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Design strategies for fluorescent biodegradable
polymeric biomaterials

Yi Zhang®® and Jian Yang*®

The combination of biodegradable polymer and fluorescent imaging has resulted in an important area of
polymeric biomaterials: biodegradable fluorescent polymers. Researchers have made significant efforts in
developing versatile fluorescent biomaterials due to their promising applications in biological/biomedical
labeling, tracking, monitoring, imaging, and diagnostics, especially in drug delivery, tissue engineering, and
cancer imaging. Biodegradable fluorescent polymers can function not only as implant biomaterials but also
as imaging probes. Currently, there are two major classes of biodegradable polymers, which are used as
fluorescent materials. The first class is the combination of non-fluorescent biodegradable polymers and
fluorescent agents such as organic dyes and quantum dots. Another class of polymers shows intrinsic
photoluminescence as polymers by themselves carrying integral fluorescent chemical structures in or
pendent to their polymer backbone, such as Green Fluorescent protein (GFP), and the recently
developed biodegradable photoluminescent polymer (BPLP). Thus there is no need to conjugate or
encapsulate additional fluorescent materials for the latter. In the present review, we will review the
fluorescent biodegradable polymers with emphases on material fluorescence mechanism, design criteria
for fluorescence, and their cutting-edge applications in biomedical engineering. We expect that this
review will provide an insightful discussion on the fluorescent biomaterial design and lead to
innovations for the next generation of fluorescent biomaterials and fluorescence-based biomedical
technology.
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1 Introduction

Biomaterials are critical components of biomedical devices and
products.’”® A novel biomaterial may create new fields of studies
and opportunities to tackle unmet clinical problems. During the
past few decades, biodegradable polymers have been central in
biomaterial science for a wide variety of biomedical applications
such as drug delivery, tissue engineering, and medical devices.**
There are many types of biodegradable polymers such as poly-
esters, polyanhydrides, polyurethanes, poly(ester amides), and
polyphosphazenes. Thereof, biodegradable polyesters are the
most studied polymers, e.g., polylactides, polyglycolides, and
their copolymers, which are currently used in many food and
drug administration (FDA) approved medical devices. Using
biodegradable polymers as implant materials is beneficial as the
implants may be degraded, absorbed, and cleared by the body
once their missions are completed, leaving no foreign materials
in the body. Among the above-mentioned biodegradable poly-
mers, polyesters are the most attractive for many biomedical
applications as these polymers mostly undergo degradation by
hydrolysis in the body where water is ubiquitous, although the
polymers may also possibly be degraded enzymatically.”

With careful molecular design, the physical properties of
biodegradable polymers can be tailored into hard and stiff, soft
and elastic, water soluble or insoluble, photo-crosslinkable or
thermo-crosslinkable in order to meet the versatile needs of
processing and use conditions in various applications.*** On
the other hand, florescent labeling and imaging have fueled the
significant growth of life science and medical research due to
the increasing demands on analyzing biomolecules, tracking
biological processes, and visualizing diseases and therapeutic
efficacy."™" There has been an increasing interest in designing
fluorescent biodegradable polymers to address some critical
challenges in major biomedical applications such as those in
tissue engineering and (cancer) drug delivery and imaging that
are delineated below.

For tissue engineering, it has been somewhat disappointing
that the expected success of tissue engineering still seems out of
reach at this stage although the field of tissue engineering is
evolving. Some fundamental understanding of the key elements
of tissue engineering is still missing. For example, scaffold
degradation in vivo is often predicted by the outcome of in vitro
degradation studies."* However, the degradation rate of a
biomaterial in vitro might not reflect its actual degradation rate
in vivo. Quantitative determination of polymeric scaffold
degradation in vivo has been problematic due to the difficulty of
separating the infiltrated/regenerated tissues from the porous
scaffolds. Although it is recognized that the scaffold degrada-
tion rate should match the rate of new tissue formation,
biomaterial designs to control the in vivo scaffold degradation
rate remain empirical due to the lack of in vivo quantitative
validation. It is imperative to find an in situ real-time method to
facilitate tracking or monitoring tissue regeneration and scaf-
fold degradation processes without sacrificing animals. This
issue has been rarely addressed previously. Thus, the field of
tissue engineering remains a trial and error process, to some
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degree. New measurement tools, engineering methods, design
principles, non-invasive, and real-time assays are urgently
needed to move the field of tissue engineering forward. To
obtain in situ and real-time information on scaffold degradation
and tissue infiltration/regeneration in vivo without traumati-
cally explanting samples or sacrificing animals, it is essential
that the biodegradable polymers can be used as non-invasive
in vivo bioimaging probes, in addition to providing a suitable
three-dimensional (3D) cell growth environment.

For drug delivery, it is well established that polymeric drug
delivery systems can enhance efficacy and safety for cancer
therapy by transporting chemotherapy agents directly to the
tumor cells/tissues.'***> One of the major areas identified by the
National Cancer Institute (NCI), in which nanotechnology may
have a major impact on drug delivery, is “multifunctional ther-
apeutics for combined diagnostic and therapeutic applications.”
The National Institute of Health (NIH) also seeks proposals via
The American Recovery and Reinvestment Act of 2009 Program
to develop theranostic smart biomaterials for combined delivery
of diagnostic and therapeutic agents for cancer management. All
these national efforts in searching for novel cancer technologies
point out a potential future breakthrough in cancer research:
theranostic nano-biomaterials for cancer imaging and treat-
ment. Theranostic nanomedicine intertwines drug delivery and
diagnostic bioimaging, especially emphasizing on the use of
non-invasive high-throughput imaging tools.'® For cancer treat-
ment, multifunctional polymeric nanoparticle systems are
designed to simultaneously deliver therapeutic, targeting moie-
ties, and imaging agents in a single setting."”*® For fluorescence
imaging, polymeric nanoparticles are usually conjugated with
additional organic dyes or quantum dots (QDs)."* However, the
poor photobleaching-resistance and low dye-to-particle conju-
gation ratios of organic dyes and the toxicity of QDs prevent their
practical use in vivo. Since imaging agents themselves cannot be
used as implants such as drug delivery carriers, the conjugation/
encapsulation of imaging agents with drug delivery carriers is
required to produce theranostic nanomaterials.”*** Unfortu-
nately, encapsulating/conjugating imaging agents in/on nano-
particles may result in increased particle sizes, added
complexity, and higher risk of adverse biological reactions. Such
challenges might be resolved using biodegradable polymers,
which themselves exhibit dual-functionality as drug delivery
carriers and imaging probes.

Given the growing body of research in fluorescent biomate-
rial design and the critical needs in addressing some of the
challenges in but not limited to tissue engineering and drug
delivery, this review is aimed to emphasize on the design
strategies for biodegradable fluorescent polymeric biomate-
rials. Key issues in the design criteria will be reviewed and
discussed including material fluorescence mechanism, impor-
tant fluorescence parameters such as excitation, emission,
quantum yields, and extinction coefficient, and strategies to
confer fluorescence to biodegradable polymers. The applica-
tions of biodegradable fluorescent polymers will also be
reviewed. It is our hope that this review will serve as a guideline
for anyone who is interested in innovating or using biode-
gradable fluorescent polymers for biomedical applications.
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2 Fluorescence mechanism

