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Topics Covered

• Quantum dots

• Polymers

• Micelles 

• Dendrimers

• PEG



Quantum Dots

• Also known as semiconductor nanocrystals

Source: http://www.qdot.com  



Photophysics of Qdots

• Different Energy Transitions

• Black: Absorption

• Blue: Internal equilibriation

• Red: Fluorescence 

• Green: Photochemical 
conversion



Absorbance Spectrum

• Different transitions 
permissible in different 
atoms

• Resulting in a confounding 
absorbance spectrum



Quantum Yield

• Light is absorbed: Part of it leads to 
photochemical processes, part of it is 
emitted again. 

• Ratio of light emitted to light absorbed is 
quantum yield. 

• A QY of 0.7 means that 70% of the light 
energy absorbed results in emissions

• QY is efficiency - not brightness



Core-Shell-Coating 
Morphology

• CdS (UV-Blue), CdSe (Vis),  CdTe (Red, NIR, 
IR) cores

• ZnS shell

• Emission tuning: Coarse control with 
materials, fine control with size

• Coating provides biological function



“Artificial Atoms”

• Electronic confinement in 
“zero” dimensions leads 
to confined electronic 
states

• Different QDs held 
against handheld UV light



Applications and 
photobleaching
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Questions on Quantum 
Dots?



Polymeric Heirarchy

• Started in 1916, after Staudinger’s 
macromolecular hypothesis

• Higher levels of complexity allow for better 
control of topologydendritic macromolecules in ordinary laboratory glassware

were initiated5. Although dendrimer structures exhibit
structural control reminiscent of biological systems, the
synthetic approaches did not require biological compo-
nents. They did, however, involve significant innovation
and digression from classical organic synthesis methods.
Commercial quantities (kg) of controlled macromolecular
structures with polydispersities of 1.0005!1.10 are now
routinely synthesized using tradi-
tional organic reagents and monomers,
such as ethylenediamine and alkyl
acrylates. These new structures are 
referred to as dendrons or dendrimers.

Since 19796, two major strategies
have evolved for dendrimer synthesis.
The first was the divergent method 
in which growth of a dendron (mol-
ecular tree) originates from a core site
(root) (Fig. 2). During the 1980s, virtu-
ally all dendritic polymers were pro-
duced by construction from the root
of the molecular tree. This approach
involved assembling monomeric mod-
ules in a radial, branch-upon-branch
motif according to certain dendritic
rules and principles7. This divergent
approach is currently the preferred
commercial route used by worldwide
producers including Dendrimax (Ann
Arbor, MI, USA), DSM Fine Chemicals
(Geleen, The Netherlands) and The
Perstorp Group (Perstorp, Sweden).

A second method that was pioneered by Fréchet and col-
leagues8 is the convergent growth process. It proceeds from
what will become the dendron molecular surface (i.e. from
the leaves of the molecular tree) inward to a reactive focal
point at the root (Fig. 2). This leads to the formation of a
single reactive dendron. To obtain a dendrimer structure,
several dendrons are reacted with a multi-functional 
core to yield such a product. Using these two synthetic
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Figure 1. Four major classes of macromolecular architecture. Traditional synthetic polymers: (I) linear, (II) cross-linked (bridged) and (III)
branched. Structure controlled polymers (IV) dendritic.
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Figure 2. Two principle synthetic methods for constructing dendritic macromolecules
(dendrons): (a) the divergent method, in which the synthesis begins from a polyfunctional
core and continues radially outwards by successive stepwise activation and condensation,
(b) the convergent method in which the synthesis begins at what will be the periphery of
the final macromolecule and proceeds inwards.
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Polymeric structures

• Polyethylene Glycol (PEG)

• Pegylation - Adding PEG to another molecule 
(like a protein) - changes pharmacological  
properties

• Widely used in cosmetics and laxatives

• Liquid armor (PEG+nanocrystals = Shear 
Thickening Fluid)

HO ! (CH2 ! CH2 !O)n !H



Why PEGylate?
REVIEWS DDT • Volume 10, Number 21 • November 2005
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methods for conjugation are at hand [8]. This variety of
modification procedures offers the possibility to address
the requirements of different proteins. The choice of a
better reactive PEG allows the modification of only the
wanted amino acids in the sequence. Amino groups were
the first target of PEGylation, by acylation or alkylation
reactions, but now conjugation of PEG to thiol, hydroxyl
or amide groups is also possible, by using several specific
chemical or enzymatic methods.

