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Human hair 50,000 nm
Bucky ball T nm
Water molecule .2 nm
Violet light 400 nm
Cold virus 30 nm
Bacteria 1-10 um

Small protein 10 nm

The Scale of Things

Things Natural

Things Manmade

10°m 1 meter (m)
0.1m
10'm
100 mm

ATOMS

~2 nm wide

DNA helix

MOLECULES

ORGANELLES

10-30 micro 10 mig J
Cell body width  Arteriole lumen
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Capillaries Blood vessels
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Cell membrane

Progress in atomic-level understai§

Atoms of silicon
spacing ~tenths of nm
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http://www.nature.com/scitable/topicpage/what-is-a-cell-14023083

positioned one at a time with an STM tip
Corral diameter 14 nm

Chart from http://www.sc.doe.gov/production/bes/scale_of_things.html



NanoBiotechnology & Nanomedicine

ANATOMY OF A NANOPROBE
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o ~-WIDTH OF A HUMAN HAIR -
® ©® ©® ® ® @ ¢ -« . . Typlcal probe sizes

Up to 10 trllion nanorobots, each as small as 1/200th the
width of a human hair, might bes injected at once

Human hair width: 30 = 100 um = 150 — 500 nm




What is Nanotec

Nanotechnology is t

nnology ?

ne engineering of functional systems at the

molecular scale. In its original sense, 'nanotechnology’ refers to the

Semiconducting metal junction formed

orojected ability to construct items from the bottom up, using
techniques and tools being developed today to make complete,
nigh performance products

by two carbon nanotubes An engineered DNA strand



Nanotechnology

* Nanotechnology is the study of particles
1x10-2 of a meter in size.

» Over the past decade the field has gained tremendous ground,
iIncluding nanomedicine.

« Nanomedicine is the application of nanotechnology to do
everything from precise delivery of drugs to cell repair.



Definition of Nanomedicine

« Nanomedicine is defined as the monitoring, repair, cons
truction and control of human biological systems at the
molecular level, using engineered nanodevices and nan

ostructures.

» The detection and controlled manipulation of human bi
ological system at the molecular level via engineered na
nodevices and/or nanostructures.

“An Engineered Nanodevice”




Nanotechnology Nanomedicine




Nanomedicines for diagnosis and therapy

A GRAND PLAN FOR MEDICINE

he National Nanotechnol- © GOAL: New Ways to Treat Disease
ogy Initiative includes 3=

among its goals, or “grand '
challenges,” a host of -
futuristic improvements in

the detection, diagnosis

and treatment of disease.
Some are depicted here. The
goals, many of which are far
from beingrealized, also
feature new aids for vision
and hearing, rapid tests

for detecting dise ase
susceptibility and responses
to drugs, and tiny devices
able to find problems—such
asincipient tumors,
infections or heart problems—
and to relay the information
to an extem al receiver or fix
them on the spet.

Nanoparticles would deliver treatments to
specifically targeted sites, including places that
standard drugs do netreach easily. For example,
gold nanoshells [ spheres) that were targeted to
tumers might, when hit by infrared light, heatup
enoughtoe destroy the growths

—© GOAL: Superlor Implants

© GOAL: Improved Imaging
Improved or new contrast agents
would detect problems at earlier,
more treatable stages. They might,
for instance, reveal tumors [red)

Nanemeter-scale modifications of implant surfaces
only a few cells insize.

would improve implant durability and biocompat-
ibility. For instance, an artificial hip coated with
nanoparticles might bond to the surrounding bone
more tightly than usual, thus avoiding loosening.




The Properties of Medical Nanodevices

-Shape and size
- Biocompatibility
- Powering
-Communication
-Navigation




Potential applications of Nanomedicine

drug delivery

implant materials

improved 1maging

artificial tissues

DNA analyses

improving brains

nanobarcode®
technique

cleaning teeth, lungs
and arteries



Drug Delivery

* Drugs normally injected can be injested.

* The rate at which the drug stays in the body
can be manipulated. ord| st (Pharmacokinetics,
PK-2f=3Sf, Phamacodynamics, PD-2F =S}

e Provides for lower doses needed.




Drug Delivery

Nanoparticles may deliver drugs in sophisticated ways,
like target-specific and trigger-based drug dose. Target
specific delivery may enable the use of lower doses,
because the whole body will not be saturated with the
drug. Side effects may be minimized, and it may be
possible to use stronger drugs, which can not be used by
conventional drug delivery.

The use of particles in cancer healing is an example of
target-specific action. Gold plated spheres will be linked
to tumor cells. The nanoshells will be heated from the
outside with an infrared source. Heating the shells will
destroy the cancerous cells, leaving the surrounding
tissue unharmed. (maybe???)