Understanding the fluorescence mechanism of materials is a
key in the design of biodegradable fluorescent polymers.
Conventionally, the process of all the fluorescence is considered
one-photon absorption (OPA). With the development of laser
technology, various fluorescent materials have been designed or
modified to be capable of undergoing the multi-photon
absorption (MPA) process.?” During the MPA process, the fluo-
rophore simultaneously absorbs multiple photons to be raised
into an excited state, and then emits a single photon at a certain
wavelength. Since the energy to excite the fluorophore is
provided by a sum of multiple photons, a photon with a lower
energy state (longer wavelength) can be used for excitation.
Therefore, MPA is capable of providing up-conversion fluores-
cence.”® Due to the longer excitation wavelength and highly
localized excitation, the fluorescence of MPA materials has a
deeper penetration in tissue. Moreover, a longer excitation
wavelength has a relatively lower phototoxicity,> thus it was
considered that the MPA fluorophore is better for live cells/
tissue than the OPA one. Besides, MPA confers many other
promising effects, such as enhanced refractive-index changes of
the medium, molecular dissociation or ionization, electron
emission from the material’s surface, induced conductivity in
semiconductors, and induced polymerization.”* Three struc-
tural components are essential for MPA materials: a strong
m-electron donor, a polarizable m-bridge, and a strong m-elec-
tron acceptor.””> The structural-property relationship has been
well summarized in previous reviews.?>?> Although MPA differs
from conventional OPA, the fluorescent mechanism still
remains the same.” Below we will review the fluorescence
mechanism of the commonly used fluorescent materials.
Quantum dot (Qdot) is the major type of inorganic semi-
conducting fluorescent material. It not only includes cadmium
selenide (CdSe) but also of many other semiconducting mate-
rials derived from the II and VI elemental groups (CdTe, CdS,
CdHg, and ZnS) and III and V elemental groups (InAs, InP, and
GaAs) of the periodic table."* The key word for their fluorescent
mechanism is energy gap. All semiconductors have an energy
band gap (E,) (Fig. 1a) between conduction band and valence
band. When a photon is absorbed, the electron can be excited to
the conduction band, and leave a hole on the valence band. Why
do only Qdots have fluorescence while bulk semiconductors
don’t? This question leads us to another key word, quantum
confinement. In the case of Qdots, the separation between
excited electron and hole is smaller than their Bohr radius so
that the exciton was squashed into a smaller space with more
energy.’® Therefore, the emission of Qdots is size dependent.
The smaller the size, the more the energetic exciton and blue-
shifting emission. In contrast, the bigger the size, the more the
red-shifting emission. The tunable fluorescence of Qdots has
been investigated for multicolor fluorescence imaging of cancer
cells under in vivo conditions.”” Since different compositions
vary in energy gap, from 0.14 (HgTe) to 3.8 (ZnS),***° the range of
emission wavelength is different for different Qdots. For
example, CdSe can emit from 470 nm to 670 nm, with a size
change from 2 nm to 8 nm, whereas PbSe can emit from
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Fig. 1 (a) Fluorescent mechanism of quantum dots. (b) Conjugated system of a
benzene ring.

1120 nm to 1320 nm, with a size change from 3 nm to 4 nm.
Generally, a small energy gap leads to a higher emission wave-
length. Recently, quantum dots are capped with a shell of
another semiconductor, mostly ZnS.** In the case of CdSe/ZnS
core-shell particles, quantum yield was raised to 30-50% as
compared to 5-15% of CdSe particles and the emission range
was also moved to longer emission wavelengths.

Organic fluorescent materials include fluorescent polymer,
small molecule dye, and green fluorescent protein. The widely
accepted fluorescent mechanism is that the conjugated system
results in fluorescence. According to the International Union of
Pure and Applied Chemistry (IUPAC), conjugation is the overlap
of one p-orbital with another across an intervening sigma bond.
Therefore, organic compounds with alternating single and
multiple bonds, normally an aromatic ring obeying Hiickel’s
rule,** have a system of connected p-orbitals and allow a delo-
calization of 7 electrons across the system (Fig. 1b). The
structure of some traditional small molecule dyes is listed in
Fig. 2a. The energy gap of these materials is created by the
conjugated m-system. The more extended the conjugation
system, the more the red-shifting emission. Although small
molecular organic dyes are totally different materials from
Qdots, they have some drawbacks in common, such as cellular
toxicity, and poor physical and chemical stability. Therefore,
they both have been studied extensively to incorporate with
biodegradable polymer for bioimaging application in order to
function as implant materials or devices.

This journal is © The Royal Society of Chemistry 2013



Fig. 2
vinylnaphthalene), poly(9-anthracenylmethyl acrylate), and poly(p-

Fluorescent polymers can be divided into two classes. One is
having a conjugated system pendent to the backbone (Fig. 2b).
The other one is with the conjugated system along the back-
bone, like poly(p-phenylene vinylene) (Fig. 2b). The fluorescent
mechanism is the same as for a small molecular dye. Recently,
there is a new family of fluorescent dendrimers with the tetra-
mine group, including poly(amido amine) (PAMAM), poly-
(propyleneimine) (PPI), and poly(ethyleneimine) (PEI). The first
proposed fluorescent mechanism was the oxidation of hydroxyl
end groups of PAMAM.?*? This hypothesis was later disproved by
Imae’s group that PPI and PEI with various end groups can emit
blue fluorescence.?® With more detailed studies, Imae and Chu**
found that a more rigid, crowded structure of tertiary amines
exhibits a higher fluorescence yield. Although the fluorescent
mechanism still remains unclear, the tertiary amino on the
dendritic backbone is speculated to be the key of fluorescence,**
which is still under the rules of conjugation.

With the tremendously increased researches on Green Fluo-
rescent Protein (GFP), the fluorescent mechanism of GFP has
been revealed in decent detail. Although there are still some
arguments, researchers have agreed on a cyclic ring fluorophore,
p-hydroxybenzylideneimidazolinone.* With thorough studies on
the primary, secondary, tertiary, and quaternary structure of GFP,
it was found that the cyclic ring in GFP is composed of residues
Ser or Thr65, Try66, and Gly67. Fig. 3a illustrates the currently
accepted mechanism of the fluorophore formation. After a series
of folding, cyclization, dehydration, and aerial oxidation,* the
conjugated system is formed. As a natural organic compound, the
fluorescent mechanism of GFP still obeys the conjugated
system. Therefore, emission of GFP can also be tuned by
extending the conjugation system (Fig. 3b). The task can be
achieved by oligomerization and conjugating a more aromatic
structure onto the fluorophore by a series of folding mutation.
Gross et al.*” have reported a red fluorescent protein “DsRed.” The
red fluorophore results from the autonomous multi-step post-
translational modification of residues GIn66, Tyr67, and Gly68
into an imidazolidinone heterocycle with p-hydroxybenzylidene
and acylimine substituents. Shaner et al*** have concluded
monomeric fluorescent proteins that emit from yellow to red.

This journal is © The Royal Society of Chemistry 2013
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Fig. 3 (a) The formation and final chemical structure of the fluorophore of GFP.
(b) Different colors from various fluorescent proteins.’?

By obeying the conventional rule of a conjugation system,
fluorescence seems to be an irreconcilable conflict with biode-
gradability as water and fire. Therefore, there has not been any
report of conventional fluorescent polymer being biodegrad-
able. Recently, the authors’ lab has developed a new type of
biodegradable photoluminescent polymers (BPLPs) which
possess an intriguing fluorescent mechanism although it is not
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Fig. 4 (a) Synthesis schematic of BPLPs, (b) chemical structure of six-member
ring of BPLP-Cys and (c) test stripe turning black shows the release of hydrogen
sulfide.

