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Gene Therapy

» Gene therapy is a technique for correcting defective genes responsible
for disease development. Researchers may use one of several
approaches for correcting faulty genes:

— A normal gene may be inserted into a nonspecific location within the
genome to replace a nonfunctional gene. This approach is most
common.

— An abnormal gene could be swapped for a normal gene through
homologous recombination.

— The abnormal gene could be repaired through selective reverse
mutation, which returns the gene to its normal function.

— The regulation (the degree to which a gene is turned on or off) of a
particular gene could be altered.



How Gene Therapy Works?

In most gene therapy studies, a "normal” gene is inserted into the
genome to replace an "abnormal,” disease-causing gene. A carrier
molecule called a vector must be used to deliver the therapeutic
gene to the patient's target cells. Currently, the most common vector
IS a virus that has been genetically altered to carry normal human
DNA. Viruses have evolved a way of encapsulating and delivering
their genes to human cells in a pathogenic manner. Scientists have
tried to take advantage of this capability and manipulate the virus
genome to remove disease-causing genes and insert therapeutic
genes.

Target cells such as the patient's liver or lung cells are infected with
the viral vector. The vector then unloads its genetic material
containing the therapeutic human gene into the target cell. The
generation of a functional protein product from the therapeutic gene
restores the target cell to a normal state.



Gene Delivery

* Transfection- the delivery of foreign molecules
such as DNA and RNA into eukaryotic cells

* Naked DNA is not suitable for in-vivo transport of
genetic materials-> degradation by serum

nucleases

 |deal gene delivery system
— Biocompatible
— Non-immunogenic
— Stable in blood stream
— Protect DNA during transport
— Small enough to extravagate
— Cell and tissue specific
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Endocytosis

Phagocytosis is the process by which cells ingest large
objects, such as cells which have undergone apoptosis,
bacteria, or viruses. The membrane folds around the
object, and the object is sealed off into a large vacuole
known as a phagosome.

Pinocytosis is a synonym for endocytosis. This
process is concerned with the uptake of solutes and
single molecules such as proteins.

Receptor-mediated endocytosis is a more specific
active event where the cytoplasm membrane folds
iInward to form coated pits. These inward budding

vesicles bud to form cytoplasmic vesicles.

http://highered.mcgraw-hill.com/olc/dl/120068/bio02.swf



Clathrin-mediated
endocytosis (actin patch)

Formation of Clathrin-Coated Vesicles
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Endocytic pathway iIn mammalian cells

Pinocytosis
Phagocytosis Macropinocytosis
(particle-dependent) (=1um)
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Fgure 1 Multiple portals of entry into the mammalian cell. The endocytic pathways differ with regard to the size of the endocytic vesicle, the nature of the cargo (ligands, receplors
and lipids) and the mechanism of vesicle formation.

NATURE | VOL 422 |6 MARCH 2003 | www.nature.com/nature © 2003 Nature Publishing Group ar



Barrier to non-viral gene delivery

Mon-viral vector with therapeutic DNA Direct Entry
@ e (Transduction)

Figure 1 Barriers to non-viral gene delivery

Representation of the roate travelled by a non-viral gene-delivery vector carmying therapedtic DNA to the nucleus. A non-viral vector, kemed by interaction of the DNA with a carrier compound, mus!
crass the plasma membrane 1o anter the call. This can be via several routes, including endocytosis-based entry (1a), direct physical entry routes, such as electroporation or ballistic delivery (1),
or direct entry via protean transduction (1c). Depending on the mode of cellubar entry, the vechor may become encapsulated in an endosome (2), om which it must escape (33) or it will become
degraded when the endosome hises with a lysosome (3. The ONA will &l some point be subjected 1o degradation by cylosolic nucleasss (4), &5 it traversas through the cytoplasm to mach the
nuclans. Finally, the vector must undengo nuckear transport (5) through NPCs embedded in the NE in ordes 1o gain acoess 10 the nuclaoplzsm. Once in the nucleus, the DMA may (62) or may not (6b)
meed to be uncoated, depsnding upon the vedor used, before it can ullimately be transcribed (7).

