
tion of polymers able to react to
such stimuli can be combined
with materials providing structural
integrity to the material, leading
to superior properties. —_

Nanostructured hydrophobic surfaces
were invented by mother nature to
keep leaves clean. Learning her tricks
may help do design tailored materials
for a variety of applications.
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In recent years, water as the basis
of life has become a scarce re-
source and its quality a matter of
serious concern. Here again nano-
sciences may offer solutions par-
ticularly in desalination and de-
toxification. The group started by
looking at the various issues in-
volved in water, including water for
agriculture, water for drinking, and
wastewater treatment. Later, the
participants focused on drinking

\,

water as the most pertinent issue.
Their approach was to imagine a
dream device for water purification
and the properties it requires.

A dream device (—> Figure 3)
would be able to remove multiple
types of contamination from water,
including heavy metals, micro-
organisms, and organic and in-
organic contamination. It would
also indicate the level of clean-
liness with a user-friendly sensor,

IE-

.' COp + HpO ‘
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for instance a color sensor. In a
dream world, there would be
some kind of indicator that would
sense all types of contamination
simultaneously, perhaps a “canary
organism” that would only live

in potable water. In addition, the
device should be inexpensive,
easy to use, energy efficient or
even self-sustaining, and modular
and adaptable to different condi-
tions and contamination types.

‘ Electrochemical gradient
Bioremidation organism

] [ Contaminant permittent pore
Liposome vesicle

org. Contaminant

emitted UV light

Figure 3: Summary of an imagined “dream nano water purifier” that the group developed. Organic contaminants (black blobs)
enter a liposome vesicle (dashed line) through pores. There, they are broken down by an organism (oval), which also creates

an electrochemical gradient (triangle). This electrochemical gradient is then converted into ultraviolet light (yellow lightning bolts)
by a protein in the liposome (blue squares). The UV light helps to further decontaminate the water. The group noted that, while
there would clearly be a number of technical issues with building this device today, a “dream device” such as this can point the
way toward technologies that are worth developing.
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Finally, it should be re-usable and
even potentially able to recover
materials for re-use — for instance
metals.

POTENTIAL OF NANO-
TECHNOLOGY RESEARCH
FOR PROBLEMS RELATED
TO DRINKING WATER:

There are many ways to create
a device such as that described
above. Currently, people filter
water using materials such as
clay, cloth, or carbon filters,
which remove microorganisms.
The participants envisioned
using bacteria to aggregate
smaller pollutants such as heavy
metals or phosphates, then col-
lecting the bacteria in a filter.
They also discussed using nano-
encapsulation, for instance with

T LT
TR,

Distribution of potable water. Nanosciences may offer solutions particularly in water

desalination and detoxification.

In addition to filtration, distilla-

tion and sterilization are important

techniques for the purification of

water. The group briefly discussed

the application of nanostructured
materials to improve solar stills,

in UV sterilization. Bioremediation
(decontamination by microorgan-
isms) could be implemented in
these vesicles, for instance myco-
remediation, which is remediation
by fungi, can adsorb pollutants

for instance materials that absorb
a great deal of light.

A filter that uses gravity to filter
water is already in use (LifeStraw).
This device is cheap and reusable.
Aquaporins are also being brought

liposomes, block copolymer
traps, or polymer vesicles to
achieve the same effect. These
nano-encapsulation techniques
might use engineered ion chan-
nels or other proteins to allow

and transform pollutants into CO,
and H,0O, and a redox potential,
which could in turn be used as an
energy source.

There are many tests for dif-
ferent types of contamination, but

contaminants into the chamber.
For example, much could be
learned by studying extremo-
philes, especially those that
already live in contaminated
water. Energy could come from
light-driven pumps, biological
energy sources, or taking advan-
tage of molecular motors. Cur-
rent work using aquaporins and
functionalized magnetic nano-
particles to filter water could be
integrated into such an approach.
Energy for filtration devices

derives from a number of sources.