fully understood yet.*® BPLPs were synthesized by reacting citric
acid, aliphatic diol such as 1,8-octanediol, and a-amino acids
through a convenient condensation reaction (Fig. 4a). Poly-
(octamethylene citrate) (POC) synthesized from only 1,8-octa-
nediol and citric acid has very weak autofluorescence. Citric
acid has been replaced with succinic acid and tricarboxylic acid
for the synthesis, which turned out that neither of those poly-
mers is fluorescent. A plausible hypothesis can be drawn from
those simple reactions in that the side carboxylic and the
germinal hydroxyl group from citric acid, together with an
amino acid, results in fluorescence. All 20 essential a-amino
acids have distinct fluorescence, including glycine which has no
R groups. This further excludes the R group of the amino acid
from the list of indispensables, as amidation and esterification
are two possible reactions among amine, hydroxyl, and carboxyl
groups. Considering the reacting rate and energy, the fastest
reaction is between the amine and the side carboxyl group from
citric acid. Based on the product of this amidation, we
hypothesize a six-member ring structure (Fig. 4b) to be the
fluorophore. The "*C-NMR spectra of BPLP-cysteine provided
evidence for the six-member ring structure.”” For organic
compounds, conjugation is the only known law of fluorescence.
The basic requirement of a structure being conjugated is
planarity. The hypothesized six-member ring has a similar
structure as morpholine-2,5-dione. In the present case (Fig. 4b),
hydrogen on C2 is substituted with an R-group, while hydrogens
on C1 are substituted by polymer chains. Studies from other
groups have proven the planarity of the ring, when hydrogens
on C1 and C2 have been substituted.** In order to explain the
conjugation of the whole ring structure, the theory of hyper-
conjugation needed to be introduced. This is a well-studied
phenomenon, which was first defined by R. S. Mulliken in the
late 1930s. It refers to the interaction of & with an adjacent
T-orbital. There is evidence showing that hyperconjugation not
only extend the conjugation but also lead to fluorescence on its
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own.”” In the current six-member ring, the carbonyl group on C3
and the electronic pair from O1 both interact with a C-C & bond
on C1 to form hyperconjugation to explain the conjugation of a
six-member ring. It is noteworthy that there is an outstanding
red-edge effect (REE) on BPLP-serine (BPLP-Ser).**** Previous
studies have shown that fluorescence spectra can depend on
excitation wavelength, when polar fluorophores are embedded
into different rigid and highly viscous media.*® The six-member
ring structure of BPLPs is pendent on polymer chain, which can
be considered as a rigid media. The excitation dependent
emission of BPLP-Ser is a remarkable property, not only because
it makes the fluorescence more controllable but also pushes it
into the window of near infrared. This 6-member ring fluo-
rophore hypothesis was further supported by the result that the
use of B-amino acids can switch off the fluorescence due to the
possible formation of a seven-member ring structure, which
does not suffice the conjugation system as stated above.

3 Design criteria of fluorescent materials
for biomedical application

To develop an ideal biodegradable fluorescent material for
various bioimaging, the physiological, physicochemical, and
photophysical properties should all be taken into consider-
ation. For different bioimaging applications, a fluorophore
should be chosen with careful consideration of its photo-
physical, physiological, and physicochemical property.

To better describe the photophysical property of a fluores-
cent material, there are several parameters to be understood.
Firstly, excitation and emission, they determine the color of the
fluorescence. As we discussed above, the emission of quantum
dots is size dependent, while the one of organic compounds can
be manipulated by chemical modification.>”**** Considering
the biomedical application, penetration depth in the biological
tissue is important as well. Light with a longer wavelength has a
longer penetration depth in tissues.** The brightness of fluo-
rescence is the second consideration after fluorescence color.
Precisely speaking, the brightness is determined by two
parameters, extinction coefficient and quantum yield. The
extinction coefficient stands for how many photons a substance
can absorb under a given wavelength, which is excitation
wavelength. Quantum yield shows the efficiency of a substance
that emits light, specified at a given emission wavelength. In a
common word, it represents how many protons can be emitted,
when 100 of them are absorbed. In the comparison of the
brightness of different fluorescent proteins, the product of
molar extinction coefficient and quantum yield has been used.*®
Although each fluorophore has a fixed value of extinction
coefficient and quantum yield at a given wavelength, those
values can be varied with different factors such as solvent,
temperature, and pH. The endurance of fluorescent materials to
photobleaching is also a very important optical property. It is
determined by the time to bleach from an initial emission rate
of 1000 photons per s down to 500 photons per s.>**° In most
cases, it stands for the photostability. Aggregation caused
quenching (ACQ) of fluorescent materials should be taken into
consideration when fluorophores are required at a high

This journal is © The Royal Society of Chemistry 2013



Table 1 Optical properties of different fluorescent materials (for quantum yield and extinction coefficient, samples were tested using water as solvent, unless
specified)
Category Fluorescent material ~ Emission (nm)  Quantum yield Extinction coefficient (M~* em™") ty), for bleach (s)
Quantum dots Cds 370-500 <0.60 100 000-950 000
CdSe 470-660 0.65-0.85 100 000-700 000
CdTe 520-750 0.30-0.75 130 000-600 000
Organic dyes FITC 541 0.97 (ethanol) 92 000 (ethanol)
Rhodamine B 610 0.49 (ethanol) 106 000 (ethanol)
Texas red 615 0.93 (ethanol) 140 000 (ethanol)
Fluorescent proteins ~ Cerulean 475 0.62 43 000 36
T-sapphire 511 0.60 44 000 25
mOrange 562 0.69 71 000 9.0
mPlum 649 0.10 41 000 53
BPLPs BPLP-Cys 437 0.62 133 (1,4-dioxane)
BPLP-Ser 441 0.32 (1,4-dioxane) 117 (1,4-dioxane)
535 0.12 (1,4-dioxane) 51 (1,4-dioxane)
540 0.02 (1,4-dioxane) 10 (1,4-dioxane)

concentration or to be loaded in a condensed or solid phase. To
alleviate ACQ effects, steric hindered groups, such as bulky
cyclics, branched chains, and dendritic wedges have been
conjugated onto fluorophores to impede aggregation forma-
tion.* With a specific molecule design, various aggregation
enhanced emission (AEE) fluorescent materials have been
obtained to address this issue.’®*” The optical properties of
some typical fluorescent materials were listed in (Tables 1 and 2
and Fig. 5). Autofluorescence from the examined objective is
another concern. For in vivo imaging application, biological

tissue has strong light scattering and autofluorescence.*®
Plasma also has massive absorption at 400-670 nm (hemo-
globin).* Therefore, a near infrared (NIR) fluorophore is usually
preferred for tissue imaging to avoid an overlap with tissue-
autofluorescence and light scattering/absorption.

From a physiological point of view, biocompatibility of the
fluorescent materials has the first priority. Generally, traditional
fluorescent probes, including organic dyes, quantum dots, and
GFPs, have different degrees of cytotoxicity.>*** Conjugation
with or encapsulation in polymers are the most common and

Table 2 Comparison of properties among fluorescent materials

Property

Organic dyes

Quantum dots

Fluorescent proteins

BPLPs

Emission range

Molar extinction
coefficient
Quantum yield

Size/molecular weight
Fluorescent lifetime

Solubility

Bioconjugation

Processability

Body clearance

Toxicity

This journal is © The Royal Society of Chemistry 2013

All range from UV to IR

2.5 x 10*-2.5 x 10° M !
cm !