Biochem. J. (2007) 406, 185-202 (Printed in Great Britain)  doi:10.1042/BJ20070505



NLS-mediated nuclear import
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Figure 2 NLS-mediated nuclear import pathways

In classical nuclar import, the NLS found in cargo bound for the nucleus is recognized by the Imp e subunit of the Imp o/ 2 heterodimer (1), Howeer, thede are also many examples where Imp g of
ane of its many hamologues can mediate nuclear import of cargo proteins independsntly of Imp o (2). In bothcases, transient inferactions between the Imp & and the nucleoporin prokins that line the
NE-embedded NPCs mediate translocation into the nucleus, Once inside, RanGTP binds o Imp 4 (3), réleasing Imp o and the cargo into the nuclesplasm (4a and 4b). RanGTP itself is then recycled
back to the cyloplasm (5), where it is convertad into its RanGOP state {not shown). An animated version of this Figure can be found at hitp:ffwww Biochemd ong/bi/406/0185/b 40601 85add him



Barriers to DNA Delivery

BOX1

A number of challenges and barriers face the
successful delivery of therapeutic DNA to target

cells in the body. Physicochemical, economic and
sterilization challenges complicate formulation; the
complex environment of the human body hinders

its successful transport to the target cell population;
and endocytic pathway barriers hinder its successtul
transport to the nucleus of the cell (the site of
action). Each known and major barrier is listed in
Fig. B1, using nanoscale DNA-delivery systems

as representative examples. Each barrier exists
independent of length scale. L = lysosome. A number
of clever systems have been devised to overcome
these barriers, the general design criteria of which are
given in Tables Bl and B2.

nature materials | VOL 5 | JUNE 2006 |

Formulation level

Orpanism level

Cellular level

~50 cm =10 um
Bamriers / challenges / needs
Formulation Organism Caliular
Economically viable Prolonged circulation time Transport to cell surface
FDA-approvable Stability in blood circulation Callular Intemalization
Acceptable shelf-lifa Access to target tissua/cells Intracellular transport
Elimination fram body Enzymatic degradation
Mininal toxicity Nuclear enfry

Figure B1 Barriers to DNA delivery.




Organism Level

Barrier/challenge/need Rationale Example approaches Materials design criteria
Prolonged circulation time Maximize total flux past target cell type PEG conjugates to minimize interaction Hydrophilic
with serum proteins
Uncharged

Stability within blood circulation Maintenance of designed functionality

Access to target tissue/cells Transport from capillary lumen to
extracellular space to reach target cell

surface

Elimination from body Minimal build-up of delivery vector over

time

Minimal toxicity and immunogenicity Safety over treatment duration and beyond

that required for FDA-approval

Crosslinking to maximize overall stability

Vaso-active protein conjugates (for
example, vascular endothelial growth
factor)

Targeting restricted to ‘leaky’ vessel
tissues (for example, tumour, liver, spleen).
Control over molecular weight

Engineered biodegradation sites

Minimize cation density

Avoid protein-based materials/conjugates

Stable crosslinks within bloodstream, but
reversible upon entry into target cell

Retention of protein activity post
conjugation

Small diameter delivery system (for
example, <100 nm)

Filterable through kidneys
Biodegradable

Non-cytotoxic

Non-immunogenic




Cellular Level

Barrier number {from Fg. B1) Basmier/challenge/need Example approaches Materials design criteria
1,2and 3 Transport to cell surface, Receptor/ligand interaction (for Cell-type specificity, low cross
association with cellmembrane,  example, antibody/polymer reactivity, if desired
intermalization conjugates, recombinant protein-
polymer fusions, carbohydrate Promiscuous attachment, high
conjugates) cross reactivity, if desired (for
example, positive 2eta potential,
Non-specific interaction with cell  lipid conjugafion)
surface {for example, positive
zeta potential, lipid conjugates) Endocytic pathway trigger (for
example, clathrin-dependent,
clathrin-independent, caveolin-
dependent)
4and5 Escape endosomal vesicle and Buffering capacity between Ability to disrupt endosomal
avoid fransport to lysosome pH~7.2and ~5.0 membrane and/or fusion of
endosome with lysosome
Fusogenic peptide conjugate
6 Transport through cytosol to ‘Higher’ molecular weight to Thermodynamic and kinetic
perinuclear space withminimal ~ maintain complex stability within  stability of complex within cytosol
degradation cytosol
Minimize DNA degradation within
cytosol
7 Separation of complex to allow Hydrolytically or reductively “Triggered’ degradation
nuclear translocation degradable polymers to reduce of polymer to reduce
molecular weight thermodynamic and kinetic
stability of complex. Release of
intact DNA at or near nuclear
envelope
8 Nuclear entry Nuclear localization sequence Facilitate nuclear uptake of DNA

conjugates

Mitosis

using virus-derived signals

Facilitate nuclear uptake during
mitosis when the nuclear
envelope is dissolved.




CANCER NANOTECHNOLOGY:
OPPORTUNITITES AND CHALLENGES
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Summary

* Nanotechnology concerns the study of devices that are themselves or have essential
components in the 1-1,000 nm dimensional range (that is, from a few atoms to
subcellular size).