Amino group modification
In the early days of PEGylation, researchers directed their
attention towards the amino groups as suitable conjugation
site, because they are the most represented groups in pro-
teins, generally exposed to the solvent and can be modified
with a wide selection of chemical strategies.

Several conjugation strategies are now
available, such as alkylation, which main-
tains the positive charge of the starting
amino group because a secondary amine
is formed, or acylation, accompanied by
loss of charge. Tables 1 and 2 show the
most popular PEG derivatives along with
some of their relevant properties.

Although amino conjugation represents
so far the most common modification
and often the first approach in many new
PEG-protein projects, it is not devoid of
limitations, because of the high number
of isomers obtained. The purification of
these mixtures is usually difficult, which
complicates the needed disclosure of their
composition for the FDA approval. However,
the FDA will approve a mixture of isomers,
if evidence for the reproducibility of the
reaction is provided. This has been the
case for the first two PEG conjugates on
the market, PEG-asparaginase (Oncaspar®)
[9], for the treatment of acute lymphoblas-
tic leukemia and other lymphoid malig-
nancies, and PEG adenosine deaminase
(Adagen®) [10], for the treatment of severe
combined immunodeficiency disease. Now,
the requirements for the approval of 
new conjugates are more stringent and
the characterization of each isomer, when
it is possible, is compulsory. Examples are
the two !-interferon conjugates, Pegasys®

[11] and PEG-Intron® [12] (used to eradicate
hepatic and extrahepatic hepatitis C virus
infection), for which almost all the bind-
ing sites in the primary sequence were es-
tablished.

The evolution of PEGylation chemistry
allows also site-specific amino modification,
thus helping the purification and the

characterization procedures, because mixtures of PEGylated
products are avoided. Furthermore, site-specific modifi-
cation might lead to a better preservation of the native
protein activity in the conjugate. A method devised by
Kinstler [13] takes advantage of the lower pK a of the 
N-terminal !-amino groups compared with that of the 
!-amino group in lysines [14]. The conjugation in this
case was performed on granulocyte colony stimulating
factor (G-CSF) by a reductive alkylation with PEG alde-
hyde, leading to the marketed Pegfilgrastim® [13], used
to treat granulocyte depletion during chemotherapy. It is
also feasible to protect the active site of enzymes or the
recognition area of proteins by carrying out the PEGylation
in the presence of an inhibitor, a substrate, or a specific
ligand, with the aim to cover the reactive groups close
to sensitive areas. These ligands might be free in the 

FIGURE 1

Main advantages of PEGylated protein. The figure represents a polymer-protein conjugate.The polymer,
PEG, is shielding the protein surface from degrading agents by steric hindrance. Moreover, the increased
size of the conjugate is at the basis of the decreased kidney clearance of the PEGylated protein.
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Protein

PEG

Decreased
accessibility for
proteolytic enzymes
and antibodies

Increase in solubility
due to the PEG
hydrophilicity

Increase in size
to reduce kidney
filtration

TABLE 1

PEG derivatives that maintain the charge of the native protein in the final conjugate 

Structure Alkylating PEGs Properties

PEG H

O PEG–aldehyde (also in the 
form of more
stable acetale) 

A two steps reaction; the first product
(a Shiff base) is reduced by NaCNBH3.
When the coupling reaction is carried
out at low pH = 4.5–5, it labels only the
!-amino group.

PEG O SO2 CH2CF3
PEG–tresyl or tosyl Not much used because the chemistry

leads to a mixture of products.

N

N

N

Cl

Cl

PEG O

N

N

N

O

OPEG

PEG

Cl

PEG–dichlorotriazine or 
chlorotriazine

Now they are abandoned for 
therapeutic application because of their
toxicity.

PEG O CH2

O PEG–epoxide Slowly reactive, rarely used.



Micelle structures
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Micelle loading methods
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Micellar organization

• Thermodynamically driven due to 
hydrophobic-hydrophilic effects or charge 
repulsion

• Micelles are formed at Critical Micelle 
Concentration (CMC), usually at 0.0005-10% 
w/v. 

• High CMC structures unstable at low 
concentrations



Dendrimers

• Dendritic (“tree-like”) structures are 
everywhere: trees, roots, circulatory system, 
nervous system etc...

• Why? Possibly optimum interface for energy 
transactions



Poly AMido AMine 
(PAMAM) dendrimer
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strategies, >100 compositionally different dendrimer fami-
lies have been synthesized and these are reviewed in other
literature9–13.