0.5-1.0 (visible), 0.05-0.25
(NIR)

Up to 0.5 nm

1-10 ns

Depending on the
chemical structure

Using conjugation
chemistry based on the
functional group, usually
multi-dyes on a single
biomolecule

Small molecule, usually
loaded with a polymeric
carrier

Retention and clearance
depending on dyes

Potential cellular toxicity
due to the aromatic
structure

All range from UV to IR
(size dependent)
10°-10° M~ " em ™

0.1-0.8 (visible), 0.2-0.7
(NIR)

6-60 nm

10-100 ns

Depending on surface
chemistry

Well-established protocol
of ligand chemistry

Normally used as a
fluorescent label

<5.5 nm, rapid and efficient

renal clearance; >15 nm,
prevented renal excretion
Main issue for the use of
QDots due to the heavy
metal, and potential
nanotoxicity

440-649 nm

10°-1.5 x 10° M *em™*
(per chain)
0.10-0.79

~27 kD

1-10 ns

Can be water-soluble via a
series of site-directed
mutations

Can be conjugated easily via
conjugation chemistry, due to
the ubiquitous presence of
cysteine and lysine residues

Working individually as a
biosensor, but not as any
devices, like nanoparticles,
scaffolds

Clearance from body via
renal proximal tubules

Generally nontoxic to cell,

but still have issues due to the
over-expression, and protein
aggregation

434-725 nm
100-200 M ' em ™!
0.02-0.62

1000-1500 g mol ™"

1-5ns

Different solubility based on
various monomers

Rich of -COOH, and -OH
group, which can be used for
bioconjugation

Used for scaffolds,
nanoparticles, and biosensors

Completely degradation
into non-toxic monomers

Have the comparable toxicity
with PLA
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quantum yield of different fluorescent materials.

effective way to considerably reduce the cytotoxicity. It has been
found that polymer coating can effectively block the release of
heavy metal ion from the core, which is considered the main
course of its alarming cytotoxicity.** Polymers can also provide
the potential for targeted delivery, and protection against a
physiological environment. The dosage of fluorophore can be
considerably reduced, in other words, lowering cytotoxicity.
Although there is no standard protocol to evaluate biocompat-
ibility of custom-made fluorescent materials, comparison with
FDA approved ones in the same category is able to provide
strong evidence. For example, biodegradable polymer should be
compared with PLA, PGA, or PLGA. Indocyanine green (ICG) can
be a standard to all organic dyes. To our knowledge, there is no
FDA approved quantum dots as of now. However, the silicon
based quantum dots, Cdots, have been recently approved by the
FDA for a clinical trial.>* Therefore, Cdots can be set as a control
for all quantum dots. The body clearance should also be given
great concern. Research has shown that a nanosphere with a
dynamic diameter smaller than 5.5 nm can be rapidly cleared by
renal. However, like a double-edge sword, rapid body clearance
greatly reduces the toxicity, but it also increases the needed
dosage of fluorophore for a sustained window. Biodegradable
polymer seems like a perfect solution. An increased size after
conjugation or encapsulation with polymers helps to avoid
renal clearance. Some surface modification, such as PEGylation,
confer propensity to evade scavenging by the Reticuloendothe-
lial system (RES).”® Thus, a prolonged window period can be
obtained while everything can still be renal clearable after the
full degradation of polymers.

Meanwhile, the physicochemical property can also be
improved by incorporation of biodegradable polymers. Due to
the aromatic nature of organic dyes and hydrophobic surface of
Qdots from synthesis, conjugation with water-soluble polymer
or encapsulated with polymeric colloids will considerably
increase their aqueous solubility. Aggregation stability of the
fluorophore should also be concerned. For examples, Qdots
with smaller size and damaged surface shield exhibit low
stability against aggregation.>*®” Moreover, a negative surface
charge also causes unexpected ionic interactions with a bio-
logical environment.** Sufficient free functional groups are also
crucial due to the need for further conjugation of multiple
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moieties, such as PEG, drug, and targeting moiety. Although
numerous derivates of traditional organic dyes have been
synthesized with functional groups present, the limited number
of functional groups hinders multiple conjugations for various
purposes such as targeting and longer circulation time. Incor-
poration of a fluorophore into biodegradable polymers with
sufficient functional groups, such as PLGA, poly(i-glutamic
acid), and PCL, has been a common solution for the above
concern.

4 Organic dye-enabled biodegradable
fluorescent polymers

The first synthetic organic dye, Mauveine, was discovered by
William Henry Perkin in 1856. It has been proven to be effective
in dyeing silk and textiles. Since its inception, thousands of
organic dyes have been prepared for a wide range of applica-
tions. For bioimaging purposes, a large number of organic dyes
have been developed to examine the fundamental processes at
the organ, tissue, cellular, and molecular levels.”>** Based on
chemical structure, they can be divided into several classes,
cyanine, porphyrin, squaraine, BODIPY, and xanthenes. All the
commonly used dyes are derivates from these classes, such as
indocyanine green from cyanine, fluorescein and rhodamineB
from xanthenes. In order to meet the requirement for different
biomedical applications, various chemical modifications have
been made upon traditional dyes to tune emission wavelength,
increase fluorescence intensity, and introduce functional
groups. A series of commercial organic dyes have been devel-
oped, such as Cy® and Alex Flour® by Molecular Probes, and
DyLight® by Thermo Fisher Scientific.

Of all the currently available organic dyes, only indocyanine
green (ICG) has been approved by the FDA for clinical use as
diagnostic agents. Bare organic dyes tend to be non-specific to
target tissue, unstable, toxic, and rapidly cleared from the body.
Major limitations of bare organic dyes include the potential
carcinogenesis, which comes from aromatic structure, low
threshold of photobleaching, and the lack of functional groups
for further conjugation. Incorporation with biodegradable
polymers shows great potential to solve these obstacles. In the
present section, two approaches will be discussed thoroughly.
One is single water-soluble macromolecule conjugation, and
the other is encapsulation with polymeric colloids. Organic
dye-conjugated polymeric scaffold will also be discussed.

4.1 Conjugation chemistry

Before reviewing the conjugates of polymer and organic dye, an
overview of conjugation chemistry should first be summarized.
Various conjugation strategies have been developed covering
all the functional groups that exist in organic dyes and
biodegradable polymer. The most commonly used conjugation
chemistry is listed in Table 3. The carboxyl group is present
in many biodegradable polymers, most of which are
synthesized via ring-opening polymerization, such as PGA,
poly(a-malic acid), and their copolymers. The carboxyl group
can be easily activated by carbodiimide for conjugation.
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Table 3 Commonly used conjugation chemistry in biomedical application

Click chemistry

Functional group Conjugating group Crosslinking chemistry Final group
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N,N'-Dicyclohexylcarbodiimide (DCC) is suitable for a water
insoluble condition, while 1-ethyl-3-(3-dimethylaminopropyl)
carbodiimide (EDC) is for an aqueous environment. Although
carbodiimide is able to conjugate both the carboxyl and amino
groups, N-hydroxysuccinimide ester (NHS-ester) is more specific
to amidation. The thiol group has its specialty in quantum dot
chemistry, and is present in many proteins and peptides.
Meanwhile, thiolation for different molecules has been well
established in organic chemistry. Polymers with maleimide and
pyridyl disulfide can be conjugated with thiolated molecules.
Hydroxyl groups can also be found in many organic
compounds. Except for carbodiimide chemistry, the hydroxyl
group can react with the isocyanate group to form a urethane
bond in an active -H free environment. In addition, the
hydroxyl group can also be oxidized into the aldehyde group by
some mild oxidant, such as sodium periodate. Then aldehyde
groups can be conjugated with the hydrazide group. Recently,
click chemistry has been extensively studied due to the easy
introduction of azides and alkynes.> Reaction can be conducted
in a wide range of solvents (including water). Although the use
of a Cooper-based catalyst has been a concern for biomedical
application, catalyst free click chemistry has been well estab-
lished recently.*®
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4.2 Water-soluble fluorescent polymers

Tremendous efforts have been made to prepare polymer-dye
conjugates. The conjugates have several advantages over the
bare organic dyes: (1) since the major content of organic dyes is
their aromatic structure, which is usually non-water soluble,
conjugation with a water soluble polymer can dramatically
increase the hydrophilicity; (2) conjugation with a polymer can
protect dyes from rapid metabolism and body clearance; and
(3) polymer provides additional functional groups for conju-
gation of targeting and therapeutic moieties. With the rapid
growth of pharmaceutical and material science, various poly-
mers have been considered for the formulation. To include the
above benefits in one formulation, the chosen polymer should
meet several requirements: (1) biocompatible; (2) water solu-
bility; (3) biodegradable for body clearance; and (4) having
functional groups that can be reacted with organic dye and
conjugation with other molecules, such as drugs and targeting
moieties.