* Two main subfields of nanotechnology are nanovectors — for the administration of
targeted therapeutic and imaging moieties — and the precise patterning of surfaces.

+ Nanotechnology is no stranger to oncology: liposomes are early examples of cancer
nanotherapeutics, and nanoscale-targeted magnetic resonance imaging contrast agents
illustrate the application of nanotechnology to diagnostics.

« Photolithography is a light-directed surface-patterning method, which is the
technological foundation of microarrays and the surface-enhanced laser
desorption/ionization time-of-flight approach to proteomics. Nanoscale resolution is
now possible with photolithography, and will give rise to instruments that can pack a
much greater density of information than current biochips.

* The ability of nanotechnology to yield advances in early detection, diagnostics,
prognostics and the selection of therapeutic strategies is predicated based on its ability
to ‘multiplex’ — that is, to detect a broad multiplicity of molecular signals and
biomarkers in real time. Prime examples of multiplexing detection nanotechnologies
are arrays of nanocantilevers, nanowires and nanotubes.

* Multifunctionality is the fundamental advantage of nanovectors for the cancer-specific
delivery of therapeutic and imaging agents. Primary functionalities include the
avoidance of biobarriers and biomarker-based targeting, and the reporting of
therapeutic efficacy.

* Thousands of nanovectors are currently under study. By systematically combining
them with preferred therapeutic and biological targeting moieties it might be possible
to obtain a very large number of novel, personalized therapeutic agents.

* Novel mathematical models are needed, in order to secure the full import of
nanotechnology into oncology.
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Figure 4 | Multicomponent targeting strategies. Nanoparticles extravasate into the tumour stroma through the fenestrations of the
angiogenic vasculature, demonstrating targeting by enhanced permeation and retention. The particles carry multiple antibodies, which
further target them to epitopes on cancer cells, and direct antitumour action. Nanoparticles are activated and release their cytotoxic
action when imadiated by external energy. Not shown: nanoparticles might preferentially adhere to cancer neovasculature and cause it
to collapse, providing anti-angiogenic therapy. The red blood cells are not shown to scale; the volume occupied by a red blood cell
would suffice to host 1-10 million nanoparticles of 10 nm diameter.
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e.g. actin nanovector selectively binds to the cancer neovascular
endothelium, releases a penetration enhancer, generates a
fenestration, and deploys through it a track of molecular
motor molecules such as actin. Therapeutic agents bound
to a conjugate molecule such as myosin are then released
by the nanovector, and travel along the ‘molecular track’ to
reach deeply into the cancer lesion, despite the opposing
oncotic osmotic pressure.
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Multi-Functional Nanomaterials

Molecular Imaging Cancer Therapy Drug delivery
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Figure 1 | Multifunctional nanoparticle. The following are
ilustrated: the ability to carry one or more therapeutic
agents; biomolecular targeting through one or more
conjugated antibodies or other recognition agents; imaging
signal amplification, by way of co-encapsulated contrast
agents; and biobarrier avoidance, exemplified by an
endothelial tight-junction opening permeation enhancer, and
by polyethylene glycol (PEG) for the avoidance of
macrophage uptake by macrophages.
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Polymer conjugates as anticancer
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At a glance

¢ Water-soluble polymers conjugated to proteins and anticancer drugs are in routine clinical use and clinical
development as both single agents and components of combination therapy. This is establishing polymer
therapeutics as one of the first classes of anticancer nanomedicine. There is growing optimism about the use of ever
more sophisticated polymer-based vectors for cancer therapy.

* The covalent conjugation of synthetic polymers, particularly poly(ethyleneglycol) (PEG), to protein drugs increases
their plasma residence, reduces protein immunogenicity and can increase their therapeutic index. Several PEGylated
enzymes (such as L-asparaginase) and cytokines (including interferon-ot and granulocyte colony-stimulating factor)
have now entered routine clinical use.

* Polymer conjugation alters the biodistribution of low-molecular-weight drugs, enabling tumour-specific targeting
with reduced access to sites of toxicity. More than ten polymer-anti-tumour conjugates have been transferred into
clinical development. They have been designed for lysosomotropic delivery following passive tumour targeting by the
enhanced permeability and retention effect (EPR effect) or, in one case, for receptor-mediated targeting by the
introduction of a cell-specific ligand. Polyglutamic acid-paclitaxel is showing particular promise in phase lll trials in
women with non-small-cell lung cancer.

* New strategies are making polymer conjugates active against new molecular targets (for example, anti-angiogenics),
and the combination of polymer conjugates with low-molecular-weight drugs (which are routinely used in
chemotherapy), radiotherapy or tailor-made prodrugs is showing promise. Moreover, the polymer platform provides
an ideal opportunity to deliver a drug combination from a single carrier, and combined endocrine therapy and
chemotherapy is showing preclincal potential as a breast cancer therapy.