Light-driven pumps could make
their own energy, as could cer-

to market for filtration. The open
questions in aquaporins appear to
be at the single molecule level.
For instance, it is not well under-
stood how contaminants in the
water affect aquaporin filtering
function. Biofouling is a major
issue facing established filtration
technologies.

Another category involved the
use of liposomes. It is currently
possible to fabricate liposomes
in which porins are incorporated,
which can be gated by sugars.

A wide range of control over the
permeability of the membrane
is possible, allowing for selective

no “canary organism.” In some
parts of the world, certain types
of flies are only observed when
the water is pure, which people
use as an indicator of water quality.
Basic science could help ad-
vance water filtration by improving
understanding of the molecular
structure of water at interfaces.
These structures are especially
poorly understood when other
chemical species are present in
the water. —

tain types of microorganism.
Mechanical sources such as grav-
ity, suction, or capillary forces
could be used. Gradients are a
useful method of driving filtration.

sequestration of a variety of chem-
ical species. It was also noted that
there would be wide application

for a nanoscale UV emitter, poten-
tially allowing for greater efficiency
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OppotINAiLs 4 Nanosciance ani 4o

In the last part of the workshop,
participants started to apply
the existing expertise of the
group and to develop new ideas
in an interactive manner, span-
ning different disciplines and
nationalities. As a result, inter-
esting possible projects in some
of the identified areas were
established. Due to their pre-
liminary state, only a limited
selection was incorporated into
this report and the description
of the projects must remain
superficial.
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DISPOSABLE MULTIPLEX
BIO-SENSING ARRAY FOR
POC DIAGNOSIS

Challenge

Current sensors are usually com-
posed of one bio-interface and
one transducer. Here we propose
a novel approach that will take
bio-sensing to another level. The
combination of two or more trans-
ducing elements used simultane-
ously to probe a nano-structured
bio-interface will improve the
reliability and specificity of the
sensor and enable the detection
of a wide variety of diseases.

Key advantages
A dual transducer sensor will
probe the bio-interface with two
independent methods, increasing
reliability. It will also enable the
detection of contaminants or
non-specific interaction (see
scenario 1 below) and enable
diagnosis of “conformational
diseases” such as Alzheimer's,
Parkinson'’s, and Creutzfeld-Jakob,
etc. (see scenario 2 below).
The bio-interface of the sensors
will be nanostructured to increase
specificity and improve sensitivity
(in the case of an acoustic trans-
ducer). The biointerface will also
be selected so as to minimize the
impact of the epigenetical differ-
ences among patients.

Scenario 1: A gravimetric sensor
cannot differentiate a non-specifi-
cally bound large molecule from
specifically bound target analytes
of total equivalent mass. However,
assuming both have different sizes
and shapes, it will be possible to
differentiate between them using
a complementary technique such
as Surface Plasmon Resonance
(SPR) that measures the surface
coverage or resonators that mea-
sure hydrodynamic properties of
the analytes.

Scenario 2: Conformational dis-
eases (Alzheimer's, Parkinson's,
and Creutzfeld-Jakob, etc.) are
difficult to diagnose: In addition
to being able to detect a specific
protein, one should also be able
to determine if it is misfolded

or not. It is obvious that in those
cases a gravimetric or surface
coverage transducer alone could
not differentiate misfolded from
wildtype proteins. Resonators
whose responses depend on the
interaction between the analyte
and the surrounding fluids (hydro-
dynamics) are better suited,;
however, the models are quite
complicated and it is currently
impossible to differentiate a homo-
genous layer of misfolded protein
from a heterogenous layer of
wild-type proteins. Models could
be used quite reliably, however,
provided that one parameter, such
as the mass, is fixed. This could
be achieved using a complemen-
tary gravimetric sensor.
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Solution