R,
e T,




Methods of Drug Delivery
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Improved Imaging and Diagnostics

MAGNETIC
NANOPA.RTIC LES

DIRECTION OF
msnemmou\

Improved imaging with better contrast agents may
help to diagnose diseases more sensitively. The
method may enable the detection of very small
tumors and other organisms which cause disease.



Multimodal Tumor imaging
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(A) Schematic illustration of the multi-funtional HSA-IONPs. (B) Representative /n vivo NIRF images of mouse injected with HSA-IONPs. Images
were acquired 1 h, 4 h and 18 h post injection. (C) /n vivo PET imaging results of mouse injected with HSA-IONPs. Images were acquired 1 h, 4
h and 18 h post injection. (D) MRI images acquired before and 18 h post injection.

Biomaterials, Xie et al.,, 2010.



Tooth Cleaning Robots

Copyright 2001 American Dental Association

Teeth cleaning robots collect harmful bacteria from
the mouth. (The robots are magnified x1000)



Lung Cleaning Robots

Similar cleaning robots can be used in lungs. We have natural
macrophages in alveoli, but they are not able to metabolize
foreign particles like fibers of asbestos and toxic effects of
smokina from the lunas.



Artery Cleaning Robots
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Extra fat can be removed from the arteries with cleaning robots.
Mobile nanorobotic janitors (green) patrol the lungs, collecting
inhaled debris and transporting it to recycling stations (blue-gray).



Improving the memory

A nanostructured data storage system may store a
nanocomputer and an amount of information equivalent
to an entire library. The spheres are in contact with

the brain cells



Practical Application of Nanomedicine

Imaging and identification

Delivering medication to the exact location.
Killing of bacteria, viruses & cancer cells
Repair of damaged tissues.




Improved Imaging of Tumors

* Nanoparticles made of a metal such as
magnesium oxide.

 Coated with antibodies found specifically in
cancer cells.

* Nanoparticles localize around cancer.

* MRI done would should a more detailed image
of where the cancer is.



Imaging

Molecular imaging & therapy




Advantages of nanomedicine

Drug delivery to the exact location.

Lesser side effects.

Molecular targeting by nano engineered devices

Detection is relatively easy.

No surgery required.

Diseases can be easily cured.



Disadvantages

* Nearly not practical yet.
* High cost.
 Implementation difficulties.



Nanodreams

1. Nanomedicine will (hopefully) eliminate virtually all
common diseases, all medical pain and suffering =>
theoretically eternal life.

2. Extension of human capabilities.

3. New era of peace. People who
are well-fed, well-clothed,
well-educated, healthy and
happy  will have little
motivation to make war.

4. Pollution-free industry will
guarantee the well-being of |
nature.




Nanohorrors

1. Self replicating nanorobots could become massive
chemical and biological weapons.

2. Changes to human properties, such as brains,
respiration, muscles and DNA will be uncontrolled and
may threat the existence of human being.




Summary

« Although realization of the full potential of nanomedicine may b
e years or decades away, recent advances in nanotechnology-rela
ted drug delivery, diagnosis, and drug development are beginnin
g to change the landscape medicine.

« Nano therapies could, in the long term, be much more economic
al, effective and safe and could greatly reduce the cost of current
medical procedures.



Types of nanomedicines
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Schematic representation of typical nano cores for the construction of radiolabeled nanoparticles

Inorganic NPs Au "

<4

Gold NPs Qdots  Superparamagnetic Paramagnetic
Iron Oxide NPs  Lanthanide lons

v

Y Ba
Organic NPs yL*
TLw

Dendrimers Micelles Liposomes Ferritin

Theranostics 2014, 4, 290



Liposomes
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Importance of nanomedicine for cancer treatments

In blood

O (proteins, cells, salts, etc.) 0

Reticuloendothelial System | within several minutes
(RES) |

Clearance by natural protection system
(ex. phagocytosis by macrophages)

: Particle Size (um) Fate :
lL o _<_0 26 _______ Ii\-/e:/s_ev_elfl_pzirtf 3f _bo_dy_:
0.06-0.4 liver
0.4-8.0 liver
>8.0 lung

RES: An older term for the mononuclear phagocyte system

- A part of the immune system that consists of the phagocytic cells located in reticular connective tissue.
- The cells are primarily monocytes and macrophages, and they accumulate in lymph nodes and the spleen.



Video of Magnetic Separation of Magneto-Fluorescent
Supernanoparticles (video from Bawendi Group, MIT)

Magneto-fluorescent core-shell supernanoparticles (red emission)
can be separated from non-magnetic silica-coated quantum dots
(green emission) using a magnetic column.