¢ The polymers that have been used clinically so far have a linear polymer architecture. The principles for the design of
polymer therapeutics are now being applied to new hyperbranched dendrimers and dendritic polymer architectures.
Before clinical evaluation it is essential to establish the safety of new polymers, particularly in respect of general
toxicity, immunogenicity and metabolic fate.



Box 1|Rationale for design of PEG-protein conjugates

Recombinant DNA and monoclonal antibody technology has created a growing

number of peptide, protein and antibody-based drugs. The conjugation of

poly(ethyleneglycol) (PEG) to proteins (PEGylation) is proving a useful tool to:

* Increase protein solubility and stability, and also to reduce protein
immunogenicity ***°,

* Prevent the rapid renal clearance of small proteins and receptor-mediated protein
uptake by cells of the reticuloendothelial (RES) system.

* Prolong plasma half-life — leading to the need for less frequent dosing, which is of
great patient benefit.

Although several water-soluble polymers have been successfully used for protein
conjugation, PEG is particularly attractive because:

* PEG is used as a pharmaceutical excipient and is known to be non-toxic and
non-immunogenic.

* PEG has a flexible, highly water-soluble chain that extends to give a hydrodynamic
radius some 5-10 times greater than that of a globular protein of equivalent
molecular weight. Its high degree of hydration means the polymer chain effectively
has a ‘water shell’, and this helps to mask the protein to which it is bound.

* PEG can be prepared with a single reactive group at one terminal end, and this
aids site-specific conjugation to a protein and avoids protein crosslinking during
conjugation.

Although first generation protein conjugates were synthesized using linear
monomethoxyPEGs (molecular weight (Mw) of ~5,000 g mol™), with many polymer
chains randomly attached to each protein molecule, various sophisticated conjugation
chemistries have now emerged that use linear or branched PEGs of Mw ~5,000-
40,000 g mol™. Several techniques, most recently including phage display, enable site-
specific peptide and protein modification. The specific linking chemistries and
synthetic strategies being used are described in more detail elsewhere®®*4445,



Box 2| Rationale for the design of polymer-drug conjugates

Ringsdorf's vision of the idealized polymer chemistry for drug conjugation® and
Trouet and De Duve’s realization that the endocytic pathway might be useful for
lysosomotropic drug delivery'** led to the concept of targetable anticancer polymer—
drug conjugates. Low-molecular-weight anticancer agents typically distribute
randomly throughout the body, and this often leads to side effects. The attachment of
drugs to polymeric carriers can:

* Limit cellular uptake to the endocytic route,

* Produce long-circulating conjugates. Most of the dose of low-molecular-weight
drug typically leaves the circulation within minutes, whereas a polymer conjugate
will ideally circulate for several hours to facilitate passive tumour targeting caused
by the leakiness of angiogenic tumour blood vessels by the enhanced permeability
and retention effect (EPR effect)”. Conjugates have also been synthesized to
contain targeting ligands (such as antibodies, peptides and sugars) with the aim of
further promoting increased (building on the EPR effect) tumour targeting by
receptor-mediated delivery™®,

Several features are needed for the effective design of polymer-drug conjugates:

* The polymer must be non-toxic and non-immunogenic. lt must also be suitable
for industrial-scale manufacture. Polymer molecular weight should be high
enough to ensure long circulation, but for non-biodegradable polymeric carriers
this molecular weight (Mw) must be less than 40,000 g mol™* to enable the renal
elimination of the carrier following drug delivery. Therefore, the optimum
(usually Mw 30,000-100,000 g mol™*) must be tailored to suit the particular
polymer being used.

* The poymer must be able to carry an adequate drug payload in relation to its potency.

* The polymer—drug linker must be stable during transport to the tumour, but able to
release the drug at an optimum rate on arrival within tumour cells,

= [f the drug exerts its effects through an intracellular pharmacological receptor,
access to the correct intracellular compartment is essential. Peptidyl and ester
polymer—drug linkers have been widely used. In particular, peptide sequences
designed for cleavage by the lysosomal thiol-dependent protease cathepsin B*-%,
but pH-sensitive cis-aconityl. hydrazone and acetal linkages have also been used*¥.
They are hydrolysed within endosomal and lysosomal vesicles because of the local
acidic pH (6.5-4.0). The ideal rate of release will vary according to the mechanism of
action of the drug being delivered. Typically, conjugates containing doxorubicin
linked by Gly-FPhe-Leu-Gly release the drug payload over 24-48 h.