Our plan is to design a smart,
integrated device with exchange-
able and disposable cartridges.
The cartridges will be disease-
specific or region-specific, i.e. they
will be sensitive to biomarkers
specific to a chosen disease or to
multiple diseases prolific in the
target region (e.g., HIV, malaria,
and TB in Africa). Each cartridge
will consist of an array of sensors,
including a reference sensor to
compensate for any signal drift
(due to temperature, evaporation
etc) and to take into consideration
the non-specific interaction. Each
sensor will use the same trans-
ducer platform, while the bio-
interface will be chosen and func-
tionalized to bind the appropriate
molecules. This will result in a
single, simple-to-use device for
the detection of various diseases.
The cartridges, made of silicon,
will be mass-produced using con-
ventional micro-fabrication tech-
niques and will feature electronics
for the readout and/or actuation
through CMOS integration. It will
therefore result in a low-cost
disposable device. The planar
sensors could easily be interfaced
with a microfluidics circuit to
integrate further functions. Two
potential sensor designs are pre-
sented below:

Design 1: The transducer platform
will combine surface acoustic
wave (SAW) and surface plasmon
resonance (SPR) measurements
in a single device. The SAW tech-
nigque will provide information
about the evolution of the mass

and viscoelastic properties of the
film formed on the surface, which
can then be related to the binding
of analytes, while SPR will probe
surface coverage. Impedance
measurement could also be easily
implemented in parallel.

A nano-imprinting technique
will be used to create a bio-inter-
face suitable for detecting small
molecules. Shape- and size-
specific binding sites will be cre-
ated by electro-polymerization of
functionalized gold nanoparticles
in the presence of molecules
similar to the target analyte. To
detect proteins or nucleic acids,

a nanostructured interface incorpo-
rating antibodies, aptamers or
peptide nucleic acids (PNA) will
be used. The structure will be
designed to increase the available
bio-interface area and thus mini-
mize the time of detection needed
to bind a bio-analyte.

Design 2: The transducer will con-
sist of a silicon membrane that can
be used in deflection or resonant
mode. The deflection mode can
be measured piezo-resistively and
does not require actuation. This
will enable the measurement of
mass changes on the membrane.
The resonant mode requires
electrostatic actuation (DC bias
and AC) and a capacitive or piezo-
resistive output can be measured.
This mode will provide information
about the mass and viscoelastic
properties of the binding analytes.
The solid on liquid deposition
(SOLID) technique will be used

to prevent fluid flowing between
the electrode and the membrane.

Impedance measurement could
also be easily implemented

in parallel for the analysis of the
desired analyte.

A nanostructured bio-interface
will be functionalized with anti-
bodies, peptide nucleic acids
(PNA) or aptamers to target spe-
cific bio-markers. This sensor
platform could be used for detec-
tion of bio-markers in air or liquid.

Summary

A single simple-to-use platform
with affordable disposable car-
tridges to detect various diseases
is proposed. Silicon-based sensi-
tive MEMS transducers allow

for conventional microfabrication
and CMOS integration, miniaturiza-
tion and mass production and thus
for a low cost, compact device.
Two or more transducers are com-
bined to probe the same bio-
interface, resulting in a higher level
of confidence (two independent
measurements). The device allows
for high specificity by detecting
contaminants/non-specific inter-
actions. In addition, it is possible
to differentiate the type of inter-
action and surface coverage,
potentially enabling a semi-quanti-
tative detection of molecule shape
(useful for the detection of protein
misfolding that occurs in “confor-
mational diseases” such as Alz-
heimer's, Parkinson's, Creutzfeld-
Jakob etc.). The nanostructured
bio-interface allows for a high
specificity and potentially in-
creased sensitivity (for acoustic
transducer).
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HIGHLY SENSITIVE BIO-
SENSOR BASED ON TRANS-
MEMBRANE PROTEINS

Challenge

Some bio-markers (analytes) are
found in very low concentrations
in biological fluids. Current sen-
sors usually use amplification (for
nucleic acid-based sensors) or
concentration methods to detect
such bio-markers. However, those
methods can be time-consuming
and are often complicated and
expensive. Drawing inspiration
from life science, a novel bio-
mimetic sensing platform is pro-
posed where a molecule (e.g.,

a protein) can trigger an avalanche
of events on the other side of a
synthetic membrane when coupled
to the appropriate trans-membrane
protein (—> Figure 4). The sensor
would detect the events triggered
by the interaction of the target
analyte with an engineered trans-
membrane protein.