Polymeric micelles

Self-Assembly of Amphiphilic Block Copolymers

into Polymeric Micelles

hydrophilic hydrophobic
block block

U | (J

micelle
single polymer chain formation core-shell

outer shell inner core

type micelle



Other types of polymeric micelles

Polymer-metal complex micelles

(C) polymer-complexed CDDP (cisplatin)
~/
) \D (ooé coQ
Vi ‘778 |~
E;'I, nHY Yooc He 2"
~ /
3 28nm e
Polyion complex micelles
Acid- :
labile Paolycation

N

Electrostatic
interaction

Lactose =
moiety cal00nm

Lac-PEG-b-siRNA conjugate PIC micelle




Dendrimers

Dendritic nanostructure e
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Advantages of Dendrimers

-Well-controllable architectural design

->Size, Shape, length/density, Functionality

-Incorporation of Bioactive agents
->Chemically attached, Physically adsorbed

i
g Excess

-Delivery of Anti-cancer drugs ,_;.',:'f-.f";_,.'u.‘f::. MPEG N v
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->Slower release >4 X
->High accumulation in solid tumor '
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Hydrogels Nanoparticles

© Nanoscale hydrophilic polymer networks
© Encapsulation of hydrophilic drugs (protein, DNA etc.)

@ Diverse biomedical applications, including drug delivery,
gene delivery, and molecular imaging



Vasculogenesis and Angiogenesis
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A, Vasculogenesis

B. Angiogenesis
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C. Vasculogenesis and anglogenesis



Angiogenesis in cancer

Extracellular matrix
MMP(2,9, 12)

V&

L)
Angiogené

Blood vessel




Enhanced Permeability and Retention Effect

« Macromolecules passively
accumulate in solid tumor more

TUMOR TISSUE than the low molecular weight
n ; anticancer agents do.
Tumor Mlood Supply
“> « Unique biological properties of
o sising . tumor
\ m\ - High level angiogenesis /
o
| hypervasculature
(:/// - Defective vascular architecture

- Deficient lymphatic drainage from
tumor tissue



Leaky blood vessels in tumors
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Hashizume et. al., American Journal of Pathology, 156(4), 1365-1380 (2000)



Passive tumor targeting by EPR effect

Accumulation of Evans blue-albumin complex in tumor tissue and normal

skin in tumor-bearing mice. Tumor S-180 was injected into the skin.



Tumor targeting in nanomedicine
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Environmentally Sensitive Probes

Active Targeting Probes

Low local pH,
Proteases .

receptor
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Synthesis and fabrication of inorganic nanomaterials



Growth of colloidal nanocrystals by reduction
in the presence of surfactants

Example: Gold nanocrystals

General Strategy \.\
» Metal precursor solution -J\\ )("'"f
» Reducing Agent
» Capping (stabilizing agent)

X
» Solvent (heated) I.r g y\::“\

tetrachloroauric acid (HAuCI4)
boil with

Trisodium citrate

Frens, G.. Controlled nucleation for the regulation of the particle size in monodisperse gold suspensions, Nature (1973),
241(1098), 20-2. J. Turkevich, et. al. Coagulation of Colloidal Gold. Discussions Faraday Soc. No. 11, 58 (1951).



Molecular surfactant template growth of nanoparticles

Unimers ‘Normal mmelles

spherical

371__’%_’

".s

Inverted hexagonal phase
Reverse micelles

Bilayer lamella
i g: 4 nm




Different solute interaction possibilities can occur

Non-polar compound —

Polar compound

Amphiphilic
compound




Synthesis of nanoparticles using reverse micelles

o Ov’}\/\/
20/\;\/\
o]
AOT: Sodium

bis (2-ethylhexyl)suflosuccinate)

O,
"Na'O-$
0

Radius of micelle (nm) = 0.15 [water] / [AOT]

|

Molar ratio




Nanoparticles stabilization against aggregation

Electrostatic
(adsorption of ions)

Coat particles with
Organic molecules / polymers

Capping (stabilizing agent)
e.g. Trioctylphosphine oxide (TOPO)
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The diameter of gold nanoparticles determines the wavelengths of light
absorbed. The colors in this diagram illustrate this effect.



Quantum dots (QDs)

Fluorescence induced by exposure to ultraviolet light in vials containing various
sized Cadmium selenide (CdSe) quantum dots.

A quantum dot is a semiconductor nanostructure that confines the motion of
conduction band electrons, valence band holes, or excitons (pairs of conduction
band electrons and valence band holes) in all three spatial directions.



Video of Nanocrystal Synthesis (video from Bawendi group at MIT)

Synthesis of CdSe nanocrystals by injection of cadmium and selenium precursors into a high boiling point
coordinating solvent at 360 degrees C. Intense color results from the quantum confinement effect on the electron
as a result of the nanocrystal size being less than the Bohr radius of the exciton. Thus, larger particle size results
in a red-shift in the emission. A size series was generated by allowing the crystals to grow at 280 degrees C. Over
a period of 2 minutes, the fluorescence spectrum from 515 nm to 635 nm was covered.