= The intracellular delivery and transfer of a drug out of the endosomal or lysosomal
compartment is in many cases not only essential for therapeutic activity', italso
provides the opportunity to bypass mechanisms of drug resistance that are reliant
on membrane efflux pumps such as p-glycoprotein®™. The limitation of polymer Mw
to <100,000 g mol™ ensures that the conjugate will be small enough to extravasate
easily into the tumour, and will enable endocytic internalization by all types of
tumour cell.
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b Targeted conjugate € Polymeric combination therapy
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Figure 1| Polymer-anticancer drug conjugates. Each panel shows both the detailed chemical structure and a cartoon
of the general structure. The polymer backbone is shown in black, linker region in green, drug in red and additional
components (for example, a targeting residue) in blue. a | Two examples of more ‘simple’ polymer—drug conjugates
containing doxorubicin (left) and paclitaxel (right) that have progressed to clinical trial. b| A multivalent receptor-
targeted conjugate containing galactosamine (light blue) to promote liver targeting. ¢ | Polymer combination therapy
containing the aromatase inhibitor aminogluthethimide (red) and doxorubicin (blue).
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Figure 2 | Current understanding of the mechanism of action of polymer-drug conjugates. A | Hydrophilic polymer—
drug conjugates administered intravenously can be designed to remain in the circulation —their clearance rate depends
on conjugate molecular weight, which governs the rate of renal elimination. a | Drug that is covalently bound by a linker
that is stable in the circulation is largely prevented fom accessing normal tissues (including sites of potential toxicity), and
biodistributionis initially limited to the blood pool. b | The blood concentration of drug conjugate drives tumour
targeting due to the increased permeability of angiogenic tumour vasculature (compared with normal vessels), providing
the opportunity for passive targeting due to the enhanced permeability and retention effect (EPR effect). ¢ | Through the
incorporation of cell-specific recognition ligands it is possible to bring about the added benefit of receptor-mediated
targeting of tumour cells. d | It has also been suggested that circulating low levels of conjugate (slow drug release) might
additonally lead to immunostimulation. e | If the polymer—drug linker is stable in the circulation, for example, N-(2-hydrox
ypropyl)methacrylamide (HPMA) copolymer—Gly-Phe-Leu-Gly-doxorubicin, the relatively high level of renal elimination
(whole bodyt, , clearance >50% in 24 h) compared with free drug (t, , clearance ~50% in 4 days) can increase the
elimination rate. B| On arrival in the tumour interstitium, polymer-conjugated drug is internalized by tumour cells
through either fluid-phase pinocytosis (in solution), receptor-mediated pinocytosis following non-specific membrane
binding (due to hydrophobic or charge interactions) or ligand-receptor docking. Depending on the linkers used, the drug
will usually be released intracellularly on exposure to lysosomal enzymes (for example, Gly-Phe-Leu-Gly and
polyglutamic acid (PGA) are cleaved by cathepsin B) or lower pH (for example, a hydrazone linker degrades in endosomes
and lysosomes (pH 6.5-<4.0). The active or passive transport of drugs such as doxorubicin and paciltaxel out of these
vesicular compartments ensures exposure to their pharmacological targets. Intracellular delivery can bypass
mechanisms of resistance associated with membrane efflux pumps such as p-glycoprotein. If >10-fold, EPR-mediated
targeting will also enable the circumvention of other mechanisms of drug resistance. Non-biodegradable polymeric
platforms must eventually be eliminated from the cell by exocytosis. Rapid exocytic elimination of the conjugated drug
before release would be detrimental and prevent access to the therapeutic target. In general, polymeric carriers do not
access the cytosol. MRP, multidrug resistance protein.
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Figure 4 Degradation of polymeric microspheres as a function of pH, Microspheres <10 micrometres in diameter are preferentially imternalized by APCs, providing a
mechanism by which 1o target vaccines to the immune system, Following intematization by APCs, the spheres are ssquesterad within acidic vesicles, providing a mechanism
through which to modulate the release of encapsulated DNA intracedluarly. a, Poly(lactic-co-glycoliciacid (PLGA) micrespheres degrade relatively independent of the
extraceliular and acidic vesicle pH and releasa DINA as a function of polymer degradation. b, DNA adsorbed to the surface of PLGA-based microspheres release DNA more
cuantitatively than encapsulated DNA, but relatively independent of pH, ¢, Polyjorthoesters) degrade more rapidly at pH ~5.0, allowing triggered redease of the DNA in the
acidic envirgnment of the phagosome. d, The pH-sensitive release of plasmid DNA from microsphares comprised of poly(orthoesters) (POE-1 and POE-2) described in ref, 63
and the pH-independent release of plasmid DNA from PLGA-based microspheres. The amow shows the time at which the pH was changed from 7.4 to 5.0, The emor bars
rapresent the standard devistions over three samples, e, The influence that different DNA release kinetics can have on the efficacy of an anticancer DNA-therapeutic (adapted
from rel. 63). The emor bars represant the standard error from the average over five samples.
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Figure 1 The geometry of a nanoparticle impacts its ability to perform its four basic functions. a, Navigation:
non-sphencal particles are more likely to be near the capillary walls and adhere to the cancer-specific molecules
expressed on the vascular walls, b, Avoidance of biological bamiers: particles of the right size fit through cancer-
associated capillary wall fenestrations and localize preferentially in cancer lesions. &, Site- and cell-specific
ncalization: nanoparticles of different sizes are taken up by cancer cells with different efficiency.