Among numerous water soluble polymers, poly(ethylene
glycol) (PEG) is the most commonly studied polymer, and its
pro-drug formulation with an anti-cancer drug has received
regulatory approval in different countries.* The end-group
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chemistry of PEG has been intensively studied. PEG with
different molecular weight and with different end groups are
commercially available, or can be synthesized with reported
protocol. Multi-armed PEG provides the multiple conjugation
sites for different functional molecules. Although PEG is not
biodegradable, it can be served as a standard for PEG-based
polymers and many other water soluble polymers. Meanwhile,
many efforts have been put on the strategies to produce
biodegradable derivatives of PEG. Zhao et al.®* described the
synthesis of biodegradable multiarm PEGs, and it has entered
clinical trials. Poly(r-glutamic acid) (PG) is a biodegradable
polymer and its breakdown product, 1-(glutamic acid), can
enter normal cellular metabolism. Every repeating unit has
carboxyl groups, so PG has sufficient sites for conjugation. The
pro-drug of PG and Paclitaxel is now under phase III clinical
development in the U.S.® Melancon et al.** conjugated PG with
a cyanine derivate, near infrared dyes (NIRF). After conjuga-
tion of NIRF, there are still numerous free carboxyl groups for
conjugation of targeting moieties and drugs. Although this
PG-NIRF was used to study in vivo degradation of PG based
polymer-drug conjugates, it showed great potential for whole
body imaging or tumor imaging. A number of biodegradable
N-(2-hydroxypropyl)methacrylamide (HPMA) based copoly-
mers (co-pHPMA) caught much attention over the last
30 years.”* Co-pHPMA can be conjugated with different
imaging moieties through copolymerization and chemical
conjugation. Jensen et al.®* conjugated co-pHPMA with fluo-
rescein-cadaverine, and used it to study the intracellular
metabolism of the copolymer. Dextran is another polymer
that has been conjugated with organic dyes for imaging.
Helmchen and Denk® used dextran-FITC/rhodamine conju-
gates for high resolution brain imaging. The vicinal diol
structure could be oxidized by periodate and further conju-
gated with various functional molecules.*”

In addition to linear polymers, dendrimer is a class of
branched macromolecules forming a star-like structure. The
physiochemical properties can be easily tuned due to its step-
wise fashion synthesis. Theoretically, generation 5 (G5)
dendrimers will have 128 free functional end-groups on the
surface. Thus, a high density of functional groups on the outer
layer of dendrimer confers sufficient sites for the conjugation of
organic dyes, targeting moieties, and drugs. A major advantage
of dendrimers over a linear polymer is that hydrophobic
molecules can be encapsulated in the cavity formed by an
adjacent branch.® Some dendrimers with positive surface
charges, such as poly(ethyleneimine), have also been investi-
gated as carriers for negatively charged DNA.* Polyamidoamine
(PAMAM) is the most commonly used dendrimer. Biodegrad-
able PAMAMs were prepared by many labs via different strate-
gies, and have been used for drug delivery and gene therapy.”
Majoros et al.”* conjugated fluorescein isothiocyanate (FITC)
onto PAMAM, and investigated it for both in vivo and in vitro
imaging. Interestingly, some of PAMAMs have been found to
have fluorescent properties.****”> The fluorescent mechanism
has been discussed above. This unique property makes PAMAM
a dye-free imaging probe. Therefore, complexity of the design
can be greatly reduced.
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4.3 Methods of dye incorporation into biodegradable
polymers

With the rapid development of biodegradable polymeric
colloids, immense studies have been focused on incorporating
organic dyes with those colloids for various bioimaging appli-
cations, especially polymeric nanoparticles for cancer imaging.
Generally, organic dyes can be combined with polymer colloids
via two different ways, chemical conjugation and physical
encapsulation.

4.3.1 DYE ENCAPSULATION. Biodegradable polymers can be
fabricated into nanoparticles of different structures, such as
nanocapsules, nanospheres, and micelles depending on physi-
cochemical properties of polymers and fabrication techniques.
Nanocapsule is a core-shell structure with a polymer membrane
and cavity inside, which can be a reservoir for organic dyes,
whereas nanosphere is a polymeric matrix in which the dye
molecule can be evenly dispersed. Polymeric micelles can be
self-assembled in an aqueous solution by amphiphilic poly-
mers. Diblock, triblock, and random copolymers of both
hydrophobic and hydrophilic blocks can self-assemble into
micelles. They have a generally small size (<100 nm), depending
on the critical micelle concentration (CMC), and a propensity to
evade scavenging by the reticuloendothelial system (RES).
Those structures confer protection to an organic dye and
considerably improve the stability. Targeted delivery can also be
achieved by surface conjugation of targeting moieties. Organic
dye encapsulated nanoparticles have been generally exploited
for the study of pure imaging purposes, such as cellular uptake,
intracellular fate, metabolism, and biodistribution.””*

4.3.2 CHEMICAL CONJUGATION. Biodegradable polymeric
colloids have been intensively investigated as a delivery vehicle
for drugs, genes, proteins, and cells. To save more loading space
for those components and avoid interference with the aromatic
fluorophore, organic dyes are chemically conjugated with
polymeric colloids either during the synthesis of polymers or via
surface conjugation of polymeric colloids. Poly(alkyl cyanoac-
rylate) (PACA) and its copolymers are a family of biodegradable
polymers. Droumaguet et al.”® synthesized PACA copolymers
by three monomers, hexadecyl cyanoacetate, methoxypoly-
(ethylene glycol) cyanoacetate, and rhodamine B conjugated
cyanoacetate. The fluorescent intensity can be tuned by varying
the feeding ratios of dye conjugated monomers. The resulted
amphiphilic polymers were self-assembled into nanoparticles.
Those nanoparticles have been demonstrated suitable for
in vitro imaging of human brain endothelial cells. Numerous
biodegradable polymeric colloids have functional groups on the
surface, such as colloids made from PLGA, Poly(L-glutamic
acid), poly(e-caprolactone) (PCL), and their amphiphilic copol-
ymers with PEG as a hydrophilic block, as well as nature poly-
mers, such as chitosan, and gelatin. PLGA nanoparticles have
been surface labeled with FITC, Cy®, Alex Fluor®, and Rhoda-
mine for various imaging studies.””””® The label of Near-Infrared
cyanine dye (NIR-797) helped the real-time biodistribution
study of PCL based micelles.®** For natural polymer-based
nanoparticles, Nam et al.** conjugated Cy5.5 was labeled on the
surface of chitosan nanoparticles. This fluorescent nanoparticle
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has been successfully used for the study of nanoparticle
biodistribution and tumor accumulation.

4.4 In situ imaging of biodegradable fluorescent polymeric
scaffold

With the rapid development of biodegradable polymers for in
situ tissue engineering, non-invasively or minimal-invasively
monitoring the behavior of polymeric implants becomes
crucial. Although the properties of biodegradable polymers
have been carefully evaluated in vitro, such as degradation
speed and mechanical properties, understanding these material
properties in vivo remains elusive as the physiological envi-
ronment provides a more complicated degradation or erosion
than in vitro. There is an urgent need to assess material prop-
erties in situ and in real time.

Recently, Edelman et al.®* presented a decent study on
tracking polymeric scaffold using fluorescence imaging. In this
study, fluorescein was conjugated onto PEG, and then mixed
with dextran to form fluorescent hydrolyzable hydrogel. Enzy-
matically degradable collagen labeled with Texas-red was also
used to assess its enzymatic degradation. In vitro and in vivo
degradation were both performed for comparison. It was found
that the in vivo hydrolytical degradation rates of the PEG-based
scaffolds could well correlate with the in vitro degradation of the
samples, while the enzymatic degradation of collagen samples
has a more complicated behavior in different sites of the body.
This study represents an advance in tissue engineering where
there has been a dearth of understanding on the scaffold
degradation and tissue replacement in situ and in real time.
Fluorescent scaffolds enable a real-time quantitative evaluation
of the scaffold evolution over time via a fluorescence imaging
method. This study also implies the added fluorescent proper-
ties can be beneficial in the design of the next wave of tissue
engineering scaffolds to function as both implants and imaging
probes.