PAMAM dendrimers were the first complete dendrimer
family to be synthesized, characterized and commercial-
ized6,14. They are synthesized by the ‘divergent’ method.
This method involves a two-step iterative reaction se-
quence that produces concentric shells (generations) of
dendritic !-alanine units around a central initiator core
(Fig. 3). This PAMAM core-shell architecture grows linearly
in diameter as a function of added shells (generations).
Meanwhile, the surface groups amplify exponentially at
each generation according to dendritic-branching math-
ematics described in Box 1. As a consequence, ‘tethered 
congestion’ occurs at a certain generation to produce ‘geo-
metrically closed’ nanostructures that exhibit guest–host
container properties, which will be discussed later.

For the PAMAM dendrimer family (Fig. 3), initiated from
an ethylenediamine core (Nc = 4) with a branch cell multi-
plicity (Nb = 2), the expected mass values of 517, 1430,
3256, 6909, 14,215 and so on, double, approximately, from
generation to generation. These values are verified rou-
tinely by electrospray or matrix-assisted laser desorption
mass spectroscopy (MALDI) methods. Polydispersity 
values (Mw/Mn) are routinely obtained that range from
1.000002–1.005 for this series. The diameters of these

Figure 3. Synthesis of tetra-functional poly(amidoamine) (PAMAM) dendrimers: exhaustive Michael addition of amino groups with methyl
acrylate, followed by amidation of the resulting esters with ethylenediamine.
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Box 1. Propagation mathematics

Where: Nc = core, Nb = branch cell multiplicities and
G = generation. Mathematically defined values for 
surface groups (Z), molecular formulae and molecular
weights (MW) as a function of generation for the (ethyl-
enediamine core) poly(amidoamine) (PAMAM) dendrimer
family.
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PAMAM synthesis

dendritic macromolecules in ordinary laboratory glassware
were initiated5. Although dendrimer structures exhibit
structural control reminiscent of biological systems, the
synthetic approaches did not require biological compo-
nents. They did, however, involve significant innovation
and digression from classical organic synthesis methods.
Commercial quantities (kg) of controlled macromolecular
structures with polydispersities of 1.0005!1.10 are now
routinely synthesized using tradi-
tional organic reagents and monomers,
such as ethylenediamine and alkyl
acrylates. These new structures are 
referred to as dendrons or dendrimers.

Since 19796, two major strategies
have evolved for dendrimer synthesis.
The first was the divergent method 
in which growth of a dendron (mol-
ecular tree) originates from a core site
(root) (Fig. 2). During the 1980s, virtu-
ally all dendritic polymers were pro-
duced by construction from the root
of the molecular tree. This approach
involved assembling monomeric mod-
ules in a radial, branch-upon-branch
motif according to certain dendritic
rules and principles7. This divergent
approach is currently the preferred
commercial route used by worldwide
producers including Dendrimax (Ann
Arbor, MI, USA), DSM Fine Chemicals
(Geleen, The Netherlands) and The
Perstorp Group (Perstorp, Sweden).

A second method that was pioneered by Fréchet and col-
leagues8 is the convergent growth process. It proceeds from
what will become the dendron molecular surface (i.e. from
the leaves of the molecular tree) inward to a reactive focal
point at the root (Fig. 2). This leads to the formation of a
single reactive dendron. To obtain a dendrimer structure,
several dendrons are reacted with a multi-functional 
core to yield such a product. Using these two synthetic
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Figure 1. Four major classes of macromolecular architecture. Traditional synthetic polymers: (I) linear, (II) cross-linked (bridged) and (III)
branched. Structure controlled polymers (IV) dendritic.
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Figure 2. Two principle synthetic methods for constructing dendritic macromolecules
(dendrons): (a) the divergent method, in which the synthesis begins from a polyfunctional
core and continues radially outwards by successive stepwise activation and condensation,
(b) the convergent method in which the synthesis begins at what will be the periphery of
the final macromolecule and proceeds inwards.
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spheroids increase systematically at a rate of approximately
1 nm per generation. At least 50 other dendrimer families,
possessing compositionally different interiors (i.e. carbon,
nitrogen, silicon, sulfur, phosphorus or metals) and multi-
plicity values of Nc = 1–100 and Nb = 2–5 have been 
synthesized and characterized15. There is, of course, the
possibility of errors or defects in these divergent dendrimer
constructions; however, their monodispersity is remark-
able based on electrophoretic16 and mass spectroscopy
measurements11.