d, Targeting of biological patiways. Chan and colleagues’ showed that nanoparticles of different size can affect two
signalling pathways, MAPK and AKT, to decrease proliferation and increase apoptotic cell death. These properties
show that nanoparticles themselves can be candidate anticancer agents, even if they do not carry drugs.
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Figure 1| Schematic illustration of the preparation and delivery of siRNA-loaded PLGA nanoparticles.

a, Nanoparticles are formed using a double-emulsion solvent evaporation technique in which siRNA and
a complexing agent (such as spermidine) are added to PLGA in an organic solvent. Particles are formed
by sonication followed by solvent evaporation, and are then subsequently collected and freeze-dried.

b, A single dose of siRNA-loaded nanoparticles is administered vaginally to mice. The particles must first
diffuse through a mucosal layer; they are eventually taken up by epithelial cells and degrade, releasing

their siRNA payloads.
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‘igure 1 Schematic representation of different mechanisms by which nanocarriers can deliver drugs to tumours. Polymeric nanoparticles are shown as representative
mnocarmiers (circles), Passive tissue targeting is achieved by extravasation of nanoparticles through increased permeability of the tumour vasculature and ineffective
ymphatic drainage (EPR effect). Active cellular targeting (inset) can be achieved by functionalizing the surface of nanoparticles with ligands that promote cell-specific
ecognition and binding. The nanoparticles can (i) releasa their contents in close proximity to the targel cells; (i) attach to the membrane of the cell and act as an
witracellular sustained-release drug depot; or (i) internalize into the cell.
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Figure 2 Common targeting agents and ways to improve their affinity and selectivity. a, The panel shows a variety of targeting molecules such as a monoclonal antibody

or antibodies’ fragments, non-antibody ligands, and aptamers. The antibody fragments F(ab ),and Fab are generated by enzymatic cleavage whereas the Fab , scFv, and
bivalent scFv (diabody) fragments are created by molecular biology techniques. V,; variable heavy chain; V;; variable light chain; Cy: constant heavy chain; G,: constant light
chain. Non-antibody ligands include vitamins, carbohydrates, peptides, and other proteins. Aptamers can be composed of either DNA or RNA. b, Affinity and selectivity can be
increased through ligand dimerization or by screening for conformational-sensitive targeting agents such as affibodies, avimers and nanobodies, as well as intact antibodies
and their fragments.
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Plasmonics

Plasmonics in Biology and Plasmon-Controlled Fluorescence

Joseph R. Lakowicz Plasmonics (2006) 1: 5-33

Chem. Rev. 2008, 7108, 494-521

Nanostructured Plasmonic Sensors

B 200nm (same for all the images)
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Nanorods

I. Synthesis of seed Gold nanoparticle seeds

2.5 x 10 M HAuUCI, + (~ 4nm diameter)
2.5 x 10* M Na-citrate

& 06mLO.1M
Ice-cold aq NaBH;

Il. Stock solution Reduction
Addition of of Au® to
Stock solution Ascorblc acid Au™ rasults
25x10*MHAuC, = f in disappearance
+0.1 M CTAB f of color
e —

Il. Three step protocol for nanorod synthesis

\smpn Step B

Add 'ImL %
1 mL seed + 1mLA +
9 mL of stock 9 mL of stock
s . 10mLB+
solution solution 80 mi. slock

Figure 2. Seed-mediated growth approach to making gold and silver nanorods of controlled aspect rano. The specific conditions shown here, for
20 mL volume of seed solution, lead to high-aspect ratio gold nanorods. (bottom right) Transmission electron micrograph of gold nanorods that are
an average of 500 nm long.