5 Inorganic dyes enabled biodegradable
fluorescent polymers

Generally, naked Qdots are not ready for bioimaging due to the
easy surface oxidation, insufficient functional groups, and most
importantly the water-insolubility.> To address these problems,
polymers have been introduced to make Qdots more suitable
for bioimaging. Various polymers can be incorporated with
Qdots focusing on the different facets of benefits, such as
greatly increasing the stability and hydrophilicity of Qdots,
lowering the toxicity, offering sufficient sites for further modi-
fication, and providing a reservoir for drug loading.*® As illus-
trated in Fig. 6a, polymer coating converts the hydrophobic
surface of Qdots to hydrophilic. Fig. 6b showed that the tunable
fluorescence of Qdots has been investigated for multicolor
fluorescence imaging of cancer cells under an in vivo environ-
ment. The polymer layer also improves the colloidal stability
and lowers the chance of aggregation.** In addition, a simple
polymer coating has proved to act as a significant barrier for
heavy metal ion (Cd*") diffusion, which was considered a major
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cause of toxicity of Qdots.> Polymers with various functional
groups, such as amine, carboxyl group, and maleimide, can be
exploited to further conjugate with antibodies, peptides,
hydrophilic therapeutics, or aptamers. From a therapeutic point
of view, the polymer network provides sufficient room for the
hydrophobic drug compared to the solid semiconductor
component of Qdots, which is simply an imaging probe. A large
pool of polymers has been studied to encapsulate or conjugate
with Qdots via various techniques.*” All those techniques can be
classified into two ways, surface coating and bulky embedding.
There are also numerous studies on incorporating Qdots with
inorganic substances, such as silica or titania, non-biodegrad-
able polymers, such as poly(maleic anhydride alt-1-tetrade-
cene), and dendrimers, such as poly(amido amine).*>*
However, we will only focus on the strategies of incorporating
inorganic dyes with biodegradable polymers below.

5.1 Biodegradable polymer coating on Qdots

Qdots are usually characterized for their photophysical prop-
erties, such as emission wavelength, quantum yield, photo-
stability, and physicochemical properties, such as size, surface
charge, and aggregation stability. Both of them may change
after surface coating with biodegradable polymers.** There are
two distinct strategies usually adopted for Qdot coating: ligand
exchange and ligand capping.

5.1.1 LIGAND EXCHANGE. The ligand exchange strategy
involves completely replacing the surface bound ligands
remaining during the decomposition of metal-organic or
organometallic precursors at elevated temperatures.”” Those
ligands include trioctylphosphine oxide (TOPO) and lipophilic
trioctylphosphine for most cases. Physicochemically, the
advantage of ligand exchange is maintaining the small final
diameter. Choi et al.®® pointed out that Qdots with a hydrody-
namic diameter smaller than 5.5 nm can be cleared rapidly
from the body by renal filtration and urinary excretion. There-
fore, keeping a small final diameter after surface coating can be
beneficial in reducing toxicity. However, Qdots with a small
diameter after ligand exchange suffer from low stability against
aggregation.® From a photophysical point of view, replacing the
original ligand of Qdots may result in several disadvantages.
The exchange process raises the risk of surface damage of
Qdots, leading to a decrease of quantum yield. It also increases
the likelihood for surface oxidation, which will lead to poor
photostability and a blue shift of emission wavelength.

Since there is a specific interaction between the thiol group
and heavy metal, such as gold, silver, cadmium and so forth,
thiolated polymers are the most common ligands involved in
the ligand exchange strategy.*® Thiolated PEG has been exten-
sively exploited due to its ease of synthesis, ease of handling,
and versatile applications. Hou et al.*® reported a disulfide
bond-bearing and symmetric PLLA-SS-PLLA synthesized by
ring-opening polymerization, and its reduced product PLLA-
SH. The thiolated PLLA has been successfully coated onto CdSe
with the ligand exchange strategy. A quantum yield of 53% was
reported by tuning the molecular weight of PLLA-SH, and the
feeding ratios between ligand and Qdots. The hydroxyl groups
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on the other end of PLLA-SH also provide sites for further
conjugation. The synthesis of thiolated PLLA sets as a protocol
for thiolation of various biodegradable polymers that can be
synthesized through ring-opening polymerization, such as
family of cyclic lactone, and morpholine-2,5-dione.* Except for
the thiol group, amine bond and phosphine bond have also
been exploited for ligand exchange.>* However, rarely has any
biodegradable polymer been reported involving the latter two
chemical groups.

5.1.2 LIGAND CAPPING. Different from ligand exchange,
ligand capping only caps the original ligands on Qdots with
suitable amphiphilic polymers. Without damaging the
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(a) Schematic illustration of multifunctional Qdots coated with biodegradable polymers. (b) Cellular and animal imaging showing Qdots with different colors

protecting ligands of Qdots, the photophysical property will be
better retained. The thicker layer of coating provides not only a
better protection against surface oxidation but also a good
chemical stability and a reliable protection against aggregation.
Typically, the coating will also increase the particle size by as
much as 5-10 nm.** This number depends on the molecular
weight of both hydrophilic and hydrophobic blocks. A larger
size of Qdots after ligand capping may have a low renal clear-
ance. However, the bare Qdots still can undergo renal clearance
after polymer coating is fully degraded. On the other hand, a
longer circulation time can extend the targeting and potential
drug delivery window once injected in the blood circulation.
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The surfaces of naked Qdots are occupied by hydrophobic
ligands from the organometallic compounds during the
syntheses of Qdots, such as the stabilizing ligand, tri-
octylphosphine oxide (TOPO), or hexadecylamine.” A ligand
capping strategy exploits the physical interaction between a
hydrophobic ligand from Qdots and a hydrophobic part of an
amphiphilic polymer. After the first successful case of coating
amphiphilic polymers on Qdots by Dubertret et al,” many
others have explored this approach to coat Qdots with small
organic molecules and non-degradable polymers. Although
there have been extensive research on biodegradable amphi-
philic block copolymers,® very few studies have been reported
on coating Qdots with these polymers via physical interactions
due to their weak binding. Stabilization of the coating layer has
been proved by crosslinking the coating polymers. Various
crosslinking methods have been introduced to stabilize the
polymer layer, such as lysine or diamine for polymers with an
abundant carboxylic group, and free radical crosslinking for
polymers with an abundant double bond.**

Currently, most studies have focused on non-degradable
amphiphilic polymers. Nevertheless, those studies provided
general protocols for coating biodegradable polymers on Qdots
via ligand capping. Pellegrino et al.®® have reported a general
route to coat various Qdots with poly(maleic anhydride alt-
1-tetradecene) via ligand capping, and further crosslinked the
layer with bis(6-aminohexyl) amine. Gao et al.”” reported that
CdSe/ZnS was coated with a triblock copolymer consisting of a
polybutylacrylate segment, a polyethylacrylate segment, and a
polymethacrylic acid segment. The polymer layer was further
crosslinked by peptide. These polymer coated Qdots showed
great potential in cancer imaging. These reports can serve as
standard approaches for any -COOH containing biodegradable
amphiphilic polymers, such as PEG/PLGA and PEG/poly-
(aspartic acid).

5.2 Qdots-embedded biodegradable polymers

A number of studies have attempted to embed Qdots into
polymers such as polymeric nano/microparticles and micelles.
Similar to organic dye incorporation, techniques of incorpo-
rating Qdots in polymers can be divided into two methods:
chemical bonding and physical encapsulation.