Ligand-gated ion channel

Figure 4: Sketch of a ligand-gated ion channel (LGIC), which is a trans-membrane pro-
tein that opens and lets ions flow through upon binding of the ligand. Source: Wikipedia
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Solution
The platform could be a micro-
fluidic device comprising a channel
with side chambers. The bio-
logical fluid of interest would flow
in the main channel and a syn-
thetic membrane with engineered
trans-membrane protein receptors
would separate the main channel
from the small compartments.
When the analyte (ligand) of
interest couples to the trans-
membrane protein, it triggers an
avalanche that can be detected
by the sensors in the chambers.
The example of a ligand-gated
ion channel is shown below.
Another approach could be to
use vesicles with trans-membrane
proteins. They would be mixed
with the biological fluid of interest
in a single channel and the cou-
pling of the protein of interest
would trigger an avalanche of
events inside the vesicle, which
could be detected by impedance
measurement, for example.

LAB@HAND

Challenge
The money spent treating the
symptoms of civilizational diseases
could be significantly reduced,
if early-stage diagnosis was imple-
mented. One of the possible
solutions is wide, probably obliga-
tory screening; however, it is
costly and time-consuming, as the
screening needs to be repeated
at regular intervals. Thus, other
solutions are needed.
Susceptibility to some of the
world’'s most common diseases
has some genetic background.
Thus, if a person knows that the
risk for specific disease is in-
creased among their relatives,
the person needs to be monitored
regularly for early symptoms of
the disease.

Solution

We propose a personal diagnostic
device. The heart of it is an intel-
ligent wristwatch. The watch
reads and processes the signals
from various sensors located
either directly in the wristwatch
(sweat, breath, through-skin
optical methods) or an intelligent
microdevice located below the
skin and by-passed to the blood
vessel.



Underskin intelligent
microsensor

There are great advances in
miniaturization and the develop-
ment of novel biointerfaces
(specific antibodies, proteins,
functionalized nanoparticles) and
transducers (mechanical — canti-
lever-based, acoustic, e.g., surface
acoustic waves, plasmonic, etc.).
This opens new possibilities to
construct a microdevice which
can measure several different
biosignals: both standard (blood
pressure, glucose concentration,
NO, O,) and specific (binding to
biomarkers). There is no need for
a battery: due to low power con-
sumption, the capacitor integrated
with sensors can be charged re-
motely (through electro-magnetic
induction). Thus, the microdevice,
once inserted subcutaneously by
a surgeon, may stay there for the
rest of a person'’s life.

TISSUE ENGINEERING
AND DNA ORIGAMI

Challenge

In an ageing society, bone dis-
eases like bone fractures, bone
cancer, bone metastasis and
osteoporosis have a major impact
on quality of life. Current bone
regeneration research for the
reconstruction of critical sized
bone defects is focused on immo-
bilization of bone morphogenic
protein 2 (BMP2) within a hydrogel
matrix. BMP2 is an essential com-
ponent for bone growth.

The diffusion of BMP2 to the
cells in need of it is very inefficient,
requiring large doses of BMP2.
Such large doses have been shown
to lead to several complications
such as ectopic bone growth and
cancer resurgence.

Solution

Functionalizing polymeric scaffolds
with DNA origami-based encapsu-
lation of BMP2 will result in more
precise delivery of the growth
factor, while minimizing the detri-
mental effects.

To incorporate the DNA origami
into large volume tissue engineer-
ing scaffolds, the production of the
DNA origami needs to be scaled
up. Implementation of a micro-
fluidics approach to create an array
of bioreactors can effectively
assemble substantial quantities of
DNA origami bases required for
such an application.