J. Phys. Chem. B 2005, 109, 13857—13870
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Figure 3. Transnussion electron micrographs (top). optical spectra (left). and photographs (right) of aqueous solutions of Au nanorods of

various aspect ratios. The seed sample has an aspect ratio of 1. Samples a, b, ¢, d, and e have aspect ratios of 1.35 &+ 0.32, 1.95 + 0.34,
3.06 + 0.28. 3.50 £ 0.29, and 4.42 + 0.23, respectively. Scale bars: 500 nm for a and b, 100 nm for c—e. Reprinted with permission from

ref 16. Copynght 2005 Amenican Chemical Society.



Nanocube and Nanorice
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this technology could be used as a tool to develop new lagh-speed optoelectrome
matenals and to morator chemscal reactions. (Graphsc prowded by Prof Naoms Halas)
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Figure 2. SERS-coded PEG-NRs for ultra-sensitive near-infrared detection and photothermal heating. A) Overlay of NIR absorption and emission of SERS-
coded NRs. The arrow indicates the NIR Raman exciting-line and the gray column represents the wavelength of the diode laser source utilized for
photathermal heating. B) Peak height ratios of the most intense SERS peak of each molecule with respect to the internal ethanol standard vibration at
879cm ™", C) SERS spectra of homogenous solutions of IR-792-coded NRs at various concentrations to explore the limit of detection. Spectra are displayed
at full scale and offset for clarity to accommodate the intensity differences of several orders of magnitude. The relative intensity of the polystyrene multiwell
plate line (*) increases with respect to the SERS spectra at low concentrations. D) Athymic (nu/nu) mice bearing bilateral human MDA-MB-435 tumors
were injected intratumorally with either SERS-coded NRs, PEG-NRs, or saline (arrow) to evaluate potential for in vivo detection and photothermal heating,
E) In vivo Raman spectra of IR-792-coded MRs, PEG-NRs and saline solution; 10 acquisitions of 4 s each were acquired for each spectrum. F) Infrared
thermographic maps of mouse surface temperature 3 min after onset of irradiation with diode laser (810nam, 2W cm?).
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Figura 1. T, magnetic resonance imaging (MRI) and the magnetic rescnance lemperature
(MATT map of a subcutansous A431 tumor injected with SPIOG silica-Au nanopariicles

in the tumor at a doss of 1 = 101 parficlea’site. Nole the darkening of the tumor in
Ty-weighted MR after the injection of the SPI0O@ silica-Au and the increass in tempemiurs
by as much as 60FC, as shown in MAT). This indicalas the potential uss of SPIO @ sikca-Au
for the simultaneous use in MAI and photothomnal therapy



CONTROL 220 mg kg~ MILL-88A_nano

‘dm

Figure 4 | Magnetic resonance images. The images were acquired with gradient echo (a, ¢, d, f) or spin echo (b, e) sequence of control rats (left; a-¢) and
rats injected with 220 mgkg™ MIL-88A (right; d-f), in liver (a, b, d, e) and spleen (¢, f) regions. 30 min after injection, product effect is observable on the
liver and spleen. (dm, dorsal muscle; k. kidney; li, liver; s, spleen; st, stomach.)
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Figure 1. Cross-linked iron oxide (CLIO) nanoparticles for T,-weighted images of rodent
pancreatic cancer: (a) preinjection of CLIO, (b) postinjection of CLIO, and (c) higher
magnification of postinjection image with the arrow indicating tumor. L, liver; P, pancreas;
K, kidney; B, bowel.'®

MnMED cug

Figure 2. In v magnahic resonance detecton of cancer after administration of magnoic
nanopariiches Herceptin conjugales. MnFe, O, nanoparticles (MnMEID) (a—c) show higher
signal enhancement than cross-nked inon odde (CLI0) (d=0.* B2, inverso of imnsyens
relaxation lima



Dextranase Specificity

0
CHa
o Dextranase
OH /
u}
CHon oM |
0 OH CHz a(1-6)}D-glucose
0
OH
OH
OH ‘|3
OH OH 0
CHa OH |
0 CHap
OH /I—D
u}
OH
OH OH |°
OH CH,
@A1-3)-D-glucose o
OH
L 0—
OH
OH



Mesoporous Silica

S-5200 30.0kV 180k

Under gastric fluid

Under intestinal fluid

Strong electrostatic attraction
under gastric fluid.
(pH 1.0-3.0).