Comparison of PAMAM dendrimers to proteins
In addition to the extraordinary structural control at
nanoscale size observed with dendrimers, another out-
standing feature is their actual mimicry of globular pro-
teins. Based on their systematic, dimensional length 
scaling (Fig. 4), electrophoretic16 (Fig. 5) and other bio-
mimetic properties17–20, they are often referred to as ‘artifi-
cial proteins’. Within the PAMAM dendrimer family, they
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Figure 4. A dimensionally scaled comparison of a series of poly(amidoamine) (PAMAM) dendrimers (NH3 core; G = 4–7) with a variety of
proteins, a typical lipid-bilayer membrane and DNA, indicating the closely matched size and contours of important proteins and
bioassemblies.
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Figure 5. Electrophoretogram of a series of poly(amidoamine)
(PAMAM) dendrimers (ethylenediamine core; G = 2–10)
analyzed on a 5–40% T-polyacrylamide gel. A 0.1 M citric acid
buffer, pH 3.0, was used as the run buffer in both the upper
and lower tanks. The unlabelled smear in the middle of the gel
is a proprietary sample. The middle band in each lane
corresponds to the monodendrimers as a function of generation
(G). The slowest bands in each dendrimer lane are dimers of
that generation that can be compared with G = 1 bands that
migrate at the greatest speed in each lane.
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Dendrimers as carriers



But, cargo size 
depends on 
geometry
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simulations by Goddard and colleagues38; molecular inclu-
sion work by Newkome39; and extensive photochemical
probe experiments by Turro and coworkers36,40–42 have
demonstrated that symmetrically branched dendrimers
can be viewed as unimolecular micelles (nanoscale con-
tainer-molecules). Depending on the nature of their sur-
face groups and interiors, these dendrimers can manifest
behavior reminiscent of either regular36 or inverse micelles43,
but with unique differences and advantages. The incarcer-
ation of guest molecules (either organic or metals) within
dendrimers was first described between 1989–1990 and
was referred to as unimolecular encapsulation27.

In a more recent study, Meijer and coworkers44,45 en-
hanced this earlier concept by modifying dendrimer sur-
faces to induce ‘unimolecular encapsulation’ behavior27.
They referred to this new construction as the ‘dendrimer
box’. Surface-modifying of generation-5 poly(propylene
imine) (PPI) dendrimers44 with 1-phenylalanine or other
amino acids46 induced dendrimer encapsulation properties
by the formation of dense, hydrogen-bonded surface shells
with solid-state character. Small guest-molecules were cap-
tured in such dendrimer interiors and were unable to es-
cape even after extensive dialysis45. The maximum amount
of entrapped guest molecules was directly proportional to
the shape and the size of the guest molecules, as well as to
the amount, shape and size of the available internal den-
drimer cavities. For example, four large guest-molecules
(e.g. Rose Bengal, Rhodamide B or New Coccine) and 8–10
small guest-molecules (e.g. para-nitrobenzoic acid and 
nitrophenol) could be simultaneously encapsulated 
within these PPI dendrimers that contain four large and 
12 smaller cavities. Remarkably, this dendrimer box could
also be opened to release either all or some of the 
entrapped guest molecules45. For ex-
ample, partial hydrolysis of the hydro-
gen-bonded shell liberated only the
small guest-molecules, whereas total
hydrolysis (with 12N HCl for 2 h at 
reflux) released all sizes of entrapped 
molecules.

Shape-dependent cargo space
Although the ‘dendritic-box’ concept
demonstrates the unique shape-depen-
dent ‘cargo space’ that can be found in
certain dendrimers, it does not offer a
practical means for delivering and re-
leasing therapeutic drugs under physi-
ological conditions. A major objective
of our recent group effort has been the
resolution of these problems.

Just as biological cells possess cytoskeleton components
(e.g. !- and "-tubulins and microtubules) that define both
the shape of the cell and facilitate certain trafficking
within the cytoplasm, such mimicry exists within the
(cytoskeleton-like) interior of a dendrimer. It is widely rec-
ognized that dendrimer interiors can be readily designed
and reconfigured to define a vast combinatorial array of
spatial cavities, such as hydrophobic and hydrophilic 
domains, ligand or acid–base complexation sites.