ST 1]

Different sized quantum dot nanoparticles are shown above, first in ultraviolet
light and then in ambient light. The length of the synthesis reaction determines
particle size for CdSe, increasing from left to right. In colloidal suspension, this
semiconductor behaves in the same way as a metal.



A. Kinetic control: High energy facets
grow faster than low energy facets
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B. Kinetic shape control through
selective adhesion

C. Intermediate energy facet eliminates
high energy facet.

D. Controlled branching of nanocrystals

Y. Yin and A. P. Alivisatos, Nature, (2005) 664-670



Fullerene: A form of carbon

A fullerene is a molecule of carbone in the form of a hollow sphere, ellipsoid, tube, and many other shapes.
Spherical fullerenes are also called Buckminsterfullerenes (buckyballs)

(metastable) Graphite (stable) o o\
& d UCKy ba Nanotube = rolled sheet
amon (metastable) of graphite
|‘~,~ @
|
P28
g:ﬁ,g Hiilf. 2
th ’_.rf Y
A
# -

Smalley & Kroto, 1997 Nobel

Helical Microtubules of graphitic Carbon, ljima, S, Nature, 354 (6348): 56-58 NOV 7 1991
Cited: =4000 times



Different types of nanotubes

Up to cm long

SWNT
(single
Wall nanotube)
Diameter ~ 1.4 nm

MWNT
(multiwall)
Diameter 10-20 nm

Must read Paper:
lijima, Sumic. Carbon nanotubes: past, present, and future. Physica B: Condensed Matter (2002), 323, 1-5.



Common methods to characterize
biomaterials surfaces




Other techniques for surfaces




Contact angle methods

8 > 90

B <90

tangent

tangent

solid

Add and remove volume method

B A

advancing angle

advancing and receding contact angles =
captured by tilting base method receding angle

ramé-hart instrument co.

ramé-hart instrument co.



Electron spectroscopy for chemical
analysis (ESCA)

ESCA (also known as X-ray photoelectron spectroscopy, XPS) is based on the
photoelectron effect. A high energy X-ray photon can ionize an atom,
producing an ejected free electron with kinetic energy KE:

KE = hv-BE

hv =photon energy (e.g., for Al Kalpha, hv = 1486.6 eV)
BE=energy necessary to remove a specific electron from an atom. BE
orbital energy

Depth profiles: 0.5-10 nm, AES. 0.5-5 nm, Secondary lon Mass Spectroscopy (SIMS): 0.1-1 nm



AES, XPS, TOF-SIMS

AES XPS TOF-SIMS
Probe beam Electrons Photons Ions
Analysis beam Electrons Electrons Ions
Sampling Depth 5-50 A 5-50 A 1-10 A
Detection Limits 1x1073 1x 10+ 1x10°

(e-beam damage of organics
a major problem)

Information Elemental, SEM Elemental, Chemical | Elemental, Chemical,
Molecular

Spatial Resolution ~100 A° ~10 um ~1000 A°

Restriction Inorganics Few Quantification
Standards

Required




Atomic Force Microscopes
(AFM)

The Atomic Force Microscope was
developed to overcome a basic
drawback with STM - that it can
only image conducting or
semiconducting surfaces.

The AFM, however, has the
advantage of imaging almost any
type of surface, including
polymers, ceramics, composites,

An AFM scanning head : .
SRR glass, and biological samples.




Modes of operation

- Used for Contact Mode, Non-contact and TappingMode AFM
-Laser light from a solid state diode is reflected off the back
of the cantilever and collected by a position sensitive detector
(PSD). This consists of two closely spaced photodiodes. The
output is then collected by a differential amplifier

- Angular displacement of the canftilever results in one
photodiode collecting more light than the other. The resulting
output signal is proportional to the deflection of the cantilever.
- Detects cantilever deflection <1A

Solid State
Laser Diode

Cantilever and Tip




Unsolved iIssues

Long-term toxicity

Success in human tri
als



Challenges

« Multiple modality and functional nanoparticles

* Fight against the tendency of nanoparticles to be
adsorbed by reticuloendothelial system

 Avoid aggregation of nanoparticles for in vivo
viability

 Improve retention times of the nanoparticles
inside the body to allow the therapeutic effect

» Substitute potentially toxic elements



Challenges

« Compromise between coating and hydrodynamic
radius

* Eliminate the inflammatory and immune response
triggered by some polymer coatings

 Avoid undesired degradation exposing toxic
elements (QD) or untimely delivering cargo

* Increase contrast for human medical imaging
(tissues are naturally fluorescent)