I

Strong electrostatic repulsion
under intestinal fluid.
{pH 6.5-8.0). Drug release
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Carbon Nanotubes
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Super-acid and Plasma
Functionalized

0o
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“ Coated AA thin film /|| Coated AA thin film
: near the open end

Figure 2. TEM images showing a) the plasma deposited acrylic acid (AA) polymer thin

film on the carbon nanotube, the lattice image of carbon nanotube can be clearly seen

with an extremely thin layer of polymer film (~ 2 nm); b) the thin film of AA was plas-

ma deposited near the open end of the carbon nanotube. Adv. Mater. 2007, 19, 4033-4037



Figure 3. Fluorescent microscopy image (Olympus
350 nm excitation) showing that the MWCNTs are in
with fluorescent QDs and exhibiting strong emissions
background.
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"~ 0.01 ml MWCNTs-QD
A: 0.5 ug/mi
B: 0.25 pug/ml
C: 0.125 pg/mi
D: 0.083 pg/m|
E: 0.0625 ug/ml

Figure 6. In vive images of MWCNTs-QDs (0.5 pg ml™ in PBS) in mice injected at dif.
ferent body regions: a) MWCNTs attached with CdSe/ZnS quantum dots (emission of
600 nm) at middorsal location; b) MWCNTs attached with CdSe/ZnS quantum dots
at ventrolateral locations, the suspensions were diluted by PBS at various concentra-
tions as indicated (A through E); ¢) MWCNTs attached with InGaP/ZnS quantum dots
{emission of 680 nm, 0.25 pg mi" in PBS) in liver, kidney, and leg muscles. All images
were taken successively in 2 min under epi-UY illuminator with excitation of 435 nm.
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polymer-small molecula polymeric micelle
drug conjugate

dendrimer-drug conjugate polymersome
or encapsulates

Figure 1. lllustration of various anticancer polymeric nanomedicines that have been
developed and are used in cancer drug delivery. Polymer-small molecule drug conjugates
are usually hydrophilic (water-soluble) polymers with covalently bound, releasable
hydrophobic drug molecules. Polymeric micelles are core-shell micellar nanostructures with
a hydrophobic core that can be used for the encapsulation of hydrophobic drug molecules
and for the controlled release of hydrophobic therapeutics, and a hydrophilic shell can be
used for micelle surface modification (e.g., incorporation of targeting ligands).
Polymersomes are a class of hollow spherical nanostructures that enclose a solution and
can be used to deliver hydrophilic therapeutics such as DNA and proteins. Dendrimer drug
conjugate or encapsulates are a class of drug delivery systems with drugs conjugated to
the periphery or encapsulated inside of monodisperse macromolecules with highly
branched, symmetric, three-dimensional architectures.
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Cisplatin, CDDP DACHPt aqueous complex Platinum drug.loaded micelles

Figure 2. (a) Schematic diagram of proposed self-assembly of platinum drug-loaded
polymeric micelles.11.1% (b) The self-assembly is mediated by the coordination of the
platinum (ll) and the carboxylate groups (COO) of the poly(glutamic acid) segments.
(c) Narrowly distributed polymeric micelles with dense drug-loaded cores are formed.
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Figure 3. Platinum drug-loaded polymeric micelles.1%3 (a) Antitumor activity measured as
the relative photon flux, which is the ratio between the photon flux (photons/second) and
the initial photon flux, from bioluminescent intraperitoneal (within the abdominal cavity)
metastasis and the in vivo bioluminescent images corresponding to day 10. (b) Control
(crosses), (c) the clinically used DACHPt derivative, oxaliplatin, 6 mg/kg (orange squares),
(d) (1,2-diaminocycloheance) platinum (Il) (DACHPt)-loaded micelle (blue squares).
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Figure 4. pH-sensitive doxorubicin-loaded polymeric micelles. (a) Molecular structure of
PEG-poly(aspartic acid) conjugating with doxorubicin (DOX) by an acid-labile hydrazone
bond. (b) Schematic diagram of selective drug release at endosomal pH.
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Figure 5. (a) Drug release profiles of pH-sensitive doxorubicin-loaded polymeric micelles at
different pH values from 0.5 h to 24 h after release. Drug release amount increased with
decreasing pH.'"" (b) Confocal microscopy of SBC-3 cancer cells incubated with free
doxorubicin and pH-sensitive, doxorubicin-loaded polymeric micelles after 3 h and 24 h.
Free doxorubicin rapidly penetrated the cancer cells by diffusion, while pH-sensitive,
doxorubicin-loaded polymeric micelles were internalized by endocytosis and released the
drug inside the cells, (¢} Antitumor activity of free doxorubicin. The maximum tolerated dose
was 15 mg/kg. (d) Antitumor activity of pH-sensitive doxorubicin-loaded polymeric micelles.
The maximum tolerated dose was 60 mg'kg. Control (black circles); red arrows indicale
intravenous injections, 07104
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Figure 1 | Schematic representation of polymer therapeutics now in, or progressing towards, clinical development.
The nano-sized and frequently multicomponent nature of these structures is visible. Mw, molecular weight.
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