The above is only one example
of the benefits of such technology
and can be tested in the short
term. In the long term, such growth
factors can be implemented for
the regeneration of virtually any
organ of the body. Revasculari-
zation of tissue engineering con-
structs can also be achieved by
targeted delivery of growth factors
such as VEGF, EPHB etc. near the
scaffold implantation site.
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ncnsions

FEEDBACK: HOW MAY THE
WORKSHOP BE IMPROVED?

Most of the participants found the
group discussions in this workshop
to be intensive and fruitful, espe-
cially due to the diverse and inter-
disciplinary backgrounds of the
group. The input of the invited
experts was unanimously praised.
For a follow-up workshop, it
was suggested to give more time
for the development of new nano-
technological approaches. Web-
based communication was pro-
posed to facilitate preparation of
the workshop beforehand, e.g.,
by creating research profiles of
all participants, allowing for net-
working and the formation of
teams with complementary exper-
tise. Also, the identification of
challenges could be prepared
before the workshop, thus saving
time for in-depth examination
of new research approaches.
Web-based communication could
also be used for exchange of ideas
and information after the work-

Participants of the Global Challenges Workshop 2013.
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shop and to facilitate new collabo-
rations. The organizers and partici-
pants agreed that rapidly obtaining
answers to the questions raised
by the discussion groups, espe-
cially by faster internet access,
would tremendously improve the
quality of the analysis.

CONCLUDING REMARKS

The intention of this meeting was
to bring together young nano-
scientists with diverse scientific
and cultural backgrounds to form
an interdisciplinary network and
to develop new (technology and
engineering) strategies towards
targeting global challenges. Of
course, the list of challenges and
their solutions discussed during
the meeting is not exhaustive, but
rather a snapshot of the current
view through the eyes of our next
generation of scientists, since the
time allocated was much too short
for a profound analysis. The dis-
cussions in this multicultural group

£

acted as an eye opener for every-
one and increased the young
scientists’ awareness of global
problems and their potential con-
tribution to the solution of these
problems. The organizers are
confident that some of the proj-
ects developed during the work-
shop will be the seeds for new
research ideas and for the forma-
tion of a vibrant network amongst
talented young minds from all over
the world. This report will be made
available to the global decision
makers with the intent of inform-
ing them on the young scientists’
view of the situation and their
potential solutions.

Venice International University, San Servolo.
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GLOSSARY

Antimicrobial peptides Peptides
of 12-50 amino acids, found among
all classes of life with potent, broad
spectrum antibiotic effects.

Aptamers Oligonucleic acids
or peptide molecules that bind to
a specific target molecule.

Aquaporins Proteins that form
pores in the membrane of bio-
logical cells.

Bioavailability Fraction of an
administered dose of unchanged
drug that reaches the systemic
circulation.

Bioclearance Rate at which a sub-
stance is removed from the blood.

Biocompatibility Ability of a
material to perform with an appro-
priate host response in a specific
situation.

BioFET (field-effect-transistor)
A complex multi-scale system
where a semiconductor device
is coupled to a bio-sensitive
layer that detects bio-molecules
in a liquid.

Biomarkers Indicators of normal
biological processes, pathogenic
processes, or pharmacologic
responses to a therapeutic inter-
vention.

Bioremediation Use of micro-
organisms to remove pollutants.

Biosensor Analytical device that
combines a biological component
with a physicochemical detector
to detect an analyte.

28

Block copolymer Polymer made
up of blocks of different poly-
merized monomers.

BSA (Bovine Serum Albumine)
Serum albumin protein derived
from cows.

Canary organism Organism
which responds to toxic sub-
stances at much lower concentra-
tions than humans can detect.

Capacitor (also known as a con-
denser) Passive two-terminal
electrical component used to store
energy electrostatically in an elec-
tric field.

Carbon nanotubes Cylindrical
carbon molecules with unusual
properties, diameter close to 1 nm.

Chitosan Linear polysaccharide,
made by treating shrimp and other
crustacean shells with sodium
hydroxide.

Chromatography Collective term
for a set of laboratory techniques
for the separation of mixtures.