To chemically bond Qdots with biodegradable polymers,
functional groups should be introduced on Qdots first, which
can be achieved with either ligand exchange or ligand capping
strategies. Different from organic dyes, Qdots can be chemically
bonded to polymer colloids during polymerization. Various
polymers can be synthesized and form particles via emulsion
and dispersion polymerization. Many studies successfully
demonstrated the incorporation of Qdots into polymer
colloids.”® During the process, Qdots are required to be dis-
solved in oil droplets. In other words, there is no need for
surface modification of Qdots to make them hydrophilic.
However, polymers that are applicable for emulsion polymeri-
zation are normally non-degradable. Interestingly, a biode-
gradable polyurethane nanoparticle was fabricated via
miniemulsion techniques by Cramail et al®” Although no
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further research has been conducted on these polyurethane
nanoparticles, it represents a new way of synthesizing biode-
gradable polymer colloids in the presence of Qdots.

Although conjugating Qdots onto the surface of polymer
spheres has been rarely reported, Yeh et al.®® reported Qdots
conjugated PLGA nanoparticles as a potential candidate for
gene delivery. By conjugating the nuclear localization signal
(NLS) on the surface of nanoparticles, HeLa cells exhibit fluo-
rescence at the nuclei region after incubating with the NLS-
nanoparticles. However, Qdots are normally encapsulated
inside the polymer sphere due to their relatively poor stability
and potential cellular toxicity. Like organic dyes, Qdots can be
encapsulated into biodegradable polymeric colloids via
different fabrication techniques. Desai et al®® encapsulated
CdSe/Zns into PLGA nanoparticles via nanoprecipitation.
Kim et al.*® encapsulated CdTe/CdSe into PLGA nanoparticles
via a double emulsion technique. The Qdots loaded nano-
particles have a similar value of quantum yields to the bare
Qdots (52%), and the emission wavelength remained the same
(760 nm). Another group also reported the encapsulation of
protein-conjugated Qdots into PLGA via a double emulsion
technique.’ The carboxylic groups on the polymers were
conjugated with Herceptin, a monoclonal antibody that targets
ErbB2 cell membrane receptors. Specific targeting to ErbB2-
positive SKBR3 breast tumor cells and intracellular controlled
release of quantum dots was achieved. As we discussed above,
amphiphilic copolymers have been intensively studied for the
surface modification of Qdots. Due to the ability to self-
assemble into micelles, those copolymers have been used for
encapsulation of Qdots. Due to the hydrophobic core/hydro-
philic shell structure of micelles, Qdots can be distributed
within the hydrophobic core. Cao et al.'® reported a PbS loaded
N-succinyl-N'-octyl chitosan micelles for targeted imaging of
liver cancer. The emission wavelength of PbS loaded micelles
presents a red shift (800-870 nm) due to the stabilization and
energy transfer of Qdots. The unnoticeable toxicity both in vitro
and in vivo implied that low leakage of QDs from the micelle.
However, the long term toxicity of the micelle needs to be
further studied. After 12 h of intravenous injection, micelle has
been found to accumulate at a tumor site via an enhanced
permeability and retention (EPR) effect. The strong fluorescence
can be observed up to 96 h. Liu et al. loaded hydrophilic CdSe/
ZnS into PLA-b-poly(2-methacryloyloxyethylphosphorylcholine)
(PLA-b-PMPC). TEM imaging indicated that most of the Qdots
were located in the core of nanoparticles.

Stimulus-responsive polymers have also been used to load
Qdots. The external stimulus can trigger the conformation
change of those polymers. The most notable stimulus-
responsive polymers are pH or temperature sensitive ones. The
mechanism of loading Qdots in such polymers is an expansion-
uptake/shrink-entrap process. Xu et al.'®® reported a pH-sensitive
copolymer of N-isopropylacrylamide and 4-vinylpyridine
(PNIPVP), and the loading of CdTe into the PNIPVP nano-
particles. Qdots were loaded during expansion of the PNIPVP
nanoparticle under pH 3, and entrapped within the particles at
pH 3-10. Eventually, the Qdots can be released when pH > 11.
Poly(N-isopropylacrylamide) (PNIPAM) also proved to be
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thermo-sensitive. When the temperature is below a lower critical
solution temperature (LCST), PNIPAM microparticles expand.
Therefore, they are able to entrap Qdots, when temperature is
higher than LCST. However, the release of Qdots remains a
problem when the temperature is lowered below LCST. Gong
et al.*** loaded CdTe into PNIPAM microparticles, and exploited
the hydrogen bonding between surface ligands from CdTe and
amide groups from PNIPAM to stabilize the loaded Qdots.
Although PNIPAM and its copolymers are not biodegradable,
these studies serve as good references for Qdots embedded in
various biodegradable pH or thermo-sensitive polymers. A
number of polypeptides with pendant ionizable groups present a
pH-sensitive property, such as poly(aspartic acid), poly(glutamic
acid), polyarginine, polyhistidine, polylysine, and their copoly-
mers.®> Meanwhile, many PNIPAM based polymers have been
proved to be biodegradable. Biodegradable PNIPAM-b-PLA has
been synthesized by ring-opening polymerization of lactide
initiated by PNIPAM-OH.'* A similar approach has been used to
prepare PNIPAM-b-poly(glutamic acid) and PNIPAM-b-poly-
(rlysine).* Radical polymerization techniques, including
Reversible Addition-Fragmentation chain Transfer (RAFT), and
Atom transfer radical polymerization (ATRP), have been used to
prepare PNIPAM-based copolymers, such as a PNIPAM-poly-
(3-hydroxybutyrate)-PNIPAM triblock copolymer.® All these
polymers could potentially be used for Qdots embedding.

6 Green fluorescent protein

In 1956, Shimomura et al. discovered green fluorescence from
Aequorea jellyfish as a companion protein to aequorin. Since
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then, this green fluorescent protein (GFP) has become one of
the most useful biological tools in the past decade.**'*® The
primary structure of Aequorea GFP was deduced from the cDNA
sequence. Aequorea GFP is a protein of 238 amino acids with a
molecular weight of 27 or 30 kDa. The chromophore of GFP is
formed from the primary amino acid sequence, residues 65-67,
which are Ser-Tyr-Gly (Fig. 3a). After conformational folding and
a series of reactions, including cyclization, dehydration, and
oxidation, the chromophore, (p-hydroxybenzylidene)-5-imida-
zolinone is formed. This structure has later been confirmed by
two-dimensional NMR and the cDNA sequence.* To fulfill the
requirements for various applications, tremendous efforts have
been placed on preparing yellow and red fluorescent proteins.
The GFP variants can be classified by different emission colors,
from cyan (475 nm) up to far-red (649 nm).>* Shaner et al.>**
have made significant contributions to the family of GFP, such
as the only bright and photostable far-red FP, mPlum, superior
photostable red FP, mCherry, brightest orange FP, mOrange,
yellow FP, mCitrine, brightest cyan FP, Cerulean, and the
UV-excitable GFP, T-sapphire (Fig. 3b).

The most important advantage of GFP is that it can be
genetically encoded into protein and expressed in living cells
and organisms.'” Due to this distinct benefit, GFP has been
extensively used as an intrinsic intracellular indicator of a
specific protein, other than an imaging probe for many drug/
gene delivery systems. There are rarely any reports on
combining GFP with biodegradable polymers. The criteria on
how to choose a fluorescent protein and specific application of
GFP has been summarized elsewhere.*® GFP has been exploited

450 - —— 280nm
400 o
350
300
250
200
150
100

50

Emi (a. u.)