The robust covalent structural features of dendrimers
offer a variety of defined sizes and shapes (i.e. cargo spaces)
and permit extensive dendrimer surface modifications to
effectively control guest-molecule entry and exit parame-
ters. From a thermodynamic perspective, free and com-
plexed guest-molecules (i.e. drugs) can be distinguished by
finite energy barriers related to the ease of entry and depar-
ture to dendrimer cavities. If the drug molecule is signifi-
cantly large or incompatible with either the dimension, or
hydrophilic or lipophilic character, of the dendrimer cavity,
a complex might not form, or the guest might only be par-
tially incarcerated within the dendrimer host. A hydropho-
bic drug would be expected to associate with a dendrimer
interior to achieve maximum contact between its hydro-
phobic components and comparable domains within the
dendrimer. The hydrophobic component of a guest mol-
ecule would be expected to isolate itself from the outer 
interface of the dendrimer complex to afford minimum
contact with polar and aqueous domains (i.e. physiological
media). Notably, the hydrophobic and hydrophilic proper-
ties, as well as other supramolecular (i.e. non-covalent 
binding, acid–base reaction) properties, of these spatial
binding-sites are expected to strongly influence these
guest–host relationships. Analysis of a typical symmetrically

Figure 6. Branch cell parameters: branching angles (a), rotational angles (b), repeat unit
length (l) and branch cell multiplicity (Nb) are the crucial parameters that determine
cargo-space properties within the interior lattice of a dendrimer.
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mid-1970s51. Since then, a wide spectrum of therapeutic
agents has been utilized almost exclusively with the tradi-
tional polymer classes described previously, namely: linear,
cross-linked and branched [Fig. 1; (I), (II) and (III), respec-
tively]. Pioneering work by Duncan49,52–56, Maeda55–58,
Langer59, Kopecek60–64 and others65 has extensively shown
that polymeric drug vectors offer many outstanding 
advantages as a versatile strategy for more effective deliv-
ery of therapeutic drugs to disease sites. Commercial trans-
lations of these advantages have emerged; at least four
polymer-anticancer conjugates and two polymeric gamma-
camera imaging agents49 have been developed based on 

N-(2-hydroxypropyl)methacrylamide (HPMA) copolymer
vectors. Several of these prototypes have progressed into
Phase I and Phase II clinical trials and early results have
generated considerable interest49.

Recently, there has been keen interest in polymeric vec-
tors that could be targeted for site-specific pharmacother-
apy50. The development of new synthetic options and
strategies both in the polymer field and in bioconjugation
techniques has great potential for macromolecular drug
delivery, bio-imaging and other biomedical applications.

Macromolecular vectors in biomedical and drug
delivery applications
A consensus of significant properties deemed desirable in
an ideal macromolecular drug delivery vector, bio-imaging
or biomedical prototype could include many of the features
noted in Box 2. In spite of recent clinical progress and 
success, this list contains many challenges that cannot be
met or optimized with traditional polymer properties and
architectures.

In summary, many of these challenges could have solu-
tions offered by the dendritic polymer properties described
in this account. An extensive review by Bieniarz66 high-
lights many of these unique properties in crucial biomed-
ical applications such as: immunodiagnostics, magnetic-
resonance contrast agents, glycodendrimers for pathogen
pacification67, gene transfection22 and drug delivery68.

More recent work by Fréchet and colleagues68 and
Duncan and coworkers69 has highlighted the unique 
drug-loading capabilities and targeting features offered by
dendrimers. In this context, it is appropriate to note that
such properties are found in commercially available
PAMAM dendrimers: recent work70 has confirmed earlier
reports71 that PAMAM dendrimers develop predictable
nanoscale container and nanoscale surface-scaffolding
properties. Unique periodic properties develop as a func-
tion of generation enhancement and are a consequence 
of mathematically defined surface-group amplification.
Core-tethered amplifications transform dendrimers from 
open, flexible scaffolding (generation = 0–3) to semi-rigid 
container-type structures (generation = 4–6). These con-
tainer-type host structures exhibit guest-molecule perme-
ability. By contrast, the rigid surface-scaffolding structures
(generation = 7–10) manifest limited surface-permeability.
A vast array of surface functionalities can be designed to
control gating properties for departure and entry from
these container molecules. These unique architectural 
features offer many new options for presentation and/or
incarceration of pharmaceuticals, targeting groups or imag-
ing moieties. These biomedical functions could be conju-
gated or incarcerated independently or in combination.
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Figure 8. Host–guest interactions between dendrimers and
hydrophobic guests, which are sparingly soluble in water. As a
result of different internal cavity diameters, each class of
dendrimeric host offers a different degree of inclusion complex
formation. (a) Comparison of molar uptake between benzoic,
1-naphthoic and 9-anthracenecarboxylic acid by G = 2* (24-
OH). (b) Comparison of molar uptake of between benzoic, 
1-naphthoic and 9-anthracenecarboxylic acid by G=3* (48-OH).
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Applications For 
Polymers

• Drug Delivery 

• Cargo capacity, immune response and 
pharmacokinetics modulation

• Other potential uses....??
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