CMOS Complementary metal—
oxide—semiconductor, a technol-
ogy for constructing integrated
circuits.

Composite material Materials
made from two or more constitu-
ent materials with significantly
different physical or chemical
properties, that when combined,
produce a material with character-
istics different from the individual
components.

Conformational disease Disease
caused by adoption of non-native
protein conformations that lead to
aggregation.

DNA origami Nanoscale folding
of DNA to create arbitrary two
and three dimensional shapes at
the nanoscale.

Dye-sensitized solar cells (DSSC)
Low-cost solar cell belonging
to the group of thin film solar cells.

Ectopic bone Bone which devel-
ops in abnormal sites.

Electrospinning Method which
uses an electrical charge to draw
very fine (typically on the micro
or nano scale) fibres from a liquid.

Epigenome Chemical modifica-
tions to DNA and histone proteins
form a complex regulatory net-
work that modulates chromatin
structure and genome function.
The epigenome refers to the com-
plete description of these poten-
tially heritable changes across the
genome.’

Exposure limits a legal limit
for exposure of an employee at
a workplace to a chemical sub-
stance or physical agent.

Extremophil Organism that

thrives in physically or geochemi-
cally extreme conditions that are
detrimental to most life on Earth.

FDA U.S. Food and Drug
Administration.

FRET Forster Resonance Energy
Transfer, a mechanism describing
energy transfer between two
chromophores (part of a molecule
responsible for its color).

Genetic engineering Direct
manipulation of an organism’s
genome using biotechnology.



Gravimetric sensor Sensor
based on measurement of the
strength of a gravitational field.

Heat capacity Measurable physi-
cal quantity that specifies the
amount of heat required to change
the temperature of an object or
body by a given amount.

Hydrogel Network of polymer
chains that are hydrophilic, some-
times found as a colloidal gel

in which water is the dispersion
medium. Hydrogels are highly
absorbent (they can contain over
99.9% water) natural or synthetic
polymers.

Impedance Measure of the
opposition that a circuit presents
to the passage of a current when
a voltage is applied.

Imprinting (molecular)
Technique to create template-
shaped cavities in polymer matri-
ces with memory of the template
molecules to be used in molecular
recognition.

lon channel Pore-forming mem-
brane proteins present in the
membranes of all cells, whose
functions include establishing

a resting membrane potential,
shaping action potentials and other
electrical signals by gating the
flow of ions across the cell mem-
brane, controlling the flow of ions
across secretory and epithelial
cells, and regulating cell volume.

Ligand Substance (usually a small
molecule) that forms a complex
with a biomolecule to serve a
biological purpose. In a narrower
sense, it is a signal triggering
molecule, binding to a site on a
target protein.

Lignocellulose Plant dry matter
(biomass), composed of carbo-
hydrate polymers (cellulose,
hemicellulose), and an aromatic
polymer (lignin).

Liposome Artificially-prepared

vesicle composed of a lipid bilayer.

MEMS transducers Micro-
electromechanical systems-based
device that converts a signal

in one form of energy to another
form of energy.

Microfabrication Process of
fabrication of miniature structures
of micrometre scales and smaller.

Microfluidics Deals with the
behavior, precise control and
manipulation of fluids that are
geometrically constrained to a
small, typically sub-millimeter,
scale. Typically fluids are moved,
mixed, separated or otherwise
processed.

Nanobiotics Nanoparticles with
antibiotic properties.

Nanocarriers Nanomaterial being
used as a transport module for

another substance, such as a drug.

Nano-encapsulation Coating
of substances within another

material at sizes on the nano scale.

Nanofabrication Fabrication
of structures with dimensions
measured in nanometers.

Nanoparticle A small object
that behaves as a whole unit with
respect to its transport and
properties, sized between 1 and
100 nanometers.

Nanopharmaceuticals Nanosized
drug delivery systems that can be

used to create a new combination
drug.

Nanoporous materials Consist
of a regular organic or inorganic
framework supporting a regular,
porous structure. The size of the
pores is generally 100 nanometers
or smaller.