0 Z \
300 400 500 600 700 800 900
Wavelength (nm)

Fig. 7 Emission spectra of BPLP-Cys (a) and BPLP-Ser (b) at different excitation wavelengths. (c) BPLP-Ser solution emits different colors, blue, cyan, green, yellow and

red (from left to right) with laser excitation.
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as pH sensitive and redox sensitive indicator for dynamic
intracellular activity. Based on the variety of fluorescent
proteins, there are many chances of crosstalk in excitation and
emission channels from two fluorescent proteins, which
confers a great opportunity for fluorescence resonance energy
transfer (FRET) on a pair of fluorescent proteins.'®® The FRET
effect of fluorescent proteins has been exploited for studying
protease action and Ca®" sensitivity.'*®

7 Biodegradable photoluminescent
polymers

All previous studies have to utilize either organic dyes or other
fluorescent agents to confer fluorescent properties to biode-
gradable polymers. Recently, the authors’ laboratory has made a
breakthrough on synthesizing a new family of biodegradable
photoluminescent polymers based via a convenient poly-
condensation reaction.*® Briefly, a diol such as 1,8-octanediol,
citric acid, and a-amino acid were reacted to form a pre-polymer
(pre-BPLP). All 20 essential a-amino acids and their derivatives
have been used for the syntheses of BPLPs all of which showed
remarkable fluorescence. All three monomers used for
synthesis are non-toxic. The multifunctional monomer citric
acid is a non-toxic metabolic product of the human body (Krebs
or citric acid cycle)."® There is no reported toxicity for 1,8-
octanediol. Amino acids are critical to life, and play an impor-
tant role in metabolism. As the most basic units for protein,
amino acids are water-soluble and biocompatible.

With a polyester backbone, pre-BPLP can be degraded in
PBS within 16 d. The fluorescence intensity decayed with the
degradation, and completely died out after the polymers were
fully degraded. The complete degradation also eliminates the
concern of the toxicity raised by accumulation in tissue.
Compared with a traditional organic dye, rhodamine-B, BPLP-
Cys only lost less than 2% of its original fluorescent intensity
after 3 h continuous UV excitation, which is significantly lower
compared to a 10% loss of rhodamine-B. Based on our
systematic studies on BPLPs with different amino acids, BPLPs
have a high quantum yield, up to 62.3%, which is BPLP-Cys.
The higher quantum yield of BPLP-Cys over other amino acids
is because of the formation of a double bond which extends the
conjugation system. The release of hydrogen sulfide was
confirmed by H,S test strips (Fig. 4c). This high quantum yield

BPLP-ser porous scaffold
BPLP-ser nanoparticles

\%ude mouse

Nude mouse

C) (b)

Fig.8 (a) Fluorescence image of BPLP-Ser nanoparticles injected subcutaneously
in a nude mouse. (b) Fluorescence image of BPLP-Ser porous scaffold implanted
subcutaneously in a nude mouse.

This journal is © The Royal Society of Chemistry 2013

is comparable to the CdTe/ZnS quantum dots, which is
regarded as a bright fluorescent agent,"** and is much higher
than that of GFP.** The study of BPLP-Ser showed that it has a
tunable emission by changing excitation wavelength, up to
700 nm, which is different from BPLP-Cys (Fig. 7a and b). The
BPLP-Ser solution can emit different colors, from blue to red,
under laser excitation (Fig. 7c). This unique property promises
a great potential of BPLP-Ser as not only a NIR imaging
material but also a candidate for multiplex imaging. The
cytotoxicity study of BPLP showed that it has a comparable
cyto-compatibility to PLGA 75/25. The in vivo evaluation also
proved that there is no noticeable edema and tissue necrosis. A
thin fibrous capsule and a weak chronic inflammatory
response have been observed after 5 months of implantation
for the crosslinked BPLP.

Different from the dye/polymer system reviewed above, BPLP
has both a high molecular weight and fluorescence as one
material. Therefore, BPLP is free of aromatic structure and
heavy metal, in other words, reduced cytotoxicity. Due to its
good processability, BPLP can be fabricated into micro/nano-
particles, films, and porous scaffold. Fluorescence is sustained
after fabrication. Inherited from polymer, BPLP nanoparticles
exhibit a strong, tunable, stable fluorescence for in vivo imaging
(Fig. 8a). BPLP nanoparticles fabricated by nanoprecipitation
have sizes around 100 nm. The degradation speed of BPLPs can
be adjusted to control the drug-releasing rate. The abundant
functional group, such as amine, carboxylic, and hydroxyl
groups, provide sufficient sites for further conjugation. On the
other hand, BPLPs can be fabricated into film, porous scaffold,
and other devices by thermal crosslinking to meet the versatile
needs of biomedical application. Fig. 8b showed that fluores-
cence of a BPLP-Ser porous scaffold can be clearly observed in
vivo. Comparing to the dye conjugated polymers for real-time
tracking of in vivo degradation,®* the fluorophore of BPLP is
more evenly distributed, and degradation can potentially be
more accurately correlated with the decrease of fluorescence. In
other words, unlike other fluorescent agents such as organic
dyes and Qdots which simply only act as imaging agents, BPLPs
also function as implants or devices, thus more potent in many
biomedical applications.

Understanding the fluorescence mechanism will enable us
to expand the biodegradable photoluminescent polymer into
different classes of functional polymers. It is well known that
—-OH may initiate ring-opening polymerization to synthesize
biodegradable polymers, such as PLA, PGA, and their copoly-
mers. By controlling the molar ratio of citric acid/diol, we will be
able to make a BPLP oligomer with the -OH group capped on
both ends of the polymer chains, and exploit it as a starter for
ring-opening polymerization. Moreover, without interrupting
fluorophores, various monomers with functionality can be
introduced to BPLPs. Hydrophilicity can be increased by
partially or fully replacing diol with PEG. Hydrophilic BPLPs can
be further reacted with regular hydrophobic BPLPs to form
amphiphilic copolymer for self-assembling micelles. A double
bond can be incorporated by maleic acid to make BPLPs pho-
tocrosslinkable (injectable). Urethane bond can be introduced
to extend BPLPs to dramatically increase the mechanical
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property. A novel methodology for synthesizing different classes
of citric acid-based biodegradable photoluminescent polymers
can be developed based on our understanding of the fluores-
cence mechanism.

8 Conclusion and perspectives

In the present reviews, we have summarized the design
and applications of both fluorescent dye enabled biodegradable
materials and biodegradable materials with intrinsic fluores-
cence. Biodegradable polymers were endued with important
missions to improve fluorescent dyes, such as protecting,
stabilizing, reserving, functionalizing, and enabling the thera-
nostic ability. The biodegradability leads to complete body
absorbance or clearance of those polymers after their missions
were accomplished. Biodegradable polymers with intrinsic
fluorescence (BPLPs) make one stride of improvement. It cuts
off the design complexity and reduces the potential cytotoxicity
from both organic and inorganic dyes. It is a ready to use
material with low cost-efficiency and processing verities
(injectable hydrogel, scaffold, film, and micro/nanoparticles).
Those promising properties make BPLPs become the next
generation fluorescent materials.

With the advances in synthetic organic chemistry, biode-
gradable polymers can be manipulated to have more and more
promising properties. Recently, a smart design has been
massively introduced to building polymers and enabling fluo-
rescent switch. According to the difference between normal
tissue and targeted tissue, redox, pH, and thermo sensitivities
have been incorporated into biodegradable polymers to make
them stimulus responsive. Therefore, on site activities of tar-
geted tissue can be achieved, such as drug release and gener-
ating a fluorescent signal. Fluorescence resonance energy
transfer (FRET) has begun to attract attention for its unique
behavior that can switch on/off fluorescence. FRET of a pair of
fluorescent proteins has been widely used for tracking physio-
logical activities. In the same manner, FRET can also be used to
elucidate drug release or polymer degradation. Thus, a real-
time, on site, and quantitative monitoring can be achieved. In
conclusion, the success of biodegradable fluorescent materials
lies in our ability to custom design biodegradable polymers with
tunable fluorescent properties to achieve appropriate physico-
chemical and photophysical properties to elicit favorable bio-
logical responses and meet the versatile needs in biological and
biomedical applications.
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