PCR Polymerase chain reaction,
a biochemical technology in
molecular biology to amplify a
single or a few copies of a piece
of DNA across several orders of
magnitude, generating thousands
to millions of copies of a particular
DNA sequence.

Peptide nucleic acids (PNA)
Artificially synthesized polymer
similar to DNA or RNA, used in
molecular biology procedures,
diagnostic assays and antisense
therapies.

PE Polyethylene, a plastic polymer.

Personalized medicine Medical
model that proposes the customi-
zation of healthcare — with medical
decisions, practices, and/or prod-
ucts being tailored to the individual
patient.

PHA Polyhydroxyalkanoates, linear
polyesters produced in nature by
bacterial fermentation of sugar or
lipids.
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Phage Virus that infects and
replicates within bacteria.

Phase transition The transforma-
tion of a thermodynamic system
from one phase or state of matter
to another, most commonly used to
describe transitions between solid,
liguid and gaseous states of matter.

Piezo-resistive effect Describes
change in the electrical resistivity
of a semiconductor when mechan-
ical stress is applied.

Plasmonic nanoparticles Part-
icles whose electron density
can couple with electromagnetic
radiation of wavelengths that are
far larger than the particle due
to the nature of the dielectric-
metal interface between the
medium and the particles.? They
exhibit interesting scattering,
absorbance, and coupling proper-
ties based on their geometries
and relative positions.

Point-of-care diagnostics
Medical testing at or near the site
of patient care.

Polymer vesicles Nano- to micro-
meter sized polymeric capsules
with a bilayered membrane.®

PP Polypropylene, a thermoplastic
polymer.

Process analytical technology
(PAT) Defined by the United
States Food and Drug Adminis-
tration (FDA) as a mechanism

to design, analyze, and control
pharmaceutical manufacturing
processes through the measure-
ment of Critical Process Para-
meters which affect Critical
Quiality Attributes.
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Protein engineering Process
of developing useful or valuable
proteins.

PVA Polyvinyl alcohol, a water-
soluble synthetic polymer.

PVC Polyvinyl chloride, a plastic
polymer.

Quantum dot Semiconductor
whose excitons are confined

in all three spatial dimensions.
The electronic properties of these
materials are intermediate be-
tween those of bulk semiconduc-
tors and of discrete molecules.

Solar Cell also called a photo-
voltaic cell, an electrical device
that converts the energy of
light directly into electricity by
the photovoltaic effect.

Stem cell therapy Intervention
strategy that introduces new adult
stem cells into damaged tissue

in order to treat disease or injury.

Supercapacitors Family of
electrochemical capacitors which
don’t have a conventional solid
dielectric, bridging the gap be-
tween conventional capacitors
and rechargeable batteries. They
have the highest available capaci-
tance values per unit volume

and the greatest energy density
of all capacitors.

Surface Acoustic Wave (SAW)
Acoustic wave traveling along

the surface of a material exhibiting
elasticity.

Surface plasmon resonance
Collective oscillation of electrons
in a solid or liquid stimulated by
incident light.

Synthetic biology Design and
construction of biological devices
and systems for useful purposes.

Thin film A layer of material
ranging from fractions of a nano-
meter (monolayer) to several
micrometers in thickness.

Transmembrane protein Protein
that goes from one side of a
membrane through to the other
side of the membrane.

XNA Xeno nucleic acid, a syn-
thetic alternative to the natural
nucleic acids DNA and RNA as
information-storing biopolymer.

Sources
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gold nanoparticles are more
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noble metal surface plasmon
resonance and its enhancement
of the radiative and nonradiative
properties of nanocrystals of
different shapes. Chem. Soc.
Rev. 35(3): 209-217 (2006).

3 René P. Brinkhuis, Floris P.J.T.
Rutjes and Jan C.M. van Hest:
Polymeric vesicles in biomedical
applications. Polym. Chem. 2:
1449-1462 (2011